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Abstract

Discovering acid-stable, cost-effective and active catalysts for oxygen evolution reac-
tion (OER) is critical since this reaction is bottlenecking many electrochemical energy
conversion systems. Current systems use extremely expensive iridium oxide catalysts.
Identifying Ir-free or catalysts with reduced Ir-composition has been suggested as goals,
but no systematic strategy to discover such catalysts has been reported. In this work,
we performed high-throughput computational screening to investigate bimetalic oxide
catalysts with space groups derived from those of IrO,, identified promising OER cat-
alysts predicted to satisfy all the desired properties: Co-Ir, Fe-Ir and Mo-Ir bimetallic
oxides. We find that for the given crystal structures explored, it is essential to in-
clude noble metals to maintain the acid-stability, although one-to-one mixing of noble
and non-noble metal oxides could keep the materials survive under the acidic condi-
tions. Based on the calculated results, we provide insights to efficiently perform future

high-throughput screening to discover catalysts with desirable properties.



Electrocatalysis plays an important role to effectively utilize renewable energy source
derived electricity.! As the renewable energy sources are intermittent, it is desirable to store
the produced electricity in the form of chemical bonding energies. In addition, energy efficient
upgrading of low-value chemicals to value-added chemicals is also possible based on cathodic
electrocatalytic reactions, such as Ny reduction to NH3 or COy reduction to long-chain
hydrocarbons or alcohols. Hj, fuel can also be generated electrochemically from H,O to
be used for fuel cell applications. For these catalytic reactions, the corresponding anode
reaction is, in most cases, a four-electron HyO oxidation to produce Oy (O4 evolution reaction,
henceforth OER), which currently suffers from the lack of electrocatalysts with the desired
properties.

To maximize the total efficiency of these electrochemical energy conversion systems, ideal
catalysts for the anode reaction should satisfy the following criteria; stability in acidic reac-
tion conditions, high activity and low cost. Acidic reaction conditions for the OER are pre-
ferred over alkaline conditions because of higher conductivity, current density, less parasitic
reactions and the ability to use a cation exchange membrane.?® Although many materials
have been investigated for OER, only Ir and Ru based catalysts have shown state-of-the-
art catalytic activity and stability under the acidic condition.® Recently, various Ru and
Ir containing oxide materials have shown improved stability under the acidic condition and
enhanced catalytic activity.>" 1°

In heterogeneous catalysis, atomic-level simulations have helped to significantly accel-
erate the catalyst discovery by constructing free energy diagrams of catalyst surfaces and
predicting the theoretical overpotentials (nogpr), and suggesting materials with low nogg for
further experimental validations.! For various catalyst surfaces, scaling relations of binding
energies have been reported, where binding energy of reaction intermediates interacting with
catalyst surfaces through the same atomic elements could be represented by that of other
reaction intermediates, for example, AGop. and AGoom. or AGy, and AGyy, .12 The

scaling relations could effectively reduce multi-dimensional reaction networks to one or two



dimensions, making it possible to estimate the catalytic activity based on simple calcula-
tions of binding energies of one or two reaction intermediates.!! For example, AGpon. and
AGop. are linearly correlated on oxide surfaces (AGoom = AGom. + 3.2),' thus the
OER overpotential could be obtained from DFT calculations of AGo, and AGop, on the
catalyst surfaces. Unfortunately, the conventional approach has only focused on the most
stable facet and the scaling relation-based binding energies, although desired catalytic prop-
erties could come from the less stable facets and deviations from the scaling relations. '3
To overcome these limitations of the conventional approach, we recently reported more rig-
orous approach toward high-throughput calculations of oxides by considering various facets
of oxides, reaction condition-relevant surface coverages and unique active sites.'®> We note
that this concept was originally developed for inter-metallic alloys to discover catalysts for
CO, electrochemical reduction.'®

In this work, we develop an approach to discover acid-stable OER catalysts and we use
this approach to perform high-throughput screening of equimolar bimetallic oxide catalysts.
This is the first demonstration in the computational catalysis field to investigate a large
collection of compositionally-diverse oxide crystal structures and facets as well as consider
stability under the reaction condition. Potential equimolar crystal structures were formed
from 8 crystal structures prototypes derived from IrO, polymorphs'® and bimetallic com-
binations of 26 transition metal elements, 2,600 in total. We evaluated the electrochemical
stability of bimetallic oxides under the reaction conditions (pH=0 and E=1.23 V), which
filtered out a majority of materials considered. For those combinations that are predicted to
be stable, the most stable surface coverages and predicted OER catalytic activity are calcu-
lated. Crystal structures and calculation details are summarized in Figure 1 and Methods
section (see Supporting Information). Based on these results we suggest a few Ir-based
bimetallic oxides, including Co-Ir, Fe-Ir, and Mo-Ir combinations, that satisfy all the tar-

get properties and are predicted to outperform monometallic Ir oxides. Finally, we discuss

technical details to more efficiently perform the high-throughput screening for future oxide



systems.
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Figure 1: (A) All bulk crystal structures and space groups of bimetallic oxides investigated
in this study. (B) Side views of example structures of coverage calculations: Bare surface
(*), OH and O covered surfaces (OH*, O*). (C) Side views of example structures of OER
calculations: Bare surface (*), OH, O, OOH adsorbed surfaces (OH*, O* OOH*). Atomic

cells of surface structures are doubled for a clear visualization.

To discover acid-stable OER catalysts, it is essential to evaluate their electrochemical
stability under the reaction conditions. This is because many earth-abundant elements (Ni,
Fe, Co, Mn) based catalysts have shown reasonable catalytic activities under the alkaline
condition, but most of them were found to be unstable under the acidic condition.® They
can either dissolve into the solution as ions, form more stable crystal structures or segregate
into monometallic phases if they consist of multi-elements. Thus, we first evaluated the
electrochemical stability (AG pourbaiz) Of bimetallic oxides with respect to various phases of
consisting elements including ions and solids. Figure 2A summarizes AG pyyrpaic Of all combi-
nations of bimetallic oxides, and only 14 out of 2,600 bimetallic combinations were predicted
to be stable (< 0.1 eV /atom) under the acidic OER condition (Table S1). Further, a majority

of stable combinations included Ir (Figure 2A), suggesting that Ir significantly contributes
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Figure 2: (A) Histogram of AG poyrpaiz for all bimetallic oxides (blue) and Ir containing
oxides (yellow). (B) Computational Pourbaix diagram of Ir-Pd-O-H system. Free energy
(AG pourbaiz) of rutile Irg sPdg 502 with respect to the most stable phase is illustrated as a
color contour plot. The upper and lower red dashed lines correspond to the equilibrium
potentials of Og/HyO (E°® = 1.23 Vgyg) and HT/Hy (E°=0.00 Vrpg), respectively. (C)
AG pourbaiz Of Ir containing rutile bimetallic oxides with various ratios of M and Ir (M =
Co, Fe, Rh, Pd). The stability of pure IrOy and the lowest stability (AGpourpaiz = 0.0 €V)
are plotted as a horizontal dashed and dash-dotted line for each combination, respectively.
As AG pourbaiz 18 calculated with respect to the most stable phase, we note that the relative
stability of IrOy could differ for various bimetallic combinations.



to the stability. The Pourbaix diagram of one example combination, Pd-Ir, is illustrated in
Figure 2B, and it visualizes the most stable phase at different pH and potential values and
AG pourpaiz of Tutile bimetallic oxides (Irg5Pdg502) relative to the most stable phase. The
Pourbaix diagrams of monometallic Ir and Pd show that the most stable phase at pH=0 and
1.23 V are IrO, and PdO,, respectively,® but, when Ir and Pd are combined, IrysPdo502
becomes even more stable than their monometallic counterparts as can be found from the
blue area in Figure 2B. Additionally, we investigated how metal composition affects the sta-
bility by varying metal-metal ratio and calculating the electrochemical stability (Figure 2C).
Interestingly, bimetallic oxides are predicted to be destabilized once non-noble metals (Co,
Fe) become dominant, while they remained stable for noble metal combinations regardless
of the ratios considered. These results imply that it is essential to include noble metals to
develop the acid-stable catalysts through the simple mixing approach for the given 8 crystal
structures. We note, however, that more efficient approaches should be developed to inves-
tigate full composition and structural space, since our calculated results are limited to only
small subsets of all possibilities.

To understand the effects of the crystal structures on the AG pourpaiz for the given bimetal-
lic combinations, we compared the relative AG pyyrpaie Of different crystal structures. Figure
3 shows that the difference in AG pyurpaiz 0Of 0xides with the same oxidation states, i.e., dif-
ferent structures within MOy or those within MOg, is negligible compared to that between
two different oxidation states, i.e., MOy vs. MO3, as can be found from a clear separation of
blue (MOg2) and yellow (MO3) symbols. Interestingly, Molybdenum (Mo) containing oxides
energetically preferred higher oxidation states, MOj3, while other metal elements preferred
MO, structures. We also plotted AGpourpaiz Of all Ir-based combinations in Figure S1 to
understand the trend of oxidation states preference of transition metals. Farly (Group 3, 4,
5) or late (Group 9, 10, 11, 12) transition metal containing systems generally preferred lower
oxidation states probably due to fewer unpaired electrons compared to transition metals in

the middle of the periodic table (Group 6, 7, 8). For bimetallic oxides containing Group 6,



7, 8 transition metals, multiple oxidation states have been observed to be stable!™!® due to
more unpaired electrons, making it possible to form higher oxidation states as in MOjs. For

example, Mo with the electron configuration of [Kr] 4d°® 5s' could be oxidized up to +6.
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Figure 3: Relative electrochemical stability (AG pourpaiz) Of different crystal structures of the
bimetallic oxides at pH=0 and 1.23 Vzgg. Blue and yellow color indicates MOy and MO3
polymorphs, respectively, and symbols correspond to crystal structures.
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For the 14 stable combinations, we calculated the nogg to predict the catalytic activity of

11

bimetallic oxides. We assumed four proton-electron coupled transfer mechanism** as shown

in Eqn (1a) — (1d), and the nogg is calculated as nopr = max(AGiq, AGy, AGie, AGhg) /e —
1.23 V = max(AGon«, AGo. — AGon, AGoons — AGox,4.92 — AGoon«)/e — 1.23 V. Four
low-index facets ([001], [100], [101], [110]) were considered, the most stable coverages at the
reaction condition were determined and all unique active sites considered.'® Figure 4A shows

the calculated nogr and their active sites are plotted with different symbols. Various active

8
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Figure 4: Two-dimensional volcano plot to predict nogr of 14 acid-stable bimetallic oxides.
The volcano plot was generated based on the scaling relation of AGoon. = 0.92AGoH. +
3.19 (Figure S2). White stars indicate low-index facets of monometallic rutile IrO,. Note
that the volcano plot is slightly different from the one that we previously reported!® due
to the different slope of the scaling relation. This could be due to much larger and diverse
collections of catalyst surfaces across many transition metal species. (A) All calculated
sites were plotted, where symbols indicate surface active sites that interact with the reaction
intermediates. (B) Only the promising candidates (nogr < 0.5 V) are plotted, where symbols
indicate bimetallic combinations instead of active sites as in (A).



sites, facets and bimetallic oxides were found to be as active as Ir-based catalysts with the
Norr smaller than 0.5 V. A majority of the active sites consist of Ir sites with a few Rh and
Mo sites, and most of them are Ir based bimetallic oxides with the exception of Rh-Pd and
Rh-Pt oxides. All promising candidates for acid-stable and active OER catalysis, and their

detailed information is summarized in Table 1.

Table 1: Summary of the properties of the promising bimetallic oxide combinations for acid-
stable and active OER catalysis. Only the combinations with nogg equal to or less than 0.5
V are listed.

Combinations | Space group AG pourbaia Facets | AGos | AGon« | AGoonx | Binding Site | nogr
(pHZO, E:123 VRHE)
Pd, Ir 136 0.00 [001] 0.83 2.46 3.84 Ir 0.40
Pd, Ir 136 0.00 [100] 0.48 1.95 3.68 Ir 0.50
Pd, Ir 136 0.00 [110] 0.58 1.94 3.52 Ir 0.35
Pd, Ir 60 0.10 [001] 0.57 2.23 3.73 Ir 0.43
Pd, Ir 60 0.10 [100] 0.47 1.79 3.46 Ir 0.44
Pd, Ir 60 0.10 [101] 0.76 2.29 3.83 Pd 0.31
Pd, Ir 60 0.10 [110] 0.53 1.76 3.44 Ir 0.45
Mo, Ir 38 0.06 [001] 1.24 2.95 4.53 Mo 0.48
Mo, Ir 38 0.06 [001] 0.86 2.58 3.85 Ir 0.49
Mo, Ir 63 0.00 [001] 0.95 2.53 3.87 Ir 0.35
Mo, Ir 63 0.00 101 1.68 3.41 4.70 Mo 0.50
Rh, Ir 136 0.00 001 0.84 2.24 3.85 Ir 0.38
Rh, Ir 136 0.00 [100] 0.29 1.76 3.20 Ir 0.49
Rh, Ir 136 0.00 110 0.23 1.66 3.20 Ir 0.49
Rh, Pd 136 0.00 100 1.00 2.67 3.93 Rh 0.44
Rh, Pd 60 0.07 [100] 1.12 2.75 4.02 Rh 0.40
Rh, Pd 60 0.07 110 1.13 2.76 4.00 Rh 0.40
Co, Ir 136 0.09 100 0.65 2.00 3.62 Ir 0.39
Co, Ir 136 0.09 [101] 0.65 2.33 3.94 Ir 0.45
Co, Ir 136 0.09 [110] 0.61 1.96 3.62 Ir 0.43
Fe, Ir 136 0.08 100 0.42 1.86 3.52 Ir 0.43
Rh, Pt 136 0.05 001 1.13 2.81 4.05 Rh 0.45

Among these combinations, we found Co-Ir, Fe-Ir and Mo-Ir as promising candidates
for further experimental validations. They are cost-effective than other noble metal based
bimetallic combinations due to the low metal prices of Co, Fe and Mo (Table S2). Further,
various facets ([100], [101], [110]) of Co-Ir with the space group 136 exhibited lower nogg
compared to IrOy. More interestingly, Mo-Ir combination was found to be acid-stable in two
different crystal structures (space group = 38, 63), where [001] facet of the space group 38,
and [001] and [101] facets of the space group 63 were predicted to be very active for OER.

Indeed, Co-Ir rutile bimetallic oxide synthesized through a selective leaching of Co from Co-

10



rich composite was reported to be acid-stable and more active than IrO, catalyst.'® Other
forms of Co-Ir bimetallic oxides were also reported to be OER active in alkaline?® and neu-
tral?! conditions. Fe-Ir nanoparticles were prepared through a colloidal synthesis approach
and exhibited the acid-stability and high catalytic activity.?? The agreements between ex-
perimental results and these computational predictions reinforces the potential for catalyst
discovery from high-throughput screening. In particular, Mo-Ir has not been reported in

literature, thus this material is a promising candidate for experimental validation.
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Figure 5: (A) AGo. are plotted versus AGop. for rutile bimetallic oxides (green) and
monometallic Ir oxides (orange). Symbols correspond to different low-index facets. The
dashed black line indicates a target descriptor value (AGo. — AGop« = 1.6 £ 0.1 V) to
achieve low npogg as shown in Figure 4, implying higher OER catalytic activity when closer
to the target descriptor value. (B) Bader charges of surface Ir atoms are plotted versus
AGop.. We additionally plotted Bader charges of surface Ir atom in monometallic Ir oxide
of different crystal structures with orange hexagonal symbols taken from Ref.!3

To understand the catalytic activities of the bimetallic oxides, we compared how ener-
getics are affected by mixing two metal oxides. Since the observed high catalytic activities
are mainly based on Ir sites, we focus on Ir-based rutile bimetallic oxides and compared
with monometallic Ir oxide. As the origin of the activity improvement for specific bimetal-
lic combinations is beyond the scope of this work, we limit the analysis to understand the
overall trend. In Figure 5A, we plotted AGop, versus AGog, of bimetallic and monometallic

rutile Ir oxides, where AGo, — AGor. = 1.6 is the optimal value to minimize the nogg.,*!

11



thus higher catalytic activity is expected when closer to the optimal descriptor value. As re-
ported previously, '3 rutile IrO, [100] and [110] are found to bind the reaction intermediates
too strongly, while [101] binds moderately and [001] binds weakly, again emphasizing the
importance of exploring various facets as their binding strength toward reaction intermedi-
ates could substantially vary. In most cases, mixing with other transition metals weakened
binding of O* and OH*, where the effects were as significant as 0.7 eV for AGop., with
the exception of [001]. The exception observed for [001] facet could be due to much smaller
effect of mixing with other transition metals, where AGop. and AGp, were affected by only
0.1 eV or less. Overall, all the sites are positioned very close to the optimal descriptor value
to achieve lower nogr compared to IrOy. We further investigated the correlation between
binding energies and oxidation states of Ir sites measured by Bader charge analysis®® (Figure
5B). The trend is in agreement with the observation in the previous report!'® that higher
oxidation states of surface Ir sites weakened interactions with the adsorbates. For active
sites that bind reaction intermediates strongly or moderately (AGop. < 1.5 €V), the scal-
ing relation of AGo, and AGop. (AGo. = 1.47 X AGog. + 1.4, Figure S3) overlaps well
with the line (AGo. — AGon. = 1.6) that corresponds to the optimal descriptor value, thus
weakening of OH* and O* binding stayed close to the optimal descriptor value. This is also
observed for promising active sites as all of them are positioned close to AGp. — AGog. =
1.6 (black dashed line in Figure 5A). However, it is expected that too weakly binding sites
(AGom. > 1.5 V) are less probable to become highly OER active sites because the slope
difference between the two lines would result in significant deviations from AGp, — AGon«
= 1.6 eV. We note that AGp, and AGopy. have mainly been discussed since the scaling rela-
tion of AGop. and AGoons (AGoons = 0.92AGog. + 3.19, Figure S2) has been preserved
for various facets and crystal structures of bimetallic oxides as also observed for surfaces of
other metal oxides.!* However, this, in turn, implies that the simple mixing approach could
not achieve a breakthrough by deviating from the conventional scaling relation of AGopy.

and AGopog. on the oxide surfaces. This breakthrough could possibly be achieved by exter-

12



t,2* and we consider this approach is beyond our

nal factors such as a nanoscopic confinemen
high-throughput screening approach at this current stage.

From the experiences that we have acquired during the high-throughput DFT calculations
of oxides to discover OER catalysts, we suggest the following that could help other researchers

in the field to more efficiently perform the high-throughput screening to discover catalysts

with desired properties:

e As shown in Figure S2 and mentioned in the main text, the scaling relation of AGgp.
and AGoopn« is well preserved for various crystal structures, bimetallic combinations
and facets. Although this implies that there is little chance to break the scaling relation
through the simple mixing approach, this in turn highlights that we can substantially
reduce the use of computational resources by estimating AGpopn« via the scaling rela-
tion with AGog.. This is because of more degrees of freedom of adsorbate configura-
tions of OOH*, which makes geometry optimizations of OOH* adsorbed surfaces much
more expensive and intricate compared to simpler adsorbates such as O* and OH*.

Indeed, we spent a fair amount of computational resources to deal with H detachment

from OOH* adsorbate.

e In Figure S4, we plotted AGx, (X=0%*, OH*) obtained from the coverage calculations
(AG x4 .con) and OER calculations (AGx.o0rr), where the coverage calculations result
in the averaged binding free energies, while the OER calculations predict binding free
energies of a single adsorbate at the specific active site for the given coverages. Thus,
one AGx, con calculation corresponds to two AGx, ogr calculations as there could be
two different metal sites on the surface for bimetallic oxides, while there is one-to-one
correspondence for monometallic oxides. We observed a descent correlation between
binding free energies calculated on the basis of two different references. These observa-
tions suggest that one can further reduce the number of DFT calculations by accurately
predicting AGx,orr from AGx, con through regression models or classifying promis-

ing/unpromising surfaces on the basis of AGo. cop and AGops cov, then performing

13



further calculations only for the promising candidates. This will be the topic of the

follow-up research.

In this work, we performed systematic high-throughput calculations to discover catalysts
that could potentially replace the state-of-the-art Iridium oxide catalysts. This is the first
approach in the computational catalysis field that considers various (1) bimetallic combina-
tions, (2) crystal structures, (3) electrochemical stability under the acidic OER conditions,
(4) several possible facets, (5) reaction condition-relevant surface coverages and (6) all unique
active sites of oxide materials. Considering all the factors, we suggested Co-Ir, Fe-Ir and
Mo-Ir bimetallic oxides as active, acid-stable and cost-effective OER, catalysts, particularly
Mo-Ir which has not been reported in literature. We expect our systematic approach to

facilitate the discovery of promising oxide catalysts for various catalytic applications not

limited to OER.
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