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Perovskite oxides, particularly calcium-based perovskites (CaMO3), are promising catalysts
for the oxygen evolution reaction (OER) due to their high efficiency and economic feasibil-
ity. However, a comprehensive mechanistic understanding that elucidates the relationship
between catalytic selectivity and mechanistic pathways has yet to be achieved. In this study,
we employ density functional theory (DFT) to investigate the OER mechanism in a series of
Ca-based perovskites. Our findings indicate that early transition metals in CaMQ; favor a
conventional OER pathway, characterized by a four-step concerted proton-electron transfer
process leading to O, formation from H;O. In contrast, perovskites containing Mn, Fe, and
Co exhibit two proton-electron transfer steps, favoring the selective formation of hydrogen
peroxide (H;0O,) over O,. This shift in selectivity is attributed to polaronic effects, which
strengthen the metal-oxo bonding, enabling a transition from conventional OER to H,O,
evolution. Furthermore, we reveal that the thermodynamic stability of these perovskites in
aqueous environments is significantly influenced by pH, where acidic conditions destabilize

the perovskite structure. These insights suggest that modulating polaronic effects and main-
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taining high pH environments are key to optimizing both the stability and catalytic activity

of perovskite oxides in OER applications.

Main

The oxygen evolution reaction (OER) on metal oxide surfaces offers a promising avenue for the
development of materials for clean-energy and environmental applications. This O-O dimeriza-
tion reaction, which is governed by complex electron transfer processes, is key to the performance
of technological devices such as water-splitting devices *2, fuel cells , rechargeable metal-air
batteries #*> and the storage of energy in lithium-ion battery materials ®”. The current understand-
ing of the OER mechanism suggests that four sequential concerted proton-electron transfer steps
(2H50 — Oy +4H' +4e7) yield molecular oxygen from water ®2, resulting in a pH-independent
activity on the reversible hydrogen electrode (RHE) scale ', In this mechanism, high OER activi-
ties can be achieved by tuning the binding strength of reaction intermediates on oxide surfaces "1,
correlating with electronic structure parameters such as the e, occupancy of surface transition-
metal ions "%, However, recent observations have called into question this established mechanism,

13H15

proposing instead the involvement of lattice oxygen redox chemistry , non-concerted proton-

electron transfers ' and pH-dependent OER activity 1o,

An alternative product in the water oxidation reaction is hydrogen peroxide (H;0O-), formed
via a two-electron transfer process (2 H,O — HyO, +2H™ +2e7), which competes with the four-
electron OER pathway 2% The selective production of H,O is of considerable interest due to its

broad industrial applications, notably in electrochemical systems !, fuel cells ** and rechargeable
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metal-hydrogen peroxide battery “*. Catalytic systems that selectively favor H,O, production
over O, evolution require the controlled stabilization of key reaction intermediates, such as metal
hydroxide OH*, to promote the desired two-electron transfer process 1224, However, excessive
stabilization of this intermediate can inadvertently stabilize the solvated hydroxyl radical *OH
(H,O — *OH(aq)+H™" +e"), thereby detracting from efficient H,O, formation **. Consequently, a
detailed understanding of the mechanistic distinctions between the two- and four-electron transfer
pathways is essential for the rational design of advanced electrodes and electrocatalysts. Such
insights will enable more precise control over product selectivity, efficiency, and energy demands

in both renewable energy applications and selective chemical synthesis systems.

This study aims to elucidate the fundamental principles governing the competing four-electron
O, evolution and two-electron H,O, evolution pathways, addressing critical challenges in electro-
catalysis. We explore a series of perovskites, CaMOs, using periodic density functional theory
(DFT) and thermodynamic stability analysis. We have particularly chosen this type of materials
because of the tunable constitutions and structures with a strong octahedral tilting > that exhibit

12 Our simulations reveal

superb OER reactivity comparable to that of precious metal oxides
that early transition metals preferentially stabilize metal-oxo complexes (O*), supporting four con-
certed proton-electron transfer steps and favoring O, evolution from water. In contrast, transition
metals such as Mn, Fe, and Co show a selectivity toward HoO, production. In light of these
findings, we discuss the potential for HoO, production correlating with the presence of polarons

in perovskite compounds and the stabilization of key reaction intermediates, O*. Furthermore,

Pourbaix diagrams will be presented to demonstrate the pH-dependent thermodynamic stability of
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perovskites in aqueous environments.

Results and discussion

Structural properties and the reaction mechanism. Calcium perovskite oxides with the general
formula of CaMOj crystallize in the Pnma space group, where each oxygen atom is shared between
two transition metal (M) ions, each coordinated octahedrally (Fig.[Th). This arrangement induces
a crystal field effect, resulting in the splitting of the transition metal 3d orbitals into three lower-
energy t, orbitals and two higher-energy e, orbitals “>2”. The e, orbitals overlap with the oxygen
p orbitals to form o bonds, while the ?5, orbitals engage in 7 bonding interactions. A three-
dimensional integration of these states produces a density of states (DOS) diagram, providing a

detailed representation of the electronic density associated with each orbital state.

Understanding the role of metal-oxygen covalency in the evolution of O, and its competitor
H>0, is essential. Our DFT studies reveal that substituting transition metals at the M-site in the
perovskite structure (CaMOs3) shifts the Fermi level across the metal d-band, which in turn alters
the position of the d-band center relative to the O 2p-band center (Fig. [Ib). As the d-band, from
CaTiO3 to CaNiO3, moves down in energy upon higher occupancy and approaches the O 2p states,
the antibonding states below the Fermi level show increased oxygen character, indicating enhanced
covalency in the metal-oxygen bond. When the O 2p states at the Fermi level are positioned above
the d orbital and exceed the redox potential of the O,/H,O pair, as reported by Grimaud et al. "4,

the oxidation of lattice oxygen in perovskites becomes thermodynamically favorable.
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Figure 1: Structural and electronic properties of CaM O3 perovskites. a, The crystal structure
of perovskite oxides with octahedral tilting and orthorhombic Pnma (#62) space group. The red
spheres denote oxygen anions and, the green spheres depict calcium cations. The polyhedra in blue
represent the transition metals in octahedral sites. b, The relative band centres between O 2p and
transition metals 3d versus the O 2p band centre with respect to the Fermi level for CaMO; per-
ovskites. The band centres of perovskite oxides are obtained from DFT calculations. ¢, Schematic
representations of the density of states (DOS) diagram in a projective view for CaMOjs. The graphs
show the schematic projected DOS for O 2p (red), M t,, (green), M e, (yellow). The dashed line

is the Fermi level (E'r).

Our calculations demonstrate that perovskites exhibiting the 3d° to 3d? configurations during
the OER are associated with the weaker 7m-bond and linked to the conventional OER mechanism
involving four-step proton-electron transfer processes (Fig. ). In contrast, 3d® to 3d° configu-
rations involve the redox of the cations with o character, deviating from the conventional OER
mechanism and leading to the evolution of hydrogen peroxide (H2O-) (Fig.[Tk). This suggests that

increased metal-oxygen covalency correlates with increasing H,O, evolution activity. According
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to the Pauli principle, the participation of the e, orbitals affects the local structure around the

transition metal cations, giving rise to the formation of polarons 22822,

Polarons correspond to composite quasiparticles that are formed due to the local polarization
of a crystal lattice caused by the presence of charged particles. They stand apart from defects =,
showcasing superior mobility characteristics in crystal structures *?. In perovskite structures, Jahn-
Teller type distortions localized around the transition metal sites and the formation of so-called
Zener polarons involving ferromagnetic coupling between pairs of transition metal ions have been
observed ! These quasi-particles are commonly formed in a variety of materials, including polar
semiconductors, ionic crystals, organic semiconductors, and hybrid perovskites *2. Examples of
such materials include TiO, ##*% SrTiO3 2, Fe,03 =¢, and BiVO, *’. The introduction of polarons
has been demonstrated to exert a significant influence on a range of properties, including light
absorption, charge separation and transfer, surface reactivity, molecular adsorption/desorption, and

local electronic characteristics =540,

Nevertheless, their relationship to the reaction path in the
OER has only recently been the subject of investigation, resulting in reducing the overpotential of

the reaction-determining step /' and affecting the band alignment at the solid/liquid interface that

competes with the evolution of the water-splitting reaction 42,

Kinetics of the water oxidation. The electron/hole transfer during the electrochemical process
can lead to the conventional proton-electron transfer mechanism, the formation of oxonium-like
complexes such as H3O™- - -OH, or water-like complexes like [HO- - -H,O] ™, resulting in a hemi-

43445

bonded structure In the latter case, the hole localizes between two oxygen ions, and the
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doubly oxidized water dimer forms a true O-O bond (bond distance ~ 1.5 A), which subsequently
leads to the formation of hydrogen peroxide (H,O,) *. These findings on the simplified model of
the water dimer cation provide a foundation for understanding the potential observation of hemi-
bonded structures in the electrochemical water oxidation. We recently have demonstrated that
a substantial energy barrier hinders transformation into the proton-transferred structure *¥. This

implies that hemibonded structures may have a lifespan sufficient to undergo double oxidation.

In order to evaluate selectivity trends for two corresponding reactions, namely the H,O, and
O, products, free energy diagrams are constructed for an ideal catalyst along with all considered
CaMO; catalysts (Fig. [2). The diagrams have been developed on the basis of the adsorption free
energies of the relevant intermediates involved in two-electron, and four-electron water oxidation
reactions, specifically OH*, O*, and OOH*. The computational hydrogen electrode (CHE)® model
is utilized, which is based on the fact that the chemical potential of a proton-electron pair is equiva-
lent to that of gas-phase H, at an electrode potential of U = 0.0 V relative to the reversible hydrogen
electrode (RHE) 1%4¢ The impact of the electrode potential on the free energy of the intermediates
is incorporated by making an adjustment to the electron energy, with a value of —eU. Here, e

represents the elementary charge, while U denotes the electrode potential on the RHE scale.

We initiate our investigation by examining the free energy diagram of CaTiOs. The most
prominent thermodynamic energy barrier identified is associated with the initial oxidation step
(AGop+ = 2.9 eV), which leads to the formation of adsorbed hydroxyl groups (OH*). Notably,

the energy required for this step is larger than that of solvated hydroxyl radicals (AGe«om(aq) =
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Figure 2: Theoretical OER free energy diagram on the CaMOj; perovskites at zero potential.
The black line shows the conventional proton-electron transfer on the surface while the red line

represents HoO, evolution through the hemibonded structure.

2.4 eV **), indicating that once OH* is generated, it is thermodynamically favourable for it to des-
orb as solvated hydroxyl radical rather than recombine at the surface to produce a metal hydroxide
group. This suggests a strong tendency for CaTiOs to generate hydroxyl radicals, aligning with ex-
perimental findings from UV-illuminated CaTiO3, which demonstrate the production of hydroxyl
radicals with the energy of holes during UV exposure estimated at around 2.5 V %2, Furthermore,
the free energy of H2O, is significantly higher than that of O*, indicating that metal-oxo complex

(O*) could serve as a potential secondary oxidation product.

The preceding analysis indicates that a criterion for the generation of hydroxyl radicals is

that the free energy of the hydroxyl species (OH*) on the catalyst surface must be greater than
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that of aqueous hydroxyl radicals (*OH(aq)), which has a free energy of approximately 2.4 eV %%,
This greater free energy is required for the generation of hydroxyl radicals, as the free energy of
the hydroxyl species on the catalyst surface must be endergonic relative to water. This establishes
an upper threshold for the free energy of OH* on the surface during the formation of oxygen
molecule or hydrogen peroxide. Therefore, in order to avoid the one-electron oxidation reaction
(H,0 — *OH(aq)+H™ +e™) and facilitate the two/four-electron oxidation pathways, it is necessary

that AG oy~ should be less than or equal to 2.4 eV.

We will now discuss the consequences of the calculated free energy diagram in Fig.[2] for
the remaining Ca perovskites with respect to their suitability as OER catalysts. The calculated
free energy diagram demonstrates that CaVO3 might act as an effective catalyst for oxygen evolu-
tion. The adsorption of hydroxyl species (AGop+ = 1.4 eV) on CaVOs is well documented, with
its free energy significantly lower than that associated with the formation of hydroxyl radicals.
Furthermore, the free energy associated with the adsorption of oxygen species (AGp+ = 3.0 eV)
is markedly lower than that for hydrogen peroxide, indicating that the CaVOg; surface provides a

substantial driving force for the complete four-electron oxidation process.

The free energy profile for CaCrOg indicates that the initial oxidation step, which leads to the
formation of adsorbed hydroxyl species (AGop+ = 2.2 eV), requires less energy than that associ-
ated with hydroxyl radical formation. Consequently, from a thermodynamic perspective, adsorbed
hydroxyl species are stabilized on the surface, favoring the formation of a metal hydroxide group.

In the subsequent oxidation step, the system shows energetic feasibility for pathways leading either
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to a metal-oxo species or to the generation of hydrogen peroxide. This analysis implies that while
CaCrOjs has an inherent tendency to produce O* species, the formation of hydrogen peroxide is

expected with a free energy difference of 0.1 eV.

Hydrogen peroxide (H2O,) formation is particularly pronounced on CaMnO3 and CaFeOs
surfaces. In the initial oxidation step, hydroxyl species are adsorbed with lower energetic require-
ments compared to the direct formation of hydroxyl radicals. Subsequently, the system exhibits

thermodynamic feasibility, supporting a pathway conducive to HoO, generation.

For the late transition metal oxides, CaCoO3 and CaNiOs, the free energy required for the
initial oxidation step exceeds that of the solvated hydroxyl radical (AGegp(aq) = 2.4 €V) by 0.2
and 0.1 eV, respectively. This suggests that, upon formation of surface-bound OH*, there is a ther-
modynamic preference for the species to either desorb as a solvated hydroxyl radical or recombine
on the surface to form a hydroxyl group. In the second oxidation step of water oxidation, CaCoOj3
exhibits comparable energetics for the formation of both metal-oxo species and hydrogen perox-
ide, leading to the coexistence of these products. In contrast, CaNiOj stabilizes the metal-oxo
intermediate with an energetic preference of approximately 0.2 eV, favoring the pathway toward

oxygen evolution reaction (OER) over hydrogen peroxide formation.

Activity trends. A systematic decrease in the Gibbs free energy of hydrogen peroxide has been
observed across the perovskite series from CaTiO; to CaFeO; (Fig. [3p). In the case of late tran-
sition metals such as cobalt (Co) and nickel (Ni), the Gibbs free energy increases as the polaronic

effect diminishes. Notably, iron (Fe) with an e}] occupancy exhibits a Jahn-Teller polaron and
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the lowest Gibbs free energy for this reaction. This demonstrates that the polaronic effect is the

initiating factor in the evolution of hydrogen peroxide.

d-orbital occupancy

d-orbital occupancy

o a b c Q d
— — 19 = oo o
3 S = | 5| Tororoo
- o] 2] CA OO -
8 ~O... - = | % o 00| *
Q " g | o 4 5 |
2 "/ Vo o)
0] o O Q \
3 Q| < 8 3 |
Q o
! L0
N Oo S
~g
o
0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6

d-orbital occupancy

d-orbital occupancy

Figure 3: Activity trends towards the OER. The free energy of a, H,O,, b, OH*, ¢, O*, and d

OOH* on the CaMOj3 perovskites as a function of the d-orbital occupancy.

The free energy levels of various reaction intermediates, including OH* (Fig.[3b), O* (Fig.[3c),
and OOH* (Fig. [3[d), exhibit a correlation in energy. Specifically, OH* displays a trend analogous
to that of hydrogen peroxide, while both O* and OOH* demonstrate similar behavior, with the
exception of Vanadium (V). These analogous trends establish a linear scaling relation between
intermediates, reflecting an intrinsic relationship among intermediate binding energies, which is
well-documented for catalytic surfaces of metals and metal oxides #4%%2 Notably, linear corre-
lations such as those observed between OH* and O* binding energies (where a slope of approxi-
mately 0.5 indicates the bonding difference) exemplify these scaling relationships: O*, with dual
surface bonds, exhibits a stronger binding compared to OH*, which forms a single bond to the

surface.

The free energy difference between O* and OOH* exhibits minimal variation for 3d orbital

11
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occupancy exceeding 3d?. This observation indicates that the polaronic effects on these two inter-

mediates are negligible, suggesting that they do not significantly alter the binding strength.

In order to elucidate the influence of polarons on intermediate reactions, an investigation was
conducted into the orbital representations of various bond characteristics in the studied systems.
In the case of hydrogen peroxide (Fig. f), hole localization occurs between two oxygen ions,
facilitating the oxidation of water during the electrochemical process, ultimately yielding H5O5.
A strong o bond is formed between the two water molecules, which indicates the formation of
an O-0 bond. In this scenario, the strength of the metal-oxygen bond decreases, and hydrogen

peroxide tends to desorb from the surface, indicating a tendency for release.

Figure 4: Orbital representation of the states caused by the second deprotonation. a Rep-
resentation of o-bond caused by hole localization between two oxygen molecules. b 7-bond for-
mation between the transition metal 3d-t2, and adsorbed oxygen 2p-orbital. ¢ o-bond formation

between the transition metal 3d-e, and adsorbed oxygen 2p-orbital as a part of the polaronic states.

In contrast, the formation of a competing metal-oxo intermediate forms two different highly

directional bonds with transition metals, depending upon the occupation of the 3d orbitals. Upon

12
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interaction of the ¢y, orbitals with oxygen (Fig. [@b), the formation of a 7 bond is observed, indi-
cating that neither a strong nor a weak bond is established. However, when the e, orbitals interact
with oxygen, a robust o bond is formed, incorporating the absorbed oxygen into the polarons of
the compound (Fig. [Fk). This interaction demonstrates that the evolution of hydrogen peroxide
occurs prior to the formation of metal-oxo intermediates. These findings suggest that the stabiliza-
tion arising from polaron formation noticeably increases the surface ability to localize holes in an
aqueous environment. Recent study Y, consistent with our findings, presents the successful fab-
rication of highly efficient two-electron water oxidation electrocatalysts, particularly for Mn, and
Co perovskite oxide, which exhibits exceptional hydrogen peroxide production rates and outstand-
ing stability over a 120-hour test. By selecting optimal transition metals, incorporating polarons
and enhancing the adsorption characteristics of O* and OH*, an effective approach can be devised
for the design of perovskite catalysts that are capable of efficient two- and four-electron water

oxidation.

pH-dependent thermodynamic stability. Although the polaronic competition in perovskites de-
termines the OER activity, the bulk stability region of CaMO3 in an aqueous environment is still
elusive. To explore the pH-dependent stability of CaMOg3 perovskites, we have calculated the
Pourbaix diagrams with respect to their ground-state perovskite structures as shown in Fig. [5] All
graphs represent the equilibrium conditions of CaMOg3 with the concentration of charged solvated
ions 10~® mol/L. The area filled by the green color is the stable bulk region, in which the formation
of CaMOs from the solvated ions is spontaneous. We found that the stabilities significantly depend

on both pH and potential in an aqueous environment. Non of compounds are stable in an aqueous
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environment at pH = 0, while the formation of perovskite oxides is pronounced in an aqueous envi-
ronment at a high pH value of 14. The stability region of CaTiO3 perovskite and aqueous ions was
found to be in a broad range of the electrode potential and pH environments. However, the phase
stability of other 3d metals is more evident at pH = 14 and at a portion of the potential, which shifts

up by adding electrons in the 3d orbitals.

CaVO3; demonstrated stability at lower potentials relative to the redox potential of the O5/H-0,
with a stability across a pH range exceeding 6. At higher pH, the stability of CaVO3 broadens
towards potentials below the redox potential of the Hy/H50O. CaCrOj3 exhibited a more limited sta-
bility range, predominantly confined between the O2/H,O and Hy/H50O redox potential lines at pH
values above 6, although it did not maintain stability as effectively as CaVOs;. In contrast, CaMnO3
demonstrated stability closer to the redox potential of the O2/H>0 across a broad pH range (3 to
14), with its stability region extending to lower potentials relative to the redox potential of the
H,/H50 at higher pH levels. The stability region of CaFeOj3 exhibits a notable upward shift in po-
tential compared to its analogue, CaMnO3, positioning it above the O5/H,0 redox potential line.
Late transition metal perovskites, CaCoO3 and CaNiOs, displayed improved stability at potentials

above the O,/H50O threshold.

' conducted under conditions

The findings align with those of prior experimental study >
where Uryg was maintained at 1.6 V and the pH was set to 13. The results of these studies demon-

strate that the concentration of aqueous species approaches approximately 10~8 M. Therefore, we

propose that elevated pH levels, along with the precise regulation of potentials in aqueous en-
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Figure 5: Bulk stability region of CaMO; under concentration of 10~% mol/L aqueous species.
Pourbaix diagram illustrating the most stable aqueous phases of CaMOs. The green-shaded region
represents the stable bulk phase, where the formation of CaMOg from solvated ions occurs sponta-
neously. The black dashed lines indicate the equilibrium boundaries for O»/H>O (upper line) and

H»/H>0O (lower line).
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vironments significantly enhance catalytic activity for the OER and the production of hydrogen

peroxide.

Summary

This study examines the fundamental processes that shed lights on the water oxidation mechanisms
in a series of calcium perovskite oxides, CaMOs. To elucidate competing reaction pathways, peri-
odic DFT calculations are employed. In particular, we examine the competition between the two
proton-electron transfer pathways for the production of hydrogen peroxide and the four proton-
electron transfer pathways for OER. In the case of early transition metal (M) perovskites, oxygen
species display m-bonding characteristics at the surface, which align with the conventional metal-
oxo intermediate-driven OER mechanism. However, Mn- and Fe-based perovskites have been
observed to strength surface-adsorbed oxygen species, promoting hole localization between ad-
jacent oxygen atoms instead of direct proton transfer. This results in a preference for hydrogen

peroxide production over OER.

Late transition metals, such as cobalt (Co), display dual functionality, participating in both
oxygen evolution and hydrogen peroxide production. This is due to the existence of closely
matched free energy profiles for each of these pathways. It is noteworthy that Ni displays a pro-
nounced tendency for oxygen evolution, exhibiting a clear preference for the OER pathway. A
molecular orbital analysis indicates that hole localization, which is associated with polaronic ef-

fects, enhances the evolution of hydrogen peroxide by creation of the strong ¢ bond for metal-oxo
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intermediate. These polaronic effects lead to a shift in selectivity and strengthen the metal-oxo
bonding, thus they enable a transition from conventional OER to H>O, evolution. It has been
observed that hole localization frequently occurs between hydroxide and water molecules, which
results in the disruption of hydrogen bonding and the formation of a distinctive hemibonded struc-

ture on the oxide surface.

Furthermore, our findings investigate the pH-dependent stability of perovskite structures,
indicating that Ti-based perovskite exhibits robust stability across a range of pH values and elec-
trochemical potentials. In contrast, other transition metals display stability predominantly at high
pH (pH = 14), and late transition metals show enhanced stability at elevated potentials. This study
provides new insights into the mechanistic pathways and structural stability factors influencing
water oxidation in calcium perovskites, with implications for optimizing catalytic efficiency in

water-splitting applications.

Methods

Computational details. First-principles calculations are performed in the framework of density-
functional theory (DFT) 2253 on ternary CaMOj perovskite compounds. The exchange-correlation
effects were described by the generalized gradient approximation (GGA) functional RPBE * em-
ploying the Projector Augmented Wave (PAW) »> method as implemented in the Vienna Ab-initio

Simulation Package %%,

A plane wave cutoff of 520 eV has been chosen for the wave functions, and a convergency
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within 1 x 107 eV per supercell. The p and s semi-core states are treated as valence states for the
transitions metals and Ca, respectively. To properly describe the strongly correlated 3d-electrons,
the Hubbard U corrections ** on the transition metal 3d orbitals are set to Uy = 3.25 eV, Uc, =
3.70 eV, Uy, =3.90 eV, Ug. =5.30¢eV, U, =3.32 eV, and Uy; = 6.20 eV. For Ti, only conventional
GGA-RPBE functional is used without the U parameter. A 4 x4 x3 k-point mesh has been used for
the unit cell of CaMOj3 containing four formula units, while the slab calculations performed using
a gamma centred k-point grid. The initial configurations are taken from the Materials Project (MP)
database®”. We used the Pnma space group for CaMOs perovskites, crystallizing in a face-centered
cubic structure. All atomic positions are optimized without symmetry constraints to reach the
theoretical ground state configurations. To describe correctly van der Waals interactions resulting
from dynamical correlations between fluctuating charge distributions, DFT-D3 ! method with

Becke-Jonson damping has been applied in all the calculations.

For periodic slab calculations, slabs of five layers in (001) direction are separated by atleast
26 A of vacuum to prevent interactions due to periodic boundary conditions. Along the (001) direc-
tion, CaMOj consists of alternating CaO and MO, layers. We consider the optimized supercell of
ideal MO, terminated surface. To keep the symmetry and cancel the artificial interaction between
the system and its periodic images, on the top and bottom of the slabs, we have equivalent surfaces
both covered by 32 water-molecules. All atomic positions of the slabs are allowed to relax. Spin

polarized is considered in all the calculations.

To investigate the kinetics of proton/electron transfer, we sequentially add holes with integer

charge into the system. First we tried to localize the hole between the O—O bond by changing
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the distance then, to avoid the errors associated with charged systems under periodic boundary
conditions, we neutralize the charge associated with a hole by removing a proton from an adsorbed

H>0O molecule. This results in an adsorbed OH™ on the surface of the slab.

OER free energy calculations. To compute the free energy of reaction intermediates, we applied
the computational hydrogen electrode (CHE) model as described by Ngrskov et al. ®. This model
enables the calculation of reaction free energies by incorporating the zero-point energy difference,
AZPE, the entropy change, T'S°, and the effect of an applied potential eU/. These factors are

considered through the following equations:

AGoy- = EQE — El20" %Eggﬁ + (AZPE — TS°) + kgTInay — el, (1)
AGo = ESer — EQE + %Eggg@ + (AZPE — T'S°) + kgT Inay — eU, (2)
AGh,o, = EN202 — pOI" 4 %Eﬁ‘;@ + (AZPE — TS) + kT lnay —eU,  (3)
AGoon- = EQOF — EQ% + %Eg‘ég) + (AZPE — TS°) + kyTInay — eU,  (4)
AGos = Egiy — ESS + %Eggég) + (AZPE — T5°) + kgTInay — eU, (5)

where Eppr denotes the density functional theory (DFT)-calculated electronic energy for
each specific intermediate. Here, E§§§g> is the computed total electronic energy for the gaseous
hydrogen molecule, used as a reference. For computational efficiency, temperature contributions
to enthalpy are approximated negligible between 0 and 298 K. These calculations assume an asso-

ciative mechanism for O, formation on the catalyst. This approach only accounts the elementary
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reaction steps and no barriers are included. This means that the method presented here is necessary

but not sufficient.
All correction relative to the DFT total energy are summarized in Table ]|

Evaluating the Bulk Stability Region. The methodology employed to determine the bulk stabil-
ity region is based on describing the pH-U stability domain where the following electrochemical

reaction is thermodynamically favorable:
> naH,AO;” — CaMO; + ny,o Hy0 + g HT 4 n.e” (6)
A

In this equation, the summation encompasses all elements denoted as ”A” within the bulk material,
with na, ny,0, ny+, and n, representing the stoichiometric coefficients for the elements A, water

(H50), protons (H"), and electrons (e™), respectively.

The species H,AO; "~ is defined as the most thermodynamically stable aqueous species of the
element "A” at specified pH and electrochemical potential (U). The specific form of H,AO; ™ is
identified by selecting the species with the lowest formation energy, as indicated by the following
reaction:

A + ny,0 HoO — H,AO]™ + ny+ H +-n.e” @)

By precisely characterizing the bulk stability region of CaMOg3, we can establish a founda-
tional understanding of the mechanisms driving the OER and the influence of various aqueous ions

on this process. A comparable methodology has been previously utilized in the literature ©%©3,

The construction of Pourbaix diagrams was facilitated by the Materials Project (MP) method-
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%63 utilizing the Pymatgen software framework °®. The stable regions

ology developed by Persson
within the Pourbaix diagrams are established based on potential equilibrium redox reactions rele-

vant to the chemical composition under investigation.

Data Availability. All data is freely available at [url to be added in proof].
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Species (ZPE-TS)/eV

H,O(g) 0.10
Ha(9) -0.13
O* adsorbate 0.01
OH* adsorbate 0.23

OOH* adsorbate 0.15

Table 1: Room temperature corrections for zero-point energy and entropy of various species.
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