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ABSTRACT: The development of active and acid-stable iridium-based
catalysts is crucial to meet the requirements of proton exchange membrane
technologies for the sustainable production of hydrogen via water
electrolysis. However, long-term stability remains a critical challenge. In
this work, we focus on a Ca,IrO, catalyst to develop a holistic picture of
catalyst electronic and geometric structure evolution under various applied
potentials by probing electrochemically active surface area, metal
dissolution, Ir valence, and surface morphology. We observe an initial
activity increase in parallel with increasing capacitance and minor iridium
dissolution. Extensive chronoamperometry tests at oxidizing potentials lead
to significant activity loss that occurs simultaneously with a dramatic drop
in capacitance and a change in impedance. Using a combination of
electrochemical and spectroscopic tools, we provide fundamental insights to these material degradation processes to enable future
catalyst design with balanced activity and long-term stability.
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B INTRODUCTION

In pursuit of a sustainable energy landscape, electrocatalytic
conversion processes, which enable the production of societally
important fuels and chemicals, are envisioned to play an
important role as we transition away from heavy reliance on

transform to stabilized Ir*" or Ir'* species at moderately
oxidizing potentials. At higher potentials (>1.6 V vs reversible
hydrogen electrode, RHE), IrO; intermediates are formed,
which can either dissolve in the form of IrO,>” or redeposit on
the catalyst surface. Overall, if transformation of iridium to
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fossil fuels. Water electrolysis is a promising technology to
produce hydrogen via a carbon-free process. There is a critical
need for active and acid-stable water splitting catalysts in order
to meet the requirements of proton exchange membrane
(PEM) electrolyzer technologies for the sustainable production
of hydrogen." Iridium-based metal oxides are some of the most
promising catalyst materials for the oxygen evolution reaction
(OER) in acidic environments, given their relatively high
activity and stability. Previous studies on nonstoichiometric
iridium-based materials featuring A,,;B,Os,,; (n = 1 to )
provide sufficient information regarding their short-term
activity; however, long-term stability remains a critical
challenge.”™>

Catalyst degradation can be driven by oxidation or
dissolution in harsh acidic conditions, as well as other
processes. The formation of nonconductive or semiconductive
oxide layers, either from the reconstructed catalyst or support,
isolates portions of the catalyst, prohibiting them from
participating in the reaction.’”” In addition, it has been
reported that dissolution or transformation of Ir into other
species is affected by potential, reaction current, surface
composition, and the nature of the electrode.’’ The authors
found that metallic Ir can oxidize and dissolve as Ir’* or
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other stable forms is favored over dissolution, this kinetic
control will lead to a stable OER catalyst.'' Understanding the
catalyst degradation or physicochemical changes that occur
during continuous operation will help researchers mitigate
these issues and inform design principles to balance catalyst
activity and long-term stability.

Stability can be assessed by different electrochemical
measurements, including variably or constant controlled
potential, termed cyclic voltammetry (CV) or chronoamper-
ometry (CA), respectively, or constant controlled current,
termed chronopotentiometry (CP). Each protocol provides
distinct insights into the system of interest. For CVs, catalysts
are exposed to a constantly changing potential as they are
repeatedly cycled, often in a wide potential window. This
potential window may include potentials before OER current
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onset, which can induce oxidation state or surface adsorbate
coverage changes.'” In contrast to this variable operation, CP
and CA simulate a continuously operating device under
constant current and voltage, respectively. Depending on the
electrochemical protocol employed, it is possible for the
reaction and degradation mechanisms to differ due to different
modes of controlling the potential vs controlling the current."

In much of the literature to date, catalyst stability is
evaluated by conducting hundreds to thousands of CVs or
long-term CPs at a single current density (ie, 10 mA/cm®
geo);3’5’l4_21 but fundamental understanding of how materials
respond to a wide range of oxidizing environments and their
degradation mechanisms is lacking. During long-term CP tests,
the potential may fluctuate in response to catalyst activity
changes, induced by activation or degradation, in order to
provide the set constant current. The fluctuating potentials
may also trigger the restructuring of the catalyst surface or
formation of new active site moieties. This uncontrolled
potential fluctuation makes it difficult to study the catalyst’s
degradation mechanisms. In contrast, at a fixed potential, a
catalyst experiences a constant overpotential or driving force
for any reactions or surface restructuring. The current may
increase if the catalyst surface transforms to a more active
phase that is stabilized under reaction conditions or may decay
over time due to the loss of active sites or increase in charge
transfer resistance. Therefore, by conducting long-term CAs
under various potentials, we are able to investigate the activity
and stability of catalyst surface phases that are under constant
operating conditions to gain insights to the associated reaction
and degradation mechanisms.

Herein, we study the effect of oxidizing potentials on the
catalytic performance of Ca,)IrO, and material stability over
long-term operation in acid. We employ stability protocols that
alternate long, constant potential holds (CAs) with briefly
cycled potentials (CVs) and electrochemical impedance
spectroscopy (EIS) to induce material degradation primarily
under a constant potential environment with periodic probes
of the catalyst response and dynamic properties. We find that
Ca,IrO, exhibits variable stability that is correlated with
potential-dependent Ir dissolution pathways. EIS fitting and ex
situ X-ray absorption spectroscopy (XAS) are employed to
understand charge transport of the electrode and electronic
structure of the catalyst material. Our results suggest that
reconstructed surface phase with electrically insulating
behavior forms during degradation, resulting in an inactive
but stable surface that prevents further Ir dissolution after
several hours of operation.

B RESULTS AND DISCUSSION

Pristine Material. X-ray diffraction (XRD, Figure la)
confirms the hexagonal crystal structure of Ca,IrO, reported in
the literature.”” The minor peaks in the XRD pattern are
attributed to CaO impurities. Since CaO is electrochemically
inert, it does not contribute to the catalytic activity. High-
resolution transmission electron microscopy (HRTEM, Figure
1b) shows the crystalline phase at the edge of pristine particle.
The corresponding diffraction pattern matches well with the
refined structure (space group P62m) along the [011], [111],
and [101] zone axes (Figure S1). Due to the high symmetry of
the crystal structure, several zone axes can generate the same
diffraction pattern. The micrometer-sized particles have a
surface area of ~12 m*/g.
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Figure 1. Characterization of the pristine material. (a) XRD of the as-
prepared powder. (b) HRTEM image along the [011] (or [111] or
[101]) zone axis of Ca,IrO, with inset showing the fast Fourier
transform.

Effect of Oxidizing Potentials on Stability Outcomes.
To evaluate the activity evolution and long-term stability,
Ca,IrO, catalyst powder was combined with an equal weight of
Vulcan carbon support in an ink of 97% v/v isopropyl alcohol
and 3% v/v Nafion 117 for deposition onto glassy carbon disk
substrates. Extensive CAs at various oxidizing potentials,
ranging from 1.65 to 1.576 V vs RHE, were applied to the
electrodes in 0.1 M HCIO, over 2—12 h, ensuring that these
measurements would probe both activation and deactivation
processes of the catalyst. CVs and impedance spectra were also
recorded intermittently to monitor the activity, capacitance,
and charge transfer resistance. At 1.60 V vs RHE, the electrode
experiences three stages of activity evolution before completely
losing its activity after 6 h testing (Figure 2). During the initial
OER testing phase, designated with the label “0.25 h” in Figure
2, the activity increases in parallel with increasing capacitance.
After this phase, the electrode enters a second, stable phase (as
determined by intrinsic activity normalized to catalyst surface
area, Figure 2c) for at least 2 h, before finally entering a third
phase of slow degradation over more than 4 h. The electrode
also exhibits a change in capacitance that correlates with OER
activity evolution. While capacitance is broadly used in the
literature to reflect changes in catalyst surface area and
significant surface rearrangement,‘g’s’zo’23 we note that
capacitance is also likely to vary with material intrinsic
properties such as surface structure, composition, and
conductivity. In this work, capacitance is used to estimate
the change in electrochemically accessible catalyst surface area,
while we also acknowledge possible changes in catalyst
conductivity over the course of electrochemical testing, as
monitored via EIS.”** It is also likely that oxidation of the
Vulcan carbon support or glassy carbon substrate obstructs the
conductive path between the catalyst and the electrode
contact, leading to a decrease in accessible sites over testing
time.>>2° During the degradation phase, which occurs during
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Figure 2. Electrochemical activity and stability of Ca,IrO, / glassy carbon electrodes. (a) EIS collected at OCV (inset: 1.60 V vs RHE) at several
time points during a 6 h CA at 1.60 V vs RHE. The middle frequency regime where the arc is observed is marked in gray. (b) CAs showing current
normalized by geometric area at various potentials. (c) CVs showing intrinsic current density at several time points during 6 h of electrochemical

stability testing (1.60 V vs RHE, 0.1 M HCIO,,). (d) Evolution of overpotential (solid lines) required to reach 10 mA/ cngeo and capacitance
(dashed lines) as a function of active testing time during extensive CA at 1.6S, 1.60, and 1.576 V vs RHE.
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Figure 3. “Degraded” and “spent” impedance spectra (data points and fits) collected at OCV and oxidizing potentials during stability test operated
at (a) 1.60 V vs RHE and (b) 1.576 V vs RHE. Inset figures include the data and fits at low impedance region, as well as equivalent circuits used for

fitting.

the 4 and 6 h CAs (Figure 2), there is significant activity loss
that occurs simultaneously with a large drop in capacitance and
changes in conductivity, as revealed by impedance spectra.
These activity, capacitance, and conductivity trends are similar
for all electrodes prepared with Ca,IrO,, even when tested
under different oxidizing potentials; however, the timescales
for each of these stages differ (Figure 2b,d). Specifically, at
1.576 V vs RHE, the electrode performance begins to degrade
most significantly after 6 h compared to degradation occurring

13556

after 4 h or shorter at higher oxidizing potentials. Similarly,
activity is considered completely lost after 12 h CA for the
sample held at 1.576 V vs RHE compared to after 6 or 2 h
when held at 1.60 and 1.65 V vs RHE, respectively.

EIS is also used to investigate the electric properties of the
electrode, including the substrate, catalyst, and catalyst
interfaces with the substrate and electrolyte during degrada-
tion. Impedance spectra of the degraded and spent samples (at
open circuit voltage (OCV)) reveal an arc in the middle-
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frequency range (16000—150 Hz), which deviates from
behavior of a Warburg element as used in typical Randles
circuits (Figure 2a). Upon further investigation of EIS
measured at the same potential as the respective CA holds
for each sample, this arc is still present in the middle frequency
regime for degraded and spent samples. To better understand
the electrode properties that contribute to the features in the
spectra, two equivalent circuits are used to fit the spectra
collected during degradation (Figure 3). To fit the data under
OCV, a modified Randles circuit was used; this circuit is
composed of a resistor (R1, solution resistance) and a constant
phase element (Q1), which is in parallel with a combination of
a second resistor (R2) and a second constant phase element
(Q2, in place of the Warburg element for a typical Randles
circuit). To fit data at applied potentials, another resistor (R3)
is added in parallel with the constant phase element (Q2). The
arc in the middle-frequency range reflects behavior of the R2
resistor, which represents impediments to electron transfer
between the electrolyte and electrode. Both fits of the
impedance spectra collected under OCV and applied oxidizing
potentials show a relatively constant value of the R2 resistor,
suggesting that it is not caused by an electrochemical process,
but a diffusive process (Tables S1 and S2). The impedance
representation at low frequency reveals reaction kinetics;>”
specifically, the depressed semicircle feature present in the
spectra measured under oxidizing potentials reflects the OER
charge transfer kinetics, which is related to the parallel circuit
of the Q2 constant phase element and R3 resistor. At 1.60 V vs
RHE, the OER charge transfer resistance changes slightly
during the 0.25—2 h testing time (inset, Figure 2a), consistent
with the observation that the catalyst activity remains stable
during this period. After 4 h of continuous testing at 1.60 V vs
RHE, the increasing R3 resistance indicates increased charge
transfer resistance for OER, which correlates with an observed
decrease in activity. Furthermore, we calculate an increasing
pseudo capacitance (C2), from the fitted Q2 constant phase
element during degradation. This can be caused by several
factors, such as inhomogeneity of the surface, variability in
conductivity, grain boundaries, and crystal phases of
polycrystalline electrode, which contribute to the distributed
time constants of the constant phase element representa-
tion.”®™3° Overall, diffusive resistance is introduced and OER
kinetics are impeded during degradation, correlating to an
increase in the electrically insulating nature of the electrode.
Stability of Substrate. Electrode deactivation can be
caused by degradation of the catalyst material itself as well as
oxidation of the carbon substrate.”®*' To determine the
primary cause of our electrode deactivation and identify the
contributions from both the glassy carbon substrate degrada-
tion and catalyst material degradation, a comparative study was
conducted by oxidizing a bare glassy carbon disk at 1.65 V for
2 h, 1.60 V for 6 h, and 1.576 V for 12 h. These bare substrate
oxidation treatments reflect the duration of electrode perform-
ance at each of these respective potentials, as presented in
Figure 2. The impedance spectra (at OCV) for the oxidized
bare glassy carbon disks show an increased diftusive resistance
compared to the pristine disks (Figure S2a). However, the
characteristic arc in the middle frequency regime disappears
when Ca,IrO, catalyst ink is drop-cast on these preoxidized
disks (Figure S2a—c). Furthermore, the initial activity and
capacitance of the electrodes with catalyst are similar regardless
of using pristine or preoxidized substrates, indicating that the
impact of substrate oxidation is not strong enough to affect the

initial OER kinetics (Figure S2d). We also investigated the
contribution of glassy carbon disk oxidation to the electrode
degradation during long-term operation using the same
electrochemical protocol for electrodes using glassy carbon
disks that have been preoxidized at 1.60 V vs RHE for 6 h
before drop-casting the ink on the disk surface. Again, the
characteristic arc in the middle frequency regime appears only
after the electrode degrades. The same evolution of impedance
and activity, regardless of the status of substrate, suggests that
this catalyst material degrades on a much faster scale than
carbon oxidation (Figure $3).*°

Stability of Surface Iridium. Many previous studies on Ir-
based materials have shown a correlation between OER
activity and Ir dissolution in acid.”””*® Therefore, to
determine the relationship between long-term electrode
performance and metal dissolution from Ca,IrO,, we used
inductively coupled plasma mass spectrometry (ICP-MS) to
monitor iridium dissolution while holding identical electrodes
at 1.576, 1.60, and 1.65 V vs RHE, until each electrode has
completely lost activity. Figure 4 shows the cumulative OER
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Figure 4. (a) Cumulative OER charge and Ir dissolution evolution (%
of 80 g, /cm?) as a function of active testing time during extensive
CA at varied potentials. Error bars show the deviation of three
independent measurements. (b) S-numbers calculated from cumu-
lative OER charge and Ir dissolved. Error bars show the standard
deviation of three independent measurements.

charge passed for each of these electrodes and the Ir
dissolution at each corresponding time point. Overall, we
find that iridium leaching does not increase monotonically with
charge. Electrodes tested at the two higher oxidizing potentials
reach a maximum cumulative OER charge of approximately 20
C, after which point the electrodes lose nearly all activity. The
electrode tested at the lowest potential only reaches a
maximum cumulative OER charge of approximately 10 C. Ir
dissolution from the electrodes ranges from 0.23 to 10.6% of
the total Ir, with the highest Ir dissolution occurring upon
exposure to the highest oxidizing potential (1.6S V vs RHE,
Figure 4a). The electrode tested at 1.65 V vs RHE loses 10.6%
of its total Ir loading to the electrolyte after only 2 h. In
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contrast, the electrode tested at 1.60 V vs RHE experiences
dissolution of 2.7% of its initial Ir loading in the first 2 h,
followed by a period of relative stability where only an
additional 0.5% of initial Ir loading is dissolved in the next 4 h,
for a total of 3.2% Ir dissolved after 6 h of testing. Finally, the
electrode tested at 1.576 V vs RHE experiences the least
dissolution reaching nearly 1% dissolution after 4 h and
maintaining close to this value for the remainder of the 12 h
stability test. Furthermore, instead of simply comparing
dissolution vs time, we can compare the amount of Ir
dissolved vs OER charge passed for electrodes operated at
different potentials. For example, we see that the same amount
of OER charge has been passed for the electrode operated at
1.65 V vs RHE for 2 h (Figure 4a) and the electrode operated
at 1.60 V vs RHE for 4 h (Figure 4a). Even though each
sample has supported approximately the same number of
reaction turnovers, the sample operated at higher potential has
lost ~3.5X more Ir via dissolution. Together, these results
indicate potential-dependent iridium dissolution pathways. We
hypothesize that the lower potentials may support formation of
surface Ir species that have slower dissolution kinetics and
instead favor transformation to more stable Ir moieties.

As these electrodes generally experience higher rates of Ir
dissolution during the initial testing period, it is likely that the
catalyst surface is restructuring and exposing more surface area
that leads to improved OER activity. After this initial period,
the catalyst activity sharply declines (after 4 and 6 h at 1.60
and 1.576 V vs RHE, respectively), but iridium dissolution
becomes negligible during this testing period as well. We note
that the ICP measurements exclude any mechanical instability
that may contribute to activity loss, as larger pieces of catalyst
separating from the electrode are not detected. As mentioned
in the previous section, the impact of substrate oxidation on
electrode degradation is minimal and the electrode instability
comes from the materials themselves. It is likely that a stable
phase with increased insulating behavior forms, resulting in
loss of activity during this testing period. Dissolution of active
sites can also worsen the contact between catalyst and
substrate. The different surface geometries formed under the
reaction conditions affect the stability of surface atoms and
dissolved species. Similar to what has been reported on RuO,,
where surface geometry varies with potential,” varying extents
of Ir leaching may leave behind different defective surfaces that
affect the electron transport and OER performance.

As we further consider the relationship between Ir
dissolution and OER charge passed, we evaluate the S-number
for these electrodes. The S-number has been used as a metric
to assess the stability of precious metal catalysts and it is
defined as the ratio between the amount of evolved oxygen
(calculated from OER charge) and the amount of dissolved
iridium (extracted from ICP-MS data).”> The higher the
number, the more stable the active center of the electrocatalyst.
Here, we used two methods of evaluating S-numbers to
compare the stability of catalyst phases that are formed at
different stages of stability testing (Figure 4b).”* The “steady-
state” S-number is calculated by generating a linear trendline
using the total OER charge passed and amount of Ir dissolved,
such that it represents behavior of the system once it has
reached a steady state under reaction conditions. In contrast,
the “transient” S-number is calculated based on the cumulative
charge and the amount of dissolved Ir at each individual time
point such that it reflects dynamic behavior of the catalyst
material, especially highlighting changes during early stages of

stability testing. Both methods reveal a higher S-number at
lower operating potentials. However, considering the transient
S-number, we note that the S-numbers increase significantly
with increased testing time, indicating that there are fast
material dynamics occurring upon the first exposure to acid.
Overall, we note that the sample operated at 1.60 V vs RHE
may achieve the best compromise of performance and
dissolution; it supported almost two-times greater OER charge
compared to samples operated at 1.576 V and achieved higher
steady-state (and transient) S-numbers compared to operation
at 1.65 V vs RHE. Considering the S-number as a function of
time, the reconstructed surface formed after initial OER at 1.60
V vs RHE is the most stable compared to surfaces formed on
electrodes tested at other potentials. The S-number changes
dramatically after 2 h CA at 1.576 V vs RHE, indicating a
transformation to an active and stable phase. For each
operating potential, degraded samples and spent samples
show similar Ir dissolution and transient S-number, indicating
the eventual stabilization of a reconstructed surface phase
during degradation. It is possible that the formation of a thin,
porous iridium oxide layer at the surface of a catalyst particle
acts as an anchor to avoid further metal dissolution.
Considering that the calculation of the S-number varies with
electrochemical testing conditions employed, such as potentio-
static vs potentiodynamic measurements, operating time and
potential, and calculation methods used (dynamic vs steady-
state),”* it is critical to compare S-numbers for materials that
are tested under relevant reaction conditions to provide a more
meaningful comparison of stability. The transient S-number of
Ca,IrO, falls into a similar range with other iridates, such as
Y,Ir,0,”° and Ba,PrIrOy,*’ that were tested under a constant
voltage at 1.60 V vs RHE for 2.5 h and 30 min, respectively.
However, the steady-state S-numbers for Ca,IrO, calculated at
1.576 and 1.60 V vs RHE (45,250 and 15,376, resgectively) are
an order of magnitude lower than that of IrO,*° (6.1 X 10°)
and IrO,* (1 X 10°%), indicating that the newly reconstructed
surface formed under these testing conditions is less stable
compared to pure iridium oxides.

Materials Characterization. To complement the electro-
chemical analysis and understand how materials respond to
different reaction conditions, we employed several character-
ization techniques. Scanning electron microscopy/energy
dispersive spectroscopy (SEM/EDS) was used to probe the
distribution of elements before and after electrochemical
testing, revealing that all metal elements are present in the
bulk, even after extended testing and complete activity loss
(Figure Sa). Similarly, X-ray diffractograms of electrodes after
electrochemical testing display all the characteristic peaks for
the hexagonal structure, confirming retention of bulk material
crystallinity (Figure Sb).

Oxidation states and chemical species of surface Ir were
assessed using X-ray photoelectron spectroscopy (XPS) for
Ca,IrO, samples before and after 0.25, 2, 4, and 6 h of
electrochemical OER testing (Figure Sc). The Ir 4f peaks are
fit with two doublets (Ir 4f 7/2, Ir 4f 5/2) for all samples, with
each doublet having a splitting of 1 eV, the same FWHM, and
a relative area ratio of 4:3. The pristine sample is fitted with
additional satellite peaks to achieve a good fitting (Table S3).
Compared to pristine samples, both doublets shift to higher
energy after electrochemical testing. After exposure to OER
conditions, the Ir 4f peaks do not display a decrease in Ir signal
or significant changes in position, shape, or area as a function
of CA testing time. Ca 2p peaks reveal almost complete loss of
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Figure S. Ex situ characterization after electrochemical testing. (a)
SEM/EDS images of the spent sample. (b) Shallow angle XRD
showing bulk crystallinity. (c) Ir 4f XPS spectra after denoted time of
CA. (d) Ir Ly-edge XANES (second derivative) showing irreversible
change in average, bulk Ir oxidation state after extensive CA at 1.60 V
vs RHE.

intensity after 0.25 h of testing (Figure SS), indicating severe
calcium leaching from the surface. Therefore, the constant Ir
valence suggests a surface reconstruction that may maintain Ir
of the 4+ state with possible surface reconstruction or
amorphization. Alternatively, the stable Ir oxidation state
may be a result of ex situ measurement conditions, where
surface Ir returns to a 4+ state after removing the catalyst from
reaction conditions, possibly due to high surface energies.

Bulk sensitive ex situ X-ray absorption near edge structure
(XANES) at the Ir-Ly; edge was used to track changes in the
average Ir oxidation state after exposing samples to various
electrochemical conditions. Figure S5d shows the second
derivative of spectra (Figure S6) averaged from seven separate
measurements of each sample and condition, with an edge
position uncertainty of ~0.19 eV for this data set (calculation
details for uncertainty included in methods). The Ir edge
position (second derivative zero crossing) increases slightly
(~0.43 eV) after longer exposure to oxidizing potentials,
indicating increased average Ir oxidation state. We hypothesize
that the energy level of Ir 2p orbital in the new materials phase
(surface reconstructed iridium oxide phase and bulk Ca,IrO,)
increases after electrochemical testing. Long-time CA may
increase the thickness of the reconstructed iridium oxide phase,
overall, generating a larger percentage of this phase in the
tested materials. The observed shifts between the pristine and
the initial OER samples, as well as the shift between the
degraded and the spent samples are beyond the uncertainty
value of these measurements (0.19 eV), indicating clear trends
as a function of increased testing time.

Ex situ extended X-ray absorption fine structure (EXAFS)
and Fourier transform analysis were carried out to further
investigate the geometric structure of iridium (Figure 6, Figure
S7, Table S4). The negligible change in the Ir—O bond (1.99
A) and coordination number (~6) in the first shell throughout
all samples indicates stable bulk [IrO4] octahedra during OER.

(@)
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Figure 6. Ex situ EXAFS. (a) R space of all samples (pristine sample
was measured in transmission mode, while the rest of the samples
were measured in fluorescence mode). (b) EXAFS fitting of initial and
spent samples (fitted R ranges from 1.1 to 3.9 A, dashed lines showing
the difference between two samples).

EXAFS fits (Table S4) of the pristine Ca,IrO, sample and
rutile IrO, show a longer Ir—Ir bond in Ca,IrO, (3.27 A)
compared with that of edge—sharing octahedra of rutile IrO,
(3.14 A), indicating that the Ir—Ir bond is stretched due to
additional bonding of Ir with Ca to match the expanded unit
cell (Figure Sla). The spent sample spectrum differs most
from the other spectra in the region of 2.0—3.2 A of R space,
where the peaks centered at ~2.1 and ~2.9 A slightly shift
(marked in dashed lines in Figure 6b), and the peak near 2.5 A
disappears (marked in rectangle in Figure 6b). EXAFS fits of
initial and spent samples show that these changes are mostly
contributed by the contraction of the Ir—Ir bond, which
decreases from 3.27 to 3.22 A. While EXAFS reflects average
properties of the bulk material, we hypothesize that after 6 h
CA, the Ir—Ir bond within the reconstructed surface phase
shortens as Ca leaching occurs. While we cannot determine the
exact structure of the surface reconstructed phase in isolation
due to the interference from the bulk crystalline signal, we
hypothesize that the reconstructed phase may have edge-
sharing [IrOg4] octahedra. Considering edge-sharing octahedra
have a much shorter Ir—Ir bond length of 3.14 A (rutile IrO,),
their generation is hypothesized to reduce the observed
average bond length of Ir—Ir, albeit to a small extent, while the
bulk remains pristine geometric structure with an Ir—Ir bond

length of 3.27 A.
B CONCLUSIONS

In summary, we have explored the degradation mechanism of
Ca,IrO, for acidic OER. Similar to other iridium-based
materials, Ca,IrO, displays an increase in intrinsic OER
activity over initial electrochemical testing as well as an
increase in capacitance. Ca,IrO, electrodes are stable over
approximately 2 and 4 h at 1.60 and 1.576 V vs RHE,
respectively, before degradation, during which the electrode
requires increased overpotentials to reach 10 mA/cngeo,
exhibits nearly complete loss of capacitance, and experiences
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reduced rates of Ir dissolution. The restructured surfaces
formed under various controlled reaction conditions affect the
stability of surface atoms and dissolved species, resulting in
potential-dependent Ir transformation pathways. The pro-
longed OER performance by the catalysts in harsh oxidizing
and acidic conditions causes an increase in average, bulk Ir
oxidation state and a shortening of Ir—Ir bond lengths. A
combination of materials characterization and EIS fitting
supplies evidence that significant structural reorganization
occurs within the surface layers, in conjunction with Ca and Ir
dissolution, which likely comprises the majority of Ir—Ir bond
length shortening. These changes eventually lead to the
formation of a phase with more stable Ir sites but increasingly
insulating behavior. Comparative studies on oxidized glassy
carbon disk show that the catalyst degradation occurs on a
faster timescale than carbon oxidation. However, future studies
regarding long-term OER mechanism should take substrate
oxidation into consideration since it could contribute to
electrode instability. A fundamental understanding of the
complex degradation reaction mechanism requires a combina-
tion of surface reconstruction, in situ metal dissolution, and
robust, stable conductive supports for OER catalysts in acidic
electrolyte under operating conditions.
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OER = oxygen evolution reaction

PEM = proton exchange membrane

RHE = reversible hydrogen electrode

EIS = electrochemical impedance spectroscopy

CV = cyclic voltammetry

CA = chronoamperometry

CP = chronopotentiometry

OCV = open circuit voltage

XRD = X-ray diffraction

HRTEM = high-resolution transmission electron micros-
copy

ICP-MS = inductively coupled plasma mass spectrometry
SEM = scanning electron microscopy

EDS = energy dispersive spectroscopy

XPS = X-ray photoelectron spectroscopy

XAS = X-ray absorption spectroscopy

XANES = X-ray absorption near edge spectroscopy
EXAFS = extended X-ray absorption fine structure.
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