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ABSTRACT: Experimental results have shown promising catalytic activity
for the oxygen evolution reaction (OER) on the perovskite-type material
CaMnOj;. Through density functional theory investigations, we study the
OER mechanism on CaMnOj;, on the basis of a thermodynamic stability
approach. Our results reveal that the formation of Mn vacancies caused by
the solubility of Mn enhances lattice oxygen activity, which then reduces the
energy of the adsorbate *OOH and therefore loosens the lower
overpotential limit predicted from the “scaling relationship”. This effect
suggests that, by doping manganite oxides with soluble elements, we could
enhance their OER catalytic activities due to the high surface lattice oxygen

activity induced by surface metal ion vacancies.
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Bl INTRODUCTION

The scarcity of nonrenewable fossil fuels, along with the
increasing demand for energy, has attracted significant attention
to the development of sources of alternative and renewable
energy. One of the most promising alternatives is the field of
electrochemical energy conversion, such as fuel cells, metal—air
batteries, and electrolysis. It is clear that reducing the energy
loss of the oxygen evolution reaction (OER) and the oxygen
reduction reaction (ORR) is vital in enhancing overall
electrochemical energy conversion efficiency. For the elec-
trolysis of water, IrO, and RuO, have been reported as
promising electrocatalysts due to their high activity for the
OER.'™® However, since these materials are rare and expensive,
current research is focused on searching for inexpensive
alternative materials with comparable or even higher catalytic
activity. Manganese compounds have shown significant
advantages in this competition. Their high abundance and
relatively low price ensure their availability for large-scale
energy conversion. Studies of the Mn,O, cubane show its
crucial role in photosynthesis,” and recent work shows that
nanostructured a-Mn,0j is an excellent bifunctional catalyst for
the OER and ORR.’ Perovskites with Mn>*/#* as B-site cations
also exhibit impressive catalysis activity. Du et al.° and Kim et
al.” have found that the required OER potential on CaMnO,_,
decreases from Ugyg & 1.6 V to Uryg & 1.5 V when «x increases
from 0 to 0.25, where x stands for vacancy cocentration, RHE
stands for “reversible hydrogen electrode”, and Uyyy stands for
electrode potential referenced to the RHE. Noting that the
required OER potential on IrO, is also 1.5 V, this suggests that
manganites can provide the highest level of OER catalysis
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activity. However, to our knowledge, there is no systematic
theoretical work investigating the OER process on CaMnOj. In
order to make further development in the design of new
materials, a thorough understanding of the catalytic mechanism
is required.

Previous work has shown that there are at least two types of
OER mechanisms:*~'® namely the adsorbate—evolution
mechanism (AEM) and the Mars—van Krevelen type
mechanism (MKM). In a common AEM, oxygen is evolved
at one active site on the surface through the intermediates of
*OH, *O, and *OOH and then is released as O,. In MKWV, the
lattice oxygen can directly participate in the formation of O,,
and in some cases two cooperative sites could be involved in
the formation of a single O, molecule. Since surfaces of
perovskite-type materials may undergo reconstructions in an
aqueous environment, ' multiple local geometries at the active
site could be expected on different materials or under different
conditions. Therefore, exploring the OER mechanism on
reconstructed perovskite-type materials may disclose new
features that provide novel opportunities for enhanced catalysis.

The required electrode potential for the OER is the minimal
voltage under which all four steps of intermediate evolution are
spontaneous. Knowing that the Gibbs free energy change of the
total oxygen evolution reaction 2H,O — 4H" + 4e™ + O, is
independent of the reaction path, the required electrode
potential reaches its minimum (Upyy = 1.23 V) if four
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Figure 1. (a) Bulk stability region of CaMnO; under different concentrations of aqueous species. All concentrations are in units of mol/L
(abbreviated M). The red dashed line is Ugyy = 1.6 eV, and the red circle labels the experimental conditions under which the OER has been
conducted on CaMnO3.” The black dashed lines are (upper) O,/H,O equilibrium line and (lower) H,/H,O equilibrium line. (b) Pourbaix diagram,
showing the most stable aqueous forms of Ca with a concentration of 107 M. (c) Pourbaix diagram, showing the most stable aqueous forms of Mn

with a concentration of 107 M.

intermediates are evenly spaced on the free energy scale: i.e., all
four single-electron-transfer reactions have the same reaction
free energy. Any deviation from the evenly spaced case causes
at least one single-electron-transfer reaction to have higher
reaction free energy in comparison to the average and therefore
requires extra electrode potential referring as “overpotential”
() to be spontaneous.g’lz’13 n is directly related to energy
losses during the electrochemical reaction. Recent theoretical
studies of AEM have stated that the adsorption energy
difference between *OOH and *OH is approximately 3.2 eV
regardless of metal ion identity at the active site.” A direct
conclusion from this “scaling relationship” is that there would
be a lower limit for n: 7 > (3.2/2) — 123 = 0.37 (eV).
However, since surfaces of perovskite-type materials can
undergo reconstructions, it is possible that the local chemical
environment at the active site on the surface influences *OH
and *OOH in a different way such that this scaling relationship
may not apply.

Since the thermodynamically stable (oxy)hydroxides are the
most relevant structures in the OER,'“'* we follow the
thermodynamic-stability-based approach to study the OER
mechanism on the perovskite-type material CaMnO;. The
adsorbates could still be identified as *OH, *O, and *OOH on
different surface sites to some extent, but the high activity of the
lattice oxygens makes them able to host hydrogen atoms as well
as interact with protons from the adsorbates. We notice that the
proton from *OOH has a strong interaction with the lattice
oxygen and even transfers to the lattice oxygen site, while the
proton from *OH is less active and could not be further
stabilized by transferring to the lattice oxygen site. Since this
process lowers the energy of *OOH, and consequently reduces
the adsorption energy difference between *OOH and *OH, it
may guide the design of catalysts with lower overpotential for
the OER.

B METHODS AND RESULTS

Prior to the investigation of the OER mechanism, the bulk
stability region of CaMnOj in an aqueous environment must be
evaluated in order to estimate the concentrations of aqueous
ions involved in further simulations. The scheme for computing
the bulk stability region is well established,'" based on finding
the pH-U region such that the following reaction is
spontaneous:
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Z nAHxAO; — CaMnO; + ny oH,0 + ny+H™ + ne

A

(1)
where the sum accounts for all elements “A” in the bulk and n,,
fp,00 Mg, and 7, stand for the numbers of A elements, H,O, HY,
and e~ involved in the reaction, respectively. H.AO]™ is the
most thermodynamically stable aqueous form of “A” at a given
pH and U. Its exact form is determined by selecting the species

with the lowest formation energy, according to the equation

)

11,15

A+ ny oH,0 = HAO]™ + nyH' + ne”

The result is usually plotted as a Pourbaix diagram
(Figure 1). If we note that under experimental conditions Uryg
= 1.6 eV and pH 13,7 the concentration of aqueous species is
approximately 107 M. This value is used in the rest of the
calculations.

The stability of surfaces in an aqueous environment must be
evaluated considering the interaction between surfaces and the
solvent.'”"" A rigorous consideration of surface evolution
should include both metal ion exchange and hydration/
(de)hydrogenation. However, since the complex metal ion
exchange process is less likely to be involved in the OER cycle,
we could first consider metal ion exchange and the associated
oxygen exchange and then investigate the hydration and
(de)hydrogenation process to construct OER cycles on each of
the surfaces with different surface metal ion concentrations and
finally rule out catalytic cycles that require electrode potential
beyond their surface stability region.

The comparison of surface stability during the metal ion
exchange step can be conducted by establishing the following
reaction between surfaces:

R; + ”Honzo

- R; + Z nAHxAO;_ + n+HY + ne”  AG .
A

where R; and R; are different surface reconstructions. The sum
accounts for all elements “A” that are exchanged between the
surface and the solvent. Since this reaction describes the
transformation between different surfaces, the reaction free
energy (AG) can be treated as the “relative formation energy”
of each surface (Ri) if one surface R; is assigned as the reference
surface (R,.;). Under this definition, the surface with the most
negative relative formation energy is the most stable surface
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under given pH and electrode potential U. A Hess’s law related
approach proposed by Rong et al. is selected to calculate AG:'

R = D mA+R, AG,
A

Z mA + nHZOHZO
A

- Z nAHxAO;_ + n+HY + ne” AG,
A

AG = AG, + AG,

AG, can be calculated from density functional theory (DFT),
and AG, can be evaluated from experimental thermodynamic
data of free energy per A at standard state relative to the
standard hydrogen electrode (SHE), AG®, g

:[AH]- + ) nAH, — AHM]
A

- T(ASj + ) n,AS, — Asref]
A

AG,

~ (AE]. + Y mAE, — AEM) — T ) nyAS,
A A

AG, =), (W a0 —
A

HoA) + mggep®ye +
o
— oM Ho0t

z kT In Ay 20 ~ 2.3n+kTpH + neUsyp
A

= ). AGS A0t sk + D kT lnay o
A A

— 23n+kTpH + n.eUgyp

(4)
where the entropy differences between surfaces are neglected.'®
Next, to study the hydration and (de)hydrogenation processes
on surfaces, the relative thermodynamic stability at a given pH
and U can be established through the reaction free energy AG;
of the following reaction for each hydration and (de)-
hydrogenation state k:

R+ ny,oH,0 — R, + ng«(H" + e7)  AG, (s)
where the most stable surface predicted from the metal-ion
exchange step can be chosen as R

The number of electrons (or protons) that are released in
this reaction can be treated as a label n; of the state R, on an
oxidization ladder. Knowing that it is always possible to write
OER as a sequence of four single-electron transfer reactions:

~ —e ~ —e ~ —e ~

R
0 (+H,0)-H" ! (+H,0)-H* 2 (+H,0)-H* 3
— > R,+0,
(+H,0)-H"

in which two H,0 molecules (or OH™) are included at certain
steps and the label n, of each state R, is increased by 1
successively from R, to R, due to the removal of an electron at
each step. With this relationship, the OER path can be naturally
determined instead of being arbitrarily selected. To determine
the OER path, notice that all four reactions must be made
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spontaneous by applying the required electrode potential: i.e.
AGy > AG, > AG, > AG, > AG, — 4e(U — ¢°0 y,0) at a pH
and U, it can be immediately concluded that the state R, with
the lowest AG, at a pH and U takes the place of R, in the OER
cycle. Once R; is determined, the labels n; of the other three
intermediates are automatically determined, and therefore the
identity of each of them can be determined by selecting the
most thermodynamically stable surface with the correct label n;,
for this OER step.

The structure and energetics of CaMnO; with different
surface reconstructions are computed with first-principles DFT
using the Perdew—Burke—Ernzerhof functional revised for
solids (PBEsol)'” as implemented in the QUANTUM
ESPRESSO package.'® The calculations account for spin-
polarized electronic densities. All atoms are represented by
norm-conserving, optimized," designed nonlocal®® pseudopo-
tentials generated with the OPTUM package,”’ treating 2s and
2p of O, 3s, 3p, 3d, and 4s of Ca, and 3s, 3p, 3d, 4s, and 4p of
Mn as semicore and valence states. In addition to the inclusion
of semicore states, the Mn pseudopotential also includes
nonlinear core—valence interaction via the partial core
correction scheme.”””>* A rotationally invariant DFT+U+J
scheme™ is applied for Mn. U,z = 1.6 V is chosen from ref 26,
and J, = 1.08 V is calculated from the linear response
method.”>*” All calculatlons are performed with a 70 Ry plane-
wave energy cutoff.”® The Br1110u1n zone is sampled using 4 X 4
X 1 Monkhorst—Pack®® k-point meshes for the slab
calculations. The 4/2 X 4/2 R4S5° nine-layer supercell is
chosen for all surface configurations. Surface adsorbates and
bare surface structures are relaxed with 13 A vacuum and a
dipole correction®® to cancel the artificial interaction between
the system and its periodic images.

MnO,-terminated (001) surfaces and CaO-terminated (001)
surfaces with various O adatoms, O vacancies, Mn vacancies,
and Ca vacancies are considered. A subset of the involved
surfaces is shown in Figure 2. The most stable surface
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Figure 2. Examples of relaxed surfaces with different numbers of
adsorbates and vacancies: (a) Mn,Oy; (b) Mn,0O, + 2.00; (c) Mn,O,
— 1.0Mn — 2.00; (d) Mn,0O, — 1.0Mn — 1.00; (e) Ca,0,; (f) Ca,0O,
+ 1.00; (g) Ca,0, — 1.0Ca — 1.00; (h) Ca,0, — 1.0Ca.

reconstructions are reported as a phase diagram in Figure 3a.
Surfaces are named with the format “termination + #atom”,
where + and — represent adatoms and vacancies, respectively,
and # represents the number of atoms introduced/removed per
supercell relative to a reference surface with fixed termination,
which can be either Mn,0, or Ca,0O,. Figure 3a shows that
there are two surface reconstructions whose stability regions

extend above the O,/H,0O equilibrium line: namely, Mn,0, +
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Figure 3. (a) Phase diagram of the most stable surface reconstruction. The solid black line represents the bulk stability region of CaMnO; with the
concentration of aqueous species being 10~ M. The two disjoint regions for the same surface Mn,0, — 1.0Mn — 1.00 should relate to changes in
solubility of the Mn ion when the electrode potential is increased. (b) Phase diagram of the most stable hydration and (de)hydrogenation states of

surface Mn,0O, + 2.00. (c) Phase diagram of the most stable hydration and (de)hydrogenation states of surface Mn,0, — 1.0Mn — 1.00.

2.00 and Mn,0, — 1.0Mn — 1.00. Hence, the hydration and
(de)hydrogenation process are evaluated on both surfaces.

By application of the scheme mentioned in eq §, results of
the most stable hydration and oxidation states are shown in
Figure 3b,c. Conditions are named with the format “4#H,0 =+
#H”, where # is the number of H,O and H introduced to or
removed from the surface per supercell. For the case of Mn,0O,
— 1.0Mn — 1.00, since 2H,0 — 1H is in the stability region at
or above the O,/H,0 equilibrium line, we first assume this
state to be the intermediate R; in the OER cycle on surface
Mn,0O, — 1.0Mn — 1.00. Since the position on the oxidization
ladder is only determined by “+#H”, R;, R}, and R, should take
the form of #H,0 + 2H, #H,0 + 1H, and #H,O + OH,
respectively, and their exact identities are given in Table I.

Table 1. Identities of Intermediates

Mn,O, — 1.0Mn — 1.00 Mn,0, + 2.00
intermediate identity intermediate identity
R, +1H,0 + 2H R/, +1H,0 + 1H
R, +1H,0 + 1H R, +1H,0 + 0H
R, +2H,0 + 0H R, +2H,0 — 1H
R, +2H,0 — 1H R, +2H,0 — 2H

Intermediates R; and R’; are built up from different surface
reconstructions listed in the first row. Once the OER cycle is
determined, the required electrode potential could be
calculated accordingly. For this reaction cycle on the Mn,O,
— 1.0Mn — 1.00 surface, the required electrode potential is
Upgge = 1.62 V, as can be found in Table 2. This potential is

Table 2. Reaction Free Energy for Each Step in the OER

Mn,O, — 1.0Mn — 1.00 Mn,O, + 2.00

reaction step AGgyp/eV reaction step AGrye/eV
(1) Ry = R, 1.62 (1) Ry = R, 1.90
2)R, =R, 1.09 (2) R}=» R/, 123
(G) R, - R, 0.82 (3)R, = R, 0.44
4) R, >Ry + 0O, 1.39 4Ry > Ry+ 0, 135

consistent with the stability region of metal ion exchange and
surface hydration and (de)hydrogenation, certifying the OER
cycle on this surface reconstruction. If the surface were not
stable at the computed overpotential, the most stable hydration
and (de)hydrogenation phase in a higher potential region
would need to be assigned as R; and the process of

constructing the OER cycle repeated. The same procedure is
applied for the case of Mn,O, + 2.00, and the corresponding
results are given in Tables 1 and 2. It can be noticed that the
required OER electrode potential on the Mn,O, + 2.00 surface
(Urge = 1.90 V) is out of its ion exchange stability region, and
so it is ruled out. Therefore, we predict that the oxygen evolves
at the Mn site on the Mn,0, — 1.0Mn — 1.00 surface. The
computed electrode potential is Upyy = 1.62 eV, which is in
great agreement with the experimental value, Upyg = 1.6 eV,

The OER mechanisms are shown in Figure 4. Although we
predict that Mn,O, — 1.0Mn — 1.00 is the surface involved in
the reaction, it is worthwhile to discuss and compare the OER
mechanism on both surfaces. For the case of Mn,0, — 1.0Mn
— 1.00, OER starts with the state that all four oxygen atoms are
hydrogenated. At reaction step 1, one proton and electron are
removed from an oxygen. Then, in step 2, an OH is attached to
the surface, with the hydroxyl oxygen bonding to the
deprotonated surface oxygen and the proton transferring to a
hydrogenated surface oxygen. The transferred proton creates an
H,O molecule at a lattice oxygen site. At reaction step 3, the
transferred proton and one electron are removed, turning the
H,O into surface OH. At step 4, an OH™ group from the
solvent kicks off the O, and occupies the lattice oxygen site,
with the removal of one electron. This reaction mechanism is
very similar to that in Figure 4c in ref 30. Since the lattice
oxygen is involved in the generation of O,, the whole process
should be classified as an MKM process. If this reaction cycle is
compared with the most commonly studied AEM, it is possible
to establish similarities in adsorbates, as well as differences in
three aspects: the H from *OOH transfers to the lattice oxygen,
OO does not leave the surface after the oxidization (at step 3)
of *OOH, but stays on the surface as a superoxide, and
adsorbates evolve at the lattice oxygen vacancy rather than on
top of the metal ion.

The OER cycle on the Mn,0, + 2.00 surface starts with
*OH adsorbed on one Mn and two of the lattice oxygen atoms
hydrogenated. At reaction step 1, the hydrogen from one of the
lattice oxygens (not the adsorbed hydroxy) is removed. Then,
at step 2, OH™ from the solvent interacts with the adsorbed
*OH, transferring one proton to the lattice oxygen and forming
*OOH, with one electron released. At step 3, the proton from
the *OOH is removed, associated with the removal of one
electron. Finally at step 4, O, is released and *OH adsorbs at
the active site, restoring the surface to its initial state.

It can be noticed that R’y and R’, in the OER cycle on the
Mn,0,4 + 2.00 surface are analogues of *OH and *OOH in
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Figure 4. (a) OER cycle on surface Mn,0, — 1.0Mn — 1.00. (b) OER cycle on surface Mn,0, + 2.00.
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Figure S. Investigation of the lattice oxygen—hydrogen interaction: (a) geometry of moving the hydrogen from the lattice oxygen to the O,
adsorbate before relaxation; (b) strong interaction still existing between the lattice oxygen and the hydrogen; (c, d) screening of the attraction
between the lattice oxygen and the hydrogen; (e) geometry of the intermediate R, if the lattice oxygen—hydrogen interaction is neglected. In all, H
transfer to lattice O stabilizes this state by at least 0.36 eV, providing a way to break the conventional OH—OOH scaling relationship.

AEM. The free energy difference between these two
intermediates can be calculated using the reaction free energy
given in Table 2. The result AG’, — AG'y = 1.90 eV + 1.23 eV
= 3.13 eV (referenced to the RHE) is close to the proposed
value (3.2 €V) in the “scaling relationship”. The OER process
on the Mn,0, — 1.0Mn — 1.00 surface is different from what is
described in the AEM as mentioned above, but it is still possible
to identify the *OH, *O, and *O, in Ry, R, and R,
respectively, as they all occupy the same site. The adsorbate at
the active site in R, is different from *OOH, but we can treat it
as *OOH with the proton transferred to the lattice oxygen site
and investigate the influence of this proton transfer
phenomenon. Adding up the reaction free energy of steps 1
and 2 shows that the free energy difference between R, and R,
is 1.62 eV + 1.09 eV = 2.71 eV. This value is notably smaller
than the expected free energy difference between *OOH and
*OH (3.2 eV), suggesting the violation of the “scaling
relationship”. In order to confirm whether the violation is
caused by the proton transfer, we move the hydrogen back to
the adsorbed oxygen site (Figure Sa) and let the structure relax
(Figure Sb). The energy is increased by 0.16 €V, but there is

2222

still strong interaction between the lattice oxygen and the
proton. In order to eliminate this interaction, we first let the
lattice oxygen bond with another hydrogen atom pointing away
from *OOH, remove one hydrogen atom from one lattice
oxygen, and only allow the three atoms in *OOH to relax, as
shown in Figure 5c,d. Then, we replace the *OOH in Figure 5b
with the relaxed group in Figure 5d to achieve the final
geometry (see Figure Se) and perform the scf calculation for
this geometry. From Figure Sb to Figure Se, the energy is
further increased by 0.20 eV, meaning that the lattice oxygen—
hydrogen interaction reduces the energy by approximately 0.36
eV in total. This suggests that the proton transfer process
indeed makes a significant contribution to the weakening of the
“scaling relationship”.

The lattice oxygen hydrogen-transfer process is driven by the
strong activity of the lattice oxygen, which itself could be
attributed to the formation of Mn vacancies. Surface atoms are
less coordinated, in comparison with atoms in the bulk, and the
dissolution of Mn ions further reduces the coordination
number of the neighboring lattice oxygen atoms. In order to
compensate for the missing lattice Mn, lattice oxygen interacts
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with the hydrogen atoms, as can be seen by noting the contrast
(Figure 4) that half of the surface lattice oxygens are
hydrogenated in R’), while all surface lattice oxygen atoms
are hydrogenated in Ry, the surface with Mn vacancies. It is also
worthwhile to consider whether or not hydrogen transfer
occurs between *OH and lattice oxygen. An examination of
Figure 4a and Table 2 shows that reaction 1 has 0.8 eV higher
reaction free energy than reaction 3. This difference would be
even larger if the hydrogen were bonded to *OO to make it
*OOH in R,, since it would make R, less stable. Although the
over 0.8 eV reaction free energy difference could not be fully
attributed to differences in O—H bond strength between *OH
and *OOH, it still shows that the hydrogen from *OH is much
less likely to transfer to the lattice oxygen, in comparison with
the hydrogen in *OOH.

The enhanced activity of lattice oxygen also induces the
formation of the MnO, triatomic ring as the intermediate of O,
formation, rather than *OOH standing on the surface, which
could be another factor leading to a reduced energy difference
between *OH and *OOH. If we trace back further for the
reason for Mn vacancy formation, the high solubility of MnO}
ion plays the role. Following this analysis, we suggest that
doping the B-site element with a more soluble element could
be a possible way to reduce the overpotential for the OER
process on perovskite-type materials. It is constructive to
compare our conclusion with the work in ref 31, where A-site
cation deficiency in the perovskite-type materal LaFeO;
enhances the OER and ORR performance. The researchers
attribute the improvement to the formation of lattice oxygen
vacancies on the surface induced by A-site vacancies. Our claim,
however, is based on the enhanced activity of lattice oxygen
atoms surrounding the metal ion vacancies that do not directly
participate in the formation of oxygen molecules. Since these
lattice oxygen atoms need to bond to active metal ions as well,
it requires the substitution of active metal ions at the B site. In
addition, noting that although our study is consistent with their
work in terms of the existence of lattice oxygen vacancies as
well as the adsorbates evolution at these sites, the effect we
proposed could be a further improvement in the catalytic
activity of the OER.

B SUMMARY

We studied the OER mechanism on CaMnO; through a
thermodynamic approach. The predicted required OER
overpotential is close to the experimental value. Our results
show that the enhanced activity of lattice oxygen caused by the
formation of Mn vacancies on the surface could reduce the
energy difference between *OOH and *OH, which may lower
the OER overpotential and increase the OER catalytic activity.
Therefore, we suggest that doping perovskite-type materials
with soluble metal elements to induce metal ion vacancies on
the surface in an aqueous environment could enhance their
catalytic activity for the OER process.
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