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ARTICLE INFO ABSTRACT

Keywords: Iridium’s stability and catalytic properties make it indispensable in a wide range of electrochemical applications
Ir?di“m. including water electrolysis, yet its dissolution behavior across varying pH conditions remains poorly under-
Dissolution stood. This study addresses this gap by employing online inductively coupled plasma mass spectrometry (ICP-
S;_?blhty MS) to monitor iridium dissolution across a pH range of 1 to 12.7 under both pre-OER and OER conditions. An
ghosphates electrochemical protocol consisting of potential scans and holds is designed to track how potential and time
Buffer affect Ir dissolution. In the pre-OER region, iridium shows consistent qualitative dissolution behavior across pH
OER levels, although the extent of anodic and cathodic dissolution depends on the electrolyte. To explain this

dependence, the thermodynamics of Ir in aqueous media, as revealed by the Pourbaix diagram, electrochemical
profiles representing oxidation / reduction processes, and adsorption of electrolyte species are considered.
During potential scans, kinetic effects from native oxides and phosphate adsorption lead to the absence of anodic
dissolution, while prolonged holds at higher pH result in increased anodic dissolution, likely due to IrO%~ for-
mation. Iridium’s cathodic dissolution is observed in all studied protocols. It decreases from acidic to neutral pH,
in line with the stability window of Ir®" ionic species in the Pourbaix diagram, and surprisingly increases in
highly alkaline conditions again, suggesting the existence of species not reflected on the diagram. In the OER
region, iridium remains stable in acidic to neutral conditions, with stability decreasing under alkaline conditions.
Two distinct dissolution mechanisms are proposed based on pH: in acidic environments, HoO primarily acts as
the reactant, leading to Ir** formation, while above pH 9, OH™~ becomes the main reactant, contributing to IrO%’
formation and reduced stability. Under neutral conditions, buffers play a key role in maintaining local pH and
supporting consistent OER rates, especially when the buffer’s pK, aligns with the solution’s pH. These findings
improve our understanding of iridium dissolution mechanisms and support the development of more stable and
cost-effective iridium-based catalysts for various electrochemical technologies.

1. Introduction

The global drive towards net-zero emissions by 2050 reinforces the
demand for renewable energy sources and associated technologies [1],
particularly proton exchange membrane water electrolyzers (PEMWE).
Within PEMWE systems, iridium-based catalysts are crucial for efficient
catalysis of the otherwise sluggish oxygen evolution reaction (OER) at
the anode. This is largely attributable to optimal binding energy of
iridium with O*, OH*, and OOH* species [2,3], along with its excep-
tional stability under harsh acidic conditions and high anodic potentials
[4]. This capability is crucial, as the OER is not only a key component of
water electrolysis but also drives advancements across a wide array of
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energy conversion technologies.

On the other hand, limited availability and constraints in global
supply chain of iridium hinder the worldwide scalability of PEMWE [5,
6]. Another, often overlooked challenge is freshwater scarcity, projected
to become increasingly critical at gigawatt and terawatt scales [7]. To
address the challenges associated with iridium’s limited availability and
freshwater scarcity, innovative solutions are being explored. These
include reducing iridium loading while improving its OER activity and
stability [8], as well as pursuing alternative approaches such as seawater
electrolysis with iridium catalysts [9,10]. Additionally, efforts are
focused on recycling [11] and developing cost-effective iridium catalysts
combined with less expensive metals [12].
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To improve iridium stability in acidic environments, comprehensive
understanding across different pH conditions is necessary. Previous
studies have primarily focused on iridium stability in acidic [4,13,14] or
alkaline [15] (where iridium often serves as a benchmark within the
alkaline OER community [16,17]) environments, with some study
exploring both conditions [18-20]. While iridium’s stability tends to
decrease in alkaline media, it has been shown to improve in mildly
acidic conditions compared to strongly acidic environments [21]. These
findings challenge earlier assumptions regarding pH in PEMWE and
provide explanation for the catalyst stability discrepancies observed
between model systems and membrane electrode assemblies (MEAs)
[22].

Despite its relevance for applications such as anion exchange mem-
brane (AEM) separated zero-gap CO» electrolyzer cells [23], iridium’s
performance in neutral or mildly acidic conditions remains largely un-
explored. In these systems, iridium is often preferred over nickel at the
anode, as the anolyte transitions from highly alkaline to near-neutral pH
due to carbonate ion transport from the cathode [24]. This challenges
the assumption that iridium’s effectiveness is restricted to extreme pH
conditions, suggesting its potential application across a broader pH
range.

To reduce iridium loading, an understanding of the OER mecha-
nism’s is also important [25]. The kinetics of the OER process are
inherently complex, as both H,O and OH™ can serve as reactants [26].
This complexity is compounded by changes in reaction mechanisms,
rate-determining steps, and alterations in the electrocatalyst surface
state. The latter is influenced by its acid / base properties, determined by
the nature of the metal oxide involved [26]. Gaining insights into OER
reaction rate and pathway is achievable by investigating its pH depen-
dence across a wide spectrum [25,27], as pH can significantly impact
various parameters, including coupling between protons and electrons
[25,28], charge density at the electrode, adsorption energies of in-
termediates, and stability of surface phases [29].

In addition, identifying the dominant OER mechanism across
different pH values presents a significant challenge. A key factor
contributing to this is the dynamic change in local pH near the electrode,
occurring due to the consumption or production of H" or OH™ ions at the
solid-liquid interface. This local pH can often differ significantly from
the bulk solution’s pH [30], as previously also demonstrated by Kat-
sounaros et al., reporting that even a moderate reaction rate of merely
25 pA can cause substantial shifts in local pH, especially in electrolyte
lacking buffering species [27,31]. Additionally, studies in both acidic
[32] and alkaline [33] conditions have shown significant influences of
electrolyte composition on OER activity.

Although some researchers caution against the use of buffers, others
advocate for their use to stabilize pH, allow for accurate assessments of
catalyst behavior, and better understand the reaction mechanism. Spe-
cifically, some argue that buffers may lead to potential poisoning, cation
/ anion effects, and introduce their own acid-base equilibria, all of which
could obscure the true intrinsic activity of the catalyst and studies of
OER mechanisms [25]. Moreover, even the addition of salts to maintain
ionic strength is discouraged, as their presumed inertness may not be
consistently reliable [34,35]. To avoid these issues, it was proposed to
focus on pH ranges between 0 - 1.5 and 12.5 - 14, relying on water’s
inherent buffering capacity, thus eliminating the need for additional
pH-stabilizing additives [25]. However, this methodology restricts the
exploration of OER across a broader pH spectrum, where a detailed
mechanistic understanding is still lacking [36,37].

When considering buffered media for OER studies to understand pH
effects, it’s important to note that buffers introduce additional ions like
phosphates, acetates, or borates. These ions can adsorb onto the iridium
surface [38-40], similar to platinum [41-44], thereby altering its elec-
trochemical properties. Despite these potential drawbacks, this
approach is still useful in understanding reaction mechanisms, is not
unique to OER, and has been applied in various other reaction studies
[29,45-49]. Buffers, when used strategically, enable a detailed study of
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the interactions that affect catalyst behavior under varied pH conditions
[50-58].

In addition to understanding OER mechanisms and stability consid-
erations discussed, the wide-ranging applications of iridium across
advanced electrochemical systems emphasize the importance of study-
ing its behavior under varied pH conditions. Beyond its foundational
role in OER, iridium-based catalysts are essential for improving perfor-
mances in a wide range of electrochemical devices that operate under
extreme conditions. In the fuel cells, for example, iridium serves as an
anode co-catalyst, significantly mitigating cell reversal damage during
critical startup and shutdown phases. By facilitating OER over the car-
bon oxidation reaction (COR), iridium helps preserve carbon supports
and platinum catalysts, effectively extending the operation lifetime of
the fuel cell [59].

Iridium further demonstrates its versatility in solar water splitting
applications, improving performance through the introduction of IrO,
nanoparticles [60] or molecular catalysts [61-63] to electrode surface.
This strategy improves charge transfer and minimizes recombination
rates, directly addressing inherently slow kinetics of water oxidation and
effectively reducing the photocurrent onset potentials. Additionally,
when used as a protective overlayer, iridium enhances stability of
electrode materials against photodegradation and introduces extra
active sites for the reaction [64].

Additionally, in unitized regenerative fuel cells (URFCs), where
developing a bifunctional electrocatalyst presents a critical challenge,
iridium is combined with platinum to form a Pt / IrOy catalyst. This
catalyst efficiently catalyzes both the OER and the oxygen reduction
reaction (ORR) under alternating operational modes [65]. Yet, the
ongoing studies into the durability of these catalysts under operational
conditions remains an active area of research [66,67].

Iridium’s broad range of applications demonstrates its importance
beyond traditional uses, especially in energy storage, medical devices,
environmental sensing, and advanced display technologies. Its excep-
tional capacitive behavior and charge storage is harnessed in super-
capacitors [68] and batteries [69,70], while its biocompatibility is
crucial for durable and high-capacity neural stimulation electrodes [71].
In pH sensing applications, iridium microelectrodes excel, offering a
wide response range, high sensitivity and stability, ensuring accurate
and reliable measurements [72-75]. Additionally, its superior chemical
stability offers significant advantages in electrochromic displays over
traditional materials like nickel oxide, even though its less
color-intensive [9,76]. Therefore, understanding iridium’s stability
across various pH conditions and at lower potential ranges compared to
OER is important, as electrolyte pH can significantly affect the perfor-
mance and durability of iridium catalysts. For examples, electrodes used
in biosensing and environmental monitoring often encounter neutral to
slightly alkaline electrolytes [77,78], while organic electrosynthesis
demands catalysts that can withstand diverse solution conditions [79].

In summary, iridium stands as an important element in electro-
chemical systems, particularly for sustainable energy technologies. Its
performance under varying pH conditions, its role in complex OER
mechanisms, and the effects of electrolyte composition are key areas of
study. However, emerging applications necessitate a detailed investi-
gation of its stability across a wider pH spectrum, from acidic to basic
conditions, and under both low and high potential operations. While Ir
oxides are active materials in OER applications, reduction of IrOyx to
metallic Ir may happen [80]. Therefore, understanding the stability of
metallic Ir during oxidation / reduction is important as well. In some
practical applications, we often rely on supporting electrolytes, hence
studying iridium’s stability during OER under such conditions is
necessary, for example, in processes like CO, reduction reactions. These
aspects are crucial in addressing the limited availability of iridium and
leveraging its potential in developing efficient, less harsh, and sustain-
able electrocatalytic applications.

To address this, our study comprehensively investigated the influ-
ence of electrolyte composition and changes in OER mechanisms across
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a broad pH range on iridium stability in buffered conditions, using
phosphate buffer to prevent rapid local pH shifts that occur in unbuf-
fered systems. Potential- and pH-dependent dissolution of poly-
crystalline iridium was measured directly by in-situ inductively coupled
plasma mass spectrometry (ICP-MS) coupled with a scanning flow cell
(SFC). This approach was further supported by a traditional rotating disk
electrode (RDE) measurements using commercial iridium black catalyst.
By systematically examining the effects of pH and potential on iridium
dissolution, we aim to provide critical insights that improve the per-
formance and durability of iridium-based systems across their full
application spectrum. Additionally, this study contributes to optimizing
existing electrocatalytic processes and opens avenues for novel iridium-
based technologies in various scientific and industrial fields. It is part of
a broader series exploring noble metal dissolution across wide pH range,
which will include studies on gold [81], platinum [82], ruthenium and
other metals.

2. Experimental section
2.1. Electrolyte preparation

In this study, a series of electrolytes were methodically prepared. A
0.05 M KOH solution (Sigma-Aldrich, 99.99 %) in ultrapure water
(Merck, MilliQ®, 18.2 MQ) was used as the electrolyte for pH 12.7. For
the acidic pH 1 conditions, a 0.1 M HClO4 elecrtrolyte was prepared by
diluting 70 % HClO4 (Suprapur, Merck) with ultrapure water. These
conditions, although unbuffered, were still comparable to buffered en-
vironments as the concentration of OH™ and H* was sufficiently high,
effectively compensating for pH fluctuations during the OER. For the
specific preparation of a pH 1 electrolyte that included phosphates, we
adjusted the concentrations of HCIO4 and H3PO4 (85 %, VWR) to 0.1 M
and 0.05 M, respectively, ensuring that the final pH was accurately
maintained at 1. Similarly, the pH 12.7 electrolyte with phosphate was
prepared by adding 0.05 M H3PO4 to 0.1 M KOH. A borate buffer of pH 9
was prepared by diluting a 1.0 M B(OH)3 (Sigma-Aldrich, 99.9 %) so-
lution with water to achieve a final concentration of 0.05 M. The solu-
tion was then basified with 1.0 M KOH to reach the desired pH. Lastly,
the unbuffered pH 3 electrolyte was prepared by dissolving NaClO4
(Acros Organics, 99+%) in HyO to a concentration of 0.05 M and
acidified with HC1O4.

To prepare a range of intermediate pH values, we utilized 0.05 M
phosphate-buffered electrolytes at pH 11, 9, 7, 5, and 3. These were
diluted from a 1 M buffer solution of KH,PO4 / KoHPO4 (Merck,
Suprapur®). For pH 11 and 3, we incrementally added 1 M KOH or 1 M
HClOy, respectively, until the target pH was achieved. The pH for each
electrolyte was accurately measured using a (Mettler Toledo, FiveEasy
Plus) pH meter immediately before conducting the experiments. Each
electrolyte was freshly prepared before use to maintain consistency and
reliability in our experimental setup.

2.2. Electrolyte pH determination and potential conversion

All the potentials in this study were converted to RHE scale using the
conversion formula below:

Erne = Eagagal + Eggmga +0.059 xpH

where Epg/aqc; is measured potential and the Egg/ Agcl 1S standard po-

tential of the Ag / AgCl reference electrode.

The pH of each electrolyte was carefully determined. Initially, a
buffer solution of KHoPO4 / KoHPO4 aimed at pH 7 was prepared, and its
pH was accurately measured using a pH meter. The reliability of this
measurement is particularly high as it falls within the mid-range of the
pH meter’s calibration curve. Afterwards, the open circuit potential
(OCP) of a clean Pt wire, immersed in same solution (with precisely
determined pH) saturated with Hy, was recorded against the Ag / AgCl
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reference electrode used in following experiments. This step established
the exact potential for the reference electrode Egg /agct- Prior to the SFC-
ICP-MS measurements, the OCP of the Pt in the corresponding working
electrolyte, also saturated with Hy, was determined. Using this data, the
precise pH of the working electrolyte was calculated based on equation
below, taking into account that the OCP for RHE is zero.

—OCP Ag/AgCl — Egg/AgCl
0.059

pH =

2.3. In-situ activity / stability measurements using SFC-ICP-MS

All investigations regarding the in-situ electrochemical stability were
carried out using a custom built polycarbonate Scanning Flow Cell (SFC)
coupled with a NexION 350X (PerkinElmer) Inductively Coupled Plasma
Mass Spectrometer (ICP-MS). The combination of electrochemistry and
downstream analytics enabled real-time, in-situ detection of dissolved
metal species during applied electrochemical protocols. The SFC was
connected to a glassy carbon counter electrode (Sigma Aldrich, 99.995
% trace metals basis) and reference electrode (Metrohm, 3 M Ag / AgCl)
using polymer tygon tubing (Proliquid), while polished iridium disk
(MaTeck, Germany) used as a working electrode was approached from
the top with an opening of the SFC, 0.011 cm?.

The iridium disk was thoroughly polished using a polishing machine
(Struers, LaboForce-100) and rinsed using isopropanol and ultra-pure
water (18.2 MQ, TOC < 5 ppb) before being positioned on the XYZ-
translation stage (Physik Instrumente). The SFC setup was connected
with a potentiostat (Gamry, Reference 600), controlled by custom Lab-
VIEW software. This setup allowed precise control of potential, which
was calibrated to the reversible hydrogen electrode (RHE) as detailed in
section 2.2.

Electrolytes, prepared as outlined in the section 2.1, were first
purged with argon and then pumped through the SFC at a regulated rate,
monitored by the peristaltic pump of the ICP-MS. The flow rate of the
electrolyte (~3.5 pL s~1) was periodically calibrated, thereby ensuring a
consistent supply to the ICP-MS.

A daily ICP-MS calibration and optimization was performed using
solutions containing the different concentrations of iridium to generate
4-point calibration curve. ICP-MS sensitivity drifts were monitored by a
simultaneous feed of internal standard with a similar mass and ioniza-
tion potential (Re, 10 pg L™1) as iridium. For detailed methodology and
the specifics of the SFC-ICP-MS system, we direct readers to our previ-
ously published work [83,84], which provide further technical insights.

2.4. Offline activity / stability measurements using RDE

The ex-situ electrochemical activity / stability investigation was
conducted using a rotating disk electrode (RDE) setup (Pine Research,
USA), connected to a potentiostat (Biologic 150). The setup was coupled
to a custom-built PTFE cell with a three-electrode configuration, con-
sisting of an Ag / AgCl reference electrode submerged in a 3 M KCl so-
lution, a graphite rod counter electrode, and a working electrode made
from an Au disk (& ~ 5 mm, Pine Research, USA) encased in PTFE to
prevent any influence of backing electrode degradation on the obtained
results [84]. Prior to each experiment, the Au disk, with a surface area of
0.1963 cm? was mirror-like polished using a 0.05 um alumina
suspension.

After polishing, the iridium thin film was prepared by drop-casting
ink, following a method similar to that used for preparing ink for SFC-
ICP-MS [13]. The ratio of HO to isopropanol was set at 3:1, and the
weight ratio of catalyst (Ir Black, Alfa Aesar) to Nafion ionomer (5 wt.%,
Sigma Aldrich) was adjusted to 2:1. To achieve a total iridium loading of
approximately 32 pg ecm™2, 10 pL aliquots of 0.32 mg / mL ink were
drop-cast twice, with a drying step in between, while rotating at 700
rpm. The electrolyte was prepared as outlined in the previous section
and degassed for approximately 30 min via argon purging before the
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beginning of each test. The procedure was conducted under a positive
argon pressure, maintained in the RDE cell throughout the experiments.
All potential values were corrected for iR by the electrolyte resistance
obtained from the impedance spectroscopy measurement. Following the
RDE protocol, 2 mL electrolyte aliquots were taken and analyzed by
ICP-MS (offline mode) to determine Ir stability.

3. Results

To investigate Ir stability across a wide pH spectrum, we employed
controlled pH conditions with a phosphate buffer (pH 3 - 11) and 0.1 M
HClO4 and 0.05 M KOH electrolytes for extreme pH environments at pH
1 and pH 12.7, respectively (Fig. 1a). A polished polycrystalline Ir disk
served as the working electrode in SFC-ICP-MS analyses, with RDE
measurements using Ir black on Au tips. Experimental protocols
included potentiostatic holds and slow cyclic voltammetry (CV) with
upper potential limits (UPL) of 1.2 and 1.6 Vgygg (Fig. 1b), with data
normalized by electrochemical surface area (ECSA) to isolate trends in
dissolution independent of surface area effects. For a detailed explana-
tion of buffer choice, buffer concentration, buffering capacity, electrode
selection, electrochemical protocol, and data normalization, see Sec-
tions S1-S2 in SI.

In Fig. 2, we present the CVs of polycrystalline Ir and Ir black ob-
tained at the studied buffered electrolytes. For comparison, we also
included the CVs of Ir wire measured in a bulk cell under static (no-flow)
conditions, generally used in typical electrochemical setups as its
preparation, such as flame annealing, is relatively simple [73-75,
85-88]. Notably, only the final CVs from a total of 20 cleaning cycles is
shown, representing a stabilized surface. Moreover, the UPL was set to
1.2 Vgyg, in line with findings from our previous study which indicated
that below this limit, the surface remains relatively stable, whereas
above it, formation of hydrous oxide occurs [13]. CVs are in good
agreement with those of metallic Ir and Ir black CVs previously reported
in the literature [13,84,89,90] and reveal a good correlation between

0.1 M HCIO,
3_ 0.05 M KH,PO, + addition of 1 M HCIO,
pH 5 49.69 mM KH,PO, + 0.31 mM K,HPO,
pH 7 30.66 mM KH,PO, + 19.34 mM K,HPO,
pH 9 0.78 mM KH,PO, + 49.22 mM K,HPO,
0.05 M K,HPO, + addition of 1 M KOH
pH 12.7 0.05 M KOH
b
(1) (2) ) (4) (5)
w
I
['4
>
11
>
t/s
(1) Cleaning: (2)CVv: 3)Cv:
0 VRHE - 12 VRHEv 0 VRHE - 12 VRHE! 0 VRHE- 16 VRHE!
200 mV s™, 20 cycles 5mvs’ 5mvs’

(4) Potentiostatic Hold:
1.2 Vgye, 5 min

(5) Potentiostatic Hold:
1.6 VRue, 5 min

Fig. 1. Experimental details and protocol for pH-dependent activity-stability
measurements. a) Variations in electrolyte composition and concentration
across different pH values. b) Electrochemical protocol for SFC-ICP-MS, with
highlighted parts focusing on the OER region.
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Polycrystalline Ir =~ weeseeese Ir Wire
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E/Vgue

Fig. 2. Comparison of cyclic voltammograms for polycrystalline Ir (SFC) and Ir
wire (bulk cell). Measurements were conducted in the 0 — 1.2 Vryg range at a
scan rate of 200 mV s, showing the final cycle out of 20 total cycles.

the CVs of the polycrystalline Ir and Ir wire, affirming the validity of the
results obtained via SFC-ICP-MS in this study. For further details on the
CVs of Ir black and the pH-dependent shift of Ir'! / Ir'V redox peaks,
please refer to Section S3 in the SI.

3.1. pH- and Potential-Dependent dissolution profiles

Before we proceed with our analysis, it is important to acknowledge
certain limitations when correlating Ir stability data from online ICP-MS
to Pourbaix diagrams (Fig. 3 and S5). Originally, Pourbaix diagrams
were constructed based on thermodynamic data under constant tem-
perature and pressure, assuming infinite dilution and infinite time
passed to reach equilibrium [15]. However, CV measurements involve
non-equilibrium processes due to the continuously varying potential and
relatively short time intervals. In such scenarios, kinetic effects such as
reaction rates, mass transfer limitations, overpotentials, and concen-
tration effects arise, which are not accounted for in the traditional
Pourbaix diagrams [15,91]. Consequently, discrepancies may arise be-
tween the potential of phase transitions calculated from thermody-
namics and those measured experimentally using online ICP-MS [15,
92]. Continuing on this discussion, it’s important to also emphasize that
thermodynamic data is valid for bulk states, while electrochemical
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E/V vs. SHE

1.2 -

16 .

pH

Fig. 3. Pourbaix diagram of iridium calculated with an equilibrium concen-
tration of 1 nM.

reactions at the electrode’s surface might have different reaction en-
thalpies or potentials [15,92].

We will frequently use the terms "anodic" and "cathodic" dissolution
of iridium in the following results section. For a more detailed under-
standing of these processes, we encourage readers to refer to the studies
by Cherevko et al. [4,13,14], and the discussion section of this work.
Briefly, anodic dissolution of iridium occurs during oxidation, while
cathodic dissolution follows the reduction of the formed oxide. The
situation becomes more complex at an UPL of 1.6 Vgyg, where the OER
occurs on the surface of iridium. Given that the OER mechanism and
iridium dissolution share common intermediates [93], steady-state
dissolution occurs, leading to continuous changes in the oxidation
states of iridium [94].

Following Fig. 4 and Figure S6 presents the time-resolved, potential-
dependent dissolution profiles of Ir as measured with an online ICP-MS
setup. We evaluated Ir stability during slow-scan CV up to 1.2 and 1.6
Vrug UPL, as seen in Fig. 4a, and during potentiostatic holds at the same
potentials illustrated in Fig. 4b. CV represent potentiodynamic condi-
tions in which Ir does not reach a thermodynamic equilibrium or a
steady state due to the linear variation of potential over time. In
contrast, the potentiostatic holds aim to represent a steady or quasi-
steady state, serving as a point of comparison to the CV. The following
dissolution profiles will be discussed with reference to the Pourbaix
diagram (Fig. 3, S5 and S7) [91].

In Fig. 4a, within the pre-OER region, no anodic dissolution is
observed during the slow potential scan up to an UPL of 1.2 Vgyg.
However, in the following reverse scan, cathodic dissolution becomes
apparent, showing a consistent decrease as pH increases. The dissolution
trends observed during potentiostatic holds in Fig. 4b exhibit some
differences compared to the observations during CV. When the potential
is held for an extended time at 1.2 Vgyg (300 s, in contrast to the 0.2 s in
CV), anodic dissolution is taking place and is more pronounced at
alkaline pH values. Following the 1.2 Vgyg hold, cathodic dissolution at
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Fig. 4. Iridium dissolution profiles across different pH values measured by SFC-
ICP-MS during: a) Slow CV scans up to 1.2 and 1.6 Vgyg, and b) Potentiostatic
holds at 1.2 Vgyg and 1.6 Vryg. In (a), gray and red arrows indicate the start of
reverse scans, while in (b), they mark the start of potentiostatic holds.

0 Vgye initially decreases up to pH 7, but then increases again until pH
reaches 12.7.

Additionally, we evaluated the potential onsets of anodic and
cathodic dissolution of iridium depending on pH, as shown in Figure S8.
Anodic dissolution begins around 0.9 Vgyg, while cathodic dissolution
starts around 0.1 Vgyg. Notably, these onsets remain consistent across
different pH levels, except at pH 3, where both anodic and cathodic
onsets are downshifted. Additionally, a second cathodic dissolution
onset occurs around 0.9 Vgyg at pH 12.7. These values align with those
reported in previous studies [4,15].

In the OER region at 1.6 Vgyyg, we observe that anodic dissolution
trends during the hold closely align with those obtained from the CVs.
Specifically, Ir dissolution decreases up to pH 5 and then increases as
conditions become more alkaline, reaching pH 12.7. Notably, at this
potential, there is an overlap between anodic dissolution and the
cathodic dissolution during the following 0 Vggg hold. However, we
have chosen to present the data as anodic dissolution only, as anodic
dissolution remains the dominant mechanism of Ir dissolution at or
above 1.6 Vgyg [4], while cathodic dissolution plays a comparatively
minor role.
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3.2. Stability under potentiodynamic and quasi steady-state conditions

To highlight the stability and dissolution trends more clearly, we
integrated the area under the dissolution profiles from Fig. 4, presenting
the results in Fig. 5.

3.2.1. Pre-OER region

As previously mentioned, anodic dissolution was generally absent
during potential scans up to 1.2 Vgyg across most pH values. This is
contradictory to a previous study by Cherevko et al. [13] where anodic
dissolution during potential scans up to 1.2 Vgyg at pH 1, was observed.
At pH 1, the anodic dissolution might have overlapped with the pro-
nounced dissolution from the cleaning cycles preceding the CV (see
Figure S6). However, this explanation might not be applicable for other
pH values where the residual dissolution signal is either negligible or
entirely absent.

We hypothesize that a native oxide layer might have formed on the Ir
surface after polishing, which has been shown to increase with air
exposure over time [95], or that the surface could partially oxidize
following the cleaning cycles. To explore this possibility, we tested
polycrystalline Ir using protocols without the initial cleaning CVs,
setting LPLs to 0 and —0.1 Vgyg, as shown in Figure S9. The results
indicate anodic dissolution during the anodic scan to 1.2 Vgyg, which
becomes more pronounced and increases as the LPL is lowered. Addi-
tionally, the cathodic dissolution observed in following CV scans is
lower without the cleaning CVs, suggesting a reduced presence of oxide
on the surface or less rough oxide surface. Therefore, we conclude that
the lack of anodic dissolution observed, compared to previous studies,
could be attributed to the inclusion of cleaning CVs in our protocol.
Nonetheless, we opted to include these cleaning CVs, in addition to
polishing, to ensure a reproducible surface for each measurement. In
contrast to the CVs, anodic dissolution is observed during potential hold
at 1.2 Vgyg, with its extent increasing as pH rises, as seen in Fig. 5b.
Interestingly, a clear threshold at pH 7 marks a shift from minimal
dissolution in acidic conditions to more pronounced dissolution in
alkaline environments.

In the reverse cathodic potential scan of the CV starting from 1.2
Vrug (as shown in Fig. 5a), cathodic dissolution is observed. It increases
as the pH changes from 1 to 3, but decreases as the pH becomes more
alkaline.

The initial increase in dissolution observed between pH 1 and pH 3
(transitioning from non-buffered to buffered conditions) can be attrib-
uted to the influence of the phosphate buffer and the potential
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adsorption of phosphate species on the Ir surface. To investigate this
further, we added 0.05 M H3PO4 to 0.1 M HClO4 at pH 1, as shown in
Figure S10a. The figure reveals that the addition of phosphates did not
significantly affect cathodic dissolution during CV at an UPL of 1.2 Vryg.
However, both anodic and cathodic dissolution rates were substantially
reduced at the higher UPL of 1.6 Vgyg.

Given the differing adsorption strengths and pK, values of H3PO4 and
HoPOy, fully explaining the observed increase in dissolution at pH 3
remains challenging. We further analyzed this effect by comparing
buffered and unbuffered conditions at pH 3 without phosphates (Figure
S10b). Similar to pH 1, we again observed higher dissolution in the
phosphate electrolyte, likely due to the adsorption effect.

We extended this analysis to alkaline pH 12.7 with the addition of
phosphates (Figure S10c). Although the dissolution appeared similar
when normalized by surface area, it was lower when normalized by total
anodic charge, as seen at pH 1. The exact mechanisms behind these
adsorption effects are not yet fully understood and are beyond the scope
of this study. This topic should be the focus of future research.

Furthermore, during the reverse potential scan in the CV, cathodic
dissolution is lower compared to dissolution during potential holds at
0 Vgyg following a 1.2 Vryg hold (Fig. 5¢). In addition, differences arise
after pH 7: while cathodic dissolution continues to decline in the CVs, it
begins to increase during the potentiostatic holds.

3.2.2. OER region

Fig. 5d and e show the anodic dissolution of iridium in the OER re-
gion under potentiodynamic conditions (during CVs) and quasi-steady-
state conditions (during holds). Integrating the dissolution profiles re-
veals a clear trend: anodic dissolution decreases up to pH 5, then in-
creases through pH 12.7 under both conditions. However, the prolonged
exposure within the OER region during holds allows for more dissolution
cycles, resulting in notably higher iridium dissolution compared to CV
[4,13].

Cathodic dissolution follows a similar trend to anodic dissolution,
with a noticeable minimum at pH 7, as shown in Fig. 5d. Below pH 7,
cathodic dissolution surpases anodic dissolution. However, this trend
reverses above pH 7, with anodic dissolution becoming increasingly
dominant, especially in alkaline media. This trend is consistent with
previous results reported by Cherevko et al. [4] and Schalenbach et al.
[15] Finally, Figure S11 presents a comparison of the total dissolution of
Ir throughout the entire protocol between SFC-ICP-MS and RDE,
showing a relatively good match between the two methods.
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Fig. 5. Iridium stability as a function of pH. Quantification of: a) Cathodic dissolution during CV (1.2 — 0 Vryg). b) Anodic dissolution during 1.2 Vyyg hold. c)
Cathodic dissolution during 0 Vg hold. d) Anodic and cathodic dissolution during cyclic voltammetry between 0 and 1.6 Vryg and d) Anodic dissolution during
potentiostatic hold at 1.6 Vgyg. Dissolution profiles used for integrations are shown in Fig. 4.
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3.3. pH-Dependent OFER activity / stability

In the following section, we examine the relationship between OER
activity and stability of Ir under varying pH conditions, using both SFC-
ICP-MS and RDE setups. Our initial evaluation focuses on OER activity,
where, in the first approach, Ir activity at 1.6 Vryg was assessed using CV
scans up to 1.6 Vgyg (Fig. 6a and c), analogous to linear sweep vol-
tammetry (LSV). Since this method does not reflect steady-state condi-
tions, the activity estimates may only partially represent actual catalytic
behavior. To validate these trends more conclusively, we also analyzed
the activity data following a 5-minute potentiostatic hold at 1.6 Vryg, as
shown in Figures S12a and S12b.

Overall, we observe a consistent trend in OER activity between the
CVs and potentiostatic holds, as shown in Figs. 6¢ and S12b. The activity
trend measured with CVs (Fig. 6¢) follows the sequence: pH 1 > pH 3 >
pH 12.7 > pH 7 > pH 9 > pH 5 > pH 11. Our findings also align well
with the OER activity trends reported by Kuo et al. [56] (pH 1 > pH 2.8
~pH12.9 > pH 6.5 > pH 9.6) and a recent study by Kumeda et al. [39],
(pH 1.7 > pH 12.1 > pH 6.9 > pH 4.5 > pH 9.3) determined in phos-
phate buffer conditions using LSV. However, a difference is observed
between pH 5 and pH 9 in the latter. In Kumeda’s study, pH 5 showed
higher activity compared to pH 9, while our results indicate the oppo-
site. This deviation may arise from the differing experimental details
used in the studies; we used polycrystalline Ir and 0.05 M phosphate
buffers, whereas Kumeda’s study involved single-crystal Ir(100) and 0.1
M phosphate buffer (leading to potential differences in buffer capacity).

Despite the complexity of the data, it is clear that OER activity is
highest in unbuffered pH 1 conditions, with a noticeable drop in phos-
phate buffer, as also observed by Minguzzi et al. [26] However, the
complexity increases when examining activity within the buffered
media. Considering that data from the SFC is not iR drop-compensated,
and as we stated in our previous publication [84], absolute currents in
the SFC typically fall in the pA to nA range, making iR drop often
negligible. This observation aligns with discussion of Bergmann et al.,
where it was stated that differences in activity trends in buffered media
were not simply attributed to ionic (proton) conductivity of the elec-
trolyte or iR compensation, as it did not change the trends [52]. To
validate this, we also compare SFC data and trends with iR compensated
RDE results, where the same trends are observable as shown in Figure
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S13. This is further supported by the addition of phosphates at pH 1 and
12.7, which results in a significant decrease in iridium activity at pH 1
and an increase at pH 12.7, suggesting a potential role of the buffer
(Figure S14).

We now focus on analyzing Tafel slopes derived from the forward
scan of LSVs (Fig. 6a), presented in Fig. 6b. To provide a clearer repre-
sentation, the logarithmic scale of LSVs is also plotted in Figure S15.
Variations in Tafel slopes, among other factors, are classically ascribed
to changes in OER mechanisms. Higher Tafel slopes observed at high
overpotential region in buffered conditions, as also noted by Kumeda
et al. [39], could stem from factors such as bubble formation, conduc-
tivity influences, or subsequent chemical steps following electro-
chemical ones. Another plausible explanation involves mass transport
limitations due to the diffusion of protonated or unprotonated buffer
bases within the electrolyte, affecting its buffering capacity [57], dis-
cussed later.

Tafel slope values vary significantly with pH, generally increasing,
but with noticeable decreases at the pH transitions around 5 and 9. At
pH 1, the value of approximately 59.5 mV dec ™! corresponds to the rate-
determining step involving dissociation of the OH surface complex [4,
39,96]. At pH 3, the increase in Tafel slope to ~87.5 mV declis likely
due to strong phosphate adsorption affecting OH,g4s and Oag4s adsorption,
thus influencing this first proton-coupled electron transfer (PCET) step.
At near-neutral and neutral pH levels, the Tafel slope is influenced by
mass transport of OH™ or Os, primarily influenced by buffer species
(A7). Notably, at pH 9, the Tafel slope increases to 122 mV dec™!, cor-
responding to the first PCET step (OHyq - OHag + €7), likely due to a
reduced rate of OH™ supply and its lower availability, which aligns with
lower Tafel slopes at higher pH.

The observed decreases in Tafel slopes at transitions around pH 5 and
pH 9 align with findings by Nishimoto et al. [55], who also noted similar
transitions near pH 5 and 10, particularly at near-neutral pH values.
Furthremore, Dau et al.’s calculations indicated a minimum Tafel slope
at pH 7, spanning from pH 5 to 9 [57]. This transition coincides with the
changes in composition of phosphate species, shifting from predomi-
nantly H3PO4 / HoPOy in acidic conditions to HoPOz/ HPOZ ™ at pHS
and HPOF / PO3~ at pH 10.

When overpotentials are plotted as a function of pH (Fig. 6d), they
generally follow the phosphate titration curve in near-neutral and
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Fig. 6. Impact of pH on iridium’s OER activity and stability. a) Cuts from CV scans from O to 1.6 Vryg. b) Tafel slopes derived from CV data in a). ¢) OER activity at
1.6 Vgyg (derived from CV scan to 1.6 Vg UPL). d) OER overpotentials at 0.5 A C~! depending on pH, derived from data in a). e) Stability numbers calculated from

dissolution and charge at 1.6 Vryg potentiostatic holds.
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neutral conditions, reaching a minimum at the pK, of phosphate where
buffering is most effective. However, deviations are observed at extreme
pH values (pH 3 and 11) [52,55].

To gain more insights about iridium stability during potentiostatic
holds, we calculated the S-number, which reflects the ratio of oxygen
evolution to Ir dissolution [22]. Notably, two distinct stability regions
based on pH are observed: acidic / neutral (pH < 7) and alkaline (pH >
7) (Fig. 6e and S16). The boundary between these regions appears to
differ slightly between the techniques employed (RDE vs. SFC-ICP-MS).
As seen in Fig. 5Se, iridium demonstrates significantly higher stability
(higher S-number) in acidic and neutral conditions than in alkaline en-
vironments, consistent with the RDE data presented in Figure S16.
Additionally, a decrease in stability is also observed when transitioning
from unbuffered media at pH 1 to buffered conditions at pH 3. This
observation contrasts with Knoppel et al.’s findings, where increased Ir
stability with rising pH was reported [21]. We will discuss this
discrepancy in more detail later. Similar transition was also observed
when moving from pH 11 to 12.7, again when switching between
buffered and unbuffered conditions. For more information regarding the
effect of the electrolyte on the OER activity / stability of Ir black, see
Section S4 in SI.

4. Discussion
4.1. Pre-OER region

Dissolution of iridium under pre-OER conditions primarily involves
the dissolution of short-lived, unstable intermediate oxide / hydroxide
phases. These phases form during transitions between two stable phases
under non-equilibrium potential changes [13]. This includes two
distinct transient dissolution processes: anodic and cathodic. Anodic
dissolution takes place during oxide formation through electro-
adsorption of OH and interfacial place-exchange [97,98], while cathodic
dissolution occurs during oxide reduction, similar to other noble metals
[99-102]. We show that both processes are depending on pH, and will
discuss them in relation to thermodynamic predictions indicated by
Pourbaix diagram (Fig. 3) [91]. In addition, dissolution trends differ
between potentiodynamic or potentiostatic conditions, indicating role of
kinetics, not accounted in thermodynamics.

While anodic dissolution was negligible during potential scans
(Fig. 4a), it became noticeable under potentiostatic conditions. In
particular, dissolution was minimal in acidic media but significant in
alkaline media, with a clear pH threshold around 7 (Fig. 5b). The
absence of anodic dissolution during potential scans across most pH
values likely results from the formation of native oxide during electrode
preparation [95], or surface oxidation during cleaning cycles (Fig. 1 and
S6). This is evidenced by the increase in anodic dissolution with
decreasing LPL or removing cleaning cycles (Figure S9). Additionally, as
discussed in Section S2 in SI, phosphate adsorption cannot be excluded.
Starting around 0.3 Vgyg [39], it potentially competes with OH
adsorption (initiating at 0.4 — 0.5 Vgyg) [13], inhibiting the formation of
Ir** and IrO;, or shifting their formation to higher potentials [103]. This
is similar to the previously observed inhibition of OH adsorption and
anodic dissolution on platinum due to CO adsorption [102].

While anodic dissolution becomes evident under potentiostatic
conditions (Fig. 5b), it is presumably influenced by several factors. At
the relatively low potentials, processes such as place-exchange and ox-
ygen coverage increase are kinetically hindered. Hence, the rate of these
processes is influenced by the timescale of the experiment [13], with the
probability of place-exchange events increasing over time [104].

Given the short duration and low potential applied during the po-
tential scans, these conditions are generally insufficient for replacing
adsorbed phosphates with OH or O groups or facilitating place-
exchange, a process further hindered by the presence of a native oxide
layer. This aligns with study by Breiter [105], who observed a good
correlation between experimentally obtained iridium voltammograms
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and those computed for OH and O adsorption under Langmuir condi-
tions. The Langmuir adsorption isotherm describes adsorption at specific
homogeneous sites on a surface, where the availability of unoccupied
sites limits the extent of adsorption. Once all sites are occupied, no
additional adsorption can occur until previously adsorbed species are
displaced or removed. This saturation effect restricts further OH
adsorption, slowing down the place-exchange mechanism and rendering
it improbable under potentiodynamic conditions.

The extended duration of potentiostatic holds overcomes kinetic
barriers, resulting in observable anodic dissolution. However, dissolu-
tion is less pronounced in acidic conditions and increases significantly at
higher pH values (Fig. 5b). This can be attributed to the weakened
adsorption of phosphate anions in alkaline environments, as proposed
by Kumeda et al. [39] With reduced phosphate adsorption, the
place-exchange mechanism becomes more pronounced, as discussed in
the previous paragraph. Additionally, thermodynamic considerations
from the Pourbaix diagram [91] indicate that the formation of IrO%‘ is
favored at higher pH values, while IrO5 remains stable at lower pH at 1.2
Vrue. Therefore, the interplay between thermodynamics, influenced by
pH and kinetics (related to timescale and potential), ultimately de-
termines the anodic dissolution behavior. However, the role of adsorbed
phosphates in this dynamic also cannot be overlooked.

Cathodic dissolution trends, similar to anodic, show differences be-
tween potentiodynamic and potentiostatic conditions (Fig. 5a and c).
Both trends typically show a decrease in cathodic dissolution as pH in-
creases, consistent with the stability of Ir>* species in acidic conditions,
according to the Pourbaix diagram (Fig. 3) [91]. This suggests potential
redeposition of Ir>* at neutral to slightly alkaline pH values, leading to
lower observed dissolution rates, similar to observations in our previous
studies on pH-dependent Pt dissolution [82] and Ir on Au backing
electrode [84], where redeposition was influenced by experimental
conditions. However, the increase in dissolution at higher pH levels
remains unexplained and indicates the presence of unidentified ionic
specie, not reflected in Pourbaix diagram. This observation is similar to
results from our previous pH study on platinum [82]. More in-depth
investigations are necessary to accurately identify these species and
improve our understanding of iridium dissolution, in line with recent
advancements on Pt oxide [106].

Finally, a notable outlier was observed in cathodic dissolution at pH
3 during potential scans (Fig. 5a). Although the general trend shows
decreasing cathodic dissolution with increasing pH, consistent with the
stability of Ir>" species as outlined in the Pourbaix diagram, the unusual
behavior at pH 3 suggests other influencing factors. This is also evi-
denced by shifts in the onset potentials of both anodic and cathodic
dissolution at this pH (Figure S8). Assuming the place-exchange mech-
anism during oxide formation (pH independent on RHE scale) contrib-
utes to dissolution, the pH-independent shifts in onset potentials are
expected [106]. Thus, the interactions between phosphate adsorption
and oxide formation also requires further study to clarify the underlying
mechanisms involved.

4.2. OER region

In the OER region (up to 1.6 Vgyg), dissolution is predominantly
driven by OER mechanisms, depending on reaction kinetics [4]. It has
been proposed that OER and iridium dissolution share common in-
termediates [93], resulting in continuous shifts in the oxidation states
[94], and leading to steady-state dissolution. Previous studies have
largely focused on dissolution in extreme acidic or alkaline environ-
ments [4,18,21], leaving the broader pH spectrum relatively
unexplored.

Our detailed analysis in Section S5 of the SI suggests that OH™ is the
primary reactant in near-neutral media, particularly under buffering
conditions, where the pKj, aligns closely with the pH. This allows us to
outline several OER mechanisms across different pH regions, with cor-
responding reactions as follows:
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1) Acidic OER [36]:

2H,0 — 4H"' + 4e~ + Oy (E° = 1.23 V vs. SHE)

2) Buffered near-neutral OER [48,53,55]:
2.1 OH™ generation by buffer species

H,0 + A~ - OH™ + HA
HA > H"+ A~

40H™ — Oy + 2H20 + 4e~

2.2 Proton removal facilitated by buffer species

2H50 + 4A~ — Oy + 4HA + 4e”

3) Alkaline OER [36]:

40H™ — Oy + 2H0 + 4e” (E° = 0.40 V vs. SHE)

With all factors considered, the OER activity of iridium is dependent
not only on the specific OER mechanism prevalent in different pH re-
gions but also by the type and concentration of reactants and the elec-
trolyte type, as discussed above. We will now interpret the observed
activity-stability trends in terms of pH-dependent OER mechanisms.

As pH increases from acidic to mildly neutral, we observe a decrease
in both the activity and dissolution of iridium (Figs. 6¢c and 5e). The
decline in activity from pH 1 to pH 3 can be attributed to a higher for-
mation barrier of the OOH,q intermediate [56]. In near-neutral and
neutral media, OER activity is dependent on the availability of OH™,
which is maximized as the pH approaches the pKj, of the buffer (pK, =
7.2 in this case), resulting in lower activity at pH 5 and an increased at
pH 7. Correspondingly, dissolution rates decrease until pH 5 and in-
crease again at pH 7.

A similar dissolution trend was observed for cathodic dissolution
under pre-OER conditions, attributed to the potential redeposition of
formed Ir®" species, whose stability window decreases with pH, as
predicted by the Pourbaix diagram [91]. However, this explanation does
not hold in the OER region, as evidenced by the constant S-numbers,
regardless of pH (Fig. 6e). Therefore we must consider the OER disso-
lution mechanism summarized by Kasian et al. [93] suggesting two
potential-dependent pathways for iridium dissolution in acidic condi-
tions. One at high anodic potentials (> 1.6 Vgrygg) and another at lower
potentials. We propose that these pathways are also pH-dependent.
Specifically, the lower potential pathway involving the formation of
Ir®* species predominating in acidic media. Therefore, constant
S-numbers around 10%, suggests that for every 10* intermediates formed
during OER cycle, one active site dissolves as Ir>*, independently of pH
from acidic to neutral conditions.

This observation contradicts the proposed pH-dependent formation
of Ir** and IrO, during OER cycles, according to the reactions [93]:

HIrO, + 3H' — Ir¥* + 2H,0
HIrO; — IrOs + H + e~

These reactions would predict lower dissolution rates in less acidic
conditions. However, the constant S-numbers, regardless of pH (Fig. 6e),
suggest that OER activity and dissolution rates are equally impacted by
the pH.

Previously, Naito et al. [54] suggested that the improved stability of
iridium in neutral buffered conditions might be attributed to a
self-healing mechanism similar to that observed in Co-phosphate sys-
tems during OER [107-109]. Although the solubility product (Kp) of an
Ir(1lI)-phosphate complex remains undetermined, its potential similarity
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to Co-phosphate (owing to their shared periodic group and d-electron
characteristics), could suggest comparably low Kj, values. If this were
the case, dissolved Ir(III)-phosphate would redeposit on the electrode
surface, as previously reported for iridium-based perovskites [110].
However, such a mechanism would presumably lead to decreased
dissolution rates at the same OER activity, resulting in increased sta-
bility numbers compared to acidic conditions, which we did not observe
in this study.

Beyond pH 9, particularly up to pH 11, there’s a further decrease in
activity due to a shift in the OER mechanism towards OH™ as the pri-
mary reactant, influenced by its concentration in the electrolyte
(Fig. 6¢). This trend aligns with the OER overpotential versus pH curve
(Fig. 6b), which mirrors the titration curve of phosphate buffer [52,55].
This is accompanied by further increase of iridium dissolution from pH 7
to pH 12.7 (Fig. 5e).

We again correlate this to proposed dissolution mechanism [93]. The
dissolution pathway from Ir" to IrV’, which is proposed to occur at higher
anodic potentials in acidic conditions, could also dominate the disso-
lution at lower potentials in alkaline conditions [93]. This can be
explained considering previous reports suggesting that IrOs is relatively
stable in alkaline electrolytes but decomposes in dilute sulfuric acid with
simultaneous Oy evolution [111]. Since the hydrolysis of IrO3 poten-
tially has slower kinetics compared to its decomposition [93], its better
stability in alkaline media could lead to a preferential pathway involving
hydrolysis and the formation of IrO3 ™ ions rather than decomposition.
This aligns with the Pourbaix diagram predictions for these conditions
[91]1.

Therefore, we hypothesize that the observed decrease in S-numbers
from pH 7 to pH 11 (Fig. 6e) results from concurrent dissolution
mechanisms involving both the formation of Ir>* and IrO5 . At pH 12.7,
the dissolution appears to be governed predominantly by a single

Neutral Alkaline

Reactant Switching
__40H > O, + 2H,0 + 4e’

HA S H' + A"
H,0 + A" > OH" + HA
40H" > O, + 2H,0 + 4

Dominant Dissolution Patl
I |

— ==

HIrO, Ir0,

Ir0,0H

Iridium Dissolution

\ 4 Buff
v ‘/pH p

=)
Potential

LAY
Local pH Shifts

AN

Electrode Surface

Fig. 7. Overview of pH-dependent mechanisms affecting iridium’s OER activity
and stability in buffered conditions.
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mechanism, as observed by increase in S-number.

A summary of the OER mechanisms depending on pH and the role of
buffer species, as discussed above, is provided in Fig. 7 for easier
interpretation.

Finally, it is important to note outlier in stability numbers at pH 3
(Fig. 6e). The decline at pH 3 contrasts with an earlier study that re-
ported increased stability at higher pH values in acidic conditions [21].
The discrepancy could stem from differences in the electrolytes used (see
Figure S14b). Whereas the previous study was conducted in unbuffered
media, which could allow local pH fluctuations, our experiments uti-
lized buffered solutions. Additionally, the presence of phosphate buffers
in our setup may influence iridium stability through specific adsorption
interactions on the Ir surface [38,39]. Similar effects were observed in
our study under pre-OER conditions at pH 3. Further research is
important to fully understand this phenomenon, which holds significant
implications for practical application.

5. Conclusion

This study systematically investigated the stability and dissolution
mechanisms of iridium across a broad pH spectrum, under both pre-OER
and OER conditions.

In the pre-OER region:

Phosphate ions adsorb on the iridium surface, influencing the pH-
dependent shifts in the Ir'" / Ir'V redox transition potential.

Anodic dissolution is influenced by native oxide formation, kinetic
limitations, and phosphate adsorption.

Kinetic factors play a critical role in dissolution behavior, showing
the limitations of only thermodynamic models.

The presence of previously unidentified species resulting from
cathodic dissolution in alkaline conditions is proposed.

In the OER region:

Both OER activity and stability are pH dependent, with proposed

mechanisms varying by pH:

o In acidic to neutral conditions, dissolution is mainly driven by the
formation of Ir>*,

o As conditions shift to slightly alkaline, the formation of Ir0%
contributes to decreased stability.

o In strongly alkaline media, dissolution becomes dominated by
Iro%-, leading to increased dissolution.

Phosphate ions appear to influence iridium stability during OER,

requiring further study.

Buffers help maintain a stable local pH depending on buffer capacity,

with mechanism changing depending on pH.

Iridium’s stability extends to neutral pH, suggesting its potential for

applications in various electrochemical systems, including seawater

electrolysis.

These insights, as well as the role of buffers in stabilizing local pH,
hold potential for optimizing the performance and durability of iridium-
based catalysts, leading to more durable and efficient electrochemical
devices. Similar pH effects were observed with other noble metals such
as platinum [82] and gold [81], recently published.
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