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Abstract

Ru-based oxygen evolution reaction (OER) catalysts show significant promise for

efficient water electrolysis, but rapid degradation poses a major challenge for commer-

cial applications. In this work, we explore several Ru-based pyrochlores (A2Ru2O7, A

= Y, Nd, Gd, Bi) as OER catalysts and demonstrate improved activity and stability of

catalytic Ru sites relative to RuO2. Furthermore, we combine complementary experi-

mental and theoretical analysis to understand how the A-site element impacts activity

and stability under acidic OER conditions. Amongst the A2Ru2O7 studied herein, we

find that a longer Ru-O bond and a weaker interaction of the Ru 4d and O 2p orbitals

compared to RuO2 results in enhanced initial activity. We observe that the OER ac-

tivity of the catalysts changes over time and is accompanied by both A-site and Ru

dissolution at different relative rates depending on the identity of the A-site. Pourbaix

diagrams constructed using density functional theory (DFT) calculations reveal a driv-

ing force for this experimentally observed dissolution, indicating that all compositions

studied herein are thermodynamically unstable in acidic OER conditions. Theoretical

activity predictions show consistent trends between A-site cation leaching and OER

activity. These trends coupled with Bader charge analysis suggest that dissolution

exposes highly oxidized Ru sites that exhibit enhanced activity. Overall, using the

stability number (molO2 evolved/molRu dissolved) as a comparative metric, the A2Ru2O7

materials studied in this work show substantially greater stability than a standard

RuO2 and commensurate stability to some Ir mixed metal oxides. The insights de-

scribed herein provide a path to further enhance Ru catalyst activity and durability,

ultimately improving the efficiency of water electrolyzers.

Keywords

water splitting, oxygen evolution, ruthenium, pyrochlore, theoretical Pourbaix stability, dis-

solution, activity descriptors
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Introduction

Seasonal variation in wind and solar power production creates an urgent need for long-term

and terawatt (TW)-scale energy storage.1 One promising solution is to store renewable en-

ergy in the form of hydrogen produced via water electrolysis. Specifically, proton exchange

membrane (PEM) electrolyzers can achieve high current densities with a compact design

and fast responses to dynamic power supply, making them attractive for TW-scale energy

storage. However, substantial operating costs resulting from inefficient catalysts impede

widespread adoption of this technology.2,3 In particular, the anode catalyst requires a large

overpotential to overcome sluggish kinetics for the oxygen evolution reaction (OER). This

highly oxidizing voltage coupled with the acidic nature of the PEM creates a corrosive envi-

ronment that is particularly detrimental to the stability of the OER catalyst.4 As a result,

very few OER catalyst candidates are both active and stable under the harsh, acidic, ox-

idizing conditions relevant for reliable operation of PEM electrolyzers.5 The lack of active

and stable catalysts under these conditions presents a great scientific and technological chal-

lenge that must be overcome to improve the economic viability of PEM electrolyzers for

industrial-scale renewable hydrogen production.6

Researchers have evaluated both non-precious and precious metal oxides for PEM OER

catalysis. While a few non-precious metal catalysts have demonstrated some stability and

activity in acidic electrolyte, the activity of these catalysts does not rival that of precious

metals.7,8 Indeed, IrOx remains the state-of-the-art catalyst for the OER owing to its ability

to maintain relatively high activity with minimal degradation.5 Other precious metals, such

as Ru, demonstrate greater intrinsic activity relative to Ir, but they suffer from greater

dissolution during OER.9 One strategy to reduce operating costs of PEM electrolyzers is to

improve the stability of Ru-based catalysts by using mixed metal oxide compositions.

Mixed metal oxides of varying crystal structures, such as pyrochlores (A2B2O7) and per-

ovskites (ABO3), have shown promising enhancements for acidic OER activity and stability

beyond that of pure precious metal oxides.10–19 In these mixed metal oxides (ABxOy), the
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A-site is a non-precious metal while the B-site is typically an active precious metal like Ir

or Ru. The A-site and B-site elements must have compatible ionic radii to form the desired

crystal structure, restricting the number of possible compositions.20

Studies have shown that varying the A-site element in ABxOy (B = Ir, Ru) can tune

OER performance;10–12 however, the explanation for enhanced activity remains unclear. It

is widely accepted that the precious metal B-site rather than the A-site element in these

structures are active for OER.13,19 Activity enhancements of A2B2O7 and ABO3 (B = Ir, Ru)

over RuOx or IrOx have been attributed to a multitude of factors: changing the B-O-B bond

angle11 or lattice parameter,12 hybridizing B-site d states with O 2p states,11,16,21 shifting

the d-band center,22 and dissolving the A-site to form an amorphous BOx structure during

catalysis.10,13 From a theoretical perspective in particular, previous reports have linked the

electronic structure of pyrochlores to their experimentally observed OER activity.16,17 The

field would benefit from a more comprehensive understanding of the catalytic activity of

these systems from a mechanistic perspective via OER intermediate adsorption energetics,

and greater theoretical insight into the origin of enhanced performance of pyrochlores would

advance the field.

Furthermore, the stability of these materials under acidic OER conditions, and specifically

the extent of A- and B-site dissolution, varies widely across studies, which may arise from

non-standardized electrochemical methods used to assess catalyst stability. In some reports,

no A-site dissolution is reported or detected,11 while in others significant amounts of A-site

dissolution (in some cases >50%) is detected.10,12,13,16–18 Interestingly, B-site dissolution is

either not reported or detected for most Ir-based mixed metal oxide catalysts,10–13 while

B-site dissolution is detected for Ru-based mixed metal oxides.12,17,18,23 Collectively, the

wide range of reported stability results indicates a gap in fundamental understanding of

the thermodynamic and kinetic driving forces that govern dissolution of ABxOy (B = Ir,

Ru) materials in acid during OER catalysis. Further, few reports discuss how dissolution

processes may influence activity or translate measured dissolution results into a metric that
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can be compared across catalyst materials.

In this work, we combine experimental techniques and theoretical models to study the

influence of the A-site element on the OER activity and stability in acidic electrolyte of

several Ru-based pyrochlores (A2Ru2O7, A = Y, Nd, Gd, Bi). We selected this unique set

of A-site elements to form A2Ru2O7 phases with varying physical and electronic properties

such that we could investigate a wide range of both structural and electronic impacts on

OER activity and stability. First, we synthesize highly crystalline Ru pyrochlore powders

and characterize them to determine their composition and morphology. Then, we compare

their experimental OER activity and stability to a commercial RuO2 standard to observe

the influences of composition and structure on performance. Finally, we build on these

findings using theoretical insights from Pourbaix analysis and DFT-predicted OER activity

trends resulting from A-site leaching. Our experimental and theoretical results highlight

the inherent relationship between activity and stability in these systems and reflect the

importance of monitoring catalyst dissolution while measuring OER performance.

Experimental Methods

Materials. All chemicals and materials were used as received. Yttrium nitrate hydrate

(Y(NO3)3 · xH2O, 99.9%, Spectrum Chemicals), bismuth nitrate pentahydrate

(Bi(NO3)3 · 5 H2O, 99.99%, Acros Organics), gadolinium nitrate hydrate (Gd(NO3)3 · xH2O,

99.99%, Alfa Aesar), neodymium nitrate hydrate (Nd(NO3)3 · xH2O, 99.99%, Alfa Aesar),

and ruthenium nitrosyl nitrate solution (RuNO(NO3)3, 1.5% Ru in dilute nitric acid, Strem

Chemicals) were used as catalyst precursors. Ruthenium oxide (RuO2, 99.9%, Aldrich) was

used as a standard for comparison. Citric acid (C6H8O7, crystalline, 99.5%, Alfa Aesar) was

used as a chelating agent during catalyst synthesis. Vulcan carbon (Vulcan XC 72, Fuel Cell

Store) was used as the catalyst support during electrochemical testing. IPA (99.99%, HPLC

grade, Fisher Chemical) was used as the catalyst ink solvent, and Nafion perfluorinated resin
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(10 wt% in H2O, Sigma-Aldrich) was used as a binder in the catalyst ink. All catalyst inks

were tested on polished glassy carbon disks or gold disks (5 mm diameter). The electrolyte

(0.1 M HClO4) was prepared from concentrated perchloric acid (70% concentration, double

distilled, GFS Chemicals). A graphite rod (< 2 ppm impurities, Ted Pella) was used as

the counter electrode and the electrolyte was continuously purged with oxygen gas (99.993%

purity) during electrochemical tests.

A2Ru2O7 Synthesis. The A2Ru2O7 catalysts were prepared via a sol-gel method

adapted from Ref. 16. In brief, the A-site metal nitrate hydrate (0.5 mmol A-site) and

citric acid (0.42 g, ∼4.5 molecitric acid/moleA-site) were dissolved in 10 mL of Millipore water.

This solution was sonicated for 10 min to fully dissolve the citric acid and metal nitrate.

Then, while stirring (300 rpm), ruthenium nitrosyl nitrate solution (1.5 wt% Ru) was added

in an equal molar amount to the A-site cation (0.5 mmol Ru, 3.09 mL). This solution was

heated to 80◦C while continuously stirring until the solvent fully evaporated (4-6 hr). The

resulting rust-colored gel was further dried at ∼90◦C overnight in a drying oven. The solid

was subsequently ground with a mortar and pestle (1-2 min) to create a fine powder. This

powder was then transferred to a zirconia combustion boat and calcined in air at 1000◦C

(Y, Nd, Gd samples) or 700◦C (Bi sample) for 6 hr to form the pyrochlore phase. A lower

calcination temperature for the Bi sample was required to achieve a pyrochlore structure

with a BET surface area similar to the other catalysts. A heating ramp rate of 2◦C/min was

used for all samples. The catalyst was cooled to < 100◦C (6-10 hr) before removing from

the furnace. Finally, the resulting catalysts were again ground with a mortar and pestle (1-2

min).

Ex-situ Physical Characterization. X-ray diffraction (XRD) of the as-prepared py-

rochlores was performed using a Bruker D8 Venture with Mo Kα radiation to determine

crystallinity. XRD of the pyrochlores after electrochemical testing was performed using a

PANanalytical XPert with Cu Kα radiation at a grazing incidence angle to enhance the

catalyst signal relative to the substrate. Diffraction patterns from the different radiation
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sources were compared using Bragg’s law.

X-ray photoelectron spectroscopy (XPS) was performed on a PHI Versaprobe 3 with Al

Kα radiation to determine composition and elemental oxidation state. Powder samples were

mounted onto the sample holder using double-sided Cu tape to minimize carbon signal. All

XPS data sets were analyzed using CasaXPS software. The surface A:Ru molar ratio was

determined by fitting the Ru 3d and A-site (Y 3d, Nd 4d, Gd 4d, Bi 4f) regions from high

resolution scans, then normalizing peak area by the relative sensitivity factors. Note that

the Ru 3d region overlaps with the C 1s signal arising from adventitious carbon. Ru 3d

peaks were fit by applying constraints on the 3d3/2 peak area (x 2/3), full width half max (x

1), and position (+ 4.17 eV) relative to the 3d5/2 peak and using an asymmetric lineshape

typical of RuO2.
24 After fitting the Ru 3d peaks, the residual signal was attributed to a

single C 1s peak. All high resolution scans were shifted to align the C 1s peak to 284.8 eV.

BET (Brunauer, Emmett, and Teller) surface area measurements were conducted using a

Quantachrome Autoflow BET+. Scanning electron microscopy (SEM) was performed using

a FEI Magellan 400 XHR to determine catalyst morphology. Auger electron spectroscopy

(AES) was performed on a PHI 700 to map catalyst and carbon distribution on the sub-

strate. Scanning transmission electron microscopy with energy dispersive x-ray spectroscopy

(STEM-EDS) and STEM annular dark field (STEM-ADF) was performed using a FEI Ti-

tan 80-300 with a probe size of 0.3 nm to map elemental composition of the catalysts. The

STEM-ADF images were taken with convergence angles of 18.6-25.4 mrad. Samples were

prepared for TEM by sonicating the catalyst ink-coated substrates in IPA for 1 min, then

depositing 2 drops of the IPA onto TEM grids.

All x-ray absorption spectroscopy (XAS) was performed at the Stanford Synchrotron

Radiation Lightsource (SSRL) at SLAC National Laboratory. Ex-situ measurements of the

catalyst powders at the O K-edge (∼0.5 keV) were collected at beamline 8-2 in total elec-

tron yield (tey) mode averaging 5-10 scans. Ex-situ x-ray absorption near edge structure

(XANES) and extended x-ray absorption fine structure (EXAFS) measurements at the Ru
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K-edge (∼22.1 keV) were collected for the powder catalysts at ambient temperature and

pressure in fluorescence mode at beamline 9-3 averaging 3-4 scans. XAS analysis was per-

formed using Athena and Artemis software.25 Details of the fit parameters and simulations

can be found in the supporting information.

Electrochemical Characterization. Catalyst inks were prepared by dispersing the

catalyst (2 mg) and Vulcan carbon (1 mg) in a solution of IPA (2 mL) and Nafion (0.6 µL).

For control measurements, inks only containing Vulcan carbon (no catalyst) were prepared

with IPA (2 mL) and Nafion (0.6 µL). All inks were sonicated (1 hr) immediately before

electrochemical testing. Electrodes were prepared by drop casting the catalyst ink onto a

substrate and rotating the electrode (∼250 rpm) until the surface was visibly dry (∼5 min).

The OER performance of each catalyst was assessed in O2-purged 0.1 M HClO4 electrolyte

(50 mL) using a three-electrode configuration with a graphite counter electrode and Ag-AgCl

reference electrode. A rotating disk electrode (RDE) configuration and BioLogic VMP3

potentiostat were used for all electrochemical tests unless otherwise noted.

Electrodes for activity measurements were prepared by depositing 5 µL of catalyst ink

onto a glassy carbon disk substrate (0.196 cm2) resulting in a catalyst loading of ∼25

µg/cm2
geo. The OER activity was assessed using cyclic voltammetry (CV) where the po-

tential was cycled between 1.35 V and ∼1.6 V vs. RHE (the potential required to reach

a current density of ∼10 mA/cm2
geo) at a scan rate of 10 mV/s. This scan rate is within

the range of scan rates recommended in OER catalyst benchmarking protocols26 and used

by others in the field.12 Impedance measurements were conducted at open circuit potential

prior to CV measurements and all measurements were corrected for the Ohmic resistance

of the electrolyte after testing (0% compensation during testing). At least 3 independent

measurements were collected for each catalyst to account for variations caused by slight

differences in catalyst dispersion or mass loading.

Electrodes for stability measurements were prepared by depositing 15 µL of catalyst ink

onto a gold disk substrate (0.196 cm2) resulting in a catalyst loading of ∼75 µg/cm2
geo.
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Gold substrates have demonstrated greater resistance to degradation during OER testing in

acid than glassy carbon disks and therefore mitigate substrate degradation when evaluating

system degradation mechanisms and quantifying catalyst dissolution.27,28 Catalyst stability

was determined using chronoamperometry (CA). The applied voltage was corrected for the

Ohmic resistance of the electrolyte (85%) during the experiment using impedance measure-

ments. Following an initial impedance measurement, the voltage was increased to 1.56 V vs.

RHE at 10 mV/s and subsequently held at that potential for 10 hr.

Electrolyte Characterization. Inductively coupled plasma mass spectrometry (ICP-

MS) was performed using a Thermo Scientific XSERIES 2 to quantify the amount of dissolved

catalyst in the electrolyte. Electrolyte aliquots (4 mL) were taken after 3, 6, and 10 hr of

CA testing for ICP-MS analysis and fresh electrolyte (4 mL) was replenished such that the

total volume of electrolyte (50 mL) was unchanged. Millipore water (4 mL) was added

to each aliquot to achieve the minimum volume required for ICP-MS analysis. ICP-MS

calibration standards were prepared using serial dilutions of commercial stock solutions.

Quality control samples were prepared independently using the commercial stock solutions.

The lowest reliable quantification limit for the dissolved mass fraction of each element was

determined based on the catalyst loading, electrolyte volume, standard calibration curves,

and baseline ion counts in solution: ∼1% for Ru, Y, Nd, Gd and ∼2% for Bi. In other words,

we were able to reliably quantify dissolution if > 1% of the total Ru in the catalyst dissolved

into the electrolyte, for example. A sample calculation for these limits can be found in the

supporting information.

In-situ X-ray Absorbance Spectroscopy. In-situ XANES and EXAFS measure-

ments at the Ru K-edge (∼22.1 keV) were conducted at SSRL’s beamline 9-3. Samples

were prepared by first pyrolyzing the catalyst substrate, a Kapton film (0.002 in. thick)

between two graphite plates at 1000◦C for 1 hr in N2. The Y2Ru2O7 catalyst ink was then

deposited onto the pyrolyzed Kapton film substrate (50 µgRu/cm2), which was epoxied over

a hole (0.67 cm diameter) in a high-density polyethylene bottle. The deposited catalyst was
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in contact with O2-sparged 0.1 M HClO4 electrolyte in the bottle, while the back of the

film was exposed to air and contacted with Cu tape. Electrochemical data was recorded

with a Biologic SP-300 potentiostat. Electrochemical performance was assessed using a 3-

electrode configuration with a graphite counter electrode and Hg-HgSO4 reference electrode

inserted through the bottle cap. This experimental setup was largely modelled after Ref.

29, where schematics of the setup can be found. X-rays penetrated the catalyst through the

pyrolyzed Kapton film substrate, and x-ray fluorescence was collected using a Lytle detector

with Mo filter. XAS measurements were collected at open circuit voltage, 1.27 V, 1.47 V,

and 1.58 V vs. RHE at ambient temperature and pressure. XAS analysis was performed

using Athena and Artemis software averaging 3-4 scans.25 The electrolyte was collected after

the experiment for ICP-MS analysis.

Computational Methods. DFT computations of the pyrochlore structures were con-

ducted using the PerdewBurke-Ernzerhof (PBE) functional30 in the Vienna Ab initio Simu-

lation Package (VASP)31–33 with projector augmented wave method (PAW) potentials34 and

spin polarization. For pyrochlore bulk structures, a plane-wave energy cutoff of 600 eV was

used with a 4x4x4 Monkhorst-Pack k-point grid,35 from which bulk Pourbaix diagrams were

constructed using the Pymatgen software.36 Formation energies of solid species were com-

puted by DFT and corrected for compatibility with experimental values for aqueous species,

including ions. Additional details on free energy corrections are provided in the “Formation

Energy Computation for Pourbaix Analysis” section of the supporting information.

For pyrochlore surface calculations, a plane-wave energy cutoff of 600 eV was used with

a 4x4x1 MonkhorstPack k-point grid35 on the (111) facet. The geometry of each system was

optimized using a maximum force convergence threshold of 0.02 eV/Å, and a dipole correc-

tion was applied in the direction perpendicular to the pyrochlore surface. Surface calculations

were performed on 4-layer slabs, where the bottom two layers were frozen to the bulk py-

rochlore geometry, and the upper two layers were relaxed. The adsorption energies of each

OER intermediate (∆GOH, ∆GO, ∆GOOH) were computed by subtracting the DFT-computed
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energies of bare pyrochlore surfaces and gas-phase H2O and H2 reference molecules from those

of pyrochlore surfaces with each adsorbed intermediate. Energies of all the calculated OER

steps are summarized in Table S18 with optimized structures available on the Catalysis-

hub.org repository37 under https://www.catalysis-hub.org/publications/HubertAcidic2020.

Free energy corrections for each OER adsorbate were computed in the harmonic limit from

their respective vibrational modes. Additional details are provided in Table S8.

To evaluate the average O 2p-state energy for the leached and pristine pyrochlore struc-

tures, the first moment of the projected 2p density of states was computed for each adsorbed

oxygen according to Eqn. 1, as described in previous reports.38 An energy range of -10 eV

to 2 eV with respect to the Fermi level was probed to capture bonding and antibonding O

2p-states. Bader analysis was performed on Ru active sites via the Bader analysis program

for VASP developed by Henkelman et al.39

ε̄2p =

∫ εmax

εmin
ρ2pε dε∫ εmax

εmin
ρ2p dε

(1)

Results and Discussion

Bulk crystalline nanoparticulate A2Ru2O7 catalysts synthesized

In this study, we selected A-site elements (Y, Nd, Gd, Bi) known to form A2Ru2O7 phases

with varying physical and electronic properties such as A-site ionic radius and bulk con-

ductivity, allowing us to investigate both structural and electronic impacts on OER activity

and stability (Table S1).20,40–45 We synthesized the pyrochlores using a sol-gel method in

which A-site and Ru nitrate precursors were first mixed in an aqueous environment and

then calcined in air at high temperatures (700-1000◦C). The nanoparticulate morphology of

the as-synthesized catalysts was observed by scanning electron microscopy (SEM) (Figure

1A-B). Using the Brunauer-Emmett-Teller (BET) method, we found the surface area to

be approximately constant (∼2-4 m2/g) across all synthesized materials (Table S2). X-ray
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diffraction (XRD) of the as-synthesized powder catalysts revealed the bulk of each catalyst

formed the crystalline pyrochlore phase (Figure 1C). A shift in the XRD patterns to higher

2θ values with A-site was observed, indicating a decrease in the lattice constant of the py-

rochlores, where Nd > Bi > Gd > Y, consistent with other reports42 and our DFT-predicted

structures (Figure 1D, S1).

Ex-situ x-ray absorption spectroscopy (XAS) measurements were also used to character-

ize the bulk composition of the powder catalysts. Previous work has shown that meaningful

insight regarding OER activity can be drawn from ex-situ O K-edge measurements of as-

prepared materials, even though the surface under reaction conditions may differ.21,46 The

two pre-edge features in the O K-edge spectra at ∼529 eV and 532 eV represent the tran-

sition of a core O 1s electron to Ru 4d t2g and eg states that hybridize with O 2p states,

respectively22,47,48 (Figure 1E). These pre-edge features have previously been used to esti-

mate the extent of hybridization between the O 2p and Ru 4d orbitals.22,49,50 We find that

the pre-edge intensities (and areas) change with composition, where Y < Nd < Gd < Bi <

RuO2, indicating that the Ru 4d and O 2p orbitals have the strongest interaction in RuO2.

Interestingly, the shape of the Bi2Ru2O7 O K-edge XAS spectrum more closely resembles

that of RuO2 than the other pyrochlore compositions, which suggests the hybridization of

its Ru 4d and O 2p states is more similar to RuO2 than to the other pyrochlores.

Additional characterization of the Ru K-edge extended x-ray absorption fine structure

(EXAFS) region shows that all pyrochlores have 6-fold Ru-O coordination (∼1.53 Å) similar

to RuO2 (Figure 1F)16,51 (for k-space plot, refer to Figure S2). The RuO2 features near

2.6 and 3.2 Å represent 2-fold and 8-fold Ru-Ru coordination, respectively, while the single

feature at 3.2 Å for A2Ru2O7 catalysts represents both Ru-Ru and A-Ru coordination.16

Note that the radial distances in Figure 1F are not phase corrected, and the actual bond

lengths were determined by fitting the first shell of the EXAFS data (Figure S3). In addition,

EXAFS simulations from crystallographic structures agree well with our experimental results,

confirming the phase purity of the pyrochlores (Figure S4). From these simulations, we also
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observed that the peak intensity at 3.2 Å in Figure 1F depends on the identity of A-site

element rather than disorder in the structures. Most notably, we found that Bi2Ru2O7 has a

much shorter Ru-O bond relative to the other A2Ru2O7 and is similar in length to the Ru-O

bond in RuO2 (Figure 1F, Table S3).

Figure 1: (A-B) Representative SEM images of Y2Ru2O7 at two different magnifications. (C)
XRD patterns for as-synthesized catalysts (dark) alternating with ICSD reference patterns
(light). Dashed lines show Nd2Ru2O7 peak positions to highlight the shift with varying A-
site. (D) Calculated A2Ru2O7 pyrochlore structures exhibit corner-sharing Ru octahedra.
(E) Normalized XANES spectra at the O K-edge for all catalyst powders. Purple and yellow
shaded regions highlight Ru 4d t2g and eg regions. (F) Fourier transformed EXAFS spectra
at the Ru K-edge for all catalyst powders. Ru-O bond lengths determined by fitting the first
shell.

The surface composition of the as-synthesized catalysts was also investigated. X-ray
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photoelectron spectroscopy (XPS) confirmed the molar ratio of A:Ru was ∼50:50 on the

surface, consistent with the stoichiometry of the pyrochlore phase (Table S2). The Ru 3d

region of Bi2Ru2O7 is distinct from the other A2Ru2O7 spectra in that it has a second doublet

at lower binding energies which has been previously attributed to “screened” Ru 3d orbitals52

(Figure S6). This doublet suggests that Bi2Ru2O7 is more conductive (similar to RuO2),

and the absence of this screened doublet in the Y, Nd, and Gd-containing pyrochlores is

indicative of Mott insulators.52 This similarity between Bi2Ru2O7 and RuO2 is consistent

with our O K-edge analysis described above. The appearance of a more reduced Ru oxidation

state in Bi2Ru2O7 is also reflected in the Ru K-edge x-ray absorption near edge spectroscopy

(XANES) region where it is shifted to a lower pre-edge energy (Figure S5). We note that

although changes in Ru oxidation state can impact the O K-edge Ru 4d t2g peak intensity,53

we expect this is a much smaller impact compared to Ru 4d- O 2p orbital hybridization.

A2Ru2O7 catalysts have greater specific activity than RuO2

The OER activity of each A2Ru2O7 catalyst was measured in 0.1 M HClO4 using cyclic

voltammetry (CV, 10 mV/s, 10 cycles) and compared to a commercial RuO2 powder as a

standard (Figure 2). All catalyst inks contained Vulcan carbon to improve the dispersion

of the catalyst and enhance the electrical connection between the catalyst and the substrate

(Figure S7). The activity of the Vulcan carbon itself was minimal in the voltage window

of interest (Figure S8B). At least 3 independent CV experiments were conducted for each

catalyst, and representative data from one CV experiment is shown in the supporting infor-

mation for each pyrochlore (Figure S9). The measured current was normalized by the BET

surface area of the powders (Table S2). This normalization method accounts for the different

surface area (and presumed number of available active sites) across catalyst samples and is

used as a measure of intrinsic catalyst activity for nanoparticulate catalysts.16,46 Figures 2A

and 2B illustrate the average current and standard deviation for the forward sweep of the

1st and 10th CVs of each catalyst, respectively. For ease of comparison to other literature
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reports, Figure S10 shows this CV data re-normalized by geometric area and mass of Ru

and Table S6 tabulates the potential at which each catalyst achieves 10 mA/cm2
geo.

Similar to other reports,16 each A2Ru2O7 material showed superior specific activity com-

pared to RuO2 after 1, 3, and 10 CVs (Figure 2C). Additionally, the specific activity appeared

to depend on the A-site element in the pyrochlore. In the 1st CV, the trend in specific ac-

tivity at 1.55 V vs. RHE was RuO2 < Bi < Gd < Y < Nd (Figure 2C). After 10 CVs, the

specific activity of each catalyst appeared to approach a steady-state value, resulting in a

slightly different trend (RuO2 < Bi < Gd < Nd < Y) as Nd2Ru2O7 activity decreased. This

same trend with A-site element is also reflected in the Tafel slopes of the 10th CV, albeit

across a relatively narrow range of values (40-48 mV/decade). The similarity in Tafel slope

values may indicates that a similar OER reaction mechanism occurs on each A2Ru2O7 after

10 CVs (Figure S11).

We highlight that Y, Nd, and Gd-containing pyrochlores exhibit greater activity than

Bi2Ru2O7 and RuO2 during all CVs. We find that this difference in initial OER activity

correlates well with the ex-situ XAS measurements at the Ru and O K-edges (Figure 1E, 1F).

Our characterization of the as-prepared catalysts shows that a short Ru-O bond and strong

interaction of the Ru 4d-O 2p orbitals, such as in RuO2 and Bi2Ru2O7, results in lower OER

activity relative to the other A2Ru2O7 catalysts (Figure 2D). This insight is consistent with

reports of similar Ru-based OER catalysts, where enhanced activity is attributed to shifting

the Ru 4d band center to lower values.22,38 While A-site ionic radius and lattice parameters

have previously rationalized trends in OER activity,11,12 the A-site can lead to additional

structural effects, such as distortion and varying relative orientation of the RuO6 octahedra

within the pyrochlores.44,54,55 This indicates that A-site ionic radius and lattice constant do

not always correlate with Ru-O bond length.42 Thus, we find that Ru-O bond length to be

a better indicator of initial OER activity for the A2Ru2O7 catalysts studied herein. We also

acknowledge and emphasize that catalytic activity trends may change over time, which could

explain different observations reported in literature. Collectively, our results indicate that
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the composition of A2Ru2O7 catalysts impacts both structural and electronic properties,

which have a combined influence on the active Ru sites.

Figure 2: Forward sweep of 1st (A) and 10th (B) CV for each catalyst. Current normalized
by BET surface area of powder catalysts. Solid lines represent average values and shaded
regions represent standard deviation above/below the average determined from at least 3
independent measurements. Dashed line at 1.55 V vs. RHE for reference. (C) Bars represent
average specific activity after 1, 3, and 10 CVs at 1.55 V vs. RHE and error bars represent
standard deviation from the average determined from at least 3 independent measurements.
All CVs collected at 10 mV/s scan rate in 0.1 M HClO4. (D) Current normalized by BET
surface area for the 1st CV at 1.55 V vs. RHE as a function of Ru-O bond length determined
from Ru K-edge EXAFS fits.

The change in activity with subsequent CVs highlights the influence of catalyst stability
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on the apparent catalytic activity. The intrinsic catalyst activity, number of active sites, ox-

idation of the catalyst support, or catalyst dissolution may all contribute in some part to the

measured current. (For additional discussion, please refer to the “Undesired Electrochemical

Processes” section in the supporting information.) For example, it is well-known that the

initially high current of Ru metal is due to Ru oxidation and subsequent dissolution.56–58

Here, Nd2Ru2O7 and Gd2Ru2O7 show some loss in current density after the 1st CV before

reaching more stable performance after 3 cycles (Figure 2C). We speculate that some of

the initial current may be due to catalyst dissolution and subsequent surface reconstruction

rather than OER.12 To investigate this hypothesis, we used chronoamperometry coupled

with ICP-MS analysis of the electrolyte to quantify catalyst dissolution over time.

All A2Ru2O7 catalysts lose A-site and Ru atoms during OER

Catalyst stability was assessed using chronoamperometry (CA) experiments with a constant

electrochemical potential of 1.56 V vs. RHE for a duration of 10 hr in 0.1 M HClO4. By

holding an applied potential, all catalysts were subjected to the same oxidizing environment.

We note that this method is distinct and complementary to the insight gained from CV

cycling. CV cycling repeatedly exposes the catalyst to less oxidizing potentials, simulat-

ing intermittent device operation, while a CA simulates continuous operation. Due to the

difference in protocols, trends in catalyst stability may differ.

Similar to the time-dependent activity observed during CV testing (Figure 2C), the geo-

metric current density of each catalyst was dynamic with time during the CA (Figure 3A).

The geometric current density of each pyrochlore increased (∼10-100%) within the first hr

of testing (Figure S12), but ultimately decreased to 4-51% of the peak current density after

10 hr. Most notably, the current density of Nd2Ru2O7 increased by 8 mA/cm2
geo in the first

40 min, then decreased at an average rate of 3 mA/cm2
geo/hr over 5 hr, finally approaching

the current density of RuO2 after 10 hr. This dynamic behavior of the Nd2Ru2O7 cata-

lyst during OER has been previously attributed to catalyst dissolution followed by surface
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reconstruction12 and/or surface roughening.59

Figure 3: (A) Chronoamperometry measurement of all catalysts at 1.56 V vs. RHE in 0.1
M HClO4. Current normalized by geometric area shows dynamic behavior over time. (B)
Mass fraction of total deposited catalyst (A-site and Ru) that dissolved in the electrolyte
after 3, 6, and 10 hr. (C) Stability number (S-number) calculated from measured current
and total Ru mass dissolved after 3, 6, and 10 hr. Error bars (white) indicate S-number
for 95% Faradaic efficiency. (D) Colored bars (this work) represent average S-number from
3, 6, and 10 hr measurements with error bars showing the standard deviation. Gray bars
represent values from Ref. 60.

There are many factors that can impact the measured current density over time, including

delamination, agglomeration, or dissolution of the catalyst, as well as substrate or support

corrosion. These processes can impact both the number of available catalytic sites and the

intrinsic activity of those sites. In this work, we quantify stability by measuring catalyst
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dissolution and qualitatively look for signs of the other degradation mechanisms. We detected

negligible dissolution using ICP-MS when all powder catalysts were submerged in 0.1 M

HClO4 for 12 hr under no applied potential (Table S7). This demonstrates the high chemical

stability of pyrochlores in acidic electrolyte.

We further assessed the catalysts’ electrochemical stability during OER catalysis to better

understand the relationship between OER activity and stability. We quantified catalyst

dissolution during the CA test by performing ICP-MS analysis on electrolyte aliquots taken

after 3, 6, and 10 hr. As a result of the catalysts’ high chemical stability, we assumed that

any material that may have mechanically detached from the electrode would not significantly

dissolve, and therefore would not be detected in our ICP-MS analysis. Dissolution of both

the A-site and Ru was observed for all catalysts, where the A-site dissolved to a greater

extent than Ru (∼1.2 times on average) for Y, Nd, and Gd-containing pyrochlores (Figure

3B). This preferential A-site dissolution suggests the formation of a Ru-enriched surface

during catalysis. Contrary to this trend, more Ru dissolved than Bi from Bi2Ru2O7, which

could indicate the formation of a different surface composition during catalysis. We note

that the amount of Ru dissolved from RuO2 was at the limit for reliable quantification, and

that such a small amount of Ru dissolution from standard RuO2 nanoparticles is expected

based on previous reports.56,58,59

The rate of catalyst dissolution decreased over time, coincident with a decrease in the

measured current density (Figure 3A, Figure S13). Qualitatively, this result suggests that

dissolution occurs predominantly when the catalyst is evolving oxygen.60,61 To further il-

lustrate this point, we calculated the stability number (S-number), a metric defined as the

moles of O2 evolved (nO2) normalized by the moles of Ru dissolved (nRu), after 3, 6, and

10 hr of testing (cumulative).60 We assume 95-100% Faradaic efficiency to OER based on

a control CA experiment with only Vulcan carbon (no catalyst) on a Au substrate (Figure

S8A) and an estimation of the maximum amount of charge required to dissolve all of the

catalyst. For further discussion, please refer to the supporting information.
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S-number = nO2/nRu (2)

Using the S-number metric, we can quantitatively compare catalyst activity (O2 evolu-

tion rate) to stability (Ru dissolution rate), essentially combining the results from Figures

3A and 3B. Interestingly, the calculated S-number for all pyrochlores remained relatively

constant with time (Figure 3C), supporting our claim that Ru dissolves predominantly when

the catalysts facilitate the OER. Additionally, we see that despite differences in the peak

current densities achieved (Nd > Gd > Bi > Y, Figure 3A), when normalized by the amount

of Ru dissolved, the pyrochlores containing Y, Gd, and Bi all demonstrate comparable stabil-

ity, with S-numbers ∼ 5x104 molO2
/molRudissolved (Figure 3C). In other words, despite their

differences in activity, they generate similar amounts of O2 for each Ru atom dissolved.

In contrast, Nd2Ru2O7 appears less electrochemically stable (∼ 8x103 molO2
/molRudissolved)

than the other A2Ru2O7, generating nearly 10 times less O2 per Ru atom dissolved. The

instability of Nd2Ru2O7 has been previously attributed to the large size of the Nd atom

causing strain that weakens the pyrochlore structure.12 We also observe that Nd2Ru2O7 has

the largest lattice spacing (Figure 1A) and Ru-O bond length (Figure 1F) of the pyrochlores

studied in this work. However, we do not observe an obvious trend between lattice spacing

or Ru-O bond length and electrochemical stability (S-number) across all A2Ru2O7 compo-

sitions studied herein. We also do not observe a clear trend between the S-number and O

2p-Ru 4d orbital hybridization (Figure 1B). Our results suggest that stability is controlled

by a combination of structural and electronic parameters.

Most notably, all A2Ru2O7 catalysts investigated demonstrated greater stability (and

activity) than RuO2 (Figure 3D). In the context of other OER catalysts, the S-numbers of

the Ru-based pyrochlore catalysts in this work even approach that of Ir-based mixed metal

oxides (104-105). While not achieving the stability of IrO2, the stability of these A2Ru2O7

catalysts suggests that changing the composition of Ru oxide materials is a promising strat-

egy to stabilize active Ru sites for OER in acidic conditions. Our results also indicate that
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electrochemical stability and rate of catalyst dissolution cannot be determined from indi-

vidual structural or electronic properties alone. We further examine the thermodynamics

of catalyst dissolution computationally through Pourbaix analysis below. However, we will

first discuss experimental methods used to probe the catalyst structure during and after

electrochemical testing to gain insight about intrinsic activity and stability.

Catalyst Structure During and After Testing

To further probe catalyst degradation mechanisms, we investigated the structure and com-

position of the catalyst after CA testing. By XRD, we confirm that all post-test catalysts

(on a Au disk substrate after 10 hr CA) retain the bulk crystalline pyrochlore phase (Figure

4A, Figure S14). This result, in combination with the ICP-MS measurements, indicates

that dissolution occurs from the surface of the catalyst nanoparticles. Consistent with XRD

measurements, STEM-EDS composite images of Y2Ru2O7 before and after CA testing il-

lustrate the presence and distribution of Y, Ru, and O in the nanoparticles (Figure 4B,C).

STEM-ADF images of both pre- and post-test samples are shown in Figure S15. HR-TEM

analysis of Nd2Ru2O7 before and after CA testing was conducted to investigate changes in

surface morphology. While significant changes were not observed, the heterogeneity of the

nanoparticles render these results inconclusive (Figure S16-S18).

In an effort to observe changes to the catalyst during OER, we collected in-situ XAS

measurements at the Ru K-edge for Y2Ru2O7. Details of the experimental setup can be

found in the supporting information. In summary, a series of potentials were held (open

circuit voltage, 1.27 V, 1.47 V, ∼1.6 V, 1.18 V vs. RHE, and open circuit voltage again)

while XAS measurements were collected (Figure S19B). At the end of the experiment, ∼3%

of the Y and ∼2% of the Ru from the catalyst had dissolved. We did not observe significant

changes in the Ru K-edge EXAFS spectra with changing voltage or time despite our detection

of some catalyst dissolution (Figure S19C). The EXAFS signal contains information about

the bulk and surface regions, including both crystalline and possible amorphous phases.
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Our finding complements the post-test XRD results (Figure 4A), and we conclude that the

bulk Y2Ru2O7 material is stable during OER catalysis. With such large nanoparticles, the

XAS signal from the surface would only constitute a small fraction of the overall signal, and

therefore, any changes at the immediate surface were likely not measurably detected by this

technique.

Although changes to catalyst surface morphology were not directly observed via ex-situ

TEM or in-situ XAS, both of these methods and XRD indicate that the bulk pyrochlore phase

remains intact after testing. Combined with the observed non-stoichiometric dissolution of

the catalysts via ICP-MS, we infer that their surfaces evolved during OER. This is consistent

with reports of other mixed metal oxide materials under OER conditions.10,13

Figure 4: (A) Representative XRD for Y2Ru2O7 deposited on Au substrate after CA testing
compared to the as-synthesized powder shows that bulk pyrochlore structure remains. XRD
peaks marked * correspond to Au substrate. STEM-EDS mappings of Y2Ru2O7 before (B)
and after (C) CA testing. Composite images show the overlap of Y (green), Ru (blue), and
O (red).

We additionally estimated the OER turnover frequency (TOF, O2/s/Ru) after 0, 3, 6,

and 10 hr of CA testing, adjusting the number of active Ru atoms to account for dissolution

(Figure S20). The decrease in TOF after 3 hr suggests that degradation mechanisms beyond

simply the loss of Ru active sites, such as a decrease in available surface area, contributed

to the observed decrease in measured current. We further note that the increase in TOF in
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the first 3 hr could be explained by enhanced intrinsic catalytic activity or an increase in

electrochemically active surface area. Details of the TOF calculation can be found in the

supporting information.

To investigate how support corrosion and catalyst delamination may have impacted the

change in current density during the CA experiment, we used scanning electron microscopy

(SEM) and Auger electron spectroscopy (AES). Prior to electrochemical CA testing, SEM

shows the catalyst embedded within the Vulcan carbon support, while SEM images and AES

maps after testing show much less Vulcan carbon on the Au substrate (Figure S21-S22). We

speculate that the oxidation or delamination of the carbon support could lead to a reduced

or limited conductive pathway between the catalyst and the Au substrate, resulting in a

reduction in the number of catalytically active sites and hence contributing to the observed

decrease in current density over 10 hr.

Overall, we have observed experimentally that the A-site element in A2Ru2O7 can in-

fluence OER activity and stability. Specifically, under the same applied electrochemical

potential, Nd2Ru2O7 dissolves ∼10 times faster per mole of O2 evolved than the Y2Ru2O7,

Gd2Ru2O7, and Bi2Ru2O7 pyrochlores studied in this work. To understand if this difference

in kinetics was driven purely by differences in the thermodynamic driving forces for dissolu-

tion, we theoretically modeled the A2Ru2O7 catalysts to predict the most stable structures

under acidic OER conditions.

Pourbaix Analysis reveals Thermodynamic Driving Force for Py-

rochlore Degradation

The thermodynamic stability of the structures considered in this study was assessed via

Pourbaix analysis, where the free energies of the pyrochlore phases were calculated at varying

pH and electrochemical potentials in aqueous conditions.36,62–64 Pourbaix diagrams were

constructed from the DFT-predicted formation energies of both the pyrochlore structures

and additional solvated and solid species containing elements that comprise each pyrochlore
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phase (Figure 5). These additional structures were obtained from the Materials Project65

and Inorganic Crystal Structure Databases (ICSD)66 and optimized according to the DFT

methods described in the “Formation Energy Computation for Pourbaix Analysis” section

of the supporting information. In addition to the species within these databases, several

Ru-based pyrochlore-like structures with leached A-site cations and hydroxylated O were

considered, as depicted in Figure S23. The domains within the Pourbaix diagrams represent

the most stable combination of species at each potential and pH condition.

As an extension of the typical Pourbaix analysis, we also considered the possibility of

metastable phases resulting from large kinetic barriers of structural reorganization. Previous

reports suggest that metastable phases may exist with free energies up to 0.5 eV/atom greater

than the most stable species at a given reaction condition.67 To address this possibility,

we determined the free energy difference between the pyrochlore structure and the most

energetically favorable species at each point in Pourbaix space (∆Gpbx),
67 as represented by

the colormaps overlaid on the Pourbaix diagrams (Figure 5).

At OER-relevant potentials (∼1.56 V vs. RHE) in acidic conditions, the most sta-

ble states of the A-site species in the pyrochlores are aqueous ions, suggesting that these

species are prone to leaching. In accordance with experimental reports, the most stable Ru-

containing species in each case is RuO4.
68–70 As indicated by the red regions in Figure 5, it is

clear from our Pourbaix analysis that all of the A2Ru2O7 structures considered in this study

exceed the +0.5 eV/atom empirical metastability threshold from previous reports67 under

acidic OER conditions. The thermodynamic analysis thus indicates that all materials in this

study are ultimately expected to dissolve during the OER, as is the case with pure RuO2.

For instance, within the Bi-containing system, the most stable combination of species at

1.56 V vs. RHE and pH 1 is RuO4 and BiO+ (Figure 5B). However, in this particular case,

solid BiO2 and Bi4O7 from neighboring Pourbaix domains exhibit ∆Gpbx values less than

0.1 eV, indicating that a phase transformation from Bi2Ru2O7 to these species may lead to

metastability under these conditions. These potentially metastable Bi oxide phases and the
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relatively lower thermodynamic driving force for decomposition of Bi2Ru2O7 (0.6 eV/atom)

compared to the other pyrochlores provide possible explanations for the lower experimental

leaching rate of Bi relative to Ru (Figure 3B).

Overall, our analysis reveals a significant thermodynamic driving force for both A-site

cation and Ru leaching, which corroborates experimental evidence of catalyst dissolution

under acidic oxidizing conditions (Figure 3B). To compare to our experimental results, we

determined the trend in thermodynamic driving force for dissolution of each A-site at 1.56 V

vs. RHE and pH 1 to be Bi < Gd ∼ Y ∼ Nd, as quantified in Table S11. The considerable

decomposition driving force of 1.3 eV/atom for Nd2Ru2O7 aligns with the high experimen-

tally measured dissolution rates for this material. However, this thermodynamic trend does

not fully explain the trends in stability observed experimentally, in particular the similar

S-number of Y, Gd, and Bi-containing pyrochlores (Figure 3C). Thus, a kinetic analysis of

dissolution mechanisms would be required for a more complete theoretical description of the

relative dissolution rates of the pyrochlore structures. Additional future efforts could also

involve understanding the dynamics of structure and composition of the catalyst surface

during reaction.

As suggested by previous reports, the relative leaching rates of A-site cations versus

Ru atoms from the pyrochlore structure can lead to the formation of amorphous hydrous

overlayers.10,71 Our experimental results also suggest that the identity of the A-site element

affects the rate of dissolution, and therefore the formation rate of such phases. We predict

that this dissolution process during OER exposes highly oxidized Ru active sites, which we

investigate below.
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Figure 5: Calculated Pourbaix diagrams of (A) Y-Ru ; (B) Bi-Ru; (C) Gd-Ru; (D) Nd-Ru
systems. Ion concentrations are 10−6M, and element compositions are set to that of the
pyrochlore phase. The numbered stability domains are labeled in Tables S12 - S15, and the
free energies used to construct this plot are tabulated in Table S10.

A-site Cation Leaching Predicted to Expose Active OER Sites

The experimentally observed dissolution of the pyrochlores and initial rise in current density

(and TOF) during CA measurements indicate that these catalyst surfaces undergo dynamic

transformations that are linked to their OER activity. While precise theoretical models of the

transient pyrochlore surfaces would necessitate detailed in-situ characterization, theoretical

predictions of OER activity trends for given active sites upon dissolution can complement

our understanding of the dynamic catalyst surface. A complete theoretical understanding

of the OER activity of these systems would require a microkinetic model incorporating

activation barriers of reaction steps. However, previous reports have demonstrated that

activity predictions from a thermodynamic description of elementary reaction steps align well

with those from microkinetic modeling,72 meaning that significant insight may be gained from

thermodynamic analysis.73 Therefore, we predicted the activity of the pyrochlores studied
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herein using DFT to evaluate the thermodynamic reaction energetics of the 4-electron OER

mechanism74 described by Eqns. 3 - 6 and illustrated in Figure 6A. By employing the

computational hydrogen electrode74 to describe the potential dependence of each reaction

step, we define the theoretical OER overpotential as the minimum potential at which all of

the reaction steps are thermodynamically favorable (∆G ≤ 0 eV).

H2O ⇀↽ ∗OH +H+ + e− (3)

∗OH ⇀↽ ∗O +H+ + e− (4)

∗O +H2O ⇀↽ ∗OOH +H+ + e− (5)

∗OOH ⇀↽ O2 + ∗ +H+ + e− (6)

Based on previously reported trends in OER activity for coordinatively unsaturated

(CUS) Ru active sites on RuO2,
75–77 we computed the OER activity of unsaturated Ru

active sites on the (111) facet of the pyrochlore structures depicted in Figure 6. The A-

site cations in the pyrochlore structures exhibit poor OER activity due to weak *O binding

energies (Table S17), so this study focuses solely on Ru active sites. Figure 6A shows the

4-electron OER free energy diagram for a representative Ru active site on the Nd2Ru2O7

pyrochlore and a pyrochlore-like RuO3 structure with fully leached A-site cations. The Ru

site in the RuO3 leached structure shows a distinct shift towards weaker adsorption energies

of the OER intermediates, leading to a lower theoretical overpotential of 0.5 V vs. RHE

compared to 0.8 V vs. RHE for pristine Nd2Ru2O7.

We extended the theoretical OER activity analysis for all of the pyrochlore structures in-

vestigated in this study with increasing numbers of leached A-site cation layers, as illustrated

in Figure 6B. The volcano plot in this figure displays the theoretical OER overpotential for an

equivalent Ru active site in pristine pyrochlores and pyrochlore structures with 1 and 2 layers

of leached A-site cations as a function of the ∆GO −∆GOH binding energy OER descrip-
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tor. The results indicate a distinct shift towards higher OER activity for leached structures

compared to the pristine pyrochlores in each case. The fully leached pyrochlore-like RuO3

structure exhibits the highest theoretical OER activity.

We note that the semi-local DFT methods used for theoretical activity predictions in this

study are prone to electronic correlation and self-interaction errors. This can lead to inaccura-

cies in computed electronic properties in non-metallic systems due to excessive delocalization

of electron density.78 One approach to address this issue is to incorporate a Hubbard-U cor-

rection (DFT+U) that localizes electron density through an effective, rotationally invariant

on-site Coulomb repulsion parameter, U .79,80 We investigated the sensitivity of our OER ac-

tivity predictions to the Hubbard-U correction for the most insulating Y2Ru2O7 pyrochlore

when applied to 4d-states of Ru and Y (Figure S31). Our results indicate a systematic shift

towards weaker OER intermediate adsorption energies with increasing U values, resulting in

higher theoretical OER activity, consistent with previous similar studies for OER.81,82 These

weakened binding energies and increased theoretical activity predictions reflect the exper-

imentally observed weaker interaction between the Ru 4d and O 2p orbitals, longer Ru-O

bond lengths, and higher OER activity of the insulating pyrochlores, particularly Y2Ru2O7,

compared to RuO2 and Bi2Ru2O7. Despite these shifts, the leached pyrochlore structures

exhibit weaker binding energies (> 0.5 eV) than their pristine counterparts over the en-

tire range of U values considered in this study. These results further underscore the effects

of cation leaching on the OER activity and the need for future studies of their electronic

structure. While these theoretical OER overpotential predictions offer insight into overall

trends in activity with cation leaching, additional factors would need to be considered to

directly compare these results with relative experimental onset potentials, including active

site density, conductivity, defect concentration, and surface facets.
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Figure 6: (A) Free energy diagram of a representative Ru active site on the (111) facet of
Nd2Ru2O7 versus a fully leached pyrochlore-like RuO3 structure demonstrates a decrease
in theoretical OER overpotential. The OER mechanism in the study consists of 4 proton-
coupled electron transfer steps to produce O2 from two H2O molecules. (B) Activity volcano
for pristine and leached pyrochlore phases show an increase in activity with A-site cation
leaching. The structures below show the atomistic models of A-leached surfaces. The effect
of Hubbard-U correction is shown in Figure S31.
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It is useful to consider the observed activity trends for pristine and leached pyrochlores

within the broader context of OER activity predictions for mixed metal oxides. Previous

reports indicate that the average 2p-state energy of the oxygen atoms within the pyrochlore

phase is a useful descriptor for OER activity of various oxide materials.38,57,83,84 Other reports

have also drawn correlations between the oxidation state of metal atoms and the activity of

various oxide phases containing Ru and Ir.77,85–87 We investigated both of these effects in

Figure 7, which displays the ∆GO −∆GOH binding energy descriptor for leached and pristine

pyrochlores as a function of average O 2p-state energy and Ru active site oxidation state

evaluated via the Bader charge partitioning scheme. The plots show a positive correlation in

both cases, and the structures studied within this report fall within the 0.2 eV range of DFT

error indicated by the shaded region. These results support the use of these descriptors for

OER activity predictions within this material class.

A) B)

Figure 7: ∆GO −∆GOH binding energy OER activity descriptor versus (A) average O 2p-
state energy for adsorbed oxygen density of states, and (B) charge on Ru active site. Shaded
region represents a ± 0.2 eV range for DFT error, and the uncertainty ranges for the slopes
and intercepts of each linear fit represent one standard deviation.

Under reaction conditions, the OER activity of the as-synthesized nanoparticulate py-

rochlore catalysts likely arises from a combination of active site motifs on various facets of

each material. To understand the variation in OER activity for the (111) facet, we used the

observed correlation between the average O 2p-state energy and the ∆GO −∆GOH binding
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energy descriptor to consider an ensemble of active sites for each leached and pristine py-

rochlore. Based on the linear fit between the ∆GO −∆GOH binding energy descriptor and

the O 2p-state center in Figure 7A, we find that the optimal O 2p-state center corresponding

to the peak of the theoretical OER volcano in Figure 6 for these systems is approximately

−2.0 eV. This optimal value is indicated by the dashed grey line in Figure 8. Within this

figure, the average surface O 2p-state center for each structure is represented by bars, while

starred markers indicate the maximum value of an ensemble of active sites. The OER ac-

tivity of these structures most probably arises from a combination of active sites, and those

with the maximum O 2p-state center value will have a higher intrinsic activity and therefore

dominate the catalytic activity. Based on our results, both the average and maximum surface

O 2p-state centers of all of the structures considered herein fall below the optimal value for

OER. However, Figure 8 exhibits a clear upward trend in both the average and maximum

O 2p-state center with A-site cation leaching, indicating an increase in activity with A-site

dissolution for all of the pyrochlore structures considered in this study. These results are also

in line with the combined CA and ICP-MS results (Figure 3), which suggest a link between

OER activity and catalyst stability evidenced by the simultaneous increase in initial CA

current density (and TOF) and A-site leaching, especially in the case of Nd2Ru2O7. We hy-

pothesize that the larger experimentally observed disparity between A-site and Ru leaching

rates in Nd2Ru2O7 compared to the other pyrochlores may contribute to a greater density

of highly oxidized Ru active sites, which exhibit favorable OER activity. Collectively, our

results further motivate strategies to design active Ru-based OER catalysts by stabilizing

highly oxidized Ru active sites in mixed metal oxides.
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Figure 8: Average calculated O 2p-state energies for the pyrochlore structures and the
pyrochlore-like leached RuO3 approaching the extrapolated optimal value of -2.0 eV for
OER activity. Bars represent the average 2p-state center values for each surface while stars
represent the maximum values. Error bars denote the standard deviation.

Conclusion

In this work, we have synthesized crystalline A2Ru2O7 (A = Y, Nd, Gd, Bi) catalysts and

have shown that varying the A-site element impacts both the OER activity and stability in

acidic electrolyte. Relative to RuO2, we observed enhanced initial OER activity of A2Ru2O7

catalysts with longer Ru-O bonds and weaker interactions between the Ru 4d and O 2p

orbitals, suggesting weaker OER intermediate adsorption energies. During OER catalysis

we experimentally quantified varying A-site and Ru dissolution rates, which were influenced

by the nature of the A-site element. The observed dissolution is consistent with theoreti-

cal Pourbaix analysis, indicating that these catalysts are thermodynamically unstable under

acidic, oxidizing OER conditions. However, purely thermodynamic predictions and bulk

material properties alone do not fully describe the observed differences in dissolution kinet-

ics of different A2Ru2O7 compositions. Our combined experimental and theoretical results

demonstrate that catalyst dissolution strongly influences OER performance, indicating that
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the relative dissolution rates of A-site and Ru expose highly oxidized Ru sites on the cata-

lyst surface. Our theoretical activity predictions show that these leached surface structures

exhibit more favorable OER activity than the pristine pyrochlore structures. Future work

will aim to experimentally characterize the dynamic catalyst surface properties during OER.

Despite the observed dissolution, all A2Ru2O7 catalysts studied in this work demonstrated

greater experimental activity and stability than a RuO2 standard during OER. These re-

sults show the promise of mixed metal oxide structures to stabilize Ru-based OER catalysts

without compromising activity and the potential to improve PEM electrolyzer efficiency.
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