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ARTICLE INFO ABSTRACT

Keywords: The interaction between catalyst surfaces and adsorbed oxygen intermediates is critical to catalytic performance
Electrocatalysis for electrochemical water oxidation to oxygen. However, the relationship between adsorption energetics and
Oxygen Evolution Reaction electrocatalytic activity is primarily assessed for pristine catalyst materials, which leaves much unknown about
Iridium . Lo . . . . .

Surface Adsorbates the dynamics of these properties in relationship to catalyst performance during long-term operation. In this work,
Stability we experimentally assess OH and O adsorption on CaylrO4 nanoparticles and monitor their evolution during

extensive chronoamperometry tests at highly oxidizing potentials in a range of low pH electrolytes. In situ x-ray
absorption spectroscopy reveals changes for surface adsorbate energetics and local iridium structures with
applied potentials. Increasingly unfavorable adsorption of OH and formation of O intermediates after long-term
operation is correlated with severe metal dissolution, distorted [IrOg] octahedral linkages, and a decreased
average Ir valence. This work establishes connections between surface adsorption energetics, Ir structure, OER

Dynamic Materials

kinetics, and material stability outcomes.

1. Introduction

Polymer electrolyte membrane (PEM) water electrolysis is a poten-
tially transformative technology for hydrogen production that boasts
high energy efficiency, rapid system response, and a large partial load
range.[1,2] The anodic reaction, where the oxidation of water or the
oxygen evolution reaction (OER) occurs, requires carefully tuned active
and stable catalysts because of the sluggish kinetics of the 4-electron
OER process. Considering the OER intermediates *OH, *O, and *OOH
in the proposed proton-concerted-electron-transfer (PCET) steps, the
electrocatalytic activity is determined by the surface binding energy
following the Sabatier principle: the material that binds these oxygen
intermediates on its surface neither too strongly nor too weakly achieves
the highest OER performance.[3-5] Iridium-based metal oxides (i.e.,
Ap11IrnO3n41, A = Sr, Ca, Ba, n = 1 to o0) are among the most promising
materials for OER in acidic media, due to their balance of high activity
and reasonable stability at low pH.[6-11] Understanding how oxygen
intermediates affect chemical properties of surface iridates is critical for
rational design of these materials to achieve optimal binding with oxy-
genates, which in turn influences intrinsic OER activity.

Current work mostly focuses on identifying or estimating the po-
tential for OH/O adsorption on a limited range of iridium-based oxide
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systems. For instance, experimental work on IrO5 shows OH adsorption
at ~ 0.77 V vs. RHE (Vgryg) in acid,[12] while H3glrO4-3.7H50 un-
dergoes an intercalation of H30" within the layered iridate at ~ 0.92
Vrye followed by deprotonation into *O at ~ 1.14 Vgyg.[13] Theoretical
work reveals that *OH and *O adsorb on the rutile IrO, (110) facet at
0.92 Vgyg and 1.31 Vgyg in alkaline, respectively.[14] This facet is also
calculated to become completely hydroxylated (i.e. *OH adsorbates
terminating the surface) at potentials < 1.2 Vgyg in acid.[15] Although
theoretical work provides estimations of single crystalline oxide coun-
terparts, this approach is challenging for the investigation of more
applied polycrystalline iridates since each facet renders different bind-
ing energies of oxygenates. Depending on the surrounding electrolyte
environment and applied potentials, surface adsorbate coverage and
iridate structure experience constant changes.[8,10,11,14,16-18]
However, detailed analyses relating variation of surface adsorption en-
ergetics with the dynamic nature of iridium moieties in active catalysts
remain scant or inconclusive. Additionally, the evolution of oxygen
adsorbate interactions with catalyst surfaces has not been investigated
during long-term OER, when significant surface reconstruction is
induced by prolonged exposure to extreme pH and high potential.
Therefore, a systematic study to unravel the correlation between
oxygenate adsorption, surface iridate structure, and long-term OER
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performance will enable researchers to tune reaction conditions to bal-
ance catalyst activity and long-term stability.

CaolrO4 exhibits a typical activity evolution of OER, with increasing
activity during initial testing followed by a stable period and eventual
activity decline, but a shorter lifespan compared to many other iridates,
[8] making it a convenient material platform to observe varying
adsorption behaviors and stability outcomes and relate them to dynamic
structural properties of iridate. The overall activity and material dy-
namic trends observed here match several examples of iridate materials
studied for acidic OER in literature.[8,10,17,19] Building upon this idea,
we adopted CaylrO4 nanoparticles to investigate the interactions be-
tween oxygen adsorbates and the catalyst surface during long-term OER
operation, ensuring the adsorption features are monitored during both
phases of electrode activation and degradation. A combination of in situ
and ex situ X-ray absorption spectroscopy (XAS) as well as inductively
coupled plasma mass spectrometry (ICP-MS) are employed to probe
catalyst material responses to applied potentials and operating time. Our
rigorous electrochemical testing also brings to light pH-dependent
adsorption energetics, revealing tunable oxygen adsorbate interactions
with catalyst surfaces in various chemical environments.
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2. Results and discussion
2.1. OH/O adsorption on CazlrO4 nanoparticles

X-ray diffraction (XRD, Fig. 1a) and high-resolution transmission
electron microscopy (HRTEM, Fig. 1b) were used to obtain both global
and local information of the pristine material, respectively. XRD con-
firms the hexagonal crystal structure of CaslrO4[20] and a pure crys-
talline bulk phase achieved by Pechini synthesis (details provided in SI).
HRTEM shows that the as-prepared nanoparticles are composed of a
crystalline bulk phase (~30 nm) covered by several nanometers of small
grains (Fig. 1b and Fig. S2). The diffused halo ring feature in the
diffraction pattern also confirms that no long-range-order materials exist
on the surface.

Similar to techniques previously used to determine OH/O adsorption
on IrO5(110) and RuO2(110),[14,21] we conducted rapid (200 mV/s)
cyclic voltammetry (CV) to measure the adsorption energies of *OH and
*Q adsorbates. Specifically, the catalyst was cycled in a potential range
preceding OER (~0.3 V - 1.4 Vgyg) in Ar-saturated 0.1 M HClO4. We
note that the catalyst surface site heterogeneity of our material results in
broadened adsorption peaks, which precludes precise analysis of fea-
tures (i.e., charge, FWHM|[21]) resulting from interactions between
adsorbates and homogeneous sites, as is possible on single crystals or
thin films with controlled facet exposure. The observed electro-
adsorption results from an ensemble of placement of adsorbates on
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Fig. 1. Characterization of the pristine CapIrO4 material and its electrochemical behavior. (a) XRD and (b) HRTEM image of the as-prepared Ca,lrO4 nanoparticles
with insets showing the Fast Fourier Transform of the highlighted region. (c) Rapid CV of Ca,IrO, at a scan rate of 200 mV/s with 10 s holds at vertex potentials. (d)
CV of CaIrO4 over OER-relevant potentials at a scan rate of 20 mV/s with inset showing no redox peaks within this range. Colored points in ¢ and d identify

potentials selected for in situ XAS measurement before OER onset.
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heterogenous sites. Two broad peaks are observed in anodic/cathodic
scan (Fig. 1c). The first peak is visible at ~ 0.90 Vgyg in the anodically
swept direction (or ~ 0.73 Vgyg cathodically) and the second peak ap-
pears at ~ 1.24 Vryg. The electrochemical potentials correspond to the
free energies of oxygen intermediates and these peaks that precede OER
current onset are assigned to OH and O adsorption, as shown. The po-
sition of the OH adsorption peak corresponds to the binding energy of
*QH, and the position of O adsorption peak reflects the reaction free
energy of the *OH deprotonation step to form *O. OER is found to onset
after 1.48 Vyyg upon cycling the catalyst in a wider potential window
that clearly reveals Faradaic reaction current, eventually reaching a
useful benchmark current density of 10 mA/ crngeo at an overpotential of
305 mV (Fig. 1d).

2.2. Dynamic surface adsorption and Ir structure with applied potentials

Using this initial redox behavior as a guide, we conducted in situ XAS
at the following potentials to probe the impact of adsorbates and cata-
lytic activity: 0.8 (OH adsorbates), 1.2 (O adsorbates), 1.4 (just before
OER onset), 1.576, and 1.6 Vgyg (both OER kinetic regime and OOH
adsorbates). At these selected potentials we investigate how oxygen
adsorbate — catalyst surface interactions vary under applied potential
and changes in Ir structure. In situ X-ray absorption near edge structure
(XANES, Fig. 2) at the Ir-Ly; edge was employed to monitor the elec-
tronic state of Ir while extended X-ray absorption fine structure (EXAFS,
Fig. S3) was recorded simultaneously to understand the geometric
structure change of the Ir first shell under selected potentials. The small
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size of nanoparticles renders a relatively high surface-to-volume ratio so
that the information obtained by this bulk-sensitive technique estimates
near-surface bulk information.

XANES spectra are strongly influenced by the local electronic
structure and configuration of the absorbing atom.[22] XANES white
line (WL) positions reflect the average electron transition energy from
core-level 2p to unoccupied 5d states. As the applied potential is
increased from 0.8 to 1.2 Vgyg, corresponding to a surface adsorbate
coverage change from *OH to *O, we observe significant changes in the
WL position, which shifts ~ 0.4 eV to higher energy (Fig. 2b). WL po-
sition is further shifted by ~ 0.3 eV when the potential is further
increased to 1.4 Vgyg. The XANES WL position remains consistent upon
further increasing the oxidizing potential to 1.6 Vgryg. Next, the XANES
edge energy positions reflect the lowest energy required to enable an
electron transition from core-level 2p to unoccupied 5d states. Following
the trends in edge energy position with respect to the white line position,
one can also estimate the broadening of the white line peak, which re-
flects heterogeneity of 5d occupancy among the probed Ir sites. As the
applied potential is increased from 0.8 to 1.2 Vgyg, the edge energy
shifts to higher energy, mirroring the WL shift at these potentials.
However, upon increasing the potential to 1.4 and 1.576 Vgyg, the edge
energy and WL position trends bifurcate such that the edge position
shifts back to lower energy, resulting in a broadened WL peak. At the
highest potential, 1.6 Vgyg, the edge energy position reaches its highest
level, reflecting the highest valence state (~4.0 + ), in parallel with a
narrowing of the WL peak. At these same potentials, EXAFS reveals that
the initial, average Ir-O bond length of surface and bulk Ir atoms is 2.00
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Fig. 2. (a) In situ XANES spectra (anodic scan: from 0.8 to 1.6 Vgyg; cathodic scan: from 1.6 to 0.8 Vryg). (b) WL position and Ir Ly; edge energy at corresponding
potentials with error bars showing the standard deviation of two scans and a merged scan. The sample was measured in fluorescence mode.
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Aat0.8and 1.2 Vrug (Table S1), which is then decreased to 1.97 A when
the potential is increased to 1.4 Vryg. EXAFS spectra and average Ir-O
bond lengths remain consistent upon further increasing the oxidizing
potential to 1.6 Vryg.

In addition to tracking changes in Ir structure with increasingly
anodic applied potentials that simulate the anodic scan of a CV, we
subsequently step-wise reduced the applied potential back to 0.8 Vgyyg
(Fig. 2b) to observe if the Ir structural changes discussed above are
reversible during a cathodic scan. Similarly, a significant, overall,
negative shift in XANES spectra and an elongated Ir-O bond are observed
as the potential is reduced back to 0.8 Vgyg, reflecting the protonation
step from *O to *OH that occurs between 1.2 and 0.8 Vgyg. The over-
lapping XANES spectra and similar EXAFS fit results of anodically and
cathodically stepped potentials suggest a reversible process.

We therefore hypothesize that the increasing WL positions for sam-
ples measured under applied potentials from 0.8 to 1.2 Vgyg might be
caused by changes in the electronic structure and local bonding of Ir
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associated with surface adsorbate deprotonation that results in a higher
average electron 2p to 5d transition energy. As the potential approaches
OER onset, some Ir-based materials have been found to show Ir** = 5+
redox peaks at ~ 1.4 Vgyg,[10,13,23] however this feature is not
observed for our catalyst (Fig. 1d). Instead, we hypothesize that the
increasing surface *O coverage from 1.2 to 1.4 Vgyg may further in-
crease the average 2p to 5d electron transition energy in Ir, inducing a
positive shift in WL energy position. Furthermore, the broadening of the
WL peak at 1.4 and 1.576 Vgyg may reflect the heterogeneous nature of
available Ir surface sites that support a range of adsorbate binding en-
ergies and result in a broadened ensemble of Ir valence states upon
increased surface adsorption; the WL peak narrowing at the highest
potential (1.6 Vgygp) may then reflect an operating condition where a
sufficiently high voltage is supplied to activate and increase the valence
state for a majority of Ir sites, thereby reducing site heterogeneity under
these conditions. Additionally, EXAFS fitting results indicate a shorter
average Ir-O bond as the material experiences increasingly oxidative
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Fig. 3. (a) Geometric activity with inset showing Ir dissolution as a function of testing time (presented as percentage of initial loading at 15.68 pgy,; error bars show
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applied potentials from 1.2 to 1.4 Vyyg, suggesting a stronger binding of
oxygen to Ir. The increasing surface *O coverage is hypothesized to
reduce the observed average bond length of Ir-O, albeit to a small extent,
while the bulk remains pristine geometric structure with an Ir-O bond
length of 2.00 A.

Collectively, our results show that Ir experiences changes in elec-
tronic and geometric structure at applied potentials prior to driving the
overall OER. The dynamic Ir structural change can be summarized via
the following five stages: 1) increase in average electron 2p to 5d tran-
sition energy induced by the transition in surface coverage from OH to O
adsorbates, 2) decrease in average Ir-O bond length with increasing O
adsorbate coverage before OER onset, 3) stabilization of average Ir-O
bond length with increased heterogeneous Ir sites that support a
diverse ensemble of adsorbates placements during OER, 4) an increase in
average Ir valence and a decrease in site heterogeneity for surface
adsorption at sufficiently high potential, and 5) a reversible Ir structural
change due to protonation/deprotonation of oxygenates upon applica-
tion of increasingly cathodic potentials simulating the reverse CV sweep.

2.3. OH/O adsorption and Ir structure during long-term stability testing

To further investigate how catalyst surface — oxygen adsorbate in-
teractions change during long-term operation, we applied stability
protocols that alternate extended chronoamperometric holds (CAs at
1.60 Vgyg) with cyclic voltammetry (CVs) of electrodes in 0.1 M HCIO4
over 6 h, ensuring that oxygenate adsorption would be probed during
both activation and deactivation processes of the catalyst. The evolution
of geometric activity (obtained with slow CVs conducted at 20 mV/s
over the faradaic region) and surface adsorption (obtained by rapid CVs
at 200 mV/s) are shown in Fig. 3a-b. In the first CV, the catalyst requires
only 305 mV overpotential to reach 10 mA/cméeo; the activity then
swiftly increases over the first 0.25 h of testing and is stable at this level
for 2 h. The geometric activity then slowly decreases in a third phase
after 4 h and 6 h of testing. During the initial OER testing phase,
designated with the label “0.25 h”, two adsorption peaks located at ~
0.90 and ~ 1.25 Vgyg are clearly observed. During the second, stable
“active” phase (2 h) for at least two hours, the electrode exhibits a
growth in adsorption peak intensities but a negligible change in peak
positions (Fig. 3b(i)), followed by a decrease in peak intensity and an
anodic peak shift (~0.06 Vgyg) occurring after the 4 h CA (Fig. 3b(ii)).
Further degradation (6 h CA) leads to significant loss of peak intensity
and adsorption features that are barely observable and difficult to
accurately quantify their location.

To analyze these trends, we employ electrochemical capacitance to
estimate the change in electrochemically accessible catalyst surface area
(ECSA), which we compare with changes in surface adsorbate behavior
and OER activity. While capacitance is broadly used in literature to
reflect changes in catalyst surface area and significant surface rear-
rangement,[8,11,24,25] we note that capacitance may also vary with
material intrinsic properties such as surface structure, composition, and
conductivity. Changes in catalyst conductivity during electrochemical
testing or the oxidation of the Vulcan carbon support or glassy carbon
substrate can obstruct the conductive path between the catalyst and the
electrode contact.[26,27] Nonetheless, many previous studies on Ir-
based materials have used this technique to show an increase in ECSA
during catalyst activation.[8,11,24,25] Following this approach, we also
note mirroring behavior of the geometric current density and capaci-
tance, such that increasing and decreasing activity roughly follows
increasing and decreasing capacitance, as demonstrated by capacitance-
normalized CVs and overpotential required to reach 10 mA/cmgeo
(Fig. S4).

However, there is an even stronger correlation between geometric
current density and surface adsorbate behavior. As we encounter chal-
lenges in resolving a distinct peak corresponding to the deprotonation
step at 0 h and 6 h, our analysis for surface adsorbate behavior focuses
solely on the charge associated with OH adsorption (i.e. integrated area
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under the peak), serving as an indicator of the surface coverage of OH
adsorbates (Fig. S4). When comparing the overpotential to reach 10
mA/cméeo, electrochemical capacitance, and OH,qs peak charge as a
function of active testing time, all three of these metrics track very
closely, with a slightly greater (inverse) agreement between over-
potential and OH,qs peak charge compared to overpotential and
capacitance. A primary difference is observed when the catalyst activity
declines and the overpotential increases from 2 to 4 h testing, which is
directly mirrored by a decline in the OH,qs peak charge, whereas the
capacitance decreases more slowly from 2 to 6 h testing. Overall, the
growing OH,gs peak magnitudes (0 — 2 h) indicate an increasing quantity
of adsorbates that are able to bind to an increasing number of electro-
chemically accessible sites during activation. The depressed OHags
adsorption peaks observed after 4 h CA then reflect a decrease in the
number of surface adsorbates. It is important to note that the dimin-
ishing accessible sites do not account for all the changes in activity and
surface coverage of adsorbates. According to the PCET steps of OER in
acid (Ho0* — *OH + H' + e and *OH — *O + H" + &), the free energy
difference between OH and O adsorptions (often represented as AGo+ —
AGop+ in computational studies) corresponds to the peak position of O
adsorption.[21] The shift of O adsorption peak to a higher potential after
4 h CA indicates an unfavorable deprotonation step, which arises from a
more difficult OH adsorption as shown by the positive shift of the first
adsorption peak at 4 h. Together, these unfavorable catalyst surface —
oxygenate absorbate interactions impede OER kinetics. Further degra-
dation (6 h) leads to fewer electrochemically accessible sites or sites that
are more heterogeneous such that the inactive surface is unable to bind a
significant population of oxygenates or binds them over a wider range of
potentials, resulting in barely visible, broadened adsorption peaks.

To understand how the reconstructed catalyst surface influences
iridium binding with oxygenates over extended testing time, we also
used a combination of ex situ techniques to characterize Ir after exposing
catalysts to the corresponding reaction conditions. Specifically, ICP-MS
(inset of Fig. 3a), XANES at the Ir-Ly edge (Fig. 3c, Fig. S5a), and EXAFS
with Fourier transform analysis (Fig. 3d, Table S2) were carried out to
track changes in the Ir dissolution, average Ir oxidation state, and geo-
metric structure, respectively. We take the XANES edge energy, defined
by the zero crossing of the second derivative, as the metric for average Ir
valence. During catalyst activation (0 — 2 h), we observe relatively fast
iridium dissolution, up to 6 % of the initial Ir content, and an increasing
Ir-Lyj; edge position (~0.54 eV) corresponding to an increase in average
oxidation state from ~ 3.05 + to ~ 3.95+ (Fig. S5b,c), as well as a
negligible change in Ir-Ir bond length (3.30 A t0 3.29 A). In comparison,
Ir dissolves at a much slower rate during degradation (1.25 % Ir/h over
4-6hvs. 2.4 % Ir/h over 0-0.25 h), which is accompanied by a decrease
in Ir-Ly; edge position and average Ir oxidation state reaching ~ 3.10+;
interestingly, these samples also reveal a decrease in Ir-Ir bond length
(reaching 3.05 A) accompanied by an increase in Ca-Ir bond length. As
significant OER occurs, Ir-Ir and Ca-Ir bond lengths serve as indicators of
geometric structural change. The Ir-Ir bond lengths detected for the
degraded materials are much shorter compared to the average Ir-Ir bond
length in rutile IrO, structure (where Ir-Ir bond length is 3.14 A between
edge-sharing octahedra). In addition, during degradation (4 — 6 h), the
Ca,lrO4 materials have an average Ir-Ir bond length of 3.086 A (vs.
3.294 A during activation at 0 — 2 h) and an average Ca-Ir bond length of
3.247 A (vs. 3.172 A during activation). Therefore, we hypothesize that
the reconstructed phase formed during degradation may have a tilted
edge-sharing [IrOg] octahedra that is more similar to the structures
found in edge-sharing octahedra of hollandite Ky 25IrO2 with Ir-Ir bond
lengths of 3.07 A.[28] Collectively, these results also suggest that Ir
valence does not directly influence oxygen adsorbate interactions with
the catalyst surface. In particular, over the course of stability testing, we
observe that the increasing quantity of Ir** species does not directly
affect the binding energy of OH and O adsorbate during activation (0 — 2
h), while decreased composition of Ir** does coincide with unfavorable
OH and O adsorption potential shifts during degradation (4 h). Instead,
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the geometric structure of Ir plays a more significant role in affecting
surface adsorption and hence, OER kinetics. This is demonstrated in
Figure S5d which compares the OH adsorption peak position vs. the
average Ir-Ir bond length and Ir valence of these samples during each
activity phase; the OH adsorption peak position tracks strongly with Ir-Ir
bond length with decreasing bond length correlating to an anodic shift in
OH adsorption peak position. Overall, we found that during electrode
activation, our material has increased composition of Ir in the 4 + state
but stable edge-sharing [IrOg] octahedra that relatively accelerates Ir
leaching and exposes more sites for OH/O adsorption without affecting
the binding energy to oxygenates. During degradation, the recon-
structed material is increasingly composed of Ir>" within a more com-
pacted [IrOg] linkage that mitigates aggressive Ir leaching and renders a
high energy barrier to bind with oxygenates.

2.4. Catalyst surface — Oxygen adsorbate interactions in varied chemical
environments

The electrode-electrolyte interface can be modulated by chemical
environments with differences in ion mobility, electric field, and sta-
bility of Ir species. In this section, we study the catalyst surface — oxygen
adsorbate interactions in a range of low pH electrolytes (pH 0 — 2). First,
we look at the surface adsorption behaviors after immersing electrodes
in electrolytes of varying acidic strength before CA holds (Fig. 4a and
Fig. S7a). The pH 0 and 1 electrolytes contain only 1 M and 0.1 M HCIOy,
whereas the pH 2 electrolyte contains 0.01 M HCIO4 with balance KClO4
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to achieve a total electrolyte concentration of 0.1 M (matching the ion
concentration of the pH 1 electrolyte) to minimize ohmic drop. It has
been observed that the ClO; does not lead to surface poisoning[21] or
significant differences in adsorption peaks across low pH values[29]
during short-term operation. However, the alkali cation (K™) in pH 2
electrolyte may influence the electrified interfacial water, affecting the
water structure near the electrode surface,[30] and possible accumula-
tion of cations at the outer Helmholtz plane may increase the interfacial
electric field, influencing the dipole moments and polarizabilities of
intermediates.[31] However, in this system and with these ion concen-
trations, we expect these effects to be minor, especially considering the
heterogeneity of sites present as compared to single crystal or facet-
controlled thin film studies where these effects may be more
pronounced.

Fig. 3 shows that initial OH adsorption occurs at slightly more anodic
potentials with increasing pH while O adsorption is not explicitly
observable in all tested pHs, indicating that electrolyte pH does impact
the energy of the adsorbed intermediates on CaylrO4. In the context of
other electrochemical reactions (i.e. CO reduction on Cu(211) and O,
reduction on Au(100)), surface adsorbates have exhibited similar sta-
bilization upon exposure to electrolytes of varying pH via different
interfacial electric fields.[32-34] The adsorption peaks on CaslrO4 also
slightly grow in intensity with increasing pH, reflecting a higher surface
coverage of oxygenates which may be reflective of surface area or
relative heterogeneity of available surface sites, as noted in the previous
section. Since our electrodes are estimated to exhibit the same ECSA as
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Fig. 4. (a) Adsorption peak positions in anodic and cathodic scans, (b) first CV scans showing geometric activity in various low pH electrolytes (~0 h) with inset
showing the stabilized currents at 1.60 Vyyg, (c) overpotential and stability as a function of active testing time during extensive CA. (d) S-numbers calculated from
cumulative OER charge and Ir dissolved in varied HCIO, solutions. Error bars show the standard deviation of three independent measurements.
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indicated by the consistent capacitive currents in all tested pHs (Fig. 4b),
the pH-dependent intensity of adsorption peaks is more likely due to
increased catalyst surface site heterogeneity under low pH conditions. In
addition, the relationship between pH, potential, and current is defined
by the following equation:

i=ke[H" " o107 €h)

where p is reaction order, 5 is overpotential, and b is Tafel slope.[35]
Based on this relationship between pH, potential, and current, the
negligible reaction order (— 0.3 dec/pH) suggests a pH-independent
PCET pathway in pH range 0 — 2,[36] indicating that the difference in
OER activity is due to a compromise between binding energy of adsor-
bates (which affects ) and surface adsorbate coverage (which affects b).
Since we observe an improvement in OER kinetics under lower pH
conditions (Fig. 4b), our results show that the binding energy of the
adsorbates, compared to surface coverage, plays a more important role
in the pH-dependent OER activity.

Next, we monitor the evolution of oxygen adsorbate interactions
with the catalyst surface during long-term stability testing. The same
testing protocol was applied to the electrodes and the peak positions of
OH and O adsorptions were assessed in HC1O4 electrolytes over 4 — 12 h
ranging from pH 0 — 2 until each electrode lost > 80 % of its initial
activity (Fig. 4a, Fig. S7b-d, Table S3). Compared to the distinct OH
adsorption peak in stronger acids, O adsorption is indistinguishable
throughout the entire testing duration in pH 2 electrolyte, likely due to a
convolution of OER onset that occurs at a potential close to the
adsorption potential, indicating a weakened interaction between the
catalyst surface and oxygen adsorbates in pH 2. The positions of OH/O
adsorption peaks also shift anodically with increasing pH after initial
OER, which also suggests a less favorable surface adsorption with
decreasing acidity. An inverse activity-stability relationship is also
found across the tested pHs, such that electrodes in more strongly acidic
environments exhibit improved OER activity but worse stability
(Fig. 4c). The electrodes quickly experience performance degradation
(as determined by overpotential to reach 10 mA/cméeo) after 2 h in pH
0 compared to a slower degradation process that occurs after 8 h in pH 2.
Electrodes additionally display an anodic peak shift of OH/O adsorption
of ~0.06 Vand ~ 0.05 V in pH 0 and 2, respectively, over the course of
total testing time compared to pristine samples (Table S3). This is fol-
lowed by a phase of further degradation, when there is a sharp decrease
in adsorption peak intensity such that peak locations are non-
quantifiable after 4 h CA and 12 h CA in pH 0 and 2, respectively
(Fig. S7). We attributed the loss of intensity and anodic shift of the
adsorption peaks after extensive OER to the formation of inactive ma-
terial phase with increased heterogeneity of available surface sites that
makes it difficult to efficiently bind oxygenates.

To further understand how oxygenate adsorption is affected by the
reaction- and environment-induced surface reconstruction, we monitor
Ir dissolution for each of these electrodes after initial OER, activation,
and degradation processes. Ir dissolution from the electrodes ranges
from 0.5 % to 16.1 % of the total Ir loading (Fig. S8d). After initial OER,
the highest Ir dissolution rate occurs in pH 0; as expected based on the
reduced voltage onset of O adsorption on the catalyst surface.[15]
During activation (up to 0.25 h, 2 h, and 4 h in pH 0, 1, and 2, respec-
tively), we found Ir dissolution increases monotonically with cumulative
charge passed in each electrolyte. As these electrodes generally experi-
ence higher rates of Ir dissolution during the activation period, the
catalyst surface is restructuring and exposing more accessible sites to
bind with oxygenates, which improves OER during this phase. After the
activation period, Ir dissolution slows and stabilizes in all tested pHs.
Specifically, in pH 0, the catalyst experiences a period of relative Ir
stability where only an additional 0.2 % of initial Ir loading is dissolved
over the next two hours. Ir leaches at a steady rate ~ 1 % per hour in pH
1 while maintaining close to 2 % for the remainder of the 12 h stability
test in pH 2. Considering the anodically shifted and depressed
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adsorption peaks during degradation as discussed in previous section,
the more stable but less active catalyst phases formed in all pHs are
correlated with unfavorable adsorbate binding. Furthermore, the elec-
trode tested in pH 2 electrolyte doesn’t exhibit significant changes in Ir
dissolution over the course of testing, compared to electrodes tested in
pH 0 and 1, reflecting a distinct stability regime; this is in agreement
with the Pourbaix diagram of CaylrO4 (Fig. S9) which indicates that the
catalyst material has a lower decomposition energy in the least acidic
environment under the same operating potential.

Computational studies on IrOs have shown that pH influences
dissolution rate and has a crucial impact on OER activity.[37,38] For
CaylrO4, we found no direct correlation between the number of Ir atoms
left on the surface, surface adsorption features, and the number of re-
action turnovers across electrolytes. For example, approximately the
same number of Ir atoms dissolve after 0.25 h in pH 1 and 4 h in pH 2,
however, neither the adsorption potential nor the intensity of OH/O
adsorption matches at these corresponding conditions. Moreover, the
surface formed in weaker acid supports ~ 7x increase in OER charges
passed. Similarly, even though the same amount of OER charge has been
passed for further degraded samples in pH 1 and 2, the sample operated
in pH 0 environment lost ~ 6.5x more Ir via dissolution. Together, these
results indicate that long-term operation creates a roughened and
compositionally Ir-rich surface oxide phase with different reactivity and
stability that influence oxygenate adsorption.

As we further consider the relationship between oxygenate adsorp-
tion and the stability of reconstructed surface, we evaluate the S-number
for these electrodes, which is defined as the ratio between the amount of
evolved oxygen (calculated from total OER charge) and the amount of
dissolved iridium (extracted from ICP-MS data).[39] The higher the S-
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,
defined as “steady state” and “transient” S-numbers (Fig. 4d).[40] 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 in higher pH,
suggesting a more stable active center of the catalyst in a less acidic
environment. OER performance degradation in each tested pH (after 2 h
inpHO,4 hin pH 1, 8 hin pH 2) is associated with a similar transient S
number, confirming the eventual stabilization of an inactive surface that
weakens oxygenate adsorption. After initial OER, pH 2 exhibits the
highest S-number and the most significant shift in OH/O adsorption
peaks, indicating fast material dynamics that generate the most stable
surface.

3. Conclusion

In summary, we have experimentally determined the OH and O
adsorption energies on CaslrO4 nanoparticles, and correlated surface
adsorption energetics of oxygenates with local atomic structure and OER
kinetics during long-term operation. The local structure of Ir evolves in
five stages with applied potentials, 1) deprotonation of *OH shifts Ir
electronic structure to a higher average valence state, 2) increasing
surface *O coverage prior to OER onset strengthens Ir-O bonding, 3)
various adsorbate binding energies supported by the heterogeneous
nature of Ir sites, 4) reduced site heterogeneity resulting from the acti-
vation of majority of Ir sites at high potential, 5) dynamic, reversible Ir
electronic and geometric structural change with potential. The active
surface that best promotes facile surface adsorbate coverage is
comprised of Ir with an average valence around 4 + in stable edge-
sharing octahedra. After extensive OER testing, CaylrO4 experiences
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severe loss of calcium and surface iridium octahedra are rearranged to a
more compacted structure with a shorter average Ir-Ir bond length and
increasing Ir>* species. The stable but less active surface weakens the
binding between catalyst and oxygenates, leading to an unfavorable
formation of oxygenates that impedes OER kinetics. Comparative
studies in various chemical environments show pH-dependent
oxygenate adsorption that gives rise to varied OER performance. A
reduced free energy barrier to oxygenate binding is correlated with
improved surface reactivity and higher Ir dissolution in stronger acid.
Future studies regarding the dynamic change of Ir-O structure during
long-term operation requires in situ measurement. A deep analysis of
catalyst surface structural properties with advanced electron micro-
scopical techniques, and tools that probe both bulk and local environ-
ment will help understand complex reaction mechanisms.
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