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ABSTRACT: Proton exchange membrane water electrolysis

. . ” 4 Constant Accelerating Stability Testing
(PEMWE) is expected to play a major role in hydrogen production oTr:)staaIn
dut? to its suitability for dmamic response :jmd load ﬂexibil.ity, Charge SFC-’I?-MS
which are relevant for operation with electricity from fluctuating -
renewables. A central problem is however the loading reduction of
j/ mA cm? i

scarce and expensive iridium, which is needed to catalyze the Oy + 4 He +de-
sluggish oxygen evolution reaction (OER) on the anode while
maintaining activity and stability. To accelerate improvements on
the anode catalyst side, it is central to evaluate electrocatalyst
stability fast and to assess its suitability for dynamic operation. In
this study, we evaluate the possibility of reducing the time for
stability screening of a commercial iridium oxide catalyst by using a [
constant charge approach, which is desirable to enable high

throughput screening. The approach is inspired by the relationship between OER and the dissolution mechanism. For this, a
scanning flow cell with online inductively coupled plasma mass spectrometry (SFC-ICP-MS) is used to measure time-resolved
iridium dissolution. Further, the impact of dynamic stress protocols on degradation is assessed. For this, a static current hold is
fragmented into square wave protocols using shorter start—stop cycles while maintaining the cumulative time under current and total
applied charge. Our results show that an acceleration of testing can be achieved while the total dissolution per charge remains
similar. The choice of pulsing parameters critically affected catalyst dissolution and inconsistencies with full cell degradation trends in
literature revealed the need to consider pseudocapacitive current contributions.
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1. INTRODUCTION

High expectations weigh on green hydrogen production via

the operation lifetime to 80k h in PEMWE.® But to reach these
targets, further improvements in electrocatalyst performance

electrolysis for the decarbonization of various industries and
load management of intermittent renewable energy sources.
Currently, however, only about 4% of the globally produced
hydrogen is obtained electrically via water electrolysis, while
the majority is produced by fossil fuel-based methods like
steam methane reforming,”’ Among different technologies,
proton exchange membrane water electrolysis (PEMWE) is
considered a promising technology for large-scale implementa-
tion in combination with renewable energy sources." This is
because PEMWE allows for high relative current densities, fast
load changes, and has a higher maturity than anion exchange
membrane water electrolysis (AEMWE)."* But high costs and
limited stability still impede scale-up.’ Catalyst-wise, especially
the reduction of scarce and expensive iridium on the anode
side for the sluggish oxygen evolution reaction (OER) without
affecting activity and lifetime remains challenging due to the
harsh oxidative conditions." The targets of the US Department
of Energy (DOE) for 2026 are to reduce the total catalyst
loading to 0.5 mgpgy cm™> (2022:3 mgpgy cm™2) and double
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are needed.

Due to the high required effort/time and the complexity of
full cell testing, OER electrocatalysts are initially tested on the
material level in aqueous model systems (AMS), typically using
a rotating disc electrode (RDE) or scanning flow cell with
online inductively coupled plasma mass spectrometry (SFC-
ICP-MS). Additionally, AMS can be used for high throughput
screening via process automation, which allows the discovery
of larger material and parameter spaces.” '’ Complementary
to automation, the reduction of time required for the
electrochemical testing is needed to increase throughput.
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However, because AMS simplify and change the testing
environment and components found in a full cell, the observed
behavior can deviate from that under realistic conditions.”
Disagreements were e.g., found for activity trends of different
iridium oxide catalysts in SFC versus membrane electrode
assemblies (MEAs) due to differences in catalyst utilization
and mass transport properties for the thinner catalyst layers in
AMS."" These activity trends were however found to uphold
after high-frequency resistance (HFR) correction, showing that
AMS can give valuable information about the activity as a pure
material property.

Stability on the full cell level is typically measured by
characterizing the loss of electrochemical performance over
time due to the degradation of all components and interfaces.
Since the measurement setup and operating conditions differ
significantly between AMS and MEA, it has been discussed
how valuable electrochemical measurements in AMS are for
stability characterization.”'” Further, concerning the measure-
ment of electrochemical performance losses in AMS,
component behavior in model setups was found to affect
measurement results. The passivation of the support material,
especially glassy carbon, has been shown to lead to significantly
elevated overpotentials during OER over time compared to
other substrate materials like gold.m’14 Further, the accumu-
lation of oxygen microbubbles, leading to increasing blockage
of active sites has been discussed to cause increased activity
losses in AMS compared to MEA."”™'” Hence, the use of
electrochemical performance loss to characterize OER electro-
catalyst degradation in AMS has to be evaluated carefully.

Simultaneously, iridium dissolution has been increasingly
discussed as an important factor for performance losses in
MEAs and was investigated on both full-cell and AMS
levels."»>' 1220733 This is because catalyst dissolution as a
primary degradation mechanism leads to thinning of the anode
catalyst layer, adding to kinetic losses, and is estimated to
dominate MEA performance degradation over long-term
operation.'”*° The investigation of losses in full cells has
progressed toward understanding the complex behavior of
dissolved catalyst ions and their effects on other components
and interfaces and their performance. Here, the migration of
dissolved iridium ions into the membrane and slower kinetics
due to bad catalyst/ionomer integration and catal;rst/
membrane interface weakening are deemed important.”>* It
was further shown in a full cell that after an accelerated stress
test (AST), the majority of dissolved iridium was not found in
the water lines but migrated into the membrane and
redeposited on the cathode catalyst layer.”” This is a significant
mechanistic difference compared to the straightforward study
of dissolution in AMS, where the catalyst layer is typically
immersed in a liquid electrolyte, into which the catalyst
material can simply dissolve without causing secondary effects.

On a fundamental level, much progress has been made in
understanding the dissolution of iridium-based catalysts as
well, finding that high overpotentials (OER) are required to
cause iridium dissolution at significant levels due to faster
reaction rates.””> It was shown for iridium and other metals,
that transient dissolution due to surface oxidation and
reduction processes is one mechanism responsible for catalyst
losses.”**** Additionally, dissolution is triggered by the OER
itself and depends on the detailed mechanisms on each
surface.”> OER dissolution is affected by the oxidation state,
with more oxidized and anhydrous/crystalline surfaces
typically being more stable.”’ The situation is further

complicated by the suggestion, that the decrease in dissolution
after an initial peak following a current/potential onset is
caused by at least partially irreversible electrochemical surface
oxidation/passivation processes.”’ Hence it has to be
considered, that in addition to the initial oxidation state at
the beginning of an experiment, the electrochemical measure-
ment itself will likely change the catalyst surface dynamically
over time, affecting further transient and OER related
dissolution.

Mechanism-wise, OER dissolution for both metallic and
oxidic iridium catalysts has been discussed as a competitive
pathway of the OER reaction mechanism, sharing reaction
intermediates.””*>***> This is further supported by exper-
imental findings from Geiger et al., showing that the S-number
(amount of oxygen evolved per iridium dissolved at steady
state dissolution during current holds) remained in the same
order of magnitude over a broad range of current densities,
particularly for iridium oxide.”® Based on their observation of a
positive correlation between iridium dissolution and OER
current, they suggested a direct relationship between OER
reaction and iridium dissolution mechanism.

Over the past years, accelerated stress/degradation tests
(ASTs/ADTs) have received significant attention to character-
ize OER electrocatalyst degradation under dynamic con-
ditions.»'>?>*1**2735 Different protocol approaches can be
found, like the application of CVs or square wave CA/CP
protocols to simulate dynamic operation and investigate the
effects of parameter variations on catalyst stability.

Alia et al. implemented a stress test based on CVs,
comparing RDE batch dissolution of iridium and iridium
oxide particles from static potential holds to dissolution after
CVs, choosing 1.4 V vs RHE as lower potential limit (LPL)
and different upper potential limits (UPLs).'* The protocols
used had an identical duration of 13.5 h for holds and CVs
(30k cycles, scan rate adjusted with UPLs for 13.5 h duration).
It was found that holds caused higher dissolution than the CV-
based ASTs for both metallic and oxidic samples with
differences increasing with the applied UPLs up to 2 V vs
RHE. This shows that dynamic protocols when based on CVs,
where only a fraction of the protocol duration is spent at
elevated potentials, do not necessarily accelerate catalyst
dissolution compared to a simple hold over the same duration.
Further, a positive correlation between dissolution and activity
losses in RDE was found for iridium nanoparticles, not
however for oxidic samples.'>*"

A different approach based on 3/3 s square wave potential
cycles was proposed by Spori et al,, similar to a previous 3/3 s
square wave current AST used by Cherevko et al. with a
SEC.*"*”*° Spéri et al. used alternating CA steps at 0.05 V vs
RHE and different UPLs (1.4—2.0 V vs RHE) with durations
of 3/3 s for 15k cycles (25 h) in RDE.””** They found that for
iridium oxide, obtained from spin coating iridium acetate on
Ti-discs and a calcination step at 300 °C, dissolution after their
AST's was increased compared to static CA holds during which
only the UPL was applied for 25 h without interrupts. The
increased dissolution after their AST was observed for all UPLs
from 1.4 to 2.0 V vs RHE even though during the AST only
half of the 25 h were spent at OER relevant potentials. An
important difference in the protocols used by Spori et al.
compared to the CVs applied by Alia et al. is the used LPL. It
was shown for metallic iridium and its hydrous oxide and for
both potential sweeps and holds, that LPLs down into the
range of 0 V vs RHE significantly affect the contribution of
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Figure 1. Electrochemical online dissolution profiles of iridium oxide using SEC-ICP-MS for static stress tests during which the total applied charge
was controlled. (a) Measured potentials as the result of current holds at 1 mA cm™ X 600 s, S mA cm™ X 120 s, 10 mA cm™ X 60 s, and 20 mA
cm™> X 30 s. (b) Contributions from underlying electrochemical dissolution and dissolution spikes (detachment) were deconvoluted. (c) Iridium

dissolution normalized to the applied current densities during each CP hold giving the iridium per charge ratio.

cathodic transient dissolution due to the reduction of the
oxidized catalyst surface.””** Based on this, cathodic
dissolution would not yet be expected for LPLs around 1.4
V vs RHE, as used by Alia et al., which is one possible reason
why their CVs did not increase dissolution compared to a
simple hold.

The effect of LPLs and support materials on iridium black
dissolution was further investigated by Zlatar et al. applying a
3/3 s square wave potential cycling protocol, similar to Spori et
al.,, with UPLs of 1.6 V vs RHE in a SEC-ICP-MS." They found
that dissolution increased as the LPL decreased from 1.4 V vs
RHE to 0.9—1.23 V vs RHE simulating a standby step. The
highest dissolution was found at LPLs of 0 V vs RHE, which
was used to simulate hydrogen crossover conditions. Addi-
tionally, iridium dissolution significantly increased on gold
compared to glassy carbon or iridium oxide (with dissolution
correction), showing that gold substrates can affect dissolution
studies for dynamic protocols.” This observation of increased
iridium dissolution on gold during dynamic protocols also
matches with findings in RDE by Alia et al."”

While progress has been made in understanding iridium
dissolution due to different dynamic potential conditions,
studies typically compare whether ASTs increase dissolution
within the same time, leaving possibilities to reduce the time
needed for testing unexplored. Further, step durations and
cycling frequencies and their effects on dissolution are not
investigated in existing AST proposals, requiring further
research.

In this study, we hence investigated the dissolution stability
of a commercial iridium oxide OER electrocatalyst using an
electrochemical SFC-ICP-MS. By applying accelerated static
measurement protocols, our results show the potential to
further shorten stability screenings while maintaining the total
dissolution. Further, we demonstrate that the choice of step
durations and cycling frequency as a fundamental parameter
for ASTs in AMS critically affects the dissolution of iridium
oxide and can even decrease catalyst dissolution. This shows

that step durations need to be considered when designing
dynamic stress tests for the characterization of OER electro-
catalyst stability.

2. EXPERIMENTAL SECTION

2.1. Electrode Preparation. For electrochemical online
SFC-ICP-MS measurements, catalyst coatings were prepared
from iridium oxide powder (Alfa Aesar). Catalyst inks with a
concentration of 0.825 ug;. mg~' were prepared by creating a
mixture of 87.5 vol % ultrapure water (Merck, Milli-Q, 18 MQ,
TOC < S ppb) and 12.5 vol % isopropanol (Sigma-Aldrich,
>99.5%) and adding S uL of Nafion perfluorinated resin
solution (Sigma-Aldrich, 5 wt %, 1100 W) per mg of catalyst
powder as binder. The ink was homogenized in an ice bath
using an ultrasonic horn (Branson, SFX150) for 1S min (4 s
on/2 s off pulses) at 40% intensity. Subsequently, the pH was
adjusted to ~11 by adding 1 M KOH. Catalyst spots were
produced on a polished glassy carbon plate (HTW, Sigradur
G) and an Au foil plate (Thermo Fisher Scientific, 99.95%).
For this, the freshly prepared ink was drop cast using volumes
of 0.2 uL with a half automated process utilizing linear stages
and approaching tip-to-surface distances of ~0.7 mm for
stripping of droplets. This led to estimated catalyst loadings of
~15 pg, cm™% The time between sample preparation and
measurements was always kept below 7 days to achieve a good
reproducibility of dissolution data.

2.2, Electrochemical Online SFC-ICP-MS Measure-
ments. Electrochemical measurements were performed using
a scanning flow cell with online inductively coupled plasma
mass spectrometry (SFC-ICP-MS) for elemental analysis. The
scanning flow cell used was designed based on the versions
already published elsewhere and CNC manufactured from
polycarbonate.”*™* Main channel diameters of 2 mm were
used, intersecting at an angle of 60°. The tube connections to
the SFC were realized using threaded fittings of the miniature
inert tubing system MINSTAC (The Lee Company). Further,

https://doi.org/10.1021/acscatal.5c01464
ACS Catal. 2025, 15, 10336—10346


https://pubs.acs.org/doi/10.1021/acscatal.5c01464?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c01464?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c01464?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c01464?fig=fig1&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.5c01464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

x10711
61 Total ]
5r [ Dissolution 1
o _
= 4} |-’{Detachment ]
S =
Hb'§ 31 T )
o~ ] T
z L
2 - 4
1 - -
-
0 I —2. -2 -2 -2
1 mAcm 5 mAcm 10 mAcm 20 mA cm
X 600 s x 120 s X 60s x30s

Figure 2. Total iridium dissolution per charge from different static stress tests. The dissolution was integrated over the whole peak area related to
the CP holds in Figure 1b. The total dissolution was deconvoluted into contributions from the underlying electrochemical dissolution and spikes
detected in the ICP-MS signal. Standard deviations were calculated from the deviations between measurements.

PTFE/PEEK compartments were developed that enabled the
direct use of a screwable mini-Hydroflex RHE (Gaskatel),
connected to the SFC inlet as a reference electrode (RE). A
similar compartment was manufactured for a screwable glassy
carbon counter electrode (CE), based on a 1.6 mm glassy
carbon rod (HTW, Sigradur G) and PEEK flangeless fittings
with UNF-1/4—28 threads.

Electrochemical online dissolution measurements were
conducted using Ar-purged 0.1 M HCIO,, which was prepared
freshly for every measurement by diluting concentrated HCIO,,
(Suprapure 70%, Roth) and ultrapure water (18 MQ, TOC < S
ppb). The electrolyte flow from an electrolyte reservoir
through the SFC main channels into the ICP-MS (Agilent
7900) was established by connecting the SFC outlet to the
peristaltic pump of the ICP-MS.

Before entering the ICP-MS, the electrolyte from the sample
tube was mixed with the internal standard using a T-piece. The
electrolyte (sample) flow rate was experimentally measured to
be approximately 340 yL min~" across all experiments. As an
internal standard, a 3 ug I"! Re solution was used, which was
produced daily by diluting a 10 mg ™" stock solution with
freshly prepared electrolyte. The ICP-MS was tuned and
calibrated daily using solutions with Ir and Au concentrations
of 0.5, 1, and S pg 17" Ir diluted from 10 mg 1™" stock solutions
with freshly prepared electrolyte. Stock solutions (10 mg I™")
for internal standards (Re) and calibration (Ir, Au) were
produced from commercial ICP standard solutions (Certipur
1000 mg 17!, Merck) and 2 wt % HNO,; prepared from
concentrated HNO; (Suprapure 69%, Roth) and ultrapure
water (18 MQ, TOC < S ppb).

For electrochemical online dissolution measurements, the
working electrode (catalyst spot drop cast on glassy carbon or
gold) was placed on an XYZ linear stage. Electrochemical
measurements were conducted using a Gamry (Reference 620)
potentiostat.

3. RESULTS AND DISCUSSION

3.1. Effects of Reduced Measurement Durations and
Elevated Current Densities on Degradation. To inves-
tigate the effects of reduced protocol durations on dissolution
and the possibility of reducing the time required for OER
stability screening, a variation of static stress tests using
chronopotentiometric (CP) steps at different current densities
was applied, as visible in Figure 1. Stress tests were designed to
keep the exchanged charge constant so that when the duration
decreased, the current density increased in exchange (e.g, 1
mA cm™? X 600 s, 5 mA cm™> X 120 s). LSVs were used to
characterize activity before and after each static stress test. The
full protocol descriptions and electrochemical results are
available in the Supporting Information (SI) and Figures
S1—S3. This controlled total charge approach was chosen since
a direct relationship between OER current and iridium
dissolution was already suggested before.”®

Generally, the maximum dissolution rates in Figure 1b
increased with the applied current density, which is consistent
with the suggestion of a direct relationship between dissolution
and the OER reaction mechanism. For the 1 mA cm™2 hold for
600 s, the characteristic dissolution profile can still be
observed. Together with the current onset, the dissolution
increased as well, peaking at a maximum. As previously
discussed, this initial dissolution is likely the result of both
transient and OER-related dissolution. Transient dissolution
due to further surface oxidation seems reasonable also when
considering that peaks similar to the metallic fcc structure of
iridium are still predominant in the XRD pattern of the used
iridium oxide (Alfa Aesar).”” Both the crystallographic
properties and dissolution rate of the used material at 1 mA
cm™? match well with results from iridium oxides obtained
from thermal oxidation at 300—400 °C where no stoichio-
metric oxide is obtained.”"*
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After that, the dissolution rate exponentially decays as the
material stabilizes until a quasi-steady state is approximated.
The decrease in dissolution rate over time has already before
been attributed to irreversible surface passivation processes for
different iridium oxides.”!

For the other current holds, the durations (30—120 s) are
too short to observe significant stabilization or approximation
of steady state dissolution. It is, however, visible, that a similar
exponential decrease in dissolution and approximation of
steady state levels would also occur at higher current densities,
as e.g,, shown for 3 and 5 mA cm™? in Figure S4.

Further, it can be observed that with increasing current
density not only the underlying electrochemical dissolution
increased but also the visual density of spikes in the ICP-MS
signal. This increase in spikes with increasing current densities
occurred simultaneously with an increase of the observed
evolution of bubbles from the working electrode, especially at
10 and 20 mA cm % We attribute this to the mechanical
detachment of particles from the catalyst film. To differentiate
between dissolution from underlying electrochemical dissolu-
tion and spikes, the dissolution signal was fitted, as visible in
Figure 1b.

Additionally, the iridium dissolution rate normalized to the
applied current density (dissolution per charge) during each
current hold is depicted in Figure lc. While the absolute
dissolution levels increased for larger current densities, the
dissolution relative to the applied current did not show the
same behavior. Instead, it is visible that the initial dissolution
per charge for current densities above 1 mA cm™* was closer to
the lower steady state dissolution value reached at the end of
the 600 s hold at 1 mA cm™2. A possible reason for the higher
initial dissolution rate per current at 1 mA cm™> compared to
eg, S mA cm ™2 could be that at the lower current density, a
higher share of the current is initially consumed by surface
passivation, leading to relatively more transient dissolution.
Because a severalfold increase of the current only slightly
affected the measured potential, it is likely that the majority of
the additional electrons would participate in the OER rather
than further surface oxidation. Figure S4 shows as well, that the
S-numbers for holds at 1 and 5§ mA cm ™2 approximate similar
values when reaching quasi-steady state, while the initial
dissolution per OER current was higher for 1 mA cm™ The
linear correlation between OER current and dissolution hence
increased when steady state dissolution was approximated.

The total iridium dissolution per charge can be considered
to further analyze the degradation of iridium oxide from the
static ASTs, as depicted in Figure 2. The total values were
calculated by integrating the dissolution profiles caused by the
respective current holds in Figure 1b. Even though the total
charge was already defined as identical for all protocols, the
additional normalization of dissolution by current should
emphasize the relevance of considering the relationship
between iridium dissolution and OER.

For the total dissolution, the contributions from the
underlying profile were fitted to differentiate between electro-
chemical dissolution and particle detachment. It is visible that
the total dissolution for both the 1 mA cm™ X 600 s and 5 mA
cm ™ X 120 s measurements was dominated by the
electrochemical dissolution. The total dissolution caused by
the S mA cm™ current hold is only at the level of the 1 mA
cm ™2 hold even though the shorter hold duration limited the
passivation of the surface. The reason for the similar calculated
total dissolution values is the previously discussed higher initial

dissolution rate for 1 mA cm™ visible in Figure 1c. Hence, the
reason for the similar dissolution per charge values for 1 and 5
mA cm™* was not the linear relationship between dissolution
and OER current as discussed by Geiger et al. for only steady
state dissolution but differences in dissolution behavior over
time.”> Due to this, it was possible to maintain dissolution
levels while decreasing the duration of the current step. This
further highlights the relevance of time-resolved dissolution
measurements to gain insight into material degradation
behavior.

The total dissolution per charge for the even shorter 10 and
20 mA cm™? current holds increased compared to measure-
ments at 1 or S mA cm™? even though the applied charge
(~0.6 C cm™) was held constant. The deconvolution of the
dissolution signal into underlying electrochemical dissolution
and catalyst detachment shows that for 10 and 20 mA cm™ a
significant part of this increase can be attributed to the
mechanical detachment of particles from the catalyst film. This
also matches well with an increase in macroscopic bubble
evolution which was observed mainly for 10 and 20 mA cm ™.

The deconvoluted electrochemical dissolution from the 10
mA cm ™ stress test is still in a similar range as the values from
the 1, and S mA cm™? protocols, particularly when considering
the error margins. Latest at 20 mA cm™? X 30 s, however, even
though the calculated iridium detachment did not change
compared to 10 mA cm ™, the total dissolution values are
significantly higher compared to all other measurements, even
though the total applied charge was not changed. The expected
reason for the increase in total electrochemical dissolution per
charge with higher current densities and shorter protocol
durations would be higher current normalized dissolution rates
due to changes in transient dissolution or lack of time for
stabilization. Shorter protocols would allow for less passivation
of the catalyst surface toward OER dissolution while higher
overpotentials might accelerate oxidation. Higher dissolution
per charge values for 30 or 60 s versus 120 s are, however, not
visible from the time-resolved data in Figure lc. Instead, the
higher total electrochemical dissolution per charge, particularly
for 20 mA cm™ X 30 s, is caused by an increasing amount of
dissolution that was measured only after the end of the current
hold. Hence, further shortening of the current holds while
maintaining the total dissolution per charge was limited.

The presented results in Figures 1 and S4 show that for the
used catalyst, the application of increasing current densities
could be used to manipulate the initial dissolution rates relative
to the steady state values. This shows the potential to
accelerate catalyst stability testing by reducing the time
required to reach steady state dissolution for stability number
or dissolution per charge calculation.

The electrochemical activity decay shown in Figure S3 did
not correlate well with the degradation measured by
dissolution in Figure 2 and was calculated with large relative
standard deviations. Especially the small activity losses at 1 mA
cm™? compared to 5 mA cm™? and the decreasing electro-
chemical degradation at 20 mA cm™ do not match with the
dissolution results. This suggests that other factors that were
not primarily related to dissolution such as surface passivation,
oxygen bubble accumulation, or catalyst detachment affected
the electrochemically perceived degradation of the used
catalyst for these experimental conditions.

While detachment was observed on glassy carbon for a
majority of the duration of the current holds at 10 and 20 mA
cm™? in Figure 1b and also after the CP steps already ended,
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Figure 3. Electrochemical online dissolution measurements of iridium oxide obtained from SFC-ICP-MS for static and dynamic current—potential
step protocols. (a—d) Current holds at 1 mA cm™2 were interrupted by 1.1 V vs RHE potential holds with identical durations. To control the time
under OER current in each stress test, the static stress test was fragmented into shorter CP steps. (a) 600 s X 1, (b) 300 s X 2, (c) 30 s X 20, (d) 10
s X 60. A data set with results from all applied protocols is available in the SI.

this was not observed for the same measurements on a gold
substrate. In Figure SS, iridium spikes on gold were only
observed together with the maximum electrochemical iridium
and gold dissolution. It appears that the detachment depended
on the substrate material, potentially due to catalyst film
quality, substrate corrosion/passivation, and related inter-
actions between the substrate and catalyst layer.'**"

3.2. Impact of Pulse Number and Duration on
Degradation. The acceleration of OER electrocatalyst
stability screening is desirable and the use of static holds can
help to improve standardization of measurements across
studies.'**” It is however important that also material stability
under dynamic conditions is evaluated to investigate the
performance of electrocatalysts under fluctuating loads.

To study the impact of operation dynamicity on electro-
catalyst degradation during OER, dissolution from static and
dynamic protocols with increasing cycling frequency was
measured and compared. Figure 3a shows the dissolution from
the static stress test, applying 1 mA cm™ X 600 s with the
characteristic onset, stabilization, and steady state dissolution
phases, already shown in Figure 1. As in the previous
measurements on static stress test acceleration, the 1 mA
cm™ X 600 s test was used as a benchmark for comparison.

Dynamic stress protocols were defined using the 1 mA cm™
hold for 600 s and fragmenting it into an increasing number of
shorter CP steps. These shorter current steps were separated
by standby potential holds at 1.1 V vs RHE, leading to different
square wave current (Start)—potential (Stop) protocols. The
detailed electrochemical protocols can be found in the SI. The
number of current steps was adjusted so that the cumulative
duration of current holds was kept constant for each stress
protocol (600 s X 1,300 s X 2,30 s X 20, 10 s X 60, 6 s X 100,

2

3 s X 200). The potential holds had the same duration as the
respective current holds in each measurement, leading to a
symmetric square wave protocol with a 50% duty cycle. The
potential of 1.1 V vs RHE was chosen as standby potential.
Measurement results from the 300 s X 2, 30 s X 20, and 10 s X
60 stress tests are shown in Figure 3b—d, and a complete set of
measurement results can be found in Figures S6—S8.

Due to the fragmentation of the single current step into a
larger number of shorter steps, dissolution results can be used
to evaluate how dissolution stability is affected if oxygen is
produced in a single static step or during dynamic loads. This
is relevant because in the literature typically dissolution results
from protocols are compared that have identical durations but
large differences in time under OER-relevant potentials/
currents, usually due to different idle periods.'>***” However,
since the dissolution of the catalyst—particularly for longer
measurements where steady state is approximated—is driven
by the OER, considering the total dissolution may lead to
over/underestimation of stability. Hence it should be differ-
entiated between ASTs in AMS that aim to accelerate
dissolution/degradation within the same period via e.g,
dynamic conditions and protocols that are designed for
stability comparison under dynamic versus static operation.
Lifetime targets in full cells and applied electrolyzers are
similarly set for operation time and not standby periods, which
needs to be reflected in the conditions the catalyst is exposed
to in material tests.’

Figure 3b shows the dissolution profile from a stress test
with two 1 mA cm™ current steps for 300 s each, interrupted
by a 300 s potential step at 1.1 V vs RHE. The two dissolution
profiles caused by the OER current holds are still separated, as
the time resolution of the used SFC-ICP-MS is sufficient at
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Figure 4. Potential profiles during dynamic stress tests and total iridium dissolution (a) Potential profiles during different stress tests. (b) Total
iridium dissolution per total charge in dependence of the number of pulses applied during stress tests with identical durations of applied current.
(c) Total iridium dissolution per OER charge after correction for pseudocapacitive contributions.

300 s long steps. The shape of both dissolution signals is
similar and follows the typical dissolution onset and
subsequent stabilization. Due to the short duration of 300 s
per CP step, the dissolution still stabilizes at the end of each
current hold, indicating that a longer measurement would be
required to approximate steady state. The peak dissolution of
the second profile is higher than the dissolution rate at the end
of the first CP hold, which shows that the dissolution does not
continue from the stabilized level after the current interruption.
Instead, the onset of the second current hold caused a spike in
dissolution above the previously stabilized level after holding 1
mA cm™? for 300 s for the first time. This could be due to a
reductive effect of the 1.1 V vs RHE step and transient
dissolution due to the subsequent current step. There is
however a lasting stabilization effect visible since the maximum
in the second dissolution profile is smaller than the dissolution
maximum from the first current hold. The increase in
dissolution due to the OER interruption and second current
onset with its second peak in dissolution is also quantitatively
measurable. The total dissolution from the dynamic 300 s X 2
protocol was 31% higher than during the static 600 s X 1 stress
test, reflecting the increase in degradation due to transient
conditions. Further, also the memory effect from the
stabilization in the first 300 s long current hold in Figure 3b
can be quantified, since the second profile only contributed
44% to the dissolution in the 300 s X 2 stress test.

10342

For the stress protocol with 30 s current and potential holds,
visible in Figure 3¢, the 20 individual dissolution maxima from
current holds are still distinguishable. There is however no real
peak separation, as the 30 s 1.1 V vs RHE holds are too short.
Similar to the dissolution in Figure 3b, each subsequent
current onset led to an increase in dissolution rate through the
onset of OER current. The maximum of each dissolution peak
again decreased over time of the measurement, indicating a
stabilization process due to the material’s history after each
cycle. Overall, an exponential decay of dissolution maxima can
be observed, similar to the behavior under static conditions
visible in Figure 3a. Toward the end of the measurement, a
relatively stable level of dissolution peak maxima was reached,
close to steady state dissolution observed for static holds. For
the protocol in Figure 3d, during which current and potential
holds of 10 s were applied, the individual peaks from current
onsets were not distinguishable anymore. But similarly, as in
Figure 3¢, the dissolution rates still decreased over time with
frequent current interrupts and starts, leading to a dissolution
profile similar to the curve in Figure la.

A detailed depiction of the potential profiles measured
during all protocols and the total iridium dissolution values per
measured charge can be found in Figure 4. Figure 4b shows
that the lowest dissolution per total charge was reached using
the static stress protocol at 1 mA cm™ for 600 s. Dynamic
stress conditions thus increased catalyst dissolution in all cases.
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The dissolution observed for the 300 s X 2 and 30 s X 20
protocols, where individual peaks are still visible in the
dissolution profile, significantly increased compared to the
static stress test. With further decreasing current pulse
durations to 10 s X 60 and 6 s X 100, the n(Ir) per Q.
values stagnated, however, and even decreased slightly. Finally,
reducing the current pulse durations to 3 s X 200 significantly
decreased the measured dissolution into the range of the static
600 s X 1 protocol. The order of magnitude of the reported
changes in total dissolution is comparable to other variations
for dynamic protocols recorded using online SFC-ICP-MS." As
previously discussed for Figure 3b, the increase in dissolution
when transitioning from static to dynamic conditions should
be due to transient dissolution caused by each current
interruption and onset. The stagnating and decreasing
dissolution values per total charge for 10, 6, and 3 s pulses
however break this trend. This shows that protocol dynamicity
and the number of start—stop cycles are not the only relevant
parameters affecting dissolution.

A possible explanation can be found in the electrochemical
potential profiles of each stress test, shown in Figure 4a, which
are depicted in more detail in Figure S9. It is visible, that
approximately 3—6 s are required after each current onset to
reach an equilibrated potential. Thus, the relative time under
stable potentials for a measurement declined with an increasing
number of current pulses of shorter durations. Apart from
oxygen bubbles which can block active sites and lead to
elevated overpotentials, we suggest that a reason for this is the
pseudocapacitive behavior of the electrode due to the
oxidation of the catalyst surface, caused by the current onset.
Also because the potentials in Figures 4a and S9 were below
the thermoneutral oxygen evolution potentials while a
significant current was applied, it would be expected that
charge is consumed by the oxidation of the surface.

The pseudocapacitive contributions were estimated for each
current step in all measurements using the potential difference
between the 1.1 V vs RHE standby steps and the maximum
potential reached in each current step. The pseudocapacitance
of the surface was calculated using the current between 1.0 and
1.2 V vs RHE (below thermodynamic OER potential) in the
initial LSVs at 20 mV s> for each measurement. A more
detailed description is available in the SI. From this, the
relative pseudocapacitive contributions to the overall measured
charge can be estimated, which are visible in Figure S10. The
pseudocapacitive contribution to the total charge increased
with the number of cycles since the pulse durations decreased
due to the constant time of applied current. The contribution
for the static protocol (600 s X 1) was <1%, which increased to
approximately 63% for the 3 s X 200 protocol.

Based on these calculations, Figure 4c shows the dissolution
values normalized to the OER charge obtained from correcting
the total charge by the contribution from surface oxidation.
After pseudocapacitive correction, a trend is visible where the
dissolution per OER charge increases with more and shorter
cycles except for the 3 s X 200 protocol. Even though this was
where the most significant correction occurred since the OER
contributed less than 50% to the total current.

A possible reason why the OER charge normalized
dissolution still decreases for the 3/3 s protocol compared to
6/6 s is that the transient dissolution could be affected by the
short duration of the current/potential steps. This includes the
duration of the standby step, which might require more time at
1.1 V vs RHE to at least partially reverse the surface state to

the initial composition so that a subsequent current step can
oxidize it again and lead to transient dissolution, as visible in
Figure 3b.

For the dynamic stress tests, the electrochemical degrada-
tion, measured as the change in activity at 1.60 V vs RHE,
interestingly showed a negative correlation with the degrada-
tion measured by dissolution. The activity changes in Figure S8
additionally trend-wise correlated well with the inverse of
Figure 4b, showing the highest gain in activity for the dynamic
protocol with the highest normalized dissolution due to
transient conditions and pseudocapacitive contributions. The
redox cycling with LPLs of 1.1 V vs RHE had a rather
activating effect on the catalyst film compared to the static
stress tests for the presented material and dynamic protocols.

Measurement results from AMS must, as far as possible, be
compared to results from MEA testing to assess the predictive
value of the experiments for the application.”” Alia et al.
showed in their study, similar to this one, the impact of pulsing
durations in an AST on electrochemical performance losses on
single full cell level.”® They found a continued increase of
losses in electrochemical performance for increasing cycling
frequencies. Different 525 h long AST's using 60/60 s, 30/30 s,
15/15 s, and 5/5 s square wave potential steps in a potential
range of 1.45—2 V were applied, using loadings of 0.1 mg,
cm™? of iridium oxide (Alfa Aesar), the same OER electro-
catalyst as in this study. It was further claimed that the
performance loss from frequent cycling in MEA was likely due
to catalyst layer thinning from iridium dissolution and
weakening of the catalyst/ionomer/membrane interface.”®

The increasing full-cell performance losses from Alia et al.
for shorter pulse durations correlate positively with the
increasing dissolution values normalized to the OER charge
shown in Figure 4b. Especially for the pulse durations in the
range of 6—10 s, the use of the corrected OER charge instead
of the total charge for dissolution normalization significantly
improved the agreement with full cell performance loss trends,
increasing the predictive value of the method. Since perform-
ance losses on the full cell level are the results of the
degradation of all the existing components and their interfaces,
other pulsing-dependent degradation effects may have an
impact as well. Overall, the presented results strongly suggest
that the assumption of 100% Faraday efliciency toward OER is
not generally valid for dynamic protocols and depends on the
number of pulses and their duration, as shown in Figure S10.
This should be considered in future studies when normalizing
dissolution to charge or calculating S-numbers for dynamic
protocols. Otherwise, dissolution increases due to transient
dissolution can be concealed by the calculation method of
performance metrics, as visible in Figure 4.

The findings in our study further suggest that results, where
dissolution per charge from dynamic versus static stress tests is
compared, may need to be reevaluated with consideration for
the pseudocapacitive contributions, particularly when using
pulses in the 3—10 s range.”” The comparison of Figure 4b,c
shows that otherwise the dynamic versus static stability could
be significantly overestimated.

Additionally, the comparison of dissolution per total charge
for similar dynamic protocols might be affected since not only
short pulsing durations but also other parameters will likely be
relevant for comparisons. A change toward higher UPLs or
lower LPLs for instance would increase the AV between
standby and OER steps, which is proportional to the estimated
pseudocapacitive charge. Also since the relationship between
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potential and current is nonlinear for the electrochemical
reaction, the relative charge consumed by surface oxidation
(Pseudocapacitance) versus OER might change with different
UPLs. Different loadings or surface areas might affect the
pseudocapacitive contributions relative to the OER as well,
particularly when comparing different materials.

Future research should further clarify the relevance of
pseudocapacitive currents for different protocols when
simultaneously varying measurement parameters as mentioned
above. Additionally, the direct measurement of time-dependent
oxygen evolution using dedicated mass spectrometry setups
would enable a more precise calculation of the Faraday
efficiency toward OER and the stability number for dynamic
stress tests."”** More effort needs to be dedicated to
comparing the effects of parameter variations on component
behavior on different system levels as well. This is central to
understanding how performance trends in AMS relate to full-
cell behavior and accelerate component development that
translates to performance on full cell level. For this,
intermediate setups like gas diffusion electrodes could play
an important role in benchmarking e.g., more realistic catalyst
layers in an environment with reduced complexity.">*°

4. CONCLUSIONS

In this study, we investigated catalyst dissolution to shorten the
time needed for the stability screening for a commercial
iridium oxide electrocatalyst for OER using an SFC-ICP-MS.
An identical charge approach was used to assess the effect of
reduced test durations on the dissolution. It was found that the
total dissolution per charge for the used iridium oxide could be
maintained after shortening the stability screening by a factor
of § compared to a 600 s current pulse at 1 mA cm™> as a
benchmark. The time-resolved dissolution measurement
however revealed that the constant dissolution per total charge
was not due to a proportional increase of dissolution rates with
OER current density. Rather, the initial dissolution per current
was increased for 1 mA cm™* compared to 5 mA cm 2, which
we attributed to higher relative contributions from transient
dissolution at the lower current density. The approximation of
steady state dissolution during the longer 600 s protocol at 1
mA cm* compensated for the higher initial dissolution per
current, resulting in similar total values. Further shortening of
the stress test duration while maintaining the applied charge
however led to increases in dissolution and particle detach-
ment from the tested catalyst layer.

Additionally, the dissolution from dynamic versus static
stress tests was studied. This was done by fragmenting a single
current hold into a larger number of shorter square wave pulses
while maintaining the cumulative time of the applied current. It
was observed that dynamic stress tests caused an increase in
total dissolution per charge compared to the static benchmark
in all cases due to transient dissolution. The correction of total
charge by a pseudocapacitive contribution from surface
oxidation revealed that the dissolution per OER increased
for higher frequencies down to 6/6 s pulses. The corrected
dissolution values further correlated positively with full cell
performance losses in the literature for similar protocols,
supporting the predictive value of the applied method for
dynamic stability testing. The results demonstrate that a
Faraday efliciency toward OER of 100% can not generally be
assumed for dynamic protocols.

Our study highlights the need for further investigation of the
dissolution and surface state of different materials. Particularly

for short pulses, which can benefit the development of high-
throughput methods and the understanding of degradation
under dynamic conditions, further insights into the behavior of
oxidic versus metallic and mixed metal(oxide) catalysts are
needed. The presented methodology for dynamic stress testing
shows promises for bridging the gap between the aqueous
model systems and full cells for catalyst stability testing and
can serve as guidance for further research on OER electro-
catalyst benchmarking.
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