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The oxygen evolution reaction (OER) is the major bottleneck in electrochemical water splitting.
Development of efficient electrocatalysts from earth-abundant materials is essential. This study reports
a design principle for tuning the catalytic efficiency and stability of perovskite oxides (ABOs), focusing on
SrMnQOs, SrFeOs, SrCoOs, and SrNiOs through B-site surface doping with Mn, Fe, Co, and Ni metal ions.
Owing to multiple active sites and tunable oxidation states, these oxide surfaces exhibit a considerable
reduction in thermodynamic overpotential (np) upon doping. The dissolution free energy calculations
are performed across a wide pH window (acidic to alkaline) and oxidative potentials to determine the
Pourbaix stability and surface dissolution pathways. We find that SrCoOs and SrNiOz show the highest
stability on doping with different transition metal atoms. Reaction free energy analysis indicates that the
lattice oxygen mechanism generally outperforms the adsorbate evolution mechanism on the undoped
surfaces. Surface doping results in a wide variation in the preferred reaction pathway. Mn-doped SrNiO3
emerges as the most active system with ntp of 0.34 V, while Fe doping enhances the activity of SrCoOs3
the most. Crystal orbital Hamilton population and electronic structure analyses show that modulation of

the d-band center and surface structure deformation upon doping, influences the catalytic activity and
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Accepted 19th January 2026 stability. Using the activity descriptor Gmax(n) at an applied n of 0.3 V, the corresponding rate-

determining steps (RDS) are identified. While most sites follow a single-step RDS, Fe- and Co-doped
DOI: 10.1039/d5ta07376f SrNiOz exhibit multistep contributions. On varying the doping percentages of Fe on the SrCoOs surface,

rsc.li/materials-a we find that 25% surface doping shows the highest catalytic activity for OER.

bottleneck of the process. The high overpotential associated
with the OER reduces the overall reaction efficiency.**™*
An efficient electrocatalyst could reduce the overpotential for

Introduction

With the depletion of fossil fuels and the enhancement of

environmental pollution, the demand for clean and sustainable
energy sources has surged significantly in recent years.
Renewable energy generation from solar, wind, and hydro
power has shown significant advantages." However, these
renewable energy options often face challenges due to seasonal
natural cycles and regional variability. To address these limi-
tations, there has been growing interest over the past few
decades in developing energy storage and conversion technol-
ogies to store energy intermittently and use it as needed.””
The water-splitting reaction could allow for the generation of
renewable fuels.®® Electrochemical water-splitting reactions
involve two half-cell reactions: the hydrogen evolution reaction
(HER: 2H' + 2e~ — H,) at the cathode and the oxygen evolution
reaction (OER: 2H,0 — O, +4H'+ 4e7) at the anode.**'* H,
serves as a clean fuel but while the formation of H, is more
important, the OER at the anodic half-cell is the primary
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O, evolution. In the past decades, increasing attention has been
given to developing electrocatalysts for OER. While developing
efficient catalysts, three crucial factors must be considered:
activity, stability, and cost-effectiveness.”*”> The Pt-group
metal-based electrocatalysts, such as iridium oxide (IrO,) or
ruthenium oxide (RuO,), are found with the highest efficiency
in an acidic medium for the OER.>>* However, due to their
expensive nature, these catalysts would be unsuitable for
industrial-scale utilization. The other catalysts with good
activity for OER face several inherent challenges. The catalytic
surfaces undergo surface reactions under applied potentials
and solvent pH, resulting in the gradual degradation of the
catalytic sites.**** This leads to a reduction in the catalytic
efficiency under operating conditions over time. Inspired by the
recent advancements in developing effective synthetic strategies
and understanding catalytic efficiencies of transition metal-
based catalysts, tremendous research attention has been
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drawn to investigate the OER activity of the transition metal
oxide surfaces.***

Transition metal oxides have emerged as a promising alter-
native to traditional Pt-group metal-based electrocatalysts for
OER. Among these, perovskite oxides, with the general formula
ABO;, offer unique advantages.*** Typically, the A-site is
occupied by non-transition metal ions, whereas the B-site hosts
transition metal ions. The A-site shows the 12-fold coordination
with oxygen, and the B-site has a 6-fold coordination.**** The
oxidation states of the transition metal site in perovskite oxides
could be further tuned by varying the A-site metal ions and the
creation of the O vacancies.**** Furthermore, in recent studies,
precise synthetic techniques have been developed for precisely
doping the B-site metal ions, with multiple transition metals
with varying oxidation states. This flexibility could allow for
precisely modulating the catalytic properties,®*?*3443-33

In addition to catalytic activity, stability is a crucial factor in
evaluating the efficiency of an electrocatalyst.>*>® The perovskite
oxide catalysts show a performance degradation often linked
with the surface oxidation and aqueous dissolution.”** To
enhance the surface activity and stability under the OER envi-
ronment, strategies such as doping with different transition
metals have been employed for spinel and antispinel oxide
surfaces.®® Bimetallic and multi-metallic spinel oxide surfaces
show multiple active sites with tunable oxidation states.***
Furthermore, the presence of different metal centers with varying
electronegativity helps in redistributing the metal-O electron
density and improves the resistance to aqueous dissolution
under various oxidative electrochemical conditions.>****

Recent studies have reported several oxide perovskite mate-
rials with comparable activity for OER as the Pt-group metal-
based catalysts.***>**** The electrochemical stability of the
perovskite oxides have been a major issue retarding the
electrochemical activity for OER.>** Understanding the aqueous
dissolution pathways of the oxide perovskite surfaces will allow
devising an effective approach to improve their electrocatalytic
activity for OER and unleash a design principle. The OER
activity of perovskite oxides is closely linked to their electronic
structure and frontier energy states, pinning near the Fermi
energy level.*3>34434953.68 The frontier energy states could also
regulate the surface reactivity with the aqueous environment.
Therefore, a strategy to modulate the frontier energy states will
lead to an optimum strategy to tune both the activity and
stability of these surfaces. Inspired by this idea, in this study, we
employ a B-site surface doping of the four perovskite oxides
surfaces (SrtMnOj, SrFeOs, SrNiO3, and SrCoO;) with different
transition metal atoms (Mn, Fe, Ni, and Co0).****”® Modulating
the d-band center of the oxide surfaces, we tune the stability and
electrocatalytic activity for the OER.” The surface Pourbaix
analysis has been performed to understand the surface aqueous
dissolution reactions and stable surface configurations under
the oxidative potentials and varying pH from acidic to alkaline
domains. Doping with transition metals is found to enhance the
stability and activity of the surfaces of both SrCoO; and SrNiO;.
We find that SrCoO; with Fe-dopant and SrNiO; with Mn-
surface dopant, the OER overpotential is considerably reduced
compared to the undoped surfaces.
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Computational details

The computational calculations are performed with density
functional theory (DFT), using the Vienna Ab initio Simulation
Package (VASP).”>”* The electron exchange-correlation effects
are treated within the Generalized Gradient Approximation
(GGA) using the revised Perdew-Burke-Ernzerhof (RPBE)
functional.” The projector augmented-wave (PAW) method™ is
employed to describe the electron-ion interactions, and
a plane-wave basis set with an energy cutoff of 400 eV is used.
The Brillouin zone is sampled using a 2 x 2 x 1 Monkhorst-
Pack k-point mesh.”

The electronic and ionic convergence criteria are set to
107 eV for energy and 10~ eV A™* for forces, respectively. To
account for non-covalent interactions between adsorbates and
surfaces, van der Waals corrections are included. Solvent effects
are incorporated using an implicit solvation model as imple-
mented in the VASPSol package.”®® The implicit solvation
model is employed to describe the electrochemical interface. In
this setup, the perovskite surfaces and adsorbed intermediates
are treated quantum mechanically, while the aqueous envi-
ronment is represented by a polarizable continuum (PC)
medium with a dielectric constant of 80. Electrolyte interactions
are incorporated through a linearized Poisson-Boltzmann
approach, with a Debye screening length of 3 A. Non-
electrostatic contributions to the solvation free energy arising
from surface tension are excluded, as they are less significant in
interfacial two-dimensional systems.?"*> Consequently, the TAU
parameter, which corresponds to the effective surface tension
(ev A™%) in the VASPsol package and accounts for cavity
formation free energy, is neglected in the present calculations.

All calculations are performed with spin polarization to
account for the unpaired electron and variable spin states of the
surface systems. The Atomistic Simulation Environment (ASE)
package is used for generating VASP input files and post-
processing of the computational results.*® We have considered
a 2 x 2 supercell of the perovskite surfaces to carry out the
reaction free energy calculations. On the other hand, for the
surface Pourbaix analysis, we have considered both 2 x 2 and 2
x 3 supercells of the surfaces to obtain the different surface
vacancy structures. In all the simulations, a four-layer surface
has been taken, with the bottom two layers kept fixed to mimic
the bulk configuration. The upper two layers, along with the
adsorbates, are allowed to minimize to obtain the most
preferred geometries. A gap of 20 A is kept along the non-
periodic direction to minimize the furious interactions
between the adjacent periodic cells. A detailed explanation of
the computational method for reaction free energy and surface
Pourbaix energy calculations is given in Sections S-I and S-II of
the SI, respectively.”™

Results and discussion

We perform the dissolution free energy calculations of the four
perovskite oxides (SrMnO;, SrFeO;, SrCoO;, and SrNiOj;),
varying the pH from the acidic to alkaline range and the
potential in the oxidative region from 1 to 2.0 V vs. SHE to

This journal is © The Royal Society of Chemistry 2026
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(a) A schematic overview of the (001) surface termination of the pristine surface of oxide perovskite, where green spheres denote Sr, blue

corresponds to the transition metal (Mn, Fe, Co, or Ni), and red spheres represent oxygen atoms. (b) The projected density of states (PDOS) plot
for the (001) surfaces of SrMnOs, SrFeO3, SrCoOs, and SrNiOs. In these plots, the red regions correspond to the energy states of the O p-bands,
while the blue regions represent the metal d-band states. The green horizontal line marks the O p band center with respect to the Fermi energy

(black horizontal line).

understand the dissolution mechanism.® The corresponding
stability is determined under varied electrochemical environ-
ments. In this study, we have considered the 001 surface
termination with B-site ions on the surfaces. The 001 BO-site
terminated (Fig. 1a) surfaces have been identified as the most
stable surface terminations in the previous studies.'®?%%4%¢
Furthermore, the 001 surfaces have been analyzed and found to
be most active for OER. Therefore, we have built our model
surfaces using the 001 BO surface terminations for the stability
and catalytic studies.

Electrochemical stability of the pristine and doped 001
surface

Depending upon the positioning of the O-p band center with
respect to the Fermi level (Egermi), the perovskite oxides show
different dissolution pathways.” Fig. 1b shows the projected
density of states (PDOS) of the 001 surface of the four perovskite
oxides. The red region shows the energy states of the O-p bands.
The O-p band center (denoted by the green line) is positioned
relatively away from the Epe.y; for all the surfaces (varying
within the range 2.99 to 3.50 eV). Therefore, based on previous
studies, the dissolution mechanism will primarily involve the
leaching of surface B-site transition metal ions.** Furthermore,
on the 001 surfaces, the transition metal ions are in direct
contact with the aqueous medium compared to the cationic Sr**
ions; therefore, leaching of the surface transition metals will be
more feasible than the A-site ion leaching.

The dissolution free energies (AGppy) for the transition metal
ions are computed considering the stable transition metal ion
phase separation to metal oxides at different oxidation states, as
shown in eqn (1) (Section S-1I in the SI gives a detailed overview
of the calculation method):

StMO; + zyH,O — StM;_,05 + yMO, + 2zyH" + 2zpe” (1)

Here, M corresponds to the transition metal ions, and y denotes
the proportion of the metal ions leaching out from the surface.
We have compared the stability of the surfaces with respect to
the formation of different metal oxide solid phases (MO,, where
z determines the oxidation state of M in MO, phases) after
dissolution. The more negative the value of AGy,, the greater

This journal is © The Royal Society of Chemistry 2026

the possibility of dissolution. The AG, values are calculated
considering the surface vacancy formation of 17%, 25%, 33%,
50%, and 66%.

The AGppx for the four perovskite 001 surfaces is shown in
Fig. 2(a)-(d) at three different pH levels. The y-axis corresponds
to the AG,x values, and the x-axis denotes the variation in the
oxidative potential with reference to SHE (Vsug). The stable
configurations are found to vary considerably depending on the
potential ranges at each pH. The black vertical dotted lines give
the potential ranges when we found a stability switching of the
configuration on varying the pH values.

On the SrMnO; 001 surface (Fig. 2(a)), at pH = 1, the
dissolution of the surface Mn atoms up to the 25% surface
vacancy formation is found to be most suitable up to oxidative
potentials of 1.6 Vgyg. Beyond this potential, the surface
leaching of 66% surface atoms is more suitable. Shifting to
neutral pH, the most stable surface configuration corresponds
to 25% surface vacancy up to 1.8 Vgyg. The formation of 66%
surface vacancy is more preferred beyond that potential range.
The alkaline pH shows a greater stability of the pristine surface
at low oxidative potential (around 1.5 Vgyg), beyond that, the
25% vacancy formation shows more feasibility.

A differing stability trend is observed for the SrFeO; surface
(Fig. 2(b)). The most stable surface configuration corresponds to
the leaching of the surface Fe atoms to 25% at the potential
range up to 1.6 Vgyg at pH = 1. The stability of the pristine
surface increases in the neutral and alkaline regions at low
oxidative potentials. The relative stability of the surfaces with
50% surface vacancy shows a greater preference with the
gradual increase in the potential. However, the potential
window defining the corresponding stability region for these
vacancy formations considerably varies. At pH 7, the pristine
surface shows the highest stability up to 1.4 Vs, whereas at pH
14, the pristine surface shows the highest stability up to 1.7
Vsue. Beyond that, the 50% vacancy formation is more prefer-
able at both pH values.

SrCoO; and SrNiO; show a similar stability ordering of the
surfaces (Fig. 2(c) and (d), respectively). At pH 1, the pristine
surface shows the highest stability at a lower potential range (up
to 1.6 and 1.7 Vgug for SrCoO; and SrNiOs, respectively). An
increase in the potential up to 2 Vgyg, the surface with 25%
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Fig.2 (a)—(d) lllustrate the Pourbaix diagrams for SrtMnQO3, SrFeOz, SrCoOs3, and SrNiOs, respectively, evaluated at pH 1, 7 and 14 under an applied
potential range from 1.0 to 2.0 V. These diagrams include various corresponding metal oxides such as MO, MO,, M,0Os3, and MzO,, and consider
different metal vacancy compositions of 17%, 25%, 33%, 50% and 66%. Across all compositions and materials, the Pourbaix plots consistently
denote enhanced thermodynamic stability associated with a 66%, 25% metal-site vacancy for SrMnOs, 25% and 50% metal-site vacancy for
SrFeQOs, 25%, and pristine surfaces for SrCoOz and SrNiOs. The inset below shows the colour scheme considered to denote the different
dissolution products.
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vacancy becomes the most stable surface configuration. At pH 7
and 14, we found that the pristine surface has the most negative
AG, for all potential ranges, corresponding to the most stable
structural configuration for both SrCoO; and SrNiO;.

Next, we study the effect of doping with the different tran-
sition metal atoms on these four perovskite surfaces. We have
considered 25% surface doping and calculated the electro-
chemical stability of the doped surfaces. Mn surface positions
in StMnO; have been doped with Fe, Co, and Ni atoms. For
SrFeO;, the doped surfaces have been created by doping the
surface Fe atom with Mn, Co, and Ni. On the other hand, Co and
Ni atoms on SrCoO; and SrNiO; surfaces, respectively, are
doped with Mn, Fe, and Ni dopants, and Mn, Fe, and Co
dopants. The doped surfaces are denoted as M'(M). Here, M~
corresponds to the dopant metal, and M denotes the host metal.
For example, Fe-doped SrMnO; surface will be denoted as
Fe(Mn).

StM;M,_,05 + zyH,0—> StM; M, _,,_, 05 + yMO. + 2zyH"
+ 2zye” (2)

StM;M,_,0; + zyH,0—SrM,_ M,_,05 + yM"O. + 2zyH"
+ 2zye”
(3)

*

StM,M,_,05 + z(y1 + y2)H,0—SrM,_ ;M,_,_,0;
+yIM™O, + y2MO. + 2z(y1 + y2)H* + 2z(y1 + y2)e”

Fig. 3 shows the two-dimensional stability plots of the doped
perovskite surfaces. The Pourbaix energies are calculated
considering the most stable surface configuration detected for
each surface. In the presence of the surface dopants, the
dissolution of the surface metal ions could follow three
different pathways depending upon the type of metal leaching
(eqn (2)-(4)). The formation of metal oxides from both the host
(M) and dopant (M) metal atoms of the surface could lead to
the generation of surface vacancies. On the other hand, either
the host or the dopant metal atom could leach out and form
a single phase of the metal oxide. Further details for the
computations are provided in Section S-II in the SI.

On doping the different transition metal dopants, both
SrMnO; and SrFeO;, show considerable negative free energies for
the creation of the surface vacancies. Both these surfaces will lead
to the dissolution of the surface metal atoms. For SrFeO;, we find
a narrow stability region. For Mn- and Co-doped SrFeOj, the
stability region corresponds to a pH value varying between 4.5
and 14, and the potential range between 1 and 1.4 Vgye. With Ni
as the surface dopant, the stability region corresponds to 3.9 to 14
pH and potential 1 to 1.6 Vgyg. On the other hand, SINiO; and
SrCoO; show a considerable range of stable regions. At acidic pH,
the stable region corresponds to lower oxidative potentials.
However, at neutral and alkaline pH, the stability region corre-
sponds to both lower and higher oxidative potentials.

To understand the differing stability trend, we analyze the
electronic d-band centers of the surface host metals (Fig. 4(a)). For

This journal is © The Royal Society of Chemistry 2026

View Article Online

Journal of Materials Chemistry A

the undoped surfaces, a shift in the d-band center to more nega-
tive energies is observed on moving from SrMnO; to SrFeO; to
SrCoQOj; to SrNiOj;. The shaded bars show the d-band center values
of the surfaces without the dopant in Fig. 4a. The d-band center
for the Mn in StMnO; is —0.59 eV from the Fermi energy, whereas
the corresponding values are —1.66 eV for SrFeO;, —1.75 eV for
SrCoOj3;, and —2.07 eV for SrNiO;. A shift in the d-band centers to
more negative energies implies lower reactivity of the surfaces
with the electrolyte and aqueous molecules. This results in an
increasing electrochemical stability of the pristine surfaces across
a wide range of pH and potential values of the undoped surfaces
from SrMnoj; to SrFeO; to SrCoO; to SrNiOj; (Fig. 2a—(d)).

To further elucidate the effect of d-band center positioning
with respect to the Fermi level in governing surface stability, we
compare the d-band center values with the free energies asso-
ciated with the formation of 25% surface vacancies on the
pristine surfaces. The tendency for surface vacancy formation
varies significantly depending on the surface structure, solution
PH, and applied electrochemical potential. The direct compar-
ison of individual key dissolution steps across different surfaces
is challenging. Nevertheless, our analysis shows that the
formation of 25% surface vacancies is thermodynamically
feasible for all the surfaces considered. Therefore, we compare
the dissolution free energies associated with the formation of
25% surface vacancies with the corresponding d-band center
positions. Fig. 4(b) presents this comparative analysis. The
resulting linear correlation indicates that as the d-band center
shifts to more negative energies, the dissolution process
becomes increasingly endothermic. This trend demonstrates
that the position of the d-band center plays a crucial role in
determining surface stability. Specifically, a less negative d-
band center strengthens interactions with solvent molecules,
thereby promoting surface dissolution.

A comparison of the average d-band centers of the host metal
centers on the doped surfaces (Fig. 4a) shows great similarity to
the undoped surfaces. For StMnOj3, the d-band center values
vary within the range —0.54 to —0.81 eV. The doping with Co
slightly reduces the d-band center values to the more negative
side (—0.81 eV). With SrFeO; the d-band center values
marginally vary in the presence of the different dopants. The
values correspond to —1.60 for Mn(Fe), —1.58 eV for Co(Fe), and
—1.49 eV for Ni(Fe). Both the SrCoO; and SrNiO; doped surfaces
show the highest negative values for the d-band centers. The
corresponding values vary within the range —1.89 to —2.22 eV
for SrCo0O;, and —1.90 eV to —2.18 eV for SrNiO;. In the case of
SrCoO;, the d-band center values for the doped surfaces are
slightly more negative than the undoped surfaces, with the
highest negative value (—2.22 eV) obtained for Mn(Co). On the
other hand, for SrNiOs, the d-band center value for Mn(Ni) is
only greater than the undoped surface. For both Fe(Ni) and
Co(Ni), the d-band center value becomes less negative (—1.93 eV
and —1.90 eV, respectively) compared to the undoped surface.

The d-band center of the B-site metal ions has been known to
modulate the catalytic activity and choice of the particular reac-
tion pathway. In this study, we find that the relative stability of
the perovskite surfaces could also be governed by the alignment
of the d-band center relative to the Fermi energy level. A strong
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Fig.3 The Pourbaix plot with pH on the x-axis and potential on the y-axis. The right-hand scale corresponds to the evaluation of AGgex. The blue
region indicates thermodynamic stability, while the yellow and red regions denote instability. From the plot, it is evident that only SrCoOz and
SrNiOz exhibit a wide stable region, while SrFeOz shows a comparatively narrow stable domain. Doped surfaces are denoted as M"(M), where M*
represents the dopant element, and M denotes the host B-site cation of the perovskite surface. Accordingly, Fe(Mn), Co(Mn), and Ni(Mn)
correspond to Fe-, Co-, and Ni-doped SrMnOs surfaces, respectively. A similar nomenclature is adopted for the remaining doped surfaces.

correlation between surface dissolution free energy values and
the position of the d-band center has been obtained (Fig. 4b).
Both SrCoO; and SrNiO; show good stability in both doped and
undoped forms due to the deeper positioning of the d-band
center with reference to the Fermi energy level.

Doping influences the catalytic activity of the perovskite
surfaces

Having determined the electrochemical stability of the surfaces,
we analyze the catalytic activity of the pristine and doped

1400 | J Mater. Chem. A, 2026, 14, N395-11408

surfaces for OER. The stability and surface configurations of the
surfaces will largely modulate the catalytic activity. On the
perovskite oxide surfaces, among the different mechanisms, the
adsorbate evolution mechanism (AEM) and lattice oxygen
mechanism (LOM) compete during the oxidation of water to
produce O,."** Fig. 5a shows the two mechanisms. AEM (black
pathway in Fig. 5a) involves the adsorption of the oxygenated
intermediates at the surface metal sites. The evolution of O,
occurs via the formation of the different intermediates OH*, O*,
and OOH*. In contrast, the LOM pathway (red pathway in
Fig. 5a) enables lattice oxygen atoms to directly participate in

This journal is © The Royal Society of Chemistry 2026
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(a) The electronic d-band centers in eV of surface host atoms in SrMnOs3, SrFeOs, SrCoOs, and SrNiOs, respectively, (from left to right)

without and with the different surface dopants. The x-axis represents the different materials, while the y-axis indicates the average d-band
center. Shaded bars correspond to the d-band center values of the undoped surfaces. The d-band center values are given relative to the Fermi
energy level. (b) The plot of free energy at 25% surface vacancy (along x-axis) on the pristine surfaces with the d-band center (y axis). A linear

correlation is obtained with R? for the linear fit of 0.75.

0-0O bond formation. The strength of the lattice O bond with
the surface transition metal atoms determines the reaction
thermodynamics and the overpotential to drive the oxidation
reaction of H,O to molecular O,. The evolution of the O, creates
a vacancy on the surface (vacO,, Fig. 5a). In the next step, the
adsorption of H,O leads to the formation of adsorbed OH* at
the vacancy site (vacOH* in Fig. 5a, red pathway). The removal
of a proton and an electron from vacOH* regenerates the
catalytic site in the fourth electrochemical step.

The reaction free energies of the key OER intermediates on
the pristine surfaces of the four perovskite materials are
computed to elucidate the relative ordering of catalytic activity
and the preferred reaction pathways. The reaction free energy
values are calculated using the computational hydrogen elec-
trode method.” The computational details are provided in
Section S-I in the SI. Fig. S1 presents the free-energy diagrams
for the pristine surfaces along their most favorable reaction
pathways, while Table ST1 summarizes the corresponding
reaction free energies and overpotential values. StMnO; and
SrFeO; favor the AEM, with calculated overpotentials (7rp) of
0.94 and 0.7 V, respectively.

On pristine SrCoO; and SrNiO; surface sites, the AEM is
found to have higher nrp compared to LOM. For LOM, the
corresponding nrp values are 0.51 and 1.06 V, respectively. On
the other hand, for AEM, the np values are 0.66 V and 1.16 V
(Table ST6, SI), respectively. The formation of the OOH* inter-
mediate shows the highest endothermicity on SrCoO; and
corresponds to the PDS for the AEM pathway. On the SrNiO;
surface, the second step, formation of O* intermediate, corre-
sponds to the PDS.

This journal is © The Royal Society of Chemistry 2026

The selectivity of the mechanistic pathways for OER on
pristine SrCoO; and SrNiO; surfaces is in good agreement with
previous studies.'>***** The binding strength of the O* inter-
mediate is the determining factor, responsible for the prefer-
ential selectivity of the LOM vs. AEM mechanism. To
understand the preferences in the mechanistic pathway, we
analyse the metal-O bond strength of the O* intermediate and
plot the crystal orbital Hamilton population (COHP) density in
the bonding and antibonding metal-O bands.*® Fig. 5b and ¢
show the COHP plots for the O* intermediates on SrCoO; and
SrNiO;. For SrMnO; and SrFeOj; surfaces, the corresponding
COHP plots are given in Fig. S3 in the SI. The vertical line in
black differentiates the bonding and antibonding energy states;
on the left-hand side of each plot, the antibonding energy states
are shown, whereas the bonding energy states are on the right-
hand side of the vertical line. The black horizontal line denotes
the Fermi energy.

Analysing the COHP plots, we find that for the O* interme-
diate on both SrCoO; and SrNiO; surfaces, the antibonding
metal-O* bands are filled up compared to StMnO; and SrFeO;
surfaces. This results in a slight elongation of the metal-O*
bond, thereby enhancing the possibility of bonding with the
lattice O atoms. The occupancy of the antibonding bands
destabilizes the O* intermediate in comparison to the vacOj,
resulting in the preference for LOM (Fig. S3 in the SI). The
corresponding antibonding states are less occupied for STtMnOj,
and SrFeOj; surfaces, and the integrated crystal orbital Hamil-
ton population (ICOHP) values in Fig. S3 (SI) are greater than
the values shown in Fig. 5(b) and (c). This indicates greater
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(a) The adsorbate evolution mechanism (AEM) and the lattice oxygen mechanism (LOM) are shown. The black pathway represents the

AEM route, while the red pathway corresponds to the LOM route. The proton-coupled-electron transfer is shown in each step, and the free
energy changes are denoted as AG; values. (b)-(c) The lower panel presents the crystal orbital Hamilton population (COHP) plots and the
corresponding integrated crystal orbital Hamilton population (ICOHP) values for metal-O* bond on undoped SrCoOz and SrNiOz (001) surfaces,
respectively. The black vertical line distinguishes bonding from antibonding states; the energy levels on the left of this line correspond to
antibonding states, while those on the right represent bonding states. The black horizontal line indicates the Fermi energy.

metal-O* bond strength on SrMnO; and SrFeO; 001 surfaces
and preference for AEM over LOM."

The relative trend in the catalytic activity of the pristine
surfaces shows good coherence with previous experimental and
theoretical reports.'>'**% Comparing the catalytic activity of
SrMnO3;, SrFeOs, SrCo03, and SrNiO; (Table ST1 in SI), we find
that the pristine SrCoO; surface is most active for OER.

Since SrCoO; and SrNiO; show the highest stability, in the
proceeding discussion, we will only consider these surfaces with
and without the surface dopants to study the electrocatalytic
activity. The reaction free energy values for the AEM and LOM
pathways on the doped surfaces for SrCoO; and SrNiO; are
shown in Table 1. For comparison, we have given the corre-
sponding values for the undoped surfaces of SrCoO; and
SrNiO;. The potential determining steps (PDS) are denoted in
bold, and overpotential (np) values are in column 8 in Table 1.

1402 | J Mater. Chem. A, 2026, 14, 1395-11408

For each surface, the catalytic site with the lowest nrp values is
given in Table 1. We denote the active surface sites using the
nomenclature My (Co) and M (Ni), where M, corresponds to
the dopant, and M, denotes the active site among the dopant or
the host. Within the parentheses, we write the host metal atom.
The Coco(Co) and Niy;(Ni) for SrCoO; and SrNiO; denotes the
undoped surfaces. The reaction free energies for the other sites
with higher nyp values are given in Table ST6 in the SI.

When considering the LOM pathway, we analyse oxygen
vacancy formation at all unique oxygen sites surrounding both
the host and dopant metal atoms. For the dopant, we identify
a single unique oxygen site bridging the host and dopant metal
centers. On the otherhand, two distinct lattice oxygen sites
associated with the host metal participate in vacancy formation:
the oxygen bridging two host metal atoms and the oxygen
bridging the host and dopant metal centers (Fig. S2, SI). We

This journal is © The Royal Society of Chemistry 2026
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Table 1 Reaction free energies (AG) along the preferred OER pathway (AEM/LOM) for the undoped and the doped SrCoOsz and SrNiOs
perovskite surfaces. The active sites are shown in Column 2. The AG values are shown in Columns 3-6. The potential-determining step (largest
AQG) is highlighted in bold. Column 7 shows the Gmax values and the corresponding reaction step as RDS. The corresponding np values and

preferred mechanism are denoted in columns 8 and 9, respectively

Material Dopantciive site(hOSt) AG, AG,/ AG’2 AG;/ AG’3 AGy/ AG4 Grmax 1D Mechanism
SrCoO;

Undoped Coco(Co) 1.74 0.71 1.15 1.33 0.21(AG;) 0.51 LOM
Mn-doped Mn,(Co) 2.08 0.94 1.04 0.86 0.55(AG,) 0.85 LOM
Fe-doped Fepe(Co) 1.25 1.47 1.30 0.90 ~0.06(AG)) 0.24 LOM
Ni-doped Niy;(Co) 1.36 0.54 1.64 1.39 0.11(AG,) 0.41 LOM
SrNiO;

Undoped Nip;i(Ni) 1.31 0.19 1.13 2.29 0.76(AG,) 1.06 LOM
Mn-doped Mny;(Ni) 1.55 0.47 1.13 1.57 0.76(AG,) 0.34 LOM
Fe-doped Fepe(Ni) 1.74 1.62 1.77 —0.21 0.54(AG, + AG, + AG;) 054  AEM
Co-doped Coco(Ni) 1.84 1.55 1.79 —0.25 0.59(AG; + AG, + AG;) 0.61 AEM

have considered all these lattice O to evaluate the minimum energy
pathways. In Table ST6 (SI), reactions at the host metal site are
distinguished based on the participating lattice oxygen, denoted as
[Oy] and [Op] in column 2. [Oy] corresponds to the oxygen
bridging two host metal atoms, whereas [Op] corresponds to the
oxygen bridging the host and dopant metal atoms.

A considerable reduction in the nyp values has been
observed with the surface doping. On SrCoO; surfaces, we find
that for all the doped surfaces, the active site with the lowest nrp
values corresponds to the doped sites. LOM shows a slightly
greater preference compared to the AEM with all the surface
dopants. The AG, corresponding to the formation of the vacO;
intermediate has a lower thermodynamic barrier compared to
O* formation. This favors the LOM pathway.

The PDS shows a wide variation depending on the active sites
and the surface dopants. The Mny;,(Co) show the formation of
OH* as having the highest endothermicity. For Feg.(Co), the
formation of vacO) (step 3 for LOM, Fig. 5a) is the PDS, whereas
the Niy;(Co) site shows the highest endothermicity for the
formation of the vacOH* intermediate.

The SrNiO; surface with the different surface dopants shows
a differing trend. Unlike the Niy; site (undoped surface), the
AEM is found to be the most preferred pathway with Fe and Co
surface doping (Fepe(Ni) and Coco(Ni)). Though vacO), forma-
tion shows more preference than O* formation, on these sites,
the regeneration of the catalytic site (the fourth step, AG*) has
been found with high endothermicity while following the LOM.

Compared to the undoped surface (Niy;(Ni)), both Feg.(Ni)
and Coc,(Ni) sites show an increment in the catalytic activity.
The PDS for Fep.(Ni) corresponds to the formation of the
vacOH* intermediate with 5 value of 0.54 V. In contrast, on
the Coco(Ni) site, the PDS corresponds to the formation of the
OH* intermediate. The corresponding nrp value is 0.61 V. With
Mn-doping, we have seen the highest catalytic activity. On both
Mny;(Ni) and Mny,(Ni) sites, the nrp values are considerably
lower than the Niy; site (Table 1 and ST6 in the SI). Both sites
show higher preference for LOM. The most active site is Mny;
(Ni), with a PDS corresponding to AG, (nrp value of 0.34 V).

This journal is © The Royal Society of Chemistry 2026

Surface oxygen vacancy formation is often associated with
significant structural distortion and, in some cases, surface
collapse of perovskite oxides. Previous studies have shown that
lattice oxygen participation in the oxygen evolution reaction,
accompanied by the formation of oxygen vacancies, can accel-
erate surface degradation and metal dissolution.”**

In the present study, however, we do not observe such
structural instability for either SrCoO; or SrNiO; (with or
without surface dopants) upon surface O-vacancy formation.
Fully relaxed surface geometries exhibit only minimal distor-
tions following lattice oxygen participation in O, evolution
(Fig. S7 in SI). These results indicate that both SrCoO; and
SrNiO; surfaces maintain structural stability under the
considered reaction conditions.

Fig. 6(a) and (b) show the comparison of the reaction free
energies on the doped surfaces with the undoped surfaces. The
ideal catalysts, with AG values of 1.23 eV for each step, are also
plotted in these diagrams (black lines). Compared to the
undoped surfaces, a considerable reduction in the AG value of
the PDS is observed for the most active doped surfaces.

The difference between the center of the d-band and p-band
has been known to influence the preference of the mechanism
in the OER.?*3>°%%%7 The decrease in the gap between the d-
band and p-band center promotes the increase in the cova-
lency of the M-O bond and could enhance the preference for
LOM. In this study, we analyze the d-band centers of the host
(M,,q) and dopant (D,,4) B-site ions and determine the difference
with the O p-band centers of the different types of lattice O
available in the surroundings of these metal ions. Fig. S6 shows
the different O types present surrounding the dopant and the
host metal center, and Table ST7 in the SI gives the differences
in the band centers. For most of the cases, the differences in the
d-band and p-band centers are minimal except for SrCoO; with
the Mn dopant. We have obtained that formation of vacO), is
more favorable than that of the O* intermediate, corresponding
to favoring the lattice O participating in the reaction. However,
in most of the cases, vacO, formation does not correspond to
the potential determining step (PDS). Therefore, the specificity

J. Mater. Chem. A, 2026, 14, 1395-11408 | 11403
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(a) and (b) Free energy diagrams (FEDs) for the most favorable reaction pathways on various doped perovskite surfaces of SrCoOsz and

SrNiOs. The black lines represent an ideal catalyst surface, with each reaction step assigned an energy of 1.23 eV. The FEDs in purple, red, blue,
and green correspond to Mn-, Fe-, Co-, and Ni-doped surfaces, respectively. (a) shows the FEDs for SrCoOs with different dopants, and (b)
shows those for SrNiO3 with different dopants. (c) and (d) The ICOHP values for undoped SrCoO- and Fe-doped SrCoOs, respectively. (e) and (f)

Show the ICOHP values for undoped SrNiOz and Mn-doped SrNiOs.

towards the preference of the mechanism is not solely depen-
dent on the AG,,o; values.

To understand the differing trends in the reactivity of the
doped surfaces, we analyze the electronic structure of the
surfaces. For SrCoO;, Mn-doping leads to stabilizing the d-
bands of the active site to the most negative values (—2.22
eV). This results in the lowest catalytic activity and the highest
nrp values compared to the undoped surface. With the Fe
doping to SrCoO; surface, the catalytic activity is enhanced the
most. The Fe site exhibits the least negative value for the d-band
center (—1.46 eV), resulting in the greatest reduction in the
endothermicity of the OH* intermediate. This is the possible
reason for enhancing the catalytic activity of this site. The
Feco(Co) site, though, has an almost similar d-band center as
the undoped surface (—1.88 eV and —1.76 eV for Feg,(Co) and
Coco, respectively); nevertheless, an increase in the activity is
observed. We find considerable surface structure distortion on
Fe doping (Fig. 6d). An increase in the binding strength of Fe
with lattice O is observed. The Co-Oy,ice has been elongated
compared to the undoped surface. We have calculated the
ICOHP values to determine the metal-Ojaice bond strength, as
shown in Fig. 6(d) and compared to the undoped surface
(Fig. 6¢). The corresponding ICOHP values are lower than those

1404 | J Mater. Chem. A, 2026, 14, 11395-11408

of the undoped surface, reflecting the lowering of the bond
strength. The structural distortions allow the creation of
dangling valences on the surface metal sites and increase its
activity for OER. An almost similar activity is obtained for the
Cope(Co) and Feg(Co) sites. For the other doped surfaces, we
have not observed a significant deviation of the ICOHP values in
comparison to the undoped surfaces. Table ST8 in the SI shows
these ICOHP values.

Similar structural distortions and alignment of the d-band
centers of the SrNiO; surface, on doping with the different
transition metals, have been found to tune the catalytic activity.
While following the LOM mechanism, we find that the vacOH*
intermediate shows extensive stability on both the undoped and
doped surfaces, except for Mny;(Ni) and Mny,,(Ni) sites. This
increases the endothermicity of AG, (corresponding to catalytic
site regeneration), leading to an enhancement of the np, value.
Therefore, to enhance the activity of these sites, it is important
to reduce the binding affinity of the H to the lattice O site.
Therefore, the lattice O-metal bonds need to be strengthened to
reduce the endothermicity of the fourth step. Stronger binding
of lattice O to the metal atoms will reduce the O-H bond
strength in vacOH* and hence the endothermicity of AG,.

This journal is © The Royal Society of Chemistry 2026
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The ICOHP values of the lattice O with the metal centers
increase on doping with Fe, Co, and Mn in comparison to the
undoped SrNiO; surface. A maximum increment in the binding
strength of the lattice O is observed for the Mn-doped surface.
Therefore, for Mny;(Ni) and Mny,(Ni) sites, formation of
vacOH* shows higher endothermicity than other doped
surfaces. A decrease in binding strength has been observed,
providing an advantage for these sites. The thermodynamic
barrier of the fourth step (AG,) is reduced, thereby the 7p
values have been reduced to a great extent for Mny;(Ni) and
Mny,(Ni) sites. Fig. 6(f) shows the corresponding ICOHP values
for lattice O bonded to Mny;(Ni) and Mny,,(Ni) sites. For the
other surfaces (doped and undoped SrNiO; surfaces), the
ICOHP values are shown in Table ST8 in the SI.

To understand the effect of dopant concentration on the
OER activity, we perform a systematic activity analysis of the
most active doped surface: Fe-doped SrCoO; surfaces with Fe
concentrations of 17%, 25%, 33%, and 50%. The 25% doping
level is achieved by substituting one surface Co atom ina 2 x 2
(001) surface supercell of SrCoO;. The other doping concen-
trations 17%, 33%, and 50% are obtained by substituting one,
two, and three surface Co atoms, respectively, in a 2 x 3 surface
supercell of SrCoOs;.

We have considered both the host and dopant atoms as
potential active sites and compared the AEM and LOM pathways
across different dopant concentrations. Fig. 7 shows a compar-
ison of the theoretical nrp values as a function of Fe doping
percentage. In all cases, the LOM pathway exhibits lower np
values than AEM. At a Fe doping concentration of 17%, the
Feco(Co) site exhibits the lowest nrp. However, as the dopant
concentration increases, the Fer.(Co) site becomes the most
favorable active site for OER. Among all doping percentages
studied, the 25% Fe-doped surface shows the lowest 71 values
for both Fec,(Co) and Feg(Co) sites. Although the difference in
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Fig. 7 The OER activity analysis of the effect of surface Fe concen-
tration on 001 SrCoOs surfaces. The considered surface doping
concentrations are 17%, 25%, 33%, and 50%. 0% corresponds to the
undoped SrCoOs surface. The Fer.(Co) site is denoted in blue circular
markers, whereas for the Fec,(Co) site, orange square markers are
used. A maximum activity is observed for the 25% surface doping.

This journal is © The Royal Society of Chemistry 2026

View Article Online

Journal of Materials Chemistry A

the corresponding nrp values is minimal at the 25% surface
doping, the Fege(Co) site is slightly more favorable.

Recent studies have shown that B-site doping of perovskite
surfaces can effectively modulate the positions of the O-p band
and metal d-band centers. By varying the Mn doping concen-
tration on the SrCoO; surface, the electronic structure can be
systematically tuned for different applications.”® More promi-
nently, Fe doping of SrCoOj; surfaces has been reported to
significantly enhance the O, evolution reaction (OER) activity.*
Several Sr-Fe-Co-O perovskite compositions have been
synthesized by varying the Fe/Co ratio. Sr,Co;sFey506_s
exhibits the highest OER performance, with an overpotential of
318 mV at 10 mA cm > and a Tafel slope of 44.8 mV dec™ *.*
These experimental findings are in good agreement with our
computational results. In particular, we find that maintaining
the Fe dopant concentration at approximately 25% yields the
maximum O, evolution activity on the Fe-doped SrCoO; surface
(Fig. 7). Among the different active sites, Fege(Co) shows the
highest activity. Although doping of the other perovskite
surfaces has not yet been reported for OER application, our
results demonstrate that tuning the dopant concentration on
SrNiO; and SrFeO; surfaces can significantly enhance their
catalytic activity for the oxygen evolution reaction.

The kinetics of the elementary electrochemical steps are
important in defining catalytic activity. nrp is evaluated at zero
applied potential and corresponds to the elementary step with
the largest thermodynamic free energy. However, in multistep
electrochemical pathways, this step is not always the rate-
determining step (RDS), particularly in cases where the
potential-determining step (PDS) differs from the RDS.'*

To address this, Exner and co-workers introduced a poten-
tial-dependent reactivity descriptor, Gmax(7), which directly
identifies the RDS under an applied potential.**® The descriptor
is derived from the free energy changes of the elementary steps
(AG; i =1, 2, 3, 4) under an applied overpotential. Unlike np,
Gmax(n) scales linearly with the free energy of the RDS, providing
a more accurate reflection of catalytic activity.'**"*%

For OER catalysts, values of Gpax(n) less than or equal to
1.0 eV at n = 0.3 V are typically associated with good catalytic
performance.'* Accordingly, we have used this criterion in our
analysis (Table 1) to identify the RDS and evaluate the efficiency
of various active sites with different dopants. The specific AG;
values that govern the RDS are given in column 7.

The trend in G, values indicates that, for the majority of
active sites obtained in our study, the RDS is governed by
a single elementary step. However, the corresponding step
determining the RDS shows wide variation depending upon the
active sites. The Cogo(C0), Mny,(Co) sites show AG; as the RDS.
On the other hand, AG,, AG;, and AG, are found to be the RDS
for Fege(Co), Niyi(Co) and Niy;(Ni) respectively. This suggests
that the reaction kinetics in these sites are largely dictated by
the energetics of the specific step with the largest Gy,ax values.

In contrast, a different pattern emerges for certain dopants,
most notably Fe and Co doped to the SrNiO; surfaces, where
Gmax is not confined to a single AG; value. These surfaces
instead show the cumulative contribution of multiple steps
(e.g., AG; + AG, + AG3). The kinetic limitation is distributed over
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several transitions rather than a localized single barrier on
these surface sites. The multistep character in defining the RDS
reflects a more complex kinetic landscape, where the reaction
energetics of multiple intermediates determine the catalytic
activity.

To assess the experimental viability of the doped surfaces, we
have calculated the formation energies (Ef,m) for all perovskites
with the different surface dopants using bulk metals as refer-
ences for the dopants and the pristine surface as the reference
for the host perovskite (Fig. S4 in the SI). In Section S-V in the SI,
the details for the formation energy of the doped surfaces are
shown.

A clear trend is observed in which the E¢,, becomes
progressively less favorable when moving from early to late
transition-metal dopants. While all dopants on SrMnO;
surfaces show endothermic Ef,.,, SrFeO; shows exothermic
stabilization only for Mn doping. In contrast, most dopants with
SrCoO; and SrNiO; surfaces exhibit exothermic formation
energies, indicating enhanced thermodynamic stability.
Notably, Fe-doped SrCoO; and Mn-doped SrNiO; surfaces,
which exhibit good catalytic activity, display exothermic
formation energies. Therefore, these compositions are experi-
mentally viable.

Conclusions

In this study, we have analyzed the catalytic activity and reaction
mechanism for OER on four perovskite oxide surfaces, namely
SrMnO;, SrFeO;, SrCoO;, and SrNiO;. The electrochemical
stability and catalytic activity for OER have been analyzed,
focusing on the (001) surface termination of the pristine
surface, and doped with different transition metal ions at the B-
site. We have calculated the dissolution free energies across
a wide pH range (acidic to alkaline) and oxidative potentials of
1-2 V vs. SHE to determine the electrochemical stability under
these varying conditions. PDOS analysis of the (001) surfaces
shows the O-p band center located 2.99-3.50 eV below Egermi,
indicating that dissolution mainly proceeds through leaching of
surface B-site transition metal ions.

Dissolution free energies (AGppx) are computed for surface
vacancy creation of 17-66%. For SrMnO;, Mn dissolution is
most favorable (up to 66%) in acidic media, while neutral and
alkaline pH favor only 25% or pristine surfaces depending on
potential. SrFeO; surfaces are most stable with 50% vacancy
formation at acidic pH, whereas pristine surfaces dominate
stability at neutral and alkaline pH under low potentials. In
SrCoO; and SrNiOj, pristine surfaces are most stable at low
potentials across pH 1-14. At higher oxidation potential and
acidic pH, 25% vacancy formation is found to be possible.
However, at neutral and alkaline pH, the pristine surfaces show
extensive stability for the entire potential range.

With 25% surface doping of transition metals (Mn, Fe, Co,
and Ni) wide variation in the electrocatalytic activity and
stability is observed. Pourbaix free energy (AGppx) calculations
of these doped systems reveal many dissolution pathways
depending on whether the host, dopant, or both ions leach.
SrMnO; do not show stability regions with any of the surface
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dopants. SrFeO; show a narrow stable region at the alkaline pH
and low oxidative potential. However, SrCoO; and SrNiO; show
stable regions at the neutral to alkaline pH. The positioning of
the metal d-band centers with respect to the Fermi energy
strongly influences the stability of the surfaces.

Next, we analyze the catalytic activity of pristine and doped
SrCoO; and SrNiO; surfaces. OER is found to occur via two
competing pathways: Adsorbate Evolution Mechanism (AEM)
and the Lattice Oxygen Mechanism (LOM). The calculations
show that undoped SrCoO; and SrNiO; favor LOM with 7pp
values of 0.51 and 1.06 V, respectively. Analysis of COHP plots
reveals progressive weakening of metal-O bonds from SrCoO;
to SrNiO;, promoting LOM. Surface doping further tunes cata-
Iytic activity: Fe-doping in SrCoO; reduces nyp to as low as 0.24 V
at the Fer.(Co) site. In SrNiO;z;, Mn-doping significantly lowers
Nrp to 0.34 V at Mny;(Ni) site. We found that surface distortion
and the alignment of d-band center of the active sites consid-
erably determine the relative activity of the surface sites. On
varying the Fe-dopant percentages on SrCoO; surface, we find
that 25% surface doping shows the highest catalytic activity for
OER.

The activity descriptor Gpax(n) at the applied n of 0.3 V is
used to analyse the rate-determining step (RDS). While most
active sites exhibit a single step as the RDS, Fe- and Co-doped
SrNiO; display a multistep process for determining the reac-
tion rate. The design principle shown in this study to tune the
catalytic activity and stability of perovskite oxide surfaces by
surface doping will be of great importance for efficient catalyst
development for OER.
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