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Abstract

Reducing precious metal content and improving efficiency of proton exchange membrane (PEM)
water electrolyzers is critical to produce renewable hydrogen cost effectively. Mixed metal iridium
oxide catalysts (AlrxOy, A = non-precious metal) have demonstrated superior oxygen evolution
reaction (OER) activity relative to IrO; catalysts while utilizing less Ir. However, improved
stability is required if these materials are to be implemented commercially. In this work, we use a
combination of ex-situ and in-situ characterization techniques to study physical and electronic
properties of Y2Ir2O7 as it evolves during OER in acidic electrolyte. We identify and quantify

dissolution of Y and Ir, finding that this material exhibits similar stability to other reported mixed
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metal Ir oxides (10*-10° moloz evolved/ Mol dissolved) and appears to become more stable over time.
We find that the catalyst surface becomes enriched with Ir after electrochemical testing. We further
monitored the Ir oxidation state in-sifu using high-energy resolution fluorescence detected x-ray
absorption spectroscopy (HERFD-XAS). Our results suggest that the Ir oxidation state is dynamic:
an IrOx surface forms that is more oxidized than the bulk pyrochlore material but subsequently
dissolves. Such detailed characterization of material properties can be used to develop design

principles for improving catalyst stability.
Introduction

H> produced from proton exchange membrane (PEM) electrolysis is a promising route to
decarbonize H, in existing and emerging markets of the global economy.! However, PEM
electrolysis is still prohibitively expensive for most H> markets today.? One pathway to help reduce
this cost is to develop lower cost, more active, and more stable catalysts for the oxygen evolution
reaction (OER). Today, high mass loadings of Ir, an expensive precious metal, are utilized in
commercial PEM electrolyzers.> While not the most active OER catalyst, IrOx is practically the
only material stable enough to oxidize water in an acidic environment on a years-long timescale.>*
Altering the composition of Ir-containing materials has been proposed as a method to improve

intrinsic OER activity and stability in acidic electrolytes.”™’

Previous work has shown that mixed metal Ir oxides (AlrxOy) can achieve higher initial intrinsic
activity than IrO; catalysts.* ! However, this is not true of all AlryOy compositions. For example,
in one report, Y2Ir.O7 was shown to have 3x greater current density at 1.525 V vs. RHE than IrO>
when normalized by the surface area of the catalyst, while other compositions (A2Ir207, A = Bi,

Pb) did not yield the same level of enhancement over IrO,.* Similarly, another series of AzIr,07



(A =YD, Gd, Nd) was evaluated for OER, where only Yb:Ir,O7 exhibited greater activity than a
rutile IrO2 at 1.58 V vs. RHE.!® These results highlight that factors such as the initial catalyst

composition can greatly impact the observed activity of these materials.

While it is common to relate initial composition to OER activity, the initial composition may
evolve under OER operating conditions. As evidence of this evolution, not only do some AlrxOy
compositions exhibit greater initial intrinsic activity relative to IrO», but performance can actually

improve over time during electrochemical testing.3%!!

One explanation for this activity
improvement over time is by the leaching of the non-precious metal A-site from AlrxOy materials

during OER in acidic electrolytes. It has been proposed that the leached A-site leaves behind an

IrOx surface structure, which is predicted to have high OER activity.®’

Surface IrOx layers on AlrkOy after OER in acidic electrolytes have been observed with ex-situ
characterization methods. For example, SrlrO3 and IrNbOx thin films and BalrOx nanoparticles
have shown the presence of highly disordered IrOy surface layers (depleted of Sr, Nb, and Ba) and

12-14 1t is still unclear, however, if the IrOx surface layer is

surface roughening after OER testing.
universal to all AlrxOy compositions, or if the initial composition can impact the formation and
stability of this surface layer. /n-sifu characterization methods to monitor local structural and

electronic environment of Ir in these materials can help build fundamental understanding of such

dynamic catalysts.

In this work, we conduct a detailed investigation into the OER activity and stability of
nanoparticulate Y2Ir.O7 in acidic electrolyte using a combination of electrochemical and advanced
material characterization techniques. To this end, we synthesize a nanoparticulate Y2Ir.O7 catalyst
and use in-situ high-energy resolution fluorescence detected x-ray absorption spectroscopy

(HERFD-XAS) to monitor the Ir oxidation state as dissolution occurs during OER. We also probe
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the catalyst surface using high resolution transmission electron microscopy (HR-TEM) and x-ray
photoelectron spectroscopy (XPS) to characterize the catalyst structure and composition ex-situ.
The combination of such in-situ and ex-situ experimental techniques facilitates improved
fundamental understanding of catalyst activity and stability, leading to the next iteration of high-

performing catalyst materials.
Experimental Methods

Materials

All chemicals and materials were used as received. Iridium chloride hydrate (IrCl;.xH20, 99.9%
purity, Aldrich), yttrium nitrate hydrate (Y(NO3)3.xH20, 99.9% purity, Spectrum Chemicals), and
sodium nitrate (NaNQOs3, 99.0% purity, Sigma Aldrich) were used as to synthesize the Y2Ir20O7
catalyst. Iridium oxide (IrO2, 99.9% purity, Aldrich), iridium metal powder (Ir, 325 mesh, 99.9%
purity, Alfa Aesar), iridium chloride hydrate (IrClz.xH20, 99.9%, Aldrich) were used as standards
for Ir oxidation state comparison. Ir black (Premetek, 55-65 m?/g) was used to validate the
HERFD-XAS experimental setup. 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 a solvent in the catalyst ink, and Nafion perfluorinated resin (10 wt% in H20, 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). Electrolytes were prepared from concentrated
perchloric acid (HCIO4, 70% concentration, double distilled, GFS Chemicals) and concentrated
sulfuric acid (H2SO4, 99.999% purity, Aldrich). 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.



Pyrochlore Synthesis

Catalyst synthesis was based on previous reports for nanoparticulate Y2Ir207.% Iridium chloride
(105 mg) and yttrium nitrate (136 mg, 1.2:1 molar ratio Y:Ir) were dissolved in 10 mL of water.
Sodium nitrate (2.5 g) was added to the solution, then the solution was heated to 80°C while stirring
to evaporate the liquid (~7 hr). The resulting dark green sludge was further dried in an oven at
~80°C overnight. The solid was collected and ground using a mortar and pestle for 2 minutes, then
transferred to an alumina combustion boat. The solid was heated in air, ramping from room
temperature to 150°C at a rate of 1°C/min, held at 150°C for 30 min, then heated to 550°C at a rate
of 2°C/min where it was held for 2 hr. The sample cooled to <50 °C in the furnace before removing.
The resulting material formed a hard layer in the bottom of the combustion boat, which required
using a metal spatula and water to extract into a centrifuge tube. Additional water (20 mL) was
added to disperse the solid, and the mixture was centrifuged (1200 rpm, 5 min) to separate the
solid particles. The water was decanted, and this process was repeated 2 more times. Finally, the

collected particles were dried overnight at 80°C to remove residual water.

Material Characterization

X-Ray Diffraction (XRD)

X-ray diffraction (XRD) of the as-prepared pyrochlore powder and Ir standard powders was
performed using a Bruker D8 Venture with Mo Ka radiation to determine crystallinity. Diffraction
patterns from the Mo Ko radiation were shifted to Cu Ka radiation using Bragg’s law. XRD of the
catalyst after electrochemical testing was performed using a PANanalytical XPert with Cu Ka
radiation at a grazing incidence angle to enhance the catalyst signal relative to the substrate. The
measured XRD pattern were matched to a Y2Ir2O7 reference pattern from the ICSD database: 04-

002-4000.



Scanning Electron Microscopy (SEM)

A Thermo Fisher Scientific Apreo S LoVac was used to perform scanning electron microscopy
(SEM) on as-synthesized Y2Ir.O7 nanoparticles. A 5 kV and 50 pA electron beam was used at a
working distance of 5 mm. The sample was prepared by grinding nanoparticles into a clean

aluminum pin stub mount (Ted Pella).

X-Ray Photoelectron Spectroscopy (XPS)

XPS was performed on a PHI Versaprobe 3 with Al Ka radiation to determine composition and
elemental oxidation state. Powder samples and glassy carbon disks were mounted onto the sample
holder using double-sided carbon tape. All XPS data sets were analyzed using CasaXPS software.
High resolution scans were aligned to the C 1s peak (284.8 eV) arising from adventitious carbon.
Ir 4f and Y 3d doublets were fit assuming proportional peak areas and the same full width half
max. The peak splitting of the doublets was allowed to vary, but in all cases the fit peaks were in
agreement with the reported peak splitting values for Ir and Y. Neither charge neutralization nor
sputtering were performed during data collection. We found that charge neutralization did not
change the Ir peak positions, and sputtering, while useful to remove Nafion and carbon, was

avoided so as not to disturb the surface of the catalysts or reduce the oxides.

BET (Brunauer, Emmett, and Teller) Surface Area

The BET surface area of the as-prepared catalyst powder was measured using a Quantachrome
Autoflow BET+. The sample (80 mg) was first degassed in a series of heating steps at 80°C, 120°C,
and 150°C, holding each for 30 min and heating at a rate of 2°C/min between the steps. The final
degas step occurred at 200°C, which was held for 90 min. A 9-point BET measurement was

conducted in a bath of liquid nitrogen and using nitrogen gas as the adsorbate.



Transmission Electron Microscopy (TEM)

Scanning transmission electron microscopy with energy dispersive x-ray spectroscopy (STEM-
EDS) was performed using a FEI Titan Environmental TEM 80-300 operated at 300kV with a
probe size of 0.3 nm to map elemental composition of the catalysts. Spatial resolution of the
STEM-EDS mapping result is estimated to be ~4 nm. High-resolution TEM images were taken
using the same instrument operated at the same high tension, the TEM is also equipped with an
image corrector. Samples were prepared by sonicating the catalyst ink-coated substrates in IPA for

1 min, then depositing 3 drops of the solution onto lacey carbon TEM grids with Cu mesh.

X-Ray Absorption Spectroscopy (XAS)

All x-ray absorption spectroscopy was performed at the Stanford Synchrotron Radiation
Lightsource (SSRL) at SLAC National Laboratory. Ex-situ high-energy resolution fluorescence
detected x-ray absorption spectroscopy (HERFD-XAS) measurements at the Ir Liy-edge (~11.2
keV) were collected at beamline 6-2 (0.15 X 0.4 mm? spot size, 3 X 10'2 photon/s) in fluorescence
mode averaging 4-6 scans of the samples at ambient temperature and pressure.'> The Ir metal and
IrCl; reference powders (2-3 mg) were pelletized with boronitride powder (1.0 g). Ex-situ IrOo, Ir
black, and Y2Ir07 samples were collected before in-situ measurements. Description of in-situ
sample preparation is below. Ex-situ Ir Lij-edge (~11.2 keV) XAS was also conducted at SSRL’s
beamline 9-3 (1 X 4 mm?, 2 X 10'2 photon/s), which has lower energy resolution than the HERFD-
XAS conducted at beamline 6-2. Data analysis was performed by aligning, averaging, and
normalizing the collected spectra using the Athena software.!¢ The peak position was determined

by the x-intercept (or zero value) of the 1% derivative of the XAS spectra.

In-situ HERFD-XAS measurements at the Ir Lii-edge (~11.2 keV) were conducted at SSRL’s

beamline 6-2. Samples were prepared by first pyrolyzing the catalyst substrate, a Kapton film (2
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mil thick) between two graphite plates at 1000°C for 1 hr in N». Catalyst inks were then deposited
onto the pyrolyzed Kapton film substrate (10 pgr/cm’ee,), which was epoxied over a hole (0.65
cm diameter) in a high-density polyethylene bottle. The deposited catalyst was in contact with O»-
sparged 0.5 M H»SOg4 electrolyte in the bottle, while the back of the film was exposed to air and

contacted with Cu tape.

Electrochemical data for the in-situ experiments was recorded with a Biologic SP-300 potentiostat.
Electrochemical performance was assessed using a 3-electrode configuration with a graphite
counter electrode and Hg-HgSOs reference electrode inserted through the bottle cap. This
experimental setup was largely modelled after Ref. 17, where schematics of the setup can be found.
Measurements were conducted in the back side illumination configuration using the seven crystal
Johann-type hard x-ray spectrometer developed on beamline 6-2 at SSRL.!> XAS measurements
were collected at a range of oxidative electrochemical potentials and the electrolyte was collected
after the experiments for ICP-MS analysis. Data analysis was performed by aligning, averaging,

and normalizing the collected spectra using the Athena software. !¢

Electrochemical Characterization

Electrode Preparation

Catalyst inks were prepared by dispersing the catalyst (3.5 mg) and Vulcan carbon (3.5 mg) in a
solution of IPA (2.4 mL) and water (7.6 mL), following a published protocol.'® Inks were iced for
5 min before adding Nafion ionomer (40 puL, D520 dispersion, 5wt%). All inks were sonicated for
20 min, iced for 5 min, then horn sonicated in a pulse profile (5 s on, 2 s off, 50% amplitude) for
2 min immediately before use. Inks were drop cast onto the substrate (in 8 uLL increments) while

rotating the electrode (100 rpm) inside a fume hood until the surface was visibly dry (~20 min).



Rotating Disk Electrode (RDE) Electrochemical Measurements

The OER performance of each catalyst was assessed in Oz-purged 0.1 M HCIO4 or 0.5 M H>SO4
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 catalyst ink (14.3 uL for
Y.Ir,07, 18 pL for Ir-IrOx) onto a glassy carbon disk substrate (0.196 cm?) resulting in a catalyst
loading of ~15 pgr/cm?geo (57Wt% Ir in Y2IroO7; 86wt% Ir in Ir-IrOx). The OER activity was
assessed using cyclic voltammetry (CV) where the potential was cycled between 1.3 V and ~1.6
V vs. RHE (the potential required to reach a current density of ~10 mA/cm?gc) at a scan rate of
10 mV/s. This scan rate is within the range of scan rates recommended in OER catalyst
benchmarking protocols'® and used by others in the field.!® Additional OER activity assessments
using sequential voltage holds at 1.4, 1.5, 1.55, 1.6, and 1.63 V vs. RHE for 5 min each. Double
layer capacitance measurements using CVs (0.66-0.86 V vs. RHE) at 300, 200, 100, 50, 20, and
10 mV/s scan rates were also used to assess changes in electrochemically active surface area.
Impedance measurements were conducted at open circuit potential prior to electrochemical
measurements and all measurements were corrected for the Ohmic resistance of the electrolyte

after testing (0% compensation during testing).

Electrodes for chronoamperometry (CA) stability measurements were prepared by depositing 43
uL of Y2Ir,O7 catalyst ink onto a gold disk substrate (0.196 cm?) resulting in a total catalyst loading
of ~75 pg/cm?geo. 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.!®?° The applied



voltage was corrected for 85% of the Ohmic resistance of the electrolyte during the experiment
using impedance measurements at open circuit voltage prior to beginning the experiment. Stability
was also assessed using chronopotentiometry (CP) at a constant current of 0.38 mA (~2

mA/cmgeo). In this experiment, 30 ugea/cm’eeo Was deposited onto a glassy carbon substrate.

Electrolyte Characterization

Inductively coupled plasma mass spectrometry (ICP-MS) was performed using a Thermo
Scientific XSERIES 2 to quantify dissolved catalyst in the electrolyte. Electrolyte aliquots (4 mL)
were taken periodically during stability experiments 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 Y and Ir. In other words, we were able to reliably quantify

dissolution if > 1% of the total Ir in the catalyst dissolved into the electrolyte, for example.

S-Number Calculation

The stability number (S-number) was used to quantify stability, normalizing the activity of the
catalyst (moles of O2 evolved) by the dissolution of Ir (moles of Ir dissolved). The amount of O>
evolved was determined by integrating the current (/) divided by Faraday’s constant (F) and the
number of moles of electrons required to make a mole of O, (n) over time. This cumulative value

of O evolved was normalized by the concentration of Ir in the electrolyte at that time point (CY,.)
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times the volume of the electrolyte (V). We assume 100% Faradaic efficiency for OER in our

calculations.

I
m0l02 evolved __ fﬁ dt
mo lIr dissolved CItrV (1)

S — number =

Results and Discussion

Nanoparticulate, crystalline Y2Ir207 with highly oxidized Ir sites

We employed a modified Adams Fusion method to synthesize crystalline Y2Ir2O7, which has been
previously reported to yield high surface area Ir pyrochlore nanoparticles.® Using XRD, we
confirmed the bulk crystallinity and phase purity of the as-synthesized catalyst by comparing the
measured pattern to a reference pattern for Y2Ir,O7 in the ICSD database (Figure 1A). Using XPS
to compare the atomic concentration of Y and Ir, the as-prepared catalyst was found to be slightly
Y enriched in the near-surface region (1.1:1 Y:Ir molar ratio) (Figure S1). The measured BET
surface area of the Y»Ir,0O7 powder was 22 m*/g (C-value of fit = 241). Imaging the particles with
SEM revealed an average particle size of ~50 nm (Figure S2). Given this particle size, only a small
fraction of the total atoms in the nanoparticle are at or near the surface. As a result, in bulk material
characterization techniques such as XRD and XAS described further below, we expect only a small

fraction of the signal to come from surface atoms.
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Figure 1. (A) XRD pattern for as-synthesized Y.Ir,O; matches reference XRD pattern from the ICSD
database. (B) Normalized O K-edge XAS of Y»Ir,07 and IrO, with the Ir 5d #2; and e, regions highlighted
in gray and yellow, respectively. (C) HERFD-XAS of the Ir Liy-edge of samples and standards. Vertical
light gray dotted line through IrO, peak guides the eye. (D) HERFD-XAS Ir Li-edge calibration curve.
Linear fit of standard materials (open squares). The formal d-band hole count for Ir black and Y»Ir,O7

samples (solid circles) estimated based on linear fit calibration curve (slope = 0.89 eV per d-band hole).

The extent of O 2p-Ir 5d orbital hybridization was characterized using O K-edge XAS (Figure
1B). The features at 529 and 532 eV arise from the excitation of a core O 1s electron to an O 2p
orbital hybridized with Ir 5d t>; and e, orbitals.?! The larger intensity of these features for the IrO;

suggest a greater interaction between the Ir 54 and O 2p orbitals than in Y2Ir2O7. This result is
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expected as Y2IroO7 has lower electrical conductivity than IrO;, and similar results have been

observed for AzIr207 (A = Pr, Nd, Gd, Tb, Ho).??

High-energy resolution fluorescence detected x-ray absorption spectroscopy (HERFD-XAS) at the
Ir Li-edge was also used to determine the average Ir oxidation state across the surface and
throughout the bulk of the as-prepared material (Figure 1C, Figures S3-S4). The peak position of
the reference materials (Ir metal: 547652, IrCls: 5d°6s°, IrO»: 5d°6s°) show a linear relationship with
formal d-band hole count (Figure 1D, slope = 0.89 eV per d-band hole), which is considered a
measure of oxidation state.?* Previous reports have also shown that a unit change in oxidation state
(+/- 1) correlates with a shift of ~1 eV. By extrapolating the linear regression, Y2Ir.O7 has a formal

d-band hole count of 5.6 (greater than the 5.0 d-band holes for IrO»), indicating that YIr>,O7 has

IV+/V+ IV+ ;

mixed Ir states and is generally more oxidized than the Ir''" in the IrO» reference. This high
oxidation state is also consistent with high resolution XPS measurements of the Ir 4f region
(Figure S5). Fitting the Ir 4f region also reveals a greater relative amount of screened than

unscreened 41 orbital character in Y2Ir.O7 compared to IrO,.32427

The HERFD-XAS spectra for Y2Ir207 shows a peak with a shoulder feature (~11,218 eV) as
opposed to IrO> which shows a single smooth peak (Figure 1C). This shoulder feature does not
change with consecutive individual scans, suggesting that it is not an artifact of beam damage from
the high photon flux of the measurement (Figure S4). We note that this shoulder feature can be
subtle (and even go unnoticed) when the Ir Li-edge spectra is collected with standard resolution,
and is not always reported for Y2Ir,O7 or other AlrxOy materials.®*!424282° To prove this, we
collected Ir Lin-edge XAS on the same material using a beamline with standard resolution and did
not observe the same clear splitting of the peak (Figure S6), consistent with previous reports

showing the advantages of HERFD-XAS at the Ir Lir-edge.*
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This distinctive peak shape measured by HERFD-XAS is attributed to the different electronic
configuration of Ir in Y2Ir207, where electron correlations and spin-orbit coupling are known to
split the Ir 5d £2¢ orbital into e” and u' orbitals.?****13 Whereas all five d valence electrons in IrO;
occupy the 72, orbital that spans the Fermi level, the d electrons in Y2Ir;O7 fill the u' orbital and
half-fill the higher energy e orbital with localized empty states above the Fermi level.>** In
addition, the intensity of the low energy shoulder feature in the white line strongly depends on the
number of holes in the 7, states, which is greater for Y2Ir207 than IrO: as evidenced by the white
line position (Figure 1C) and the XPS results (Figure S5).’ In other words, the double feature we
observed is due to the gap in 7, states and the high oxidation state of Ir. This d-band structure
gives rise to the electronically insulating property of Y2Ir,O7 (compared to the more conductive

IrO2) and has been observed in other insulating AlrxOy materials.>3~

Electrochemical activity for OER improves with voltage cycling

The OER activity of Y2Ir.O7 was assessed in 0.5 M H>SOg4 electrolyte using cyclic voltammetry
(CV) in an RDE (Figure 2). To put the activity of Y2Ir2O7 in context, we provide a list of state-of-
the-art Ir-based catalysts’ OER activity in Table S1, including AlrxOy and Ir-Ti oxides. For
reference, we also show CVs with the current normalized by BET surface area and geometric area
(Figure S7), and assessed in 0.1 M HCIlOs4 in Figure S8. We acknowledge that CVs may over-
state the performance of the catalyst, although this is a common method to assess performance in
the field.'® The performance was also assessed using a series of potential holds, which resulted in
lower performance than a CV taken prior to the potential hold measurements. Interestingly, this
performance was seemingly recovered after the potential holds (Figure S9). Further probing this
phenomenon could be the subject of future work; here, we highlight that the catalyst is active and

stable enough for further characterization.
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Cycling the voltage, we found that the OER activity of Y2Ir2O7, on a geometric area basis,
improved with continual cycling, at least through 50 cycles. This improvement may be due to an
increase in intrinsic catalytic activity,” and/or an increase in electrochemically active surface area
(ECSA). We estimated the change in ECSA by employing the well-known CV method.’® We
found that the double layer capacitance of the electrode increased by ~3x after OER cycling
compared to before cycling (Figure S10). Similar improvements in activity and increased double
layer capacitance have been observed previously for AlrxOy materials when cycled repeatedly.®°
However, it is unclear whether the change in double layer capacitance is due to changes in the
catalyst surface, or the Vulcan carbon support, which may be the subject of future investigation.
For the purposes of this work, the Y2Ir,O7 catalyst showed high mass-normalized activity and

interesting stability, making it a suitable candidate for further electrochemical and material

property characterization using in-situ measurements.

| 0.5MH,50, Y,Ir,0,

Current Density (A/mg, )

1|4 'II5 1?6 1T
E-iR (V vs. RHE)

Figure 2. Oxidative sweep from cyclic voltammograms in 0.5 M H>SOj4 electrolyte. 1st sweep (solid line),
10™ sweep (dashed line), and 50" sweep (dotted line) for YIr,O7. Voltage scan rate of 10 mV/s. Current

density normalized by initial mass of Ir in Y»Ir,Oy.
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Chemically inert, but non-stoichiometric dissolution occurs during OER in acid

The chemical stability of OER catalysts in acidic environments is important for PEM electrolyzer
applications. The stability of Y2Ir,O7 in acid under no applied potential was assessed by soaking
the catalyst as-deposited on an electrode in 0.5 M HxSO4. After 24 hr, less than 1 wt% of the Ir
had dissolved, thus showing good chemical stability in acidic environments. Y dissolved in a
greater amount (7 wt%), which suggests Y depletion from the catalyst surface occurred even before

applying an electrochemical potential.

The electrochemical stability of Y2Ir2O7 during OER was investigated by chronoamperometry
(constant potential), during which electrolyte aliquots were taken for subsequent ICP-MS analysis.
The experiment began with an initial linear sweep voltammogram (LSV) and open circuit voltage
(OCV) hold for 20 min, followed by a potential hold at 1.6 V vs. RHE. A fixed potential was
applied to control the thermodynamic driving force for catalyst dissolution (Figure 3B). However,
we note that test conditions such as electrolyte, pH, and test protocol can influence catalyst
dissolution rate.’”*® Additional stability testing was conducted in 0.1 M HCIO4 following a
chronopotentiometry protocol, and we further discuss the impact of those parameters on measured

stability in the Supporting Information (Figure S11).

During the CA, the current density decreased substantially during the 2 hr hold at 1.6 V vs. RHE
(Figure 3B). We suspect that this is due to corrosion of the carbon support®>*® or formation of
micro-bubbles that block the active sites of the catalyst.*® Non-stoichiometric dissolution occurred
during the CA, whereby a greater amount of Y dissolved relative to Ir, in agreement with previous
reports of Y2Ir,07 OER stability in acid.® The Ir dissolution curve also flattens out as OER slows

or ceases, suggesting that dissolution occurs mainly during OER (Figure 3A).
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Figure 3. (A) Chronoamperometry (CA) experiment (1.6 V vs. RHE) of Y:Ir20O7 in 0.5 M H>SO4. Amount
of Y and Ir dissolved in electrolyte quantified by ICP-MS of electrolyte aliquots. (B) Average S-number
for Y2Ir,O7 evaluated in this work (purple bar) and IrO, powder evaluated by CP (range of 0.02 — 4
mA/cm?ge, for sequential 5 min holds) in 0.1 M HCIO;4 from Ref. 41 (dark gray bar).

The stability number (S-number) was used to further quantify and compare stability, normalizing
the activity of the catalyst (moles of O evolved calculated from charge passed) by the dissolution
of Ir (moles of Ir dissolved measured by ICP) (see Experimental Methods for details).*! We note
that the Y2Ir2O7 catalyst investigated herein shows an average S-number (5.6 X 10° moloa/moli)
close to that of other mixed metal Ir oxides (ABxIryO;) and amorphous IrOx powders (Figure 3B,

Figure S11).*'*2 The Y,Ir,O7 catalyst studied in this work has an S-number that appears to increase
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with O2 evolution, meaning that the catalyst seemingly gets more stable as it evolves more O>
(Figure S11). This phenomenon has been observed for other AlryOy catalysts,***> but is not
universal to all Ir-based catalysts.*! Further discussion of this phenomenon, including the impact
of experimental conditions such as pH, anions, and electrolyte flow rate is included in the
Supporting Information. Ultimately, the S-number is still orders of magnitude lower than the
reported stability of crystalline IrO»,*' but does highlight how tuning catalyst composition and

structure can impact the rate of Ir dissolution during OER.

Bulk crystalline pyrochlore remains after testing

The CA experiment was conducted in modified triplicate, with each repeat experiment stopped
after a different length of time to enable ex-situ characterization of the catalyst composition and
morphology after varying amounts of degradation: after the OCV, after 30 min of CA, and after 2

hr of CA (Figure 3A).

XRD of the catalyst-coated substrate revealed that the bulk pyrochlore phase remained throughout
the stability test (Figure 4). This corroborates our hypothesis that the substantial decrease in
current in Figure 3A was not due to degradation of the bulk catalyst structure. Due to the low
XRD signal, further information from the pattern, such as changes in relative peak intensities or

widths, was not discernable.
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Figure 4. XRD patterns of as-prepared (fresh) Y.Ir,O; powder (purple pattern) and YIr,O7 on Au disk
substrate after 30 min CA (pink pattern). Y.Ir,O7 peaks highlighted with purple to draw attention.

XPS revealed that there was an increase in the relative amount of Ir present in the near-surface
region of the catalyst after soaking in acid and electrochemical testing (Table 1). Furthermore, the
near-surface composition appeared to reach a steady state (~40:60 Y:Ir molar ratio) after the single
LSV+OCYV prior to the start of the CA measurement at 1.6 V vs. RHE. Studies of similar AlrxOy
materials have observed that an IrOx surface layer forms during electrochemical testing as a result
of A-site leaching and restructuring, which could explain the Ir-enrichment we observe by XPS.*
Further analysis of the Ir oxidation state using high resolution XPS was conducted before and after
stability testing, revealing small shifts (~0.3 eV) in the peak positions over time (Figure S12).
However, to probe the Ir oxidation state during catalysis, we rely on in-sifu characterization

techniques described further below.
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Table 1. Relative Y and Ir atomic concentrations from XPS.

Stage of Elec?rochemlcal Y:Ir Molar Ratio
Testing
As-deposited 52:48
After OCV 40:60
After 30 min CA 41:59
After 2 hr CA 41:59

The surface of the catalyst nanoparticles were further probed with high resolution transmission
electron microscopy (HR-TEM) (Figure 5). Comparing the as-deposited and post-test samples,
we did not find widespread, distinctive differences between the bulk crystallinity or edges/surface
of the particles (Figure SA-F, Figure S13). While there is no clear evidence by HR-TEM that an
IrOx surface layer formed after testing, we acknowledge that the ex-sifu nature of the measurements
(e.g., removing the electrochemical potential while in acid, etc.) could impact the surface
morphology. In contrast, we did observe small nanoparticles (~1 nm diameter) as evidenced by
the darker contrast within the lighter-colored carbon support (Figure SG-H, Figure S14). These
nanoparticles could be evidence of re-deposited IrOx from the Ir that dissolved during testing,
which has been hypothesized previously for Ir perovskite OER catalysts.** This would explain the
discrepancy between the non-stoichiometric Y:Ir dissolution observed by XPS and ICP-MS and
the lack of a visibly thick IrOx surface layer in the HR-TEM images. XPS survey scans before and
after testing also show no signs of contamination (Figure S15). The STEM-EDS mapping,
however, had insufficient resolution to determine the composition of those small nanoparticles
(Figure S16), thus identifying their composition and determining their contributions to OER

catalytic activity should be the subject of a future investigation.
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Figure 5. (A) HR-TEM of as-deposited catalyst. (B) Magnified image of the white outlined region in (A)
showing the d-spacing corresponding to (111) crystal planes (Table S2); the inset FFT shows the particle
is viewed along the [110] zone axis. (C) Magnified image of the white outlined region in (B) showing the
alternating contrast corresponding to the atom arrangement along [111] direction as shown in (D). The
white arrow in (B) points to surface with less ordered structure (more images showing particles with distinct
surface can be found in Figure S13-S14). (E) HR-TEM images of nanoparticles after LSV+OCV period,
and (F) after 30 min CA, both showing (111) crystal planes. TEM images in (G) and (H) also show the

appearance of small nanoparticles (1-2 nm) for both tested particle catalysts, indicated by red circles.

In-situ observation of Ir oxidation during dynamic OER and dissolution processes

In-situ HERFD-XAS at the Ir Lii-edge was conducted to determine how the dissolution of Y from
the catalyst affected the oxidation state of Ir during OER. We first measured the oxidation of a
nanoparticulate Ir black catalyst (55-65 m?/g) during OER to confirm that our in-situ experimental
setup performed as expected. We stepped the potential from 1.1 V to 1.6 V vs. RHE, holding each
potential for 20-25 min (enough time to collect 5-6 spectra) (Figure S17). As the potential
increased, we observed a shift in the Ir Li-edge peak position to higher energy by ~0.11 eV
(Figure S18) and a clear broadening of the peak (Figure S17), suggesting that we were indeed

observing the formation of surface IrOx and validating our experimental setup.

21



For the Y>Ir,O7 catalyst, we applied a constant potential of ~1.6 V vs. RHE in 0.5 M H,SO4 in
order to compare the in-situ results with RDE measurements (Figure 6A). Over the course of the
in-situ experiment, 20% of the Y and 4% of the Ir dissolved as quantified by ICP-MS of the
electrolyte, indicating that the surface becomes Ir-enriched. This is a lower amount of dissolution
than expected based on RDE measurements, but this could be the result of differences in the
experimental setup (e.g., rotating vs. not-rotating electrode, type of substrate, catalyst loading,

etc.).

When electrolyte was added to the cell at OCV, we observed a slight reduction in the Ir oxidation
state relative to the ex-situ as-deposited sample before an electrochemical potential was applied
(Figure 6B-C). The shift in the peak position corresponded to a +0.1 increase in the d-band hole
count (Figure S19-S20). When a potential of 1.6 V vs. RHE was applied, the peak shifted to higher
energies by +0.06 eV relative to the as-prepared sample, corresponding to an increased d-band
hole count of ~0.06 (Figure S20). This result suggests Ir became more oxidized and the d-band
hole count increased during OER relative to the as-deposited sample. We note that final oxidation
state exhibiting Ir¥" character and the increase in oxidation state are consistent with in-situ XAS
measurements for similar AIrxOy OER catalysts.!!**2® We further acknowledge that the magnitude
of the increase shown here for Y2IrO7 is smaller than those reports,>* but we expect this difference

is due to the higher initial Ir oxidation state in Y2Ir2O7.

Similar in-situ XAS studies of IrOz and IrOx catalysts have shown that the oxidation state of Ir can
increase with electrochemical potential to Ir¥* or greater oxidation states.*>*" In these studies, it
was also observed that above the onset potential of OER, the oxidation state reaches a steady state*
or even decreases.*® We also note that theoretically, IrOs with Ir!" oxidation state is predicted to

IV+

be more stable than rutile IrO, with Ir'V* oxidation state under OER conditions.*® The presence of
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such highly oxidized Ir such as Ir¥*V!* is reported to stabilize reactive oxygen species (O"), which

is theorized to be responsible for the high OER activity of IrOx catalysts.*»>* By comparison, we
suspect the highly oxidized Ir in Y2Ir2O7 to have a similar effect on lattice oxygen, which could

explain its high OER activity.

To observe how the Ir oxidation state changed over time as the catalyst performed OER and
dissolved into the electrolyte, we held a constant potential (1.6 V vs. RHE) and measured
consecutive scans (1.7 min each). We observed variation in the signal during this potential hold
(Figure 6C), yet statistical analysis of the scans showed that the observed oxidation was detected
beyond the noise in the as-deposited and OCV measurements. We therefore believe this to be a

real phenomenon of the system, measurable due to the high resolution XAS measurements.
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Figure 6. (A) Voltage profile (gray) and measured current density (purple) during in-sifu measurements.
(B, C) Ir Lir-edge HERFD-XAS spectra for Y,Ir,O7 as-deposited (gray solid), at open circuit voltage (OCV,
purple dashed), and the maximum oxidation measured during the 1.6 V vs. RHE potential hold (dotted
gold). (B) Zoomed in region of (C), where colored shading was added to show standard deviation above

and below average signal.

The surface of the Y2Ir,O7 is dynamic under reaction conditions, both due to the oxygen evolution
reaction and dissolution of Y and Ir. Our ex-sifu XRD measurements confirm that the bulk Y>Ir,07
structure remains unchanged after testing (Figure 4), thus we would only expect to see Ir oxidation
state changes at the surface. While this oxidation of surface Ir may be significant, given the size

of the nanoparticles (50 nm), we only expect a small contribution to the total XAS signal from the
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surface Ir atoms. The variation in signal could be explained by a fluctuating Ir oxidation state on
the catalyst surface: an increase in Ir oxidation state as Y leached from the structure forming an
IrOx surface layer, followed by a subsequent shift back towards the initial oxidation state as the
IrOx surface layer dissolved. The thickness of an IrOx surface layer across all particles would vary
at any given moment in time and would contribute to the signal fluctuations we observe. This could
also explain why a thick surface IrOx layer was not observed by TEM (Figure 5). Similar in-situ
XAS studies of AlrxOy OER catalysts suggest that fluctuations in Ir oxidation state can also be
explained by the relative A-site/O diffusion rates out of/into the IrOx surface layer.'* We find that
this small, yet non-negligible, change in oxidation state is indicative of the relatively high stability

of this Ir-based catalyst.

While the changes in the HERFD-XAS peak are clearly distinguishable (especially on the higher
energy side of the spectra where there is less contribution from lower oxidation state Ir), we must
acknowledge that the measured changes in both peak position and shape are approaching the
resolution limit of our system. Future work to identify the surface Ir oxidation state of Y2Ir,0O7
using in-situ XAS could focus on further nanostructuring to increase the surface area of the
catalysts to enhance the XAS signal arising specifically from surface Ir atoms.’! Further, we
acknowledge that our results are dependent on the specific OER potentials applied and electrolyte
composition. Investigating Ir oxidation using in-situ HERFD-XAS as a function of electrolyte
composition and electrochemical treatment could provide additional insight about Y>Ir.O7
chemical and electrochemical stability. Such fundamental insight about electrochemical stability
is critical in understanding the structural and electronic properties that yield high material stability

in acidic, oxidizing conditions.
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Conclusion

In summary, we quantified the dissolution of Y2Ir207 as an OER catalyst, finding evidence of
significant Y leaching and non-negligible Ir dissolution during OER in acidic electrolyte. Based
on the S-number metric, we find that Y>Ir.O7 has comparable stability to other reported mixed
metal Ir oxides. Using ex-situ characterization techniques, we confirmed that an Ir-enriched
material formed during electrochemical testing, yet the bulk crystalline structure and composition
remained unchanged. We further found that the Ir oxidation stated appeared to increase and
fluctuate during OER when monitored with in-situ HERFD-XAS at the Ir Lip-edge. We suspect
that the fluctuations in the XAS spectra were caused by variations in thickness of a highly oxidized
IrOx surface layer that forms as Y dissolves, but then subsequently dissolves during OER. While
this leaching catalytic material does not appear to improve the stability of highly active Ir sites for
OER, continued efforts to extensively characterize material properties, quantify dissolution, and
find descriptors for catalyst stability are needed to design the next generation of reduced precious

metal OER catalysts for PEM electrolyzers.
Supporting Information Description

XPS and SEM of as-prepared nanoparticles; derivative of ex-situ HERFD-XAS; standard
resolution XAS; OER activity of other Ir-based catalysts; additional OER activity metrics for
Y2Ir207 in 0.5 M H2SO4 and 0.1 M HCIOs; double layer capacitance; chronopotentiometry in 0.1
M HCIOs; discussion of S-number variation; Y»Ir,O7 d-spacing values; HR-TEM, STEM-EDS,
and XPS pre- and post-test; and HERFD-XAS calibration curve and derivatives for in-situ Ir black

and Y2Ir0O7
Raw data for all main text and supporting information figures
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