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Abstract

Motivated by the need to find good electrocatalysts for water oxidation and O
reduction, composed of non-toxic and earth-abundant elements, a systematic screening
of two-dimensional (2D) transition metal dichalcogenides (TMDCs) is performed. To
identify compounds that are intrinsically active and can fully take advantage of the
high surface area of 2D catalysts, this study focuses on the properties of the ideal basal
planes of 2D TMDCs, in the 2H, 1T, and 1T’ phases. Roughly two hundred materials
proposed in computational databases are studied by means of first-principles-based
simulations coupled with continuum embedding models to account for the presence of
electrochemical environments. The best candidates with overpotentials for the oxygen
evolution and reduction reactions lower than 0.5 V under acidic conditions and higher
stability against degradation in electrochemical environments are selected. For OER,
the designed workflow identifies one material that is active and thermodynamically
stable, with seven more that are metastable at the oxidative potentials and acidic pH.
On the other hand, for ORR we obtain 20 materials with overpotentials less than 0.5

V. Among these compounds, the six bifunctional compounds have been experimentally



reported, with 1T-NbTe, and 1T°-MoTe, being the best performing catalysts for oxygen

evolution and reduction respectively.
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The electrochemical water cycle has gained significant attention in recent years as a sus-
tainable approach for mitigating the global energy demand.! Improving the technology for
electrochemical splitting of water in an electrolyzer, i.e. acquiring control over the oxygen
and hydrogen evolution reactions (OER and HER, respectively), could unlock the potential
of intermittent energy resources to generate clean and renewable chemical fuels, like Hy. The
reverse reactions are involved in fuel cells, where renewable electrical power is generated by
the oxidation and reduction of Hy and O,, respectively, to HyO. The major issue that reduces
reaction efficiency in both processes is the high overpotentials associated with the anodic
O, evolution reaction in electrolysis cells and the cathodic O, reduction reaction (ORR) in
fuel cells.??® Several efforts have been devoted to identify effective electroctatlysts for both
OER and ORR. To date the transition metal oxides IrO, and RuO, in acidic conditions,
and Ni and Fe based oxides in basic conditions are known to be the best electrocatalysts
for OER. On the other hand, Pt surface known to be the only suitable electrode material
with the lowest overpotential in acidic conditions for ORR.4® However, most of these elec-
trocatalysts are prohibitively expensive and are thus unsuitable for large-scale applications.
Therefore, greater number of electrode materials composed of earth-abundant elements with

high activity and selectivity are urgently needed.
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Figure 1: Top panels: Top and side views of the 2H, 1T, and 1T’ phases of transition metal
dichalcogenides materials, where transition metals and chalcogenide atoms (S, Se, or Te) are
visualized as large grey and small yellow spheres, respectively. Bottom panel: Schematic
representation of the main steps of the screening workflow. The materials considered at each
step are presented by small circles, with the total number reported above. Following the
characterization of catalytic activity, materials are distinguished according to whether they
are active for oxygen evolution, reduction, or both.



Influenced by the intriguing properties of two dimensional (2D) materials and their suc-
cesses in various applications,®® efforts are being spent on identifying effective 2D elec-
trocatalysts. Of the large number of known 2D materials, transition metal dichalcogenide
(TMDC) monolayers have attracted immense attention, for their accessible synthesis,? higher
thermodynamic and mechanical stability,'®!? and interesting electronic properties.'®!3 2D
TMDCs have a chemical formula of MX, and are composed of three atomic layers, with
one transition-metal (M) layer sandwiched between the two chalcogenide (X = S, Se, and
Te) layers. Three alternative atomic arrangements of the chalcogenide layers have been ob-
served for 2D TMDC systems, denoted as 2H, 1T, and 1T’ in the top panels of Figure 1.%!*
While in the 2H structure the two chalcogenide layers are stacked in an AA arrangement,
in both the 1T and 1T’ phases, the chalcogenide layers form an AB stacking, with one layer
slightly displaced with respect to the other. The different atomic arrangements give rise to
significant differences in structural and catalytic properties, resulting in a large variety of
applications.1®1° In recent years, several 2D TMDC systems have been explored as poten-

tial catalysts for the hydrogen evolution reaction (HER),%16-18

while their electrocatalytic
activity for both ORR and OER has been less characterized. %122 Nonetheless, depend-
ing on the composition (the transition metals and surface chalcogen atoms), and structural
morphology, 2D TMDCs could show favorable electrocatalytic activity for both OER and
ORR.

We recently combined a continuum model of the embedding electrolyte-solution environ-
ment with a rigorous first-principles thermodynamic approach for electrochemical simulations
to develop an effective computational workflow for screening 2D electrocatalysts for HER,
based upon the reaction efficiency and electrochemical stability.?? In the present study we
use a similar approach, visualized in the bottom panel of Figure 1, to explore the electrocat-
alytic applications of different TMDC monolayers composed of earth-abundant elements for

OER and ORR. To characterize the reaction efficiency we calculate grand-potential interface

energies for the 2D materials covered with the identified intermediate adsorbates. By prop-



erly accounting for the effect of the electrochemical environment on the pristine interfaces
we identify several 2D TMDCs with high electrocatalytic efficiency.

Similar to previous approaches in the literature, the present screening process relies on
steps of increasing computational complexity. The first two steps are based on simula-
tions performed in vacuum. In the third and fourth steps, simulations are performed in
the presence of an aqueous medium, where environmental effects due to solvent molecules
and electrolyte ions are accounted for via a continuum solvation scheme defined by the

.24 To incorporate the effects of

Self-Consistent Continuum Solvation (SCCS) water mode
electrolyte ions, we model the electrochemical diffuse layer using Gaussian-shaped counter-
charge layers of 0.25 A thickness, placed symmetrically on both sides of the 2D surface at a
distance of 5 A from the outermost atomic layers.2%26 The thermodynamic binding energies
are determined at a solvent pH of 1 and at different applied potentials using the grand-
canonical potential simulation scheme.?” Further computational details are reported in the
supplementary information (SI).

The initial TMDC monolayers are taken from the C2DB' and Materials Cloud!! com-
putational databases of 2D materials. The TMDC compounds from the two databases are
first screened according to their thermodynamic stability as determined by first-principles
calculations in vacuum in both these databases. In addition, compounds containing Pt, Pd,
and Hg atoms are removed, in order to consider only materials composed of earth-abundant
and non-toxic elements. In particular, 33 compounds are extracted from the Materials Cloud
database, corresponding to easily exfoliable TMDC, with computed vacuum exfoliation en-
ergies less than 35 meV/ A%, From the C2DB structures, we selected the TMDC monolayers
with a heat of formation less than Ey,; + 0.2 eV /atom, where Ej,; is the convex hull energy
of the most stable bulk phase of similar chemical composition. Combining the materials from
both databases and removing common candidates we finally obtain 123 compounds.

In the second screening step, the dynamic stability of the materials is determined from

their computed phonon frequencies as reported in the corresponding databases. Strictly
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Figure 2: a) Schematic representation of the single-site catalytic steps considered in this
study for oxygen evolution and reduction reactions. Oxygen and hydrogen atoms are visu-
alized in red and white, respectively. transition metal and chalcogen (S, Se, or Te) atoms
visualized in grey and yellow, respectively. For clarity, only the 2H structure is shown. b-
d) Relationships between formation free energies of the three catalytic intermediates: OH*,
O", and OOH". While a clear linear correlation between the energies of OH" and OOH’ is
observed for all the materials and phases considered (panel b), the formation of O" does not
show a clear trend with the energies of the other catalytic steps (panels c-d).



positive hessian eigenvalues are usually required to identify a kinetically stable material.
However, some 2D materials, such as 1T-MoS,, 1T-VTe, and 1T-TiS,, have been successfully
synthesized despite having theoretical hessian eigenvalues as low as -2 eV/A2 28730 This
suggests that a more relaxed screening criterion may be required. Hence, for the purpose
of our screening materials with minimum hessian eigenvalues greater than -2 eV/A2 are
considered stable. Of the 123 thermodynamically stable candidates, 96 materials are selected,
comprising of 35 monolayers with the 2H phase, 39 with the 1T phase, and 22 with the 1T"
phase. Among these compounds, 30 monolayers having been identified as easily exfoliable
and could be obtained by the exfoliation of their corresponding 3D van-der-Waals bulk solids.
The rest of the materials could be synthesized on metal templates using vapor deposition
techniques.

While the first selection criteria only depends on intrinsic properties of the compounds,
studying the activity and stability of the monolayers requires the characterization of their
interaction with catalytic species. For both OER and ORR, a four-step proton-coupled
electron transfer (PCET) mechanism involving the three reaction intermediates OH*, O*, and
OOH" is reported to be the most favorable one among the predicted reaction pathways. 23!
Therefore, in this study, we consider the reaction mechanisms shown schematically in the
top panel of Figure 2.

First, the adsorption free energies of all reaction intermediates on all possible surface sites
are computed in vacuum. The most favorable adsorption sites are determined by relaxing
the surface structure of a 2x2 supercell of the 2D material with a single adsorbate placed
on main catalytic sites (hollow, on-top, and bridge positions). The adsorption free energy
values are calculated using the computational hydrogen electrode (CHE) method,3! which
relies on knowledge of the standard electrochemical reaction potentials.

For all intermediate species, hollow sites, where the intermediates are placed above the
three-atom center of the surface chalcogen groups, are the least preferred. In all of the mate-

rials, the OH and OOH species have identical preferences for adsorption sites. In particular,



the most preferable adsorption site is found to be on-top. Depending on the elemental com-
position, some compounds favor a distorted configuration with the adsorbates slightly shifted
toward the bridge sites. However, the adsorption sites for oxygen atoms appear to be less
exclusive and to strongly depend on the nature of the compound. The energy of the adsorbed
oxygen appears to only weakly depend on whether it is placed on top of a chalcogen atom,
on a bridge site, or in an intermediate, distorted configuration.

Screening for the preferred binding sites also allows us to determine the structural stabil-
ity of the materials in the presence of surface adsorbates. In fact, upon adsorption of these
intermediate catalytic species, all of the materials but one are found to be stable. However,
a significant structural reorganization is observed for 2H-MoSe, in the presence of OH ad-
sorbates. Due to its reduced stability, this compound has not been included in the following
characterizations.

Starting from the most preferable binding sites, electrosorption free energy (G39,(®))
values for the intermediates in the presence of an aqueous medium are determined using the
grand-canonical scheme and the following formula

AGE (D) = Jxg+ (D) — J(®) + AEzpr — TAS,s (1)

ads

where Jxpg+(®) and J,(P) are the grand-canonical free energies of the 2D material surface
with and without the adsorbed intermediates, respectively, and AEzpg and TAS,4, are the
zero-point energy and entropic corrections. Section I in the SI provides further details and
the calculation for determining these values. Calculations are performed with a 25% surface
coverage of adsorbed species, to avoid non-trivial inter-adsorbate interactions at higher con-
centrations. The formation of complex adsorption networks would reduce the interaction of
the absorbates with the 2D material surfaces and increase the oxidation potentials. Among
the 95 materials obtained from the previous screening steps, ground state electronic struc-
ture calculations for 13 compounds fail to converge in the presence of large positive surface

charges.



The calculated grand-canonical free energies of the three relevant intermediates represent
the key quantities to identify catalytically active materials. Following a strategy inspired
by the computational hydrogen electrode approach, the interface free energies computed at
zero applied potential and neglecting the effects of pH allow us to distinguish potential-
determining steps and verify the presence of scaling relations. Correlations between free
energies of different interfaces reduce the flexibility in the search for optimal catalysts. While
these constraints may significantly limit the performance of the considered materials, they
also reduce the dimensionality of the problem and provide clear thermodynamic descriptors
for the catalytic activity.

For TMDC monolayers, the binding affinity of the O interface with respect to both
OH" and OOH" intermediates shows no clear correlations, as shown in Figure 2 (¢) and (d).
However, a linear relationship is observed between OH™ and OOH " intermediates. By fitting
the computed values, we obtain a slope nearly equivalent to unity and an intercept of 3.40
eV. These values are in close agreement with transition metals and their oxides.?3 Compared
to both 2H and 1T” TMDC monolayers, materials with the 1T structure show more marked
deviations from linearity, as shown in Figure 2 (b). The largest deviations are observed for
1T-MoS,, 1T-VSe, and 1T-ScSe,.

Due to this scaling relationship, the difference between the electrosorption energy for
OH and OOH species is constant and independent of the nature of the material. The
potential-limiting step defining the overall reaction efficiency of the catalysts is thus strongly
controlled by the binding affinity of the O atom. We stress here that these findings are
consistent with structural information obtained from the simulations, in particular, with the
observed similarity in preferred absorption site for OH and OOH. In contrast, the observed
change in preferred O adsorption site for many compounds is associated with the absence of
clear scaling relationships.

The links between intermediate free energies have strong implications on the catalytic

steps limiting the activity of the material. The large intercept of the scaling relationship,



i.e. the large free energy difference between OH" and OOH" formation, implies that at
least one of the catalytic steps connecting the two intermediates is significantly larger than
that of the reference potential of 2.46 V known for an ideal catalyst.? The standard CHE
approach would exploit this information by only focusing on the potential-limiting steps.
This would correspond to the two intermediate steps for OER, and to the first and last step
for ORR. More refined approaches that rely on information from all catalytic steps have
been proposed in the literature to reduce potential limitations, possibly including kinetic

1.32:3334 Furthermore, the recently introduced

effects and the effect of an applied overpotentia
grand-canonical scheme is shown to effectively account for surface relaxation in charged
environments and to provide a more robust evaluation of the catalytic overpotential.?*35 For
this reason, the grand-canonical scheme has been selected as the method of choice in our
screening workflow. Differences in performance of alternative approaches are reported in the
Supporting Information.

In the third step of the screening workflow, materials with catalytic overpotentials for
OER or ORR lower than 0.5 V are selected. In a recent study, the quantitative analysis of
the reaction overpotentials for real catalysts have shown that the reference potentials could
largely vary within the potential range of 2.16 V to 2.76 V.3* However, we have calculated
the overpotential values with respect to the reference potential of an ideal catalyst as defined
by Man et. al. and the other recent computational screening studies for OER and ORR
electrocatalysts. 24445 Overall, we identify 16 compounds that could be active for both OER
and ORR, plus 2 and 5 additional compounds that exhibit low overpotentials only for OER
or ORR, respectively. The chemical formula and corresponding reaction overpotentials for
these materials are shown in Table 1.

While a low overpotential is a necessary condition, stability in electrochemical environ-
ments, in particular, in the presence of applied potentials, represents an additional stringent
requirement for a good electrocatalyst. Therefore, in the last screening step of our com-

putational workflow, the thermodynamic and kinetic barriers for material degradation are
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Table 1: TMDCs identified as potential electrocatalysts for OER and ORR, obtained after
the first three computational screening steps shown in Figure 1(b). n°F® and n°FF are the
corresponding overpotentials in V. In column 4 and 5, AG7, and AFE};, denote the thermo-
dynamic free energies and kinetic barrier, respectively, for the formation of decomposition
products from the adsorbed O" intermediate. The decomp. pdts are most stable decompo-
sition products. The corresponding stability pattern is based on AG7, and AFEy;, values.
Further details are given in main text. References for sythesized TMDCs are given in the
last column.

materials n°FF nORR  AGr, AE;, decomp. pdts stability Exp. Ref.
2H
NbS, 046 041 -0.10 0.28 SO unstable Ref.%0
NbSe, 0.34 034 -1.27 1.02 SeO, kinetic Ref. 37
NbTe, 0.45 0.44 -1.98 0.75 TeO unstable -
TaS, - 0.46 -0.97 243 SO, kinetic Ref.3®
TaSe, 0.33 041 -2.08 0.35 SeO unstable Ref.%?
TaTe, 0.44 043 1.07 2.14 TeO thermodynamic -
CoTe, 0.34 037 -1.59 0.54 TeO unstable -
CrTe, 0.33 - -2.20 1.13 TeO kinetic -
VTe, 0.24 033 -0.03 1.11 TeO kinetic -
NiTe, 0.40 047 0.10 0.71 TeO thermodynamic -
1T
NbTe,  0.26 040 -0.86  2.83 TeO kinetic Ref. %
TaTe, 027 030 -1.04 095 TeO kinetic® Ref.??
VTe, 029 040 -0.35 0.97 TeO kinetic® Ref.??
NiSe, 0.5 048 -0.39 0.92 SeO kinetic® Ref. 40
NiTe, 0.50 0.36  0.58 0.98 TeOq thermodynamic® Ref. %!
CoTe, 042 038 0.11  0.89 TeO, thermodynamic®  Ref.%?
CrTe, 0.44 - -0.61  0.66 TeO unstable -
17T’
MoTe, 0.29 029 -1.76 1.01 TeO kinetic Ref.%3
CoTe, 0.39 0.45 -0.67  0.57 TeO unstable -
WTe, - 0.49 -0.37 0.66 TeO unstable Ref.%?
RuTe, - 0.41  0.57 1.11 TeO thermodynamic -
OsTe, - 0.33 -0.26  0.68 TeO unstable -
CrSe, - 0.47 -2.03 0.65 SeO unstable -
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evaluated. In particular, surface oxidation of the monolayers at ambient conditions for OER
would lead to oxidative etching of surface chalcogen atoms into various aqueous products.
Edge sites are expected to have higher reactivity, due to the lower coordination of surface
atoms and a greater accessibility to solvent molecules.*64” However, for high surface cover-
age of o} intermediates, basal surfaces may also show oxidative decomposition. To explore
the probability of these degradation pathways, we characterize the stable configurations and
preferable binding sites of O" up to a 50% basal-surface coverage of the catalytically active
compounds.

Most of the screened 2D materials prefer adsorption of multiple O" intermediates on a
single surface site to adsorption on different sites. With this structural arrangement of O
intermediates, the most probable decomposition pathway that has been observed*®5° points
towards the desorption of the chalcogen atom with either one or both of the attached O
atoms, i.e. as XO, or XO species, respectively (panel a) of Figure 3). Desorption of these
oxidative products will create a surface vacancy. However, the detachment of an XO ion is
followed by another reaction step in which the remaining O" diffuses into the vacancy site.
As a result, along with the formation of the aqueous product, in this latter case surface
oxidation would also lead to O doping of the material. The section S-V in the SI shows the
chemical pathway for the decomposition mechanism.

The initial step leading to the adsorption of O" intermediates on the basal plane would
depend on the applied potential, whereas the desorption of aqueous products, either XO, or
XO, would be thermally controlled. In particular, the presence of an applied potential would
lower the thermodynamic barrier for the formation of O intermediates on the basal surface.
In this situation, the thermal desorption of XO, or XO ion will form the reaction-limiting
step, determining the overall propensity towards decomposition. To fully characterize these
processes, we calculate both the thermodynamic free energies and kinetic barrier of the
desorption pathways. Based on these calculations, materials that are thermodynamically

more stable than the decomposition products at oxidative limiting potentials are identified
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Figure 3: a) Schematic representation of the two decomposition pathways observed for the
considered materials in the presence of surface oxides. b-c) Catalytic activity of the ma-
terials, as described by the overall reaction free energy at an applied overpotential of 0.5
V, computed using a CHE-approach as a function of intermediates formation free energies.
Materials passing the first two screening steps are reported as faded or solid dots, with
blue/red/green colors corresponding to 2H/1T /1T’ phases, respectively. Solid colored cir-
cles identify materials that are found to be stable or metastable under oxidative overpotential
values and acidic pH. Black outlines identify materials that have been reported experimen-
tally. Materials in the yellow areas are considered to be catalytically active for OER (b)
and ORR (c). Chemical formulas of the stable and active compounds with known synthetic
pathways are shown in the top panels.
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as promising catalysts. In addition, to account for the possibility of metastable materials, in
which the decomposition process is significantly unlikely at standard conditions, compounds
with a large kinetic barrier for decomposition are also selected as potential catalysts. A
value significantly larger than kg7 at room temperature assures that the deterioration of
the material is sufficiently slow. Hence, a specific threshold of 0.9 eV was selected based
on the distribution of computed kinetic barriers for the considered materials (as reported
in Figure S1 of SI). For materials with multiple intermediate and transient states in the
desorption mechanism, the kinetic barrier for the first degradation step is considered as the
limiting step to determining kinetic stability.

The desorption free energy, kinetic barrier, and most probable desorbed products for the
23 catalytically active compounds are also reported in Table 1. Overall, 5 compounds are
determined to be thermodynamically stable . In addition, 9 compounds for which desorption
of oxidation products is computed to be exothermic are observed to have a sufficiently high
kinetic stability. Among the 14 selected compounds, 9 have been reported experimentally.
The decomposition pathways for these materials are visualized and detailed in the Supporting
Information (section S-VI), including some of the experimentally accessible candidates.

Considering the stability criterion against oxidation degradation, we have identified 12
TMDCs as active catalysts for OER. However, the oxidative degradation mechanism shown
here for higher o} coverage will not effect the stability of the materials identified as active
catalysts for ORR. Therefore, all the 21 TMDCs screened in the previous step as given in
Table 1 are expected as stable electrocatalysts for ORR.

The screening workflow relies on calculations performed with a 25% surface coverage of
the intermediates. However, a low surface coverage may not incorporate the effect of inter-
adsorbate interactions on the adsorption energetic. Therefore, to determine the extent of
inter-adsorbate interactions on the limiting potentials at higher surface coverage, we have
calculated the binding energies of OH', O" and OOH" intermediates with different surface

coverage for the most active materials in Table 1. Following the CHE approach, these

14



energies give access to simplified Pourbaix diagrams (AGp, vs U in RHE scale), which are
reported in Figure S7 to S9 in the SI (section S-VII).

We found that, at lower oxidation potentials, AG)y, values for the oxygenated intermedi-
ates show large variation with surface coverage. However, in the range of potentials at which
the selected compounds become ORR active, the most stable phase corresponds to the bare
surface of the materials except for 2H-TaTe,, justifying the neglect of inter-adsorbate inter-
actions. For 2H-TaTe, the 50% 0" covered surface is found to be the most stable surface
state. The surface Pourbaix diagrams allowed us to identify 20 TMDC monolayers with
higher activity and stability for ORR.

Instead, in the range of potentials required for OER activation on the selected compounds,
oxygenated structures become more stable for all OER active materials. Nonetheless, for 8
of the considered stable materials against oxidative degradation (step 4 of screening work-
flow), the computed inter-adsorbate interactions appear to have small effect on the binding
energies of the intermediates. However, 4 materials, 2H-TaTe,, 2H-NiTe,, 1T-CoTe, and
1T-NiSe,, show an increased stability of O" adsorbates at higher coverages, suggesting that
single adsorbate simulations may substantially underestimate the overpotential for OER.
This limitation is particularly severe for 2 compounds, 2H-TaTe, and 1T-CoTe,, for which a
material reconstruction is observed at high o} coverage. For this reason, these 4 compounds
are removed from the final selection of OER active compounds.

Among the compounds selected with higher activity, we have identified seven materials
2H-NbTe,y, 2H-VTe,, 1T-NbTe,, 1T-TaTe,, 1T-VTey, 1T-NiTe, and 1T°-MoTe, as bifunc-
tional catalysts, active for both OER and ORR. Focusing on materials that have already
been experimentally reported, we identify the best performing catalyst for OER or ORR as
1T-NbTey and T’-MoTe,, respectively.

In conclusion, we have systematically studied potential 2D-TMDC compounds based on
earth-abundant and non-toxic elements as electrocatalysts for oxygen evolution and reduc-

tion reactions. The workflow relied on state-of-the-art, first-principles-based simulations

15



that account for the effects of embedding electrochemical environments. The materials are
screened using a four-step process that involved the characterization of material stability
and catalytic activity. Starting from more than two hundred 2D compounds catalogued in
computational databases, we have identified 23 monolayers with preferable catalytic activity
in acidic environments. The reaction overpotential for either ORR or OER are computed to
be lower than 0.5 V, thus comparable to the best performing catalysts. Further analyzing
the electrochemical stability and surface Pourbaix diagrams, 8 compounds are eventually
selected for OER. On the other hand, for ORR we have screened 20 preferable electrocat-
alysts with lower overpotential values. For several of these monolayers, suitable synthetic
pathways have already been reported. Among these compounds, 1T-NbTe, and T’-MoTe,
are identified as the best performing catalysts for OER and ORR respectively, for which
synthetic pathways have been known. We are convinced that the reported trends should
motivate further experimental studies and characterizations of catalytic properties of these

materials.

Supporting Information Available

The Supporting Information (SI) is available free of charge on the ACS Publications website
at DOI: XXXX

The computational simulation methodologies for the free energy calculations with the
implicit solvent model has been described in section S-I. section S-II shows the selection
criterion for thermodynamic and dynamic stability of the compounds. Section S-IIT shows
the selection criterion for the kinetic energy barrier. A comparison between the grand-
canonical and CHE overpotential values is given in section S-IV. section S-V and S-VI
show the decomposition pathway and the kinetic energy barriers respectively for oxidative
etching under OER potentials. Section S-VII shows the surface Pourbaix plots for the active

compounds screened for OER and ORR under different surface coverage of the oxygenated

16



species.
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