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ABSTRACT: Perovskite oxides, particularly calcium-based perov-
skites (CaMO;), are promising catalysts for the oxygen evolution
reaction (OER) due to their high efficiency and economic feasibility.
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 mechanism of the OER in
a series of Ca-based perovskites. Our findings indicate that early
transition metals in CaMO; 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,0,)
over O,. This shift in selectivity is attributed to polaronic effects,
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which strengthen the metal-oxo bonding, enabling a transition from a 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 maintaining high pH
environments are key to optimizing both the stability and catalytic activity of perovskite oxides in OER applications.

KEYWORDS: perovskite oxides, oxygen evolution reaction, hydrogen peroxide, density functional theory, catalytic selectivity,

polaronic effects, aqueous stability

B INTRODUCTION

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
dimerization reaction, which is governed by complex electron
transfer processes, is key to the performance of technological
devices such as water-splitting devices,"” fuel cells,® recharge-
able metal-air batteries”” and the storage of energy in lithium-
ion battery materials.”” The current understanding of the OER
mechanism suggests that four sequential concerted proton—
electron transfer steps (2 H,O —O, + 4 H' + 4 e7) yield
molecular oxygen from water,”” resulting in a pH-independent
activity on the reversible hydrogen electrode (RHE) scale.'’ In
this mechanism, high OER activities can be achieved by tuning
the binding strength of reaction intermediates on oxide
surfaces,' 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, proposing instead the involvement of

lattice oxygen redox chemistry,"”~"> nonconcerted proton—

electron transfers,'’ and pH-dependent OER activity.'*~"*
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An alternative product in the water oxidation reaction is
hydrogen peroxide (H,0,), formed via a two-electron transfer
process (2 H,0 — H,0, + 2 H" + 2 e”), which competes with
the four-electron OER pathway."”*° The selective production of
H,O, is of considerable interest due to its broad industrial
applications, notably in electrochemical systems,”" fuel cells,””
and rechargeable metal—hydrogen peroxide batteries.”’ Cata-
lytic 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.lg’24 However, excessive
stabilization of this intermediate can inadvertently stabilize the
solvated hydroxyl radical OH (H,0 — ‘OH(aq) + H* + e7),
thereby detracting from efficient H,0, formation.”* Con-
sequently, a detailed understanding of the mechanistic
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Figure 1. Structural and electronic properties of CaMO; perovskites. (a) 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 blue polyhedra
represent the transition metals in the octahedral sites. (b) Relative band centers between O 2p and transition metals 3d versus the O 2p band center
with respect to the Fermi level for CaMO; perovskites. The band centers of perovskite oxides are obtained from DFT calculations. (c) Schematic
representations of density of states (DOS) diagrams in a projective view for CaMOj. The graphs show the schematic projected DOS for O 2p (red), M

t,, (green), and M ¢, (yellow). The dashed line is the Fermi level (E).

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,0, evolution pathways, addressing critical challenges
in electrocatalysis. We explore a series of perovskites, CaMOj,
by using periodic density functional theory (DFT) and
thermodynamic stability analysis. We have particularly chosen
this type of material because of the tunable constitutions and
structures with a strong octahedral tilting™ that exhibit superb
OER reactivity comparable to that of precious metal oxides."?
Our simulations reveal that early transition metals preferentially
stabilize metal-oxo complexes (O*), supporting four concerted
proton—electron transfer steps and favoring the evolution of the
O, from water. In contrast, transition metals such as Mn, Fe, and
Co show selectivity toward H,O, production. In light of these
findings, we discuss the potential for H,0, 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
perovskites in aqueous environments.

B RESULTS AND DISCUSSION

Structural Properties and the Reaction Mechanism.
Calcium perovskite oxides with the general formula of CaMO,
crystallize in the Pnma space group, where each oxygen atom is
shared between two transition metal (M) ions, each coordinated
octahedrally (Figure la). 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.”**” The ¢, orbitals overlap with the oxygen p
orbitals to form ¢ bonds, while the t,, 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 the compound O, and its competitor H,0, is
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essential. Our DFT studies reveal that substituting transition
metals at the M-site in the perovskite structure (CaMOj) 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
(Figure 1b). As the d-band, from CaTiO; to CaNiO;, 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,'* the
oxidation of lattice oxygen in perovskites becomes thermody-
namically favorable.

Our calculations demonstrate that perovskites exhibiting the
3d° to 3d” configurations during the OER are associated with a
weaker 77-bond and linked to the conventional OER mechanism
involving four-step proton—electron transfer processes (Figure
1c). Late transition metal perovskites also generate O, via an
adsorbate evolution mechanism, as well as activating lattice
oxygen. Experimental studies have confirmed that the oxygen
evolved on certain Co-based oxides can originate from the lattice
itself, 371 overcoming limitations of the adsorbate evolution
mechanism imposed by scaling relations. In contrast, the 3d° to
3d® configurations involve the redox of the cations with o
character, deviating from the conventional OER mechanism and
leading to the evolution of hydrogen peroxide (H,0,) (Figure
1c). This suggests that increased metal—oxygen covalency
correlates with increasing H, O, evolution activity. According to
the Pauli principle, the participation of the ¢, orbitals affects the
local structure around the transition metal cations, giving rise to
the formation of polarons.”®*%*’

Polarons correspond to composite quasi-particles 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.*”
Examples of such materials include TiOZ,33’34 SrTiO3,35

https://doi.org/10.1021/acscatal.5c02069
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Figure 2. Theoretical OER free energy diagrams for various CaMO; perovskites at zero potential. The black line shows the conventional proton—
electron transfer on the surface while the red line represents H,O, evolution through the hemibonded structure. The blue line represents hydroxyl
radicals with AG oy, = 2.4 eV. The ideal catalyst would exhibit a free energy profile where all intermediates are thermodynamically balanced,
minimizing overpotentials relative to the thermodynamic potential of 1.23 eV.

Fe,0,,° 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.** " 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.*”

Kinetics of the Water Oxidation. The electron/hole
transfer during the electrochemical process can lead to the
conventional proton—electron transfer mechanism, the for-
mation of oxonium-like complexes such as H;O*-OH, or water-
like complexes like [H,0-H,0]*, resulting in a hemibonded
structure.”>™* In the latter case, the hole localizes between two
oxygen ions, and the doubly oxidized water dimer forms a true
0—0 bond (bond distance ~ 1.5 A), which subsequently leads
to the formation of hydrogen peroxide (H,0,).** These findings
based on the simplified model of the water dimer cation provide
a foundation for understanding the potential observation of
hemibonded structures in electrochemical water oxidation. We
have recently demonstrated that a substantial energy barrier
hinders transformation into the proton-transferred structure.”’
This implies that hemibonded structures may have a lifespan
sufficient to allow them to undergo double oxidation.

In order to evaluate selectivity trends for two corresponding
reactions, namely, the H,0, and O, production, free energy
diagrams are constructed for an ideal catalyst along with all
considered CaMO; catalysts (Figure 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 equivalent to that of gas-phase H, at
an electrode potential of U = 0.0 V relative to the reversible
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hydrogen electrode (RHE).'”** 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 initiated our investigation by examining the free energy
diagram of CaTiO;. The most prominent thermodynamic
energy barrier identified is associated with the initial oxidation
step (AGoys = 2.9 €V), 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
( AGon@g) =24 eV, indicating that once OH* is generated, it
is thermodynamically favorable for it to desorb as a solvated
hydroxyl radical rather than recombine at the surface to produce
a metal hydroxide group. This suggests a strong tendency for
CaTiO; to generate hydroxyl radicals, aligning with exper-
imental findings from UV-illuminated CaTiO;, which demon-
strate the production of hydroxyl radicals with the energy of
holes during UV exposure estimated at around 2.5 V."
Furthermore, the free energy of H,0, is significantly higher
than that of O%*, indicating that the 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 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 that of water. This establishes an upper
threshold for the free energy of OH* on the surface during the
formation of an oxygen molecule or hydrogen peroxide.
Therefore, in order to avoid the one-electron oxidation reaction
(H,0 — ‘OH(aq) + H" + e7) and facilitate the two/four-
electron oxidation pathways, it is necessary that AGgy+ should
be less than or equal to 2.4 eV.

https://doi.org/10.1021/acscatal.5c02069
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Figure 3. Activity trends toward the OER. The free energy of (a), H,0,, (b), OH*, (c), 0%, and (d) OOH* on the CaMOj; perovskites as a function of
the d-orbital occupancy. The considered d-orbital occupancy corresponds to the sequence Ti, V, Cr, Mn, Fe, Co, and Ni.

Qo0 ?
Rgs> b

°°0 ﬁ d

o

Y

Figure 4. Orbital representation of the states caused by the second deprotonation. (a) Representation of 6-bond caused by hole localization between
two oxygen molecules. (b) 7-bond formation between the transition metal 3d-t,, and adsorbed oxygen 2p-orbital. (c) o-bond formation between the
transition metal 3d-e, and adsorbed oxygen 2p-orbital as a part of the polaronic states.

We will now discuss the consequences of the calculated free
energy diagram in Figure 2 for the remaining Ca perovskites with
respect to their suitability as OER catalysts. The calculated free
energy diagram demonstrates that CaVO; might act as an
effective catalyst for oxygen evolution. The adsorption of
hydroxyl species (AGgoy+ = 1.4 eV) on CaVO; is well
documented, with its free energy being significantly lower than
that associated with the formation of hydroxyl radicals.
Furthermore, the free energy associated with the adsorption of
oxygen species (AGgs = 3.0 eV) is markedly lower than that for
hydrogen peroxide, indicating that the CaVOj surface provides a
substantial driving force for the complete four-electron
oxidation process.

The free energy profile for CaCrOj; indicates that the initial
oxidation step, which leads to the formation of adsorbed
hydroxyl species (AGoy+ = 2.2 €V), requires less energy than
that associated with the hydroxyl radical formation. Con-
sequently, 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 to a metal-oxo species or to the
generation of hydrogen peroxide. This analysis implies that
while CaCrO; 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 (H,0,) formation is particularly
pronounced on the CaMnO; and CaFeOj surfaces. In the
initial oxidation step, hydroxyl species are adsorbed with lower

11547

energetic requirements compared to the direct formation of
hydroxyl radicals. Subsequently, the system exhibits thermody-
namic feasibility, supporting a pathway conducive to H,0,
generation.

For the late transition metal oxides, CaCoQO5 and CaNiOj, the
free energy required for the initial oxidation step exceeds that of
the solvated hydroxyl radical (AG-OH(aq) =2.4¢eV)by0.2and 0.1
eV, respectively. This suggests that, upon formation of surface-
bound OH¥, there is a thermodynamic 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, CaCoO; exhibits
comparable energetics for the formation of both metal-oxo
species and hydrogen peroxide, leading to the coexistence of
these products. In contrast, CaNiO; stabilizes the metal-oxo
intermediate with an energetic preference of approximately 0.2
eV, favoring the pathway toward the oxygen evolution reaction
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; (Figure 3a). In the
case of late transition metals such as cobalt (Co) and nickel (Ni),
the Gibbs free energy increases as the polaronic effect
diminishes. Notably, iron (Fe) with an ¢, occupancy exhibits a
Jahn—Teller polaron and the lowest Gibbs free energy for this
reaction. This demonstrates that the polaronic effect is the
initiating factor in the evolution of hydrogen peroxide.

The free energy levels of various reaction intermediates,
including OH* (Figure 3b), O* (Figure 3c), and OOH*

https://doi.org/10.1021/acscatal.5c02069
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Figure $. Bulk stability region of CaMO; under a concentration of 10~ mol/L aqueous species. Pourbaix diagrams illustrating the most stable aqueous
phases of CaMO;. The green-shaded region represents the stable bulk phase, where the formation of CaMO; from the solvated ions occurs
spontaneously. The black dashed lines indicate the equilibrium boundaries for O,/H,O (upper line) and H,/H,O (lower line).

(Figure 3d), 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). It is important to note that this
comparison is intended to be qualitative in nature, as OH*
corresponds to the initial proton—electron transfer step, while
H,0, and O* are produced in the subsequent proton—electron
transfer and therefore occupy a higher free energy level. 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.”*®*” Notably,
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linear correlations such as those observed between OH* and O*
binding energies (where a slope of approximately 0.5 indicates
the bonding difference) exemplify these scaling relationships:
O*, with dual surface bonds, exhibits stronger binding compared
to OH*, which forms a single bond to the surface.

The free energy difference between the values of the two
aqueous groups of O* and OOH* exhibits minimal variation for
3d orbital occupancy exceeding 3d> This observation indicates
that the polaronic effects on these two intermediates are
negligible, suggesting that they do not significantly alter the
binding strength.

https://doi.org/10.1021/acscatal.5c02069
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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 (Figure 4a), hole
localization occurs between two oxygen ions, facilitating the
oxidation of water during the electrochemical process and
ultimately yielding H,O,. A strong o bond is formed between the
two water molecules, which indicates the formation of an O—O
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.

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 interaction of the t,, orbitals with oxygen (Figure
4b), the formation of a 7 bond is observed, indicating that
neither a strong nor a weak bond is established. However, when
the e, orbitals interact with oxygen, a robust ¢ bond is formed,
incorporating absorbed oxygen into the polarons of the
compound (Figure 4c). This interaction demonstrates that the
evolution of hydrogen peroxide occurs prior to the formation of
metal-oxo intermediates. These findings suggest that the
stabilization arising from polaron formation noticeably increases
the surface ability to localize holes in an aqueous environment. A
recent study,”’ consistent with our findings, presents the
successful fabrication of highly efficient two-electron water
oxidation electrocatalysts, particularly for Mn and Co perovskite
oxide, which exhibits exceptional hydrogen peroxide production
rates and outstanding stability over a 120-h test. By selecting
optimal transition metals, incorporating polarons, and enhanc-
ing 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 determines the OER
activity, the bulk stability region of CaMO; in an aqueous
environment is still elusive. To explore the pH-dependent
stability of CaMOj; perovskites, we have calculated the Pourbaix
diagrams with respect to their ground-state perovskite
structures, as shown in Figure 5. All graphs represent the
equilibrium conditions of CaMO; 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 CaMO,
from the solvated ions is spontaneous. We found that the
stabilities significantly depend on both the pH and potential in
an aqueous environment. None of the compounds is stable in an
aqueous environment at pH = 0, while the formation of
perovskite oxides is pronounced in an aqueous environment at a
high pH value of 14. The stability region of CaTiO; 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 by adding electrons in the
3d orbitals.

CaVO; demonstrated stability at lower potentials relative to
the redox potential of the O,/H,0, with stability across a pH
range exceeding 6. At higher pH, the stability of CaVO;
broadens toward potentials below the redox potential of the
H,/H,0. CaCrO; exhibited a more limited stability range,
predominantly confined between the O,/H,O and H,/H,0O
redox potential lines at pH values above 6, although it did not
maintain stability as effectively as CaVO;. In contrast, CaMnOj;

demonstrated stability closer to the redox potential of the O,/
H,O across a broad pH range (3—14), with its stability region
extending to lower potentials relative to the redox potential of
the H,/H,O at higher pH levels. The stability region of CaFeO,
exhibits a notable upward shift in potential compared to that of
its analogue, CaMnO;, positioning it above the O,/H,0O redox
potential line. Late transition metal perovskites, CaCoO; and
CaNiO;, displayed improved stability at potentials above the
0,/H,0 threshold. )

The findings align with those of a prior experimental study”'
conducted under conditions where Ugy; was maintained at 1.6
V and the pH was set to 13. The results of these studies
demonstrate that the concentration of aqueous species
approaches approximately 107® M. Therefore, we propose that
elevated pH levels, along with the precise regulation of potentials
in aqueous environments, significantly enhance catalytic activity
for the OER and the production of hydrogen peroxide.

B SUMMARY

This study examines the fundamental processes that shed light
on the water oxidation mechanisms in a series of calcium
perovskite oxides, CaMO;. To elucidate competing reaction
pathways, periodic 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 the OER. In the case of early transition metal
(M) perovskites, oxygen species display z-bonding character-
istics at the surface, which align with the conventional metal-oxo
intermediate-driven OER mechanism. However, Mn- and Fe-
based perovskites have been observed to strengthen surface-
adsorbed oxygen species, promoting hole localization between
adjacent 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 pronounced tendency toward
oxygen evolution, exhibiting a clear preference for the OER
pathway. A molecular orbital analysis indicates that hole
localization, which is associated with polaronic effects, enhances
the evolution of hydrogen peroxide by creation of the strong ¢
bond for the metal-oxo 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 structure on the oxide
surface.

Furthermore, our findings investigate the pH-dependent
stability of perovskite structures, indicating that Ti-based
perovskites exhibit robust stability across a range of pH values
and electrochemical 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 the catalytic efficiency in water-splitting applications.
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B METHODS

Computational Details. First-principles calculations are
performed in the framework of density-functional theory
(DFT)>*> on ternary CaMO; perovskite compounds. The
exchange-correlation effects were described by the generalized
gradient approximation (GGA) functional RPBE>* employing
the projector augmented wave (PAW)>® method as imple-
mented in the Vienna Ab-initio Simulation Package.”*~>*

A plane wave cutoff of 520 eV was chosen for the wave
functions, which was verified to provide converged total energies
for all systems studied and a convergence within 1 X 107> eV per
supercell. The p and s semicore states are treated as valence
states for the transition 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 =
325 eV, Ug, = 3.70 eV, Uy, = 3.90 €V, U, = 5.30 eV, U, = 3.32
eV, and Uy; = 6.20 eV.*° For Ti, only the conventional GGA-
RPBE functional is used without the U parameter, as Ti** has an
empty 3d shell and thus does not require a Hubbard correction.
A 4 X 4 X 3 k-point mesh has been used for the unit cell of
CaMOs;, containing four formula units, while the slab
calculations were performed using a gamma-centered k-point
grid. The initial conﬁguratlons are taken from the Materials
Project (MP) database.”” We used the Pnma space group for
CaMO; perovskites, crystallizing in a face-centered cubic
structure. All atomic positions are optimized without symmetry
constraints to reach the theoretical ground state configurations.
To correctly describe van der Waals interactions resulting from
dynamical correlations between fluctuating charge distributions,
the DFT-D3°" method with Becke-Jonson damping has been
applied in all the calculations. The RPBE+U+D3 approach used
in this work has been extensively validated for transition metal
oxides, and the calculated adsorption and reaction energetics are
consistent with reported values,'" thus confirming the reliability
of the computational setup.

For periodic slab calculations, slabs of five layers in the (001)
direction are separated by at least 26 A of vacuum to prevent
interactions due to periodic boundary conditions. Along the
(001) direction, CaMO; consists of alternating CaO and MO,
layers, resulting in both polar and nonpolar slab terminations.
However, polar terminations introduce internal electric fields
that are energetically unfavorable and are usually compensated
for under realistic catalytic conditions. Therefore, we consider
the optimized supercell of nonpolar slabs with MO,-terminated
surfaces. Each slab comprises eight transition metal atoms in the
surface plane with lateral supercell dimensions greater than 10 A.
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. The initial configuration was constructed
using an ice-like hydrogen-bonded network to ensure full
connectivity among water molecules. A full geometry
optimization of both the surface and water molecules was
performed to relax the interface. Despite the absence of
configurational sampling (e.g, AIMD or ensemble averaging)
due to computational constraints, the same optimized water
structure was consistently applied across all surfaces. This
approach provides a physically motivated and uniform solvation
environment that captures key hydrogen-bonding effects while
enabling a reliable comparison of trends between different
materials. All atomic positions of the slabs are allowed to relax.
Spin polarization is considered in all the calculations.
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Proton-coupled electron transfer steps were modeled by
sequentially deprotonating adsorbed water molecules, simulat-
ing the formation of OH*, O*, and OOH* species. Each
deprotonation corresponds to the removal of one H + e pair,
mimicking surface oxidation (i.e., hole injection) while
maintaining overall charge neutrality. This method is consistent
with the established practice for simulating redox processes on
oxide surfaces within periodic DFT. In order to ensure
consistency, all adsorption energies were referenced to the
clean solvated slab, taking into account the explicit water
solvation.

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 TS’, and the effect of an applied potential eU.
These factors are considered through the following equations:

AGey = EQE — BRSO —ED 18 + (AZPE — TS°)
+ kgTlnay — eU (1)
AGy = EQep — EQE + ZED2(8) + (AZPE — TS°)
+ kgTlnay — eU (2)
AGy o, = Bhge> — ESEy + ED M) 4 (AZPE - TS°)
+ kgTlnay — eU (3)
OOH*

AGoop* = Eppr EDFT + —ED M) 4 (AZPE — TS)

+ kgTln ay — eU 4)
AGes = EQir — ESSI + ZEDz(g) + (AZPE — TS)
+ kgTlnay — eU (5)

where Eppr denotes the density functional theory (DFT)-
calculated electronic energy for each specific intermediate. Here,
ng:(Tg) is the computed total electronic energy for the gaseous
hydrogen molecule used as a reference. For computational
efficiency, temperature contributions to enthalpy are approxi-
mated as negligible between 0 and 298 K. These calculations
assume an associative mechanism for O, formation on the
catalyst. This approach only accounts for the elementary
reaction steps, and no barriers are included. This means that
the method presented here is necessary but not sufficient.

All corrections relative to the DFT total energy are
summarized in Table 1

Table 1. Room Temperature Corrections for the Zero-Point
Energy and Entropy of Various Species

species (ZPE-TS)/eV
H,0(g) 0.10
Hy(g) -0.13
O* adsorbate 0.01
OH* adsorbate 0.23
OOH* adsorbate 0.15
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Evaluating the Bulk Stability Region. The methodology
employed to determine the bulk stability region is based on
describing the pH-U stability domain, where the following
electrochemical reaction is thermodynamically favorable:

Y mHAO0;™ = CaMO, + ny oH,0 + nyeHY + ne”

A

(6)
In this equation, the summation encompasses all elements
denoted as “A” within the bulk material, with n1,, #y3 o, #yy*, and 1,

representing the stoichiometric coefficients for elements A,
water (H,O), protons (H*), and electrons (e”), respectively.

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

A+ ny oH,0 — HxAO;_ + ny+HY + ne” (7)

By precisely characterizing the bulk stability region of
CaMO;, we can establish a foundational 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.’>**

The construction of Pourbaix diagrams was facilitated by the
Materials Project (MP) methodology developed by Pers-
son,”"* utilizing the Pymatgen software framework.”® The
stable regions within the Pourbaix diagrams are established
based on potential equilibrium redox reactions relevant to the
chemical composition under investigation.
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