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ABSTRACT: Ir oxides are costly and scarce catalysts for oxygen
evolution reaction (OER) in acid. There has been extensive
interest in developing alternatives that are either Ir-free or require
smaller amounts of Ir to drive the reactions at acceptable rates.
One design strategy is to identify Ir-based mixed oxides that
achieve similar performance while requiring smaller amounts of Ir.
The obstacle to this strategy has been a very large phase space of
the Ir-based mixed metal oxides, in terms of the metals combined
with Ir and the different crystallographic structures of the mixed
oxides, which prevents a thorough exploration of possible
materials. In this work, we developed a workflow that uses
machine-learning-aided Bayesian optimization in combination with
density functional theory to make the exploration of this phase
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space plausible. This screening identified Mo as a promising dopant for forming acid-tolerant Ir-based oxides for the OER. We
synthesized and characterized the Ir—Mo mixed oxides in the form of thin-film electrocatalysts with a known surface area. We show
that these mixed oxides exhibited overpotentials ~30 mV lower than a pure Ir control while maintaining 24% lower Ir dissolution
rates than the Ir control. These findings suggest that Mo is a promising dopant and highlight the promise of machine learning to
guide the experimental exploration and optimization of catalytic materials.

B INTRODUCTION

Electrochemical water splitting is a promising carbon-free
avenue for hydrogen generation." Currently, proton-exchange
membrane (PEM) electrolyzers that operate in acidic electro-
lytes exhibit superior performance to alkaline anion-exchange
membrane electrolyzers across numerous metrics, including
higher voltage efficiencies, gas purities, current densities, partial
load efficiencies, as well as compact system design and faster
power responses.” Despite these advantages, the widespread
use of PEM electrolyzers has been prevented due to a lack of
suitable electrocatalysts for the acidic oxygen evolution
reaction (OER).Z_4

The only PEM-compatible solid OER catalysts are Ru- and
Ir-based oxides.”® While Ir- and Ru-based electrocatalysts
show promise, their widespread deployment is hindered by
high cost, scarcity, underdeveloped supply chains, and limited
activity and stability under OER conditions. A promising
strategy to reduce costly Ir or Ru metal loadings is to form
mixed or doped Ir- and Ru-based oxides.”’ " Although these
strategies have yielded mixed oxides that show improved initial
electrocatalytic OER activity, their stability is at best similar
and often lower than the stability of the respective pure metal
materials."”” For example, dissolution measurements have
shown that many mixed oxide catalysts containing Ir or Ru
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undergo significant and rapid leachin? leaving behind
amorphous IrO, or RuOQ, active phases.”” "'

The main challenge in identifying novel OER electro-
catalysts is that it is a multiobjective optimization problem,
where the designed materials should exhibit improvements,
relative to the current state-of-the-art, in several attributes with
design trade-offs between catalyst cost, stability, and activity.'®
A large number of optimization variables along with the huge
phase space of potential mixed oxide materials, in terms of
their compositions and their crystallographic structure, make
the search for new mixed oxide materials challenging. Herein,
we developed a machine learning (ML)-augmented density
functional theory (DFT) modeling framework to screen for
promising mixed Ir oxide OER electrocatalysts. We focused on
Iry sM, 5O, compositions, where M is an additive metal and M
= Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zr, Nb, Mo, Ru, Rh, Pd, Ag,
Hf, Ta, W, Re, Os, Ir, Pt, and Au. Our ML approach focuses on
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Figure 1. Bayesian global optimization (BO) for IrysM,5O,. (a) Schematic depiction of the BO workflow. We train a Gaussian process regression
model on an initial sparse labeled training set and then use it to predict the energies of the remaining unstudied materials. We query one of the
unstudied (unlabeled) structures for DFT geometry optimization using the expected improvement acquisition function and then update the
training set. We continue this process iteratively until we reach convergence criteria. (b) Illustrative progression of the BO workflow from
initialization (S DFT-studied structures) to convergence (139 DFT-studied structures) for IrysMog sO,. The far-left panels show the points we have
studied with DFT (labeled training set) and the points that we are predicting with Gaussian process regression (unlabeled pool); the middle panel
shows the formation energies predicted by Gaussian process regression, and the far-right panel shows the uncertainties of the Gaussian process
regression predictions. The circled region encloses the identified materials with a low formation energy and high model certainty.

the mixed oxide stability at the electrochemically relevant
acidic OER potentials and pHs as the critical figure or merit
since this is an essential requirement for a viable electro-
catalyst. The screening approach is based on using ML-aided
Bayesian optimization (BO), which allowed us to dramatically
reduce the number of DFT calculations required to identify the
most promising (stable) Ir, M, O, materials.

Based on the screening, we identified Mo-doped IrOx
(IrgsMoysO,) as a promising electrocatalyst. To test the
predictions of the screening, we synthesized and characterized
Iry sMog 5O, electrocatalysts in the form of thin mixed oxide
films on heavily doped conducting Si substrates. Rigorous
electrochemical testing demonstrated that the Mo-doped Ir
oxide exhibited overpotentials that are ~30 mV lower than
pure IrO, per identical electrocatalyst surface areas while
maintaining lower Ir dissolution rates compared to the IrO,
control. In addition to (IrysMoysO,), our ML-enabled
Bayesian screening framework also identified several other
promising mixed Ir oxides, which had been previously studied,
giving additional confidence in the overall approach. The
contribution represents a comprehensive approach that
combines atomistic modeling of the material stability with
ML and Bayesian optimization to rapidly identify novel mixed
oxide compositions for OER electrocatalysis.

B RESULTS

Bayesian Optimization to Screening for Electro-
chemically Stabile Mixed Oxides. We used a BO algorithm
combined with DFT modeling, schematically shown in Figure
la, to identify electrochemically stable IrysM;;O, and
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IrysMysO; model structures.'” BO algorithms have been
used previously to accelerate the discovery of small inorganic
molecules, nanoporous materials, and catalysts.lg_21 The
central idea of the BO algorithm is to optimize a computa-
tionally expedient surrogate model instead of an expensive
function. In our case, the surrogate model is a Gaussian process
(GP) regressor”” and the expensive function evaluation is a
DEFT calculation of the ground-state energy of a material. The
BO algorithm uses an acquisition function to take both the GP
regressor prediction and uncertainty into account in order to
decide which DFT calculations to perform. The acquisition
function guides the sampling process in a quantitative manner
such that exploitation (i.e., studying predicted low-energy DFT
structures with respect to the observed data) and exploration
(i.e., studying uncertain but higher-energy DFT structures with
respect to the observed data that will improve the model) are
balanced. We investigated several acquisition functions for our
application, including expected improvement,” probability of
improvement,”* and Gaussian process lower confidence
bound.”® We found similar performance across all acquisition
functions (Figure S1) and thus proceeded with the expected
improvement acquisition function to determine which data
points should be labeled by DFT calculations.””** Further
details on the BO workflow and details on the GP model
training (e.g.,, choice of kernel and featurization scheme) are
given in the Methods section.

We considered M = Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zr, Nb,
Mo, Ru, Rh, Pd, Ag, Hf, Ta, W, Re, Ir, Pt, and Au as elements
that can be combined with Ir to form mixed oxides.
Geometries of the IrysM;sO, and IrysM,;O; data sets were
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Figure 2. Bulk electrochemical stability of IrysM;sO,. (a) Schematic showing an illustration of how a doped IrysM,sO, surface changes in each
stability region. The main text contains additional information regarding the energetic criteria for materials falling into each stability category. (b)
Map of the elements M considered as additives colored according to predicted electrochemical stability at 1.6 V vs SHE and pH = 1. Tc was not
considered as an additive because of its radioactive nature. The upper half of each box denotes the predicted stability of the Iry M, 5O, polymorphs,
and the lower half denotes the predicted stability of the Ir,sM;sO; polymorphs.

obtained by querying all crystal structures with ABC, and
ABC stoichiometries, respectively, under the assumption that
one of either the ABC, or ABCy crystal structures would be a
representative model system for each Ir and dopant metal
mixed oxide. To accomplish this task, we used the Materials
Project database and performed point-wise replacement of the
A- or B-site elements with either Ir or M and the C-site
element with O, leading to solid-solution doped mixed Ir
oxides.”® This process led to 5,944 Iry MO, and 1660
Iry M, sO; materials (polymorphs) for each dopant metal M.
Redundant systems were identified usmg a structure matching
routine in Pymatgen and removed,”” reducing the structure
space to 1014 Iry M, O, and 309 Ir, M, sO; unique materials
for each dopant metal M.

Our results suggest that the BO workflow effectively
balances exploration and exploitation of the chemical space,
as illustrated in Figure 1b, by a concrete example of identifying
the lowest energy IrysMo, O, structures. Data in Figure 1b
show the time evolution of the BO workflow, where we use the
uniform manifold approximation and projection algorithm
(UMAP),”® a nonlinear dimensionality reduction method, to
visualize the chemical space of structures studied and show the
progress of the BO workflows over time. At the beginning of
the workflow, when we have computed energies of only five
structures with DFT, the model generally performs poorly. It
predicts near-constant formation energies for all structures and
is overconfident in its predictions (corroborated by the
calibration curves in Figure $2).** This counterintuitive result
of overconfident behavior when less data is seen by the model
is likely due to the fact that both the predictions and the
uncertainty are model-derived and the model simply has not
seen enough data with five samples to predict either quantity
with a suitable resolution yet. After ~70 structures were
computed with DFT, the chemical space is well-sampled, and
the region of the chemical space where many of the low-energy
structures exist is identified but not yet heavily explored. At the
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workflow conclusion, after 139 DFT calculations, the region of
chemical space containing more low-energy structures (high-
lighted in the circled area) has been sampled much more
heavily than the high-energy regions, leading to lower
uncertainty in the low-energy region. We emphasize that
reaching convergence after studying only 139 of 1014
structures with DFT corresponds to an 87.7% reduction in
the number of geometry optimizations compared to studying
the entire space with DFT, resulting in a near order of
magnitude speedup. The Supporting Information additionally
shows the BO workflow’s progress when finding stable
Iry sMog sO; structures (Figure S3).

The most stable IrysM,sO, materials, identified using the
BO routine, were analyzed for their stability based on their
DFT energies and experimentally available ion and aqueous
species energies.”” > We focused on the OER-relevant
conditions of an applied potential of 1.65 V vs SHE and a
pH of 1 due to their proximity to the experimentally relevant
OER operating conditions. We based our classification of the
material stability, summarized in Figure 2a, on prior work from
Singh et al.’® Materials were classified into four groups based
on their decomposition free energies. We classified materials
on the convex hull (considering the aqueous Ir-M—O—H
composition space) as having stable bulk structures and stable
surfaces, materials less than 0.5 e€V/atom above the convex hull
with solid decomposition products as having metastable bulks
and metastable surfaces, materials less than 0.5 eV/atom above
the convex hull with an aqueous ion of the additive metal as a
decomposition product as having metastable bulk and unstable
surfaces, and materials >0.5 eV/atom above the convex hull or
exhibiting bulk geometries, in which not all of the metal atoms
are octahedrally coordinated (with coordination geometries
identified using the CrystalNN class in Pymatgen®”) as
unstable overall. The cutoff of 0.5 eV/atom for metastability
was based on comparing with experimental reports of 20
materials (including metal oxides) and experimental inves-
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Figure 3. Experimental performance characterization of IrMo thin-film activity and stability by cyclic voltammetry and ICP-MS. (a) Representative
current density versus voltage plot containing forward sweeps of Ir control and IrMo after electrochemical testing for 2 h. Shown in the inset are the
average overpotentials at 10 mA-cm ™2 over three independent samples, with the error bars representing the standard deviations over the samples.
(b) Current density versus voltage plot of IrMo after low-current oxidative conditioning and after 2 h of steady-state testing through
chronopotentiometry at 10 mA-cm™2 (c) Amount of metal species present in electrolyte solution as a function of time for both the Ir control and
IrMo. The error bars represent the standard deviations of the dissolution values over three independent samples.

tigations.”” The accuracy of this thermodynamic metastability
cutoff depends on the nature of the material decomposition
products (e.g., solid phases, aqueous ions, solid phases, or a
combination) and the energy barrier for decomposition.
Manual inspection of structures not exhibiting full octahedral
coordination of all metal atoms revealed the formation of
molecular oxygen within the lattice of these structures, which
we would expect to evolve and lead to structural rearrangement
and bulk instability. Any material with two aqueous dissolution
products would also be unstable, but this does not occur in this
study, as Ir is always considered. Using these stability criteria,
we classified all Iry MO, (x = 2 or 3) materials and found
five stable mixed oxide materials, four materials with
metastable bulk and metastable surfaces, 11 materials with
metastable bulk and unstable surfaces, and 26 completely
unstable materials. We summarize the results of our computa-
tional screening in Figure 2b.

The stability screening results in Figure 2b suggest several
stable or metastable mixed oxide materials. The model predicts
that under the relevant conditions, the Iry M, O, materials
containing additives of M = Co, Rh, Pd, or Os should form
metastable Ir mixed oxides, while materials containing M =
Mo, Ag, Ta, W, or Pt should be stable. Among the stable and
metastable oxides, the 3d and early transition metals mixed
with Ir are the most interesting due to their significantly
reduced cost over platinum group metal additives. The
Iry M, 5O, catalysts, where M = Co, Ta, W, or Mo, exhibit a
50% reduction in platinum group metal content and have
additive costs that are almost negligible compared to the Ir cost
(Table S1).>* We note that further reductions in catalyst cost
are likely possible by exploring more Ir-dilute oxides or post-
transition metal dopants that are earth-abundant and
frequently stable in acidic solutions at OER-relevant potentials,
but consideration of these is beyond the scope of this work.

Several mixed oxides identified in the BO screening as stable
and potentially useful have exhibited promising OER activity
and stability in prior experimental testing. For example, IrTa
mixed oxides were recently shown to exhibit improved mass
activities and turnover frequencies compared to an IrO,
control, while a thorough stability analysis yielded comparable
stability to rutile IrO, under acidic OER operating
conditions.”* Alloy nanoparticles of Rh and Ir exhibited mass
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activities higher than pure Ir nanoparticles toward OER in acid,
with no apparent decreases in OER activity after 2000 cycles.”
Ir—W nanodendrites exhibited turnover frequencies almost 2-
fold higher than a pure Ir catalyst while exhibiting improved
durability in extended electrochemical dissolution testing,*®
and mixed Ir and WOj; catalysts exhibited high Ir mass
activities while maintaining stable electrochemical performance
in 0.5 M H,SO,."” We also find several additional mixed oxide
materials that were not previously reported, such as
IrosOs0 5O, and Iry Pty 5O,

Another material of interest identified in our Bayesian ML
screening that has not been thoroughly analyzed previously is
Ir—Mo oxide. While the Bayesian optimization described
above suggests that this material should be relatively stable,
there are only a few conflicting reports on its activity and
limited work characterizing the impact of Mo doping on Ir
stability."*”~* Due to the low cost of Mo and therefore a
potential appeal of the mixed Ir, sMo, O, oxide, we rigorously
experimentally investigated its performance in acidic OER.

Experimental Characterization of Ir,sMogs0, Stabil-
ity and Activity. To test Iry;Mo, O, in acidic OER, we
fabricated films of mixed Ir and Mo approximately 10 nm in
total thickness by using direct current magnetron sputtering on
degenerately doped p*-Si. Degenerately doped p-type silicon or
p*-Si contains an abundance of holes for completing OER. We
used a p*-Si substrate to provide an atomically planar polished
substrate for magnetron sputtering metal thin films. We refer
to this sample as IrMo. We also fabricated a pure Ir film of 10
nm thickness on degenerately doped p*-Si to use as a control
in the OER measurements. The Methods section includes
additional details regarding the synthesis methodology.

The IrMo and Ir samples were preoxidized electrochemically
in a 10 min long chronopotentiometric hold at 1 mA-cm™ in
0.5 M perchloric acid. The inductively coupled plasma mass
spectrometry (ICP-MS) data in Figure S4 suggest that for both
samples, no detectable amount of metal leaches into the
solution within the conditioning period. The data in Figure S5
show that there is no obvious metal contamination in IrMo
across a wide range of binding energies and near-equal atomic
compositions of Ir and Mo. The data in Figures S6—S8 show
X-ray photoelectron spectroscopy (XPS), demonstrating that
the surface is oxidized after electrochemical conditioning.
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Figure 4. Micrographic and spectroscopic characterization of synthesized IrMo thin films. Energy-dispersive X-ray spectroscopy elemental
mappings of (a) Si, (b) Ir, and (c) Mo for the pristine sample, and overlays of the three for both the (d) pristine and (e) tested (30 min of
chronopotentiometry at 10 mA-cm™) IrMo samples. Dark-field TEM images of both the (d) pristine and (e) tested (30 min of
chronopotentiometry at 10 mA-cm™>) IrMo samples. All scale bars in panels (a—g) are 10 nm in size. XPS spectra of (h) Ir 4f and (i) Mo 3d are
shown for the pristine samples and samples after 2 h of chronopotentiometry at 10 mA-cm 2 The scattered points indicate the raw data, and the
overall fitting envelope is indicated by a black line. For each oxidation state, color indicates the combined spin—orbit split components.

The electrocatalytic OER performance of the conditioned Ir chronopotentiometry testing. The data show that the CV
and IrMo samples was tested in 0.5 M perchloric acid. We used curves are nearly identical for the fresh and tested samples,
cyclic voltammetry to determine the onset potentials defined as with an overlaid onset potential and CV slope. This
the potential at which a 10 mA-cm™ current was achieved. The performance stability indicates that the electrocatalytic activity
samples were scanned from ~1.0 to 1.65 V vs RHE at a sweep of the IrMo samples does not degrade after 2 h of the steady-
rate of 100 mV-s™". The data in Figure 3a show the average state operation. The cyclic voltammetry results for the IrMo
resulting cyclic voltammograms upon repeating this electro- sample largely mirror those for the Ir control sample (Figure
chemical testing over three different samples. The average $10), which also remains highly active after two h of testing.
onset potential of the Ir sample was 1.621 + 0.001 V vs RHE The stress tests discussed above showed that the electro-
(corresponding to an overpotential of 391 mV), whereas the chemical performance of the two samples is stable. It must be
average onset potential of the IrMo sample was 1.589 + 0.004 noted, however, that this is not a sufficient indication of the
V vs RHE (corresponding to an overpotential of 359 mV). The inherent stability of the two electrocatalysts under OER
measurements show an improvement of 32 + 3 mV in conditions since it is in principle possible to maintain a high
measured overpotential for IrMo compared to Ir. activity even if there is a degree of metal leaching into the

In addition to electrochemical activity measurements, the electrolyte solution. We used ICP-MS to probe the dissolution
stability of both systems over time was studied by performing behavior of the thin-film electrocatalysts during chronopoten-
steady-state stress testing. In these chronopotentiometry tiometric stress testing. Aliquots of electrolytes were taken S,
measurements, following a standard protocol for the long- 15, 30, 60, and 120 min into the chronopotentiometry stress
term stress testing of OER electrocatalysts, the electrocatalysts test experiment and evaluated for trace metal content using
were held at 10 mA-cm™ for an extended period of time.’ ICP-MS.

Figure S9 shows the data for the chronopotentiometry scans. The data in Figure 3c show the amount of metal leached by
Data in Figure 3b show the overlay of the I-V performance of both the Ir and IrMo samples over time. The data show that Ir
the IrMo electrocatalysts before and after two h of the is leaching from the Ir control sample at a higher rate
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Figure 5. Computational characterization of IrysMo, 5O, stability and activity. (a) Bulk Pourbaix diagram showing the thermodynamically stable
phases of the Ir—Mo—H,O system as a function of pH and applied potential relative to the standard hydrogen electrode (SHE). The dashed red
line indicates the equilibrium potential of the OER (1.23 vs RHE). We show all species used to construct the Pourbaix diagram in Table S3. (b)
Calculated aqueous decomposition free energies of Iry Mo, 5O, as a function of the applied potential at pH = 1. The dotted line shows the
decomposition free energy of IrO, and the corresponding molybdenum oxide phase (MoO, or MoO; based on color), whereas the dashed line
indicates the decomposition free energy of mixed Ir and Mo phases. The color panel on the left indicates the thermodynamically lowest-in-energy
phase over each potential window. The color paneling on the right shows the lowest-in-energy mixed Ir and Mo phases over each potential window.
(c) The bulk IrMo, Iry sMo, sO,, and Iry sMo, sO; structures that correspond to the lowest-in-energy mixed Ir and Mo phases in (b). We identified
these structures in our BO workflow. The Iry Mo, sO, structure is isomorphic to a TiWO, polymorph corresponding to Materials Project entry
mp-753512, and the IrysMogsO; structure is isomorphic to a NaSbF, polymorph corresponding to Materials Project entry mp-1200829. (d)
Calculated OER overpotentials of several Iry sM;sO, and IrgsM,O; surfaces are shown as a function of the adsorption free energy difference
between *O and *OH and compared to select pure oxides. The black line indicates the universal OER volcano, constructed using adsorbate linear
scaling relationships and given by #°%* = max[(AGy — AGoy), 32 €V — (AGy — AGoy)l/e — 1.23.** Further details regarding surface
calculations are given in the Methods section.

compared to that of the IrMo samples. On the other hand, the these conditions. If we add to this the above-discussed fact the
total rate of metal (Ir + Mo) leaching from the IrMo sample is inherent IrMo activity is higher than the activity of Ir, the
slightly higher than the leaching of Ir from the Ir control analysis suggests that the productivity of IrMo mixed oxide
sample. It is important to note that the rate of leaching of Ir electrocatalysts, defined as an inherent reaction rate per Ir
and Mo from the mixed alloy sample is similar to that of each divided by the rate of leaching of Ir atoms, is significantly larger
other, so the composition of Ir and Mo in IrMo remains near than the Ir electrocatalyst.
the initial 50/50 throughout. The observation that the rate of We also performed scanning transmission electron micros-
Ir leaching in IrMo is lower than the rate of Ir leaching in the Ir copy (STEM) and elemental analysis by energy-dispersive X-
sample is consequential since Ir is much more costly than Mo, ray spectroscopy (EDX) on cross sections of the IrMo samples,
and therefore, based on the materials’ cost, it is in principle as shown in Figure 4a—g. The cross-sectional images in Figure
equally costly to synthesize twice as much of the IrMo catalysts 4a—c show individual elemental scans of the Si, Ir, and Mo
relative to the Ir catalyst. If we account for the rate of Ir atoms in the preoxidized IrMo, and Figure 4d shows an overlay
leaching and normalize this with respect to the cost of the of the elemental scans from Figure 4a—c. The EDX results in
electrocatalyst, the IrMo mixed oxide would last longer under Figure 4a—d show that the IrMo sample consists of a highly
5516 https://doi.org/10.1021/jacs.3¢13491
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uniform planar film of well-mixed Ir and Mo of 11.6 nm
thickness. Figure 4e shows an elemental overlay of the IrMo
sample after 30 min of steady-state testing at 10 mA-cm™> The
elemental mapping in Figure 4e suggests that Ir and Mo
remain well-mixed throughout the film after steady-state
testing. Images in Figure 4f,g show dark-field TEM scans of
IrMo before and after 30 min of the steady-state testing,
respectively. The micrographs suggest that the IrMo sample
slightly roughens upon electrochemical testing, with small
valleys appearing in the post-testing electron micrograph in
Figure 4g. Nonetheless, these films appear to be smooth on
atomistic scales with the surface maintaining a planar structure
with no significant defects, as evidenced by a coarse-grained
electron micrograph taken at the 50 nm scale, as shown in
Figure S11.

We further characterized the Iry Mo, O, thin-film electro-
catalysts before and after testing using XPS. Figure 4h—i shows
the XPS spectra of the Ir 4f and Mo 3d core-level shifts of a
pristine, as-deposited IrMo sample (exposed to the atmosphere
for a short period during the transport to the XPS facility), and
an IrMo sample after 2 h of chronopotentiometry at 10 mA-
cm™2 Table S2 contains the fitting parameters used to
deconvolute the XPS spectra. The Ir 4f core-level XPS
spectrum of the as-deposited sample in Figure 4h suggests
that Ir is initially primarily in the metallic state with a small
amount of Ir* present. The 4+ oxidation state presumably
develops on the film’s surface during exposure to atmospheric
air. The data in Figure 4h also show that after the conditioning
and electrochemical testing, a large fraction of Ir atoms
changes from the metallic to the oxidized state, indicating that
there is a significant oxidation of the sample under reaction
conditions. The Mo 3d spectrum in Figure 4i of IrMo before
electrochemical testing shows intense peaks at 227.4 and 230.7
eV, which are indicative of metallic Mo, and also peaks at 227.9
and 231.7 eV, which are indicative of Mo**, as well as peaks at
228.7 and 233.8 €V, which are indicative of Mo®". Like the Ir 4f
signal, the post-testing Mo 3d spectrum suggests that a large
fraction of Mo atoms are oxidized under OER reaction
conditions. The XPS spectra and cross-sectional TEM images
for the monometallic Ir control samples are shown in Figures
S6 and S12.

Computational Characterization of Iry;Mo, 0,
Stability and Activity. While, as described above, the IrMo
thin-film electrocatalysts showed stable OER performance for
the extended time, the ICP and electron microscopy
measurements showed that there was some degradation of
the alloy material. To analyze the potential pathways for the
observed degradation, we performed additional computational
characterization to gain further insight into the electrochemical
stability and activity of the IrMo catalysts. In these studies, we
computed a Pourbaix diagram of the Ir—Mo bond using a
more computationally expensive SCAN functional. The SCAN
functional has been argued to show some improvements in the
agreement between computational Pourbaix diagrams and
experimental data.*' The computed Pourbaix diagram is shown
in Figure Sa with the data used to construct the diagram
reported in Table S3. The SCAN Pourbaix diagram suggests
that neither Iry;MoysO, nor IrjsMoysO; are the most
thermodynamically stable phases at any OER-relevant
operating conditions.

Since the Pourbaix diagram shows only the thermodynami-
cally most stable phases, we cannot rule out potential
metastability based on the diagram data. We used the SCAN

5517

functional to evaluate the Pourbaix decomposition free
energies of the mixed IrysMo, O, phases (Figure Sb) as a
function of applied potential and at a fixed pH of 1. The data
show that between 0.0 and 0.75 V vs SHE, the metallic mixed
IrMo is thermodynamically the most stable phase. At higher
potentials, as the oxidation starts taking place, the segregated
IrO, and MoO, phases are thermodynamically stable. It is
important to realize that these segregated oxide phases are not
substantially more stable than the mixed oxide phases. For
example, the data show that between 0.75 and 1.25 V vs SHE,
the metastable mixed Iry Mo, O, phase is between 0.01 and
0.12 eV/atom less stable compared to the most stable
segregated iridium oxide and molybdenum oxide phases,
suggesting that it is reasonable to assume that this mixed oxide
phase can be kinetically trapped. The data show that at more
oxidizing potentials, IrysMoysO; becomes more stable than
IrysMoysO,. At very high oxidizing potentials (>1.75 V vs
SHE), leaching of IrO," into the solution becomes
thermodynamically preferred. Ultimately, the data suggest a
relatively low thermodynamic driving force toward the
decomposition of the mixed Iry Mo, O; phase (structure IX
in Figure Sc) at OER-relevant potentials (>1.23 V vs SHE) and
pH =1

Since we use the fabrication strategy that initially results in
mixed oxide materials, it is useful to explore how this approach
might affect the persistence of the mixed oxide phases under
experimental conditions. Work from Sun et al. proposes the
concept of remnant metastability, which suggests that
observable metastable crystalline phases are generally remnants
of thermodynamic conditions, where they were once the
lowest free-energy phase and that kinetic limitations are likely
to inhibit phase transformation.”” Although no IrysMoy O,
polymorph is on the convex hull in the SCAN Pourbaix
diagram, the IrMo phase is predicted as stable at reducing
potentials, and this is the phase that we initially synthesized.
The concept of remnant metastability suggests that the
preferential stabilization of a mixed IrysMo,sO, material
rather than separate IrO, and MoO, or MoOj; phases is
plausible.

We note that the phases predicted to be stable for
Iry sMoy O, at pH 1 from Bayesian optimization are
shown in Figure Sc. Both IrysMoysO, and IrysMogsO;
structures exhibit fully octahedral local coordination environ-
ments, which is generally found to be the most common
coordination environment for both Ir- and Mo-containing
structures.*

Since the IrMo material showed higher activity than Ir oxide
toward the OER, we used DFT to calculate theoretical
overpotentials on various IrysMoysO, and IrysMog O,
surfaces. Several prior studies have investigated the OER
mechanism on Ir oxides in acid. While there have been some
proposals involving the participation of lattice oxygen," ™"’
recent experiments that used online electrochemical mass
spectrometry to monitor the OER on isotopically labeled IrO,
in acid suggested that oxygen formation via the participation of
lattice oxygen accounts for several orders of magnitude less
oxygen formation than oxygen formation via an adsorbate
evolution mechanism.*® Therefore, we considered the
adsorbate evolution OER mechanism that consists of four
consecutive proton and electron transfer steps and proceeds
through the *OH, *O, and *OOH adsorbates.*”*° We studied
the (001), (110), (013), and (103) surfaces for Iry Moy O,
and the (002), (220), and (420) surfaces for Iry Mo, O;.
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These surfaces were selected as their Miller indices exhibited
the highest intensity diffraction peaks in simulated X-ray
diffraction patterns (Figure S13). For all surfaces, we
considered Ir metal centers octahedrally coordinated by O to
be the active site. We selected this active site model based on
the low predicted activity of MoO, and the fact that Ir atoms
octahedrally coordinated by O are a well-known structural
motif for Ir-based OER electrocatalysis.”’ Additional details
regarding our calculation methodology are given in the
Methods section. We give all computed reaction free energies
in Table S4. In the adsorbate evolution mechanism, it is argued
that the overpotential is governed by the adsorption free
energy difference between *O and *OH on the active site, and
therefore, it can be approximated by computing the difference
in these absorption energies.”” We computed these differences,
and the results of these calculations are summarized in Figure
5d.

The data in Figure 5d suggest that both the Iry sMo, sO, and
Iry sMo, sO; surfaces should exhibit competitive activities with
their pure IrO, counterparts. The activity improvements may
result from the electronic modification of surface O species,
such that they have higher-in-energy 2p states (Figures S14
and S15), which prior work has shown to correlate with the
adsorption free energy difference between *O and *OH.>* We
also calculated theoretical overpotentials for a proposed
mechanism that includes the participation of lattice oxygen
on select surfaces of IrysMoysO, and IryMoysO; and
compared them to IrO, and IrO; with results shown in
Figure S16. We found that the overpotential decreases
moderately for IrysMogysO, materials compared to IrO,
materials for the lattice oxygen mechanism.*>*°

In summary, the computational characterization presented
in Figure S corroborates our experimental characterization,
showing that IrMo is a promising catalyst for the OER in acidic
media. Our Pourbaix analysis predicted that Iry;sMog ;O3
should have a low thermodynamic driving force toward
decomposition at OER-relevant conditions, with plausible
remnant metastability due to IrMo being a thermodynamically
stable phase at low applied potentials, rationalizing the
competitive stability observed experimentally. We also show
that several Iry Mo, O, model surfaces exhibit activities that
are at least comparable to, and in many cases superior to, their
pure IrO, counterparts, rationalizing our improved exper-
imentally observed activities.

B CONCLUSIONS

In this work, we used BO to significantly accelerate a
computational screening of the transition metal series for
Iry <M, 5O, structural motifs that are stable under the corrosive
oxidative potentials and low pHs present during the OER in
acidic media. After our computational screening identified
IrysMoy O, motifs as a potentially stable OER catalyst, we
synthesized Iry Mo, O, thin films on p*-Si substrates, which
demonstrated overpotentials 32 + 3 mV lower than a pure
IrO, control when tested in acidic conditions. Experimental
characterization of IrMo samples via ICP-MS, STEM, EDX,
XPS, and steady-state electrochemical measurements revealed
a 24% reduction in Ir leaching compared to a pure Ir sample
and that IrMo samples can withstand the OER reaction
conditions with minimal changes to surface topography and no
reduction in onset potential. Importantly, Mo remains mixed
well with Ir throughout testing. These results also provide
evidence for the robustness and accuracy of our current
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theoretical understanding of the OER catalysts and provide a
path for DFT- and ML-aided catalyst discovery.

B METHODS

Bulk DFT Modeling of dDoped Ir Oxide Materials. The
Vienna Ab initio Simulation Package (VASP) was used to perform all
Kohn—Sham DFT calculations of IrysM,sO, materials.”>~>¢ Calcu-
lation settings were selected to be consistent with the total energy
calculation methodology in the Materials Project.”” Electron—ion
interactions were described by the projector augmented wave method
with a plane-wave kinetic-energy cutoff of 520 eV. Spin polarization
was used for all calculations, with magnetic ions initiated in high-spin
ferromagnetic states (i.e, MAGMOM = S). Brillouin zone integration
used a k-point mesh containing a total number of k-points equivalent
to 64 times the volume of the reciprocal lattice (distributed
proportionately along each lattice vector inversely proportional to
their length) for all computations. The k-points were selected using
the Monkhorst—Pack method and were I'-centered for hexagonal
cells.>® Blochl's tetrahedron method was used for k-point integra-
tion.”” Hubbard U corrections were used for Iry ;M 50,, in which M
=V, Cr, Mn, Fe, Co, Ni, Mo, W, with the U values given by the
Materials Project.”®*” Electron exchange and correlation were
approximated by the Perdew—Burke—Ernzerhof functional during
the stability screening process””®’ and by the meta-GGA SCAN
functional when constructing the SCAN Pourbaix diagram.®”

Our geometry relaxation strategy was informed by the work of
Flores et al.'” We first performed a relaxation of the unit cell shape
and volume with fixed atom positions (ISIF = 6) to account for the
initial geometries that were far from convergence. We next performed
four relaxations in which all degrees of freedom, including atom
positions, cell shape, and cell volume, were relaxed (ISIF = 3). We
performed multiple relaxations to minimize the well-known basis
errors associated with changing the unit cell size. Finally, we
performed a single-point calculation to obtain the final electronic
energy. All structures studied are available on the NOMAD repository
at DOIL: 10.17172/NOMAD/2024.01.25-1.

Bayesian Optimization Workflow. We used Gaussian process
(GP) regression as the surrogate model in our Bayesian optimization
workflow. The kernel used was a linear combination of radial basis
function kernels

s

where [7 is an anisotropic length factor that determines how far the
GP model can extrapolate from the training data. We initialized s, = [,
=lands, = I, = 0.5, but ultimately, these parameters are learned from
the training data. We selected this kernel because a similar kernel was
previously used to describe both long- and short-range feature
similarities in metal oxides and showed promising predictive
performance.'”

GP models were built using Scikit-learn®® and learned using a
Voronoi tessellation-based fingerprinting routine.”* This finger-
printing scheme produced a feature vector containing 271 features
that encoded both geometric and chemical information on the
Iry sMy 5O, structures. We removed features with zero variance and
then performed dimensionality reduction using principal component
analysis to compress the data set to three features.”> Three principal
component features retained more than 99% of the variance in the
original 271-length feature set (Figure S17), suggesting that a
significant fraction of the original features contain redundant
information, likely due to the fixed compositions and recurrent
structural motifs present in the IrysM,;O, material data. The three
principal component features are not interpretable because they are a
linear combination of all of the remaining features. However,
dimensionality reduction via principal component analysis led to
speed improvements in the performance of the BO routine by
reducing the dimensionality of the optimization space by nearly 2
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orders of magnitude. In Figure 1, UMAP was applied to the original
271-length fingerprint.

We evaluated several acquisition functions (Figure S1) but
ultimately opted to proceed with the acgluisition function from the
efficient global optimization algorithm,” which balances between
exploration and exploitation by evaluating the expected improvement
(EI) acquisition function and choosing the candidates with the largest
EL The EI was calculated as follows
= WG, —m/s) +sp(G, —w)/s)

min min

-
v = (7 min

where 3%, is the minimum energy value in the training data, y and s
are the mean energy value and standard deviation from the GP model
predicted energy value, and ®(-) and ¢(-) are the normal probability
density and cumulative distribution functions, respectively.

Bayesian optimization workflows were initialized by selecting five
Iry sMy 5O, polymorphs randomly and performing DFT-based
geometry optimizations. These five polymorphs were used to train a
GP model, which then selected the polymorph with the largest EI
The geometry of this polymorph was optimized by DFT, and then,
the GP model was retrained with this polymorph added to the
training set. This process was performed iteratively until at least 50
materials were studied and the EI was <1% of the lowest energy
structure identified, which is a convergence (stopping) criterion that
has been used previously.”> Empirical testing of our BO workflows in
Figure S1 shows that this convergence criterion is more than
sufficient, considering that the lowest energy structure is typically
found in ~40 iterations. Example BO scripts are made available on
GitHub at https://github.com/jesterhui/bayesian_optimization_
iridium_molybdenum_oxide/tree/main.

Pourbaix Diagram Construction. We constructed Pourbaix
diagrams using the Pourbaix diagram module implemented in the
Pymatgen library.””**7>" This module identifies the Pourbaix stable
domains by enumerating and comparing all potential combinations of
compounds that satisfy a prespecified compositional constraint (e.g.
Ir/Mo = 1:1) when in thermodynamic equilibrium with water. The
equilibrium redox reaction can be expressed as

[reactants] + H,O < [products] + mH* + ne”

At equilibrium, the Nernst equation can be used to modify the
reaction free energy (ArG) for all of these potential combinations of
compounds as a function of applied potential (E) and pH using the
following equation

—nFE=AG=AG + 2.303-RT-log(@] — 2303-m-RT-pH
ar

where T is the temperature, F is the Faraday constant, R is the ideal
gas constant, n is the number of electrons, m is the number of protons,
a; is an activity coefficient (where i = {R, P} denotes reactants and
products, respectively), and pH is —log(ay’). Identifying the species
that minimize the difference between the contributions from the cell
potential and the reaction Gibbs free energy (i.e, A,G + nFE) over
the potential and pH values of interest then yields the Pourbaix
diagram.

During the screening process, the chemical potentials of the
reference solids were obtained from the Materials Project database.”®
We expressed the chemical potentials of the materials in the SCAN
Pourbaix diagram in Figure 5 under standard conditions, x°, in the
same manner as Wang et al.*' Specifically, we used the equation

p=H — TS = Eppr + Egpg + 6H — TS

where Eppy is the DFT-calculated total energy, E;py is the zero-point
energy, 6H is the integrated heat capacity (integrated from 0 to
298.15 K), and TS° is the entropic contribution at standard
conditions. For gas-phase O and H, the elemental references,
respectively, corresponding to entries mp-1087546 and mp-1181189
in the Materials Project were used.*® Gas-phase entropies for O and H
were collected from the NIST-JANAF experimental thermodynamic
tables.”® Entropic contributions for solid-state materials were
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neglected because of their small size compared with gas-phase
entropies. Energetic contributions from E,pg were omitted for both
solid- and gas-phase species due to the assumption that different
species have similar energetic contributions that largely cancel out in
reaction energies, and 6H was neglected because 0H is typically less
than 0.03 eV/atom.®”®

In constructing the SCAN-based Pourbaix diagrams, the chemical
potentials of aqueous species, uf,, were obtained by correcting
experimental values, ﬂ?on,exp’ in a methodology consistent with what is
used by the Materials Project.”® Specifically, the experimental data
were corrected using a solid—solid correction, Apijiq_solia- The
correction was calculated as the energy difference between the
experimental chemical potential and the DFT-calculated chemical
potential of the reference solid.

ﬂign = llign,exp + A/'lsolid—solid

The rationale behind this correction is that using a chemical potential
for an aqueous ion that reproduces the correct dissolution energy for
one solid ensures that other solids also dissolve accurately with
respect to that ion’s chemical potential. We used Ir (mp-101) and
MoO; (mp-18856) as the reference solids. Experimental reference
aqueous ion energies were taken from Pourbaix,"* and experimental
reference solid energies were taken from Barin and Platzki.®~""”!

Evaluating OER Activities with Surface Thermodynamics.
We created model surfaces of IrysMoysO, and IrysMo,sO; by
cleaving flat oxygen-terminated surfaces along the Miller indices with
the highest intensity diffraction peaks based on simulated X-ray
patterns (Figure S13). Slabs were constructed to be at least 10 A thick
in the z-direction, with at least 15 A vacuum separating the surface
from the slab’s periodic image. Similar to the bulk calculations, VASP
was used to perform all surface calculations.”>™*° We used the PBE
functional to describe electron exchange and correlation,*”®" and the
projector augmented wave method to describe electron—ion
interactions. A plane-wave kinetic-energy cutoff of 400 eV was
selected, and a 6 X 6 X 1 Monkhorst—Pack k-point grid was used for
the Brillouin zone integration.>®

For all surfaces, the topmost surface layer of metal atoms in a slab
and all of their coordinated oxygen atoms were optimized by
conjugate gradient geometry optimization, while the remainder of the
slab was fixed at the bulk lattice constant. Geometry optimizations
were stopped once the maximum forces on all atoms in each system
were less than 0.03 eV/A. Collinear spin polarization was used for all
surfaces. Hubbard U corrections were used for Mo species in
Iry sMog 5O, with a U value of 4.38 eV from the Materials Project.%’59
We calculated reaction free energies using H,O and O, references
corresponding to Materials Project entries mp-697111 and mp-12957,
respectively. Zero-point energies and entropic contributions for all
species were obtained from a previous study.”” The H, reference was
selected to reproduce the experimentally measured formation free
energy of water at standard conditions, which is 2.46 eV/H,0.%
Solvent effects were neglected in the present work, but we note that
prior work showed that the energetics of the OER reaction pathway
remained relatively unchanged with the inclusion of explicit solvent.”

Preparation of IrO, and Ir, sMo, 50, Thin Films. Boron-doped
(p-type, resistivity 0.001—0.005 Q-cm™', (100)-oriented, 525 um
thick) Si wafers purchased from Addison Engineering were used as
substrates for catalyst (either Ir or IrMo) deposition. Wafers were
cleaned in Nanostrip, a commercial piranha solution, for 15 min.
Native silicon oxide was removed by placing the wafers in a solution
of buffered hydrofluoric acid for 2 min. The samples were then dried
and placed under vacuum.

Thin films of the catalyst were deposited on the Si substrate using a
loadlocked magnetron sputter tool from Kurt J. Lesker Company. The
IrMo catalyst was created through codepositing Ir and Mo with the
following recipe: An Ir shutter source was deposited at 150 W at a rate
of 1.23 A-s™!, and Mo was deposited at 173 W at a rate of 1.23 A-s™".
For the Ir control, 10 nm of Ir was deposited at 100 W at a rate of
1.19 A-s7!. The catalyst wafers were then hand-diced into 12 mm X
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12 mm samples using a diamond scribe and LatticeGear clean break
pliers.

Material Characterization. Cross-sectional STEM samples were
prepared using focused ion-beam milling on a Thermo Fisher Nova
200 Nanolab. STEM images and EDS spectra were obtained on a
Thermo Fisher Talos F200X G2 using a double tilt holder. All
samples were aligned to the silicon crystal lattice to ensure a
perpendicular view of the cross section. XPS spectra were obtained
using a Kratos Axis Ultra XPS with an emission current of 10 mA and
a voltage of 12 mV. The C 1s peaks were aligned to 284.8 eV, and
CasaXPS software was used for all peak fittings.

Inductively coupled plasma mass spectroscopy (ICP-MS) was used
to obtain trace metal content of Ir and Mo in solution at different
stages of testing. Electrolyte solutions were processed using a
PerkinElmer Nexion 2000 ICP-MS. We made S mL calibration
curves using ICP-grade stock solutions from Ricca Chemicals (Ir) and
SPEX CertiPrep (Mo). ICP-MS was calibrated using a Bismuth
internal standard, and the resulting calibration curves had an r* value
of greater than 0.99.

Electrochemical Measurements. The 12 mm X 12 mm catalyst
samples were housed in a 3D printed electrode with an aperture area
of 0.4591 cm?, which ensured that a constant area was exposed to the
electrolyte across samples. The backs of the samples were scratched
with a diamond scribe, and a small amount of indium—gallium
eutectic paint (99.99%) was adhered to the scratched area to ensure
an Ohmic contact. The back contact was placed against a copper
plate. A solution of 0.1 M perchloric acid was prepared for
electrochemical testing using 70 wt % perchloric acid (Sigma-Aldrich,
99.999% trace metals basis) with a pH of 1. The reference electrode
was a silver/silver chloride electrode (Ag/AgCl, Pine, FODR-0021),
and the counter electrode was a Pt wire. The reference electrode was
calibrated to the reversible hydrogen electrode (RHE) in a H,-
saturated electrolyte.

We used a standardized electrochemical procedure across all
samples. First, the samples were swept by using cyclic voltammetry to
obtain their overpotentials. The samples were then held at a low
current of 1 mA-cm™ using chronopotentiometry to convert the Ir
bulk metal to an Ir oxide phase for higher stability. Additional details
can be found in Supplementary Note 2 and Figures S6 and S7, which
gives the XPS spectra of Ir and IrMo after oxidative conditioning.
Cyclic voltammetry was performed again, and then, steady-state
measurements at 10 mA-cm > were gathered for two hours in intervals
of 5, 15, 30, 60, and 120 min. CV measurements were obtained after
steady-state testing, and resistance measurements were taken using
electrochemical impedance spectroscopy after preliminary testing,
oxidative conditioning, and steady-state testing. All CV measurements
presented have been iR-corrected using solution resistance gathered
from EIS measurements.
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