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Device-level stress tests are developed that focus on anode catalyst layer degradation and future anticipated operating conditions,
including intermittent load and reduced platinum group metal content. Square-wave cycles with an upper load limit of 2.5 A cm‒2

are utilized to screen commercial iridium (Ir) materials. Performance losses are primarily due to decreasing kinetics and are
accompanied by catalyst migration into the membrane, worsening catalyst/ionomer integration, and weakening of the catalyst/
membrane interface. For ruthenium-containing catalysts, the in situ performances are higher but durabilities lower than Ir baselines,
and any performance advantage is lost within the test. Increased loss is likely due to the higher dissolution rate; microscopy
confirmed greater degrees of ruthenium migration. For Ir metal or mixed oxides, ex situ activity improvements generally did not
translate to in situ performance. The durability, however, is significantly lower and the loss rate increased from 3 (oxide) to
9 (metal) μV cycle‒1. These results are consistent with historical findings in literature, rationalize the continued use of iridium
oxide as a baseline catalyst, and demonstrate that traditional catalyst development approaches may not improve device-level
durability when focused on low-cost applications. A shift in focus may therefore be more effective at improving catalyst utilization
and lessening load requirements.
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Hydrogen and electrochemical water splitting in particular have
been limited in commercial use due to the production cost. Recent
cost reductions to renewable power sources, however, allow for
decreases in electrolysis feedstock costs, and further capital cost
reductions can enable significant hydrogen and electrolysis
growth.1–4 As renewable grid contributions increase, hydrogen is
uniquely positioned for long-term storage in grid support.5

Additionally, hydrogen can be offloaded to other industries and
growth opportunities are anticipated in transportation, chemicals,
and agriculture.2

In addition to the feedstock, capital cost reductions are critical to
improving the commercial viability and use of electrolysis. A
majority of system cost reductions are expected through manufac-
turing, including larger stack size, increased production rates, and
economies of scale.1 To some extent in proton exchange membrane
(PEM) -based electrolysis, however, platinum (Pt) group metal
(PGM) loading reductions in the catalyst layers and other component
coatings (transport layers, separators) will be used to minimize the
cost of traditionally overengineered systems.1,3

In this regard, cost and durability are interlinked and involve
tradeoffs, and significant increases to performance loss rates have
been found when accounting for intermittent power inputs and lower
PGM loading.6–9 Numerous component studies have evaluated the
degradation of catalyst layers,6,10–24 transport layers,14,25–32 and the
membrane,17,33,34 and have identified relevant loss mechanisms.
While several component and degradation processes need to be
incorporated for device-level accelerated stress tests, anode catalyst
performance loss is of particular interest because these losses and the
resulting device lifetime affect materials (loading) and operational
(cycling frequency, load input) requirements.6,35 Past efforts have
evaluated catalyst layer degradation during intermittent and start-
stop operation, finding that performance losses occur through

catalyst dissolution/migration, catalyst layer changes (agglomera-
tion, porosity), and interfacial weakening or tearing.6,18,24

In this study, accelerated stress tests have been explored for the
anode catalyst layer that focus on intermittent operation. To isolate
this loss mechanism, operational choices were made to minimize
oxidation changes of the anode catalyst, membrane degradation (no
applied/cycled backpressure), and transport layer degradation (com-
mercial transport layers). Low catalyst loadings and high cycling
frequency were utilized to accelerate performance losses and were
previously found to be representative of less aggressive operation
(higher loading, constant input) in terms of how losses appear during
in situ testing and how they correspond to catalyst layer changes.18

These stress tests screen several iridium (Ir) -based commercial
materials as anode catalysts, and focus on typical catalyst improve-
ments including ruthenium (Ru) inclusion and the use of materials
with different degrees of ex situ oxidation. While past efforts
focused on applied cell potential to evaluate loss mechanisms,
galvanostatic procedures may be more relevant to anticipated
operation and reflect materials improvements that can potentially
lessen load requirements and durability losses.18 Studies evaluating
stress tests and electrolysis degradation are critical to developing
lifetime models, improving our understanding of cost/durability
through technoeconomic analysis, and developing mitigation strate-
gies to limit loss.

Experimental

Membrane electrode assemblies (MEAs) were prepared as
catalyst coated membranes with loadings of 0.1 mg cm−2 (anode/
cathode, metal basis). For catalyst screenings, MEAs used Nafion
117. Nafion 115 and 212 were also evaluated to separate the impact
of current density from cell potential. Catalyst layers were coated
with an Accumist ultrasonic spray head in an automated spray
station. Cathodes were prepared first with carbon-supported Pt (Pt/
HSC, 47 wt% Pt) from Tanaka Kikinzoku Kogyo (TEC10E50E)
using previously developed methods.24 To spray four cathodes,
91.9 mg of Pt/HSC was added to 24 ml water and 18.3 ml n-propyl
alcohol. The ink was cooled in ice for 5 min, then 109.9 μl ofzE-mail: shaun.alia@nrel.gov
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ionomer (DE2020, 20 wt%) was added to the ink prior to sonication
(30 s horn, 20 min bath, 30 s horn). Following sonication, the ink
was immediately added to a syringe pump and sprayed at
0.2 ml min‒1 onto the membrane held to a vacuum plate at 80 °C.

Ir-based anodes were prepared using previously developed
methods. The materials screened as oxygen evolution (OER)
catalysts included Alfa Aesar unsupported Ir oxide (43396),
Tanaka Kikinzoku Kogyo unsupported Ir (US171109), Johnson
Matthey unsupported Ir (C2025/160000), Umicore unsupported Ir
(0363/00-I4), Premetek unsupported Ir (P40V010), Furuya unsup-
ported IrRu (1267905), Alfa Aesar unsupported Ru (11804),
Umicore titania-supported Ir oxide (73.35 wt% Ir, 0821/01-D5),
and Premetek carbon-supported Ir (20 wt% Ir, P40A200).24 To spray
four anodes, 113.8 mg of catalyst (Ir/Ru metal basis) was added to
11.7 ml water and 23.8 ml n-propyl alcohol. The ink was cooled in
ice for 5 min, then 95.6 μl of ionomer (DE2020, 20 wt%) was added
to the ink prior to sonication (30 s horn, 20 min bath, 30 s horn).
Following sonication, the ink was immediately added to a syringe
pump and sprayed at 0.2 ml min‒1 onto the membrane held to a
vacuum plate at 90 °C.

Different ink properties and spray parameters were required for
optimum anode/cathode catalyst layer uniformity and performance.
For unsupported iridium catalysts, inks tended to be less stable and
were likely impacted by the less heterogeneous primary particle and
aggregate/agglomerate sizes.36 The electrode fabrication processes
used in this study leveraged past work focused on the optimization
of catalyst layers and cell performance by tuning ink composition
and spray parameters, including ink solid concentration, ink water/
alcohol and ionomer content, spray rate, and spray temperature.24 A
higher spray temperature specifically was required to increase the
drying rate of sprayed ink, and to prevent catalyst layer nonunifor-
mity.

After spraying the catalyst layers, the catalyst coated membranes
were rehydrated in water for at least 5 min, then dried at 50 °C on a
vacuum plate. This process slightly thinned the membrane, but was
needed to minimize warping from the spray process, to improve cell
performance, minimize contact resistance, and prevent leaking.
Following this processing step, catalyst loadings were evaluated
by X-ray fluorescence (XRF) with a Fischer XDV-SDD energy
dispersive spectrometer. Loadings were averaged over four 30 s
measurements.

MEA testing was completed as 25 cm2 single-cells, using
aluminum endplates (Fuel Cell Technologies), Pt-coated titanium
PTLs and flow fields (anode, Giner Inc.), and carbon transport layers
and flow fields (cathode, Fuel Cell Technologies). Tests were
completed on Greenlight stands with an anode water flow rate of
0.3 L min‒1 (dry cathode, no backpressure) and at 80 °C. Cells were
conditioned with holds at 0.2 A cm‒2 for 1 h, 1 A cm‒2 for 1 h, and
1.7 V until the current stabilized (<0.5 mA change over 1 h). These
protocols leverage past efforts benchmarking PEM electrolysis
performance across various laboratories.37 While current or voltage
holds can be used to condition MEAs, these procedures mixed
approaches, and were intended to gradually condition MEAs and
promote consistent performance determinations. Anodic polarization
curves were then taken followed by cathodic polarization curves.
Each step was held for 5 min and the reported cell potential was the
average over the last min. Other components (polymer, PTL), ink
formulations, and catalyst layer properties can have significant
effects on catalyst utilization, performance, and durability in MEA
testing.24,38 For PTLs specifically, substructure and coating proper-
ties can influence polarization curves through ohmic (contact
resistance, sub coating passivation), kinetic (utilization), catalyst
layer resistance (utilization and proton/electron pathways), and
residual (bubble transport) losses, as well as how these losses
change over time.38

Diagnostics were then taken and included cyclic voltammo-
grams in the potential range 0.025‒1.3 V at 50 mV s‒1 and
impedance spectra in the frequency range 1 Hz‒100 kHz for each
data point taken during polarization curves. The high frequency

resistance values from impedance spectra were used to correct
polarization curves for kinetic comparisons. Kinetics were eval-
uated through Tafel plots of HFR-corrected potentials and used to
determine exchange current densities. Ohmic, kinetic, and transport
overpotentials were also tracked and presented. Ohmic overpoten-
tials were calculated based on the difference between the cell
potential corrected and uncorrected for HFR. Kinetic overpoten-
tials were calculated based on the difference between kinetics
(Tafel plot) and the thermodynamic potential, with corrections for
entropy and partial pressure (624 mm Hg at 5674 ft). Transport
overpotentials were calculated based on the difference between the
cell and thermodynamic potentials unaccounted for by ohmic/
kinetic loss.

To evaluate multiple options for accelerated stress tests, several
membrane thicknesses and upper current limits were tested. For
catalyst screening, 31,500 60 s cycles were used, with 30 s at
2.5 A cm‒2 followed by 30 s at 0 A cm‒2 at 80 °C. The upper current
limit was chosen to optimize the performance loss rate at this anode
catalyst layer loading (0.1 mg cm‒2) and experiment duration
(525 h). The repeated, frequent cycling was used to accelerate losses
and minimize experiment duration, and was previously found to be
representative of renewable load profiles in how losses appeared
during in situ testing and how they corresponded to catalyst layer
changes.18 Throughout durability testing (31,500 cycles), polariza-
tion curves and diagnostics were taken every 4,500 cycles, with the
cycle counts chosen for feasibility and to ensure that the test duration
was longer than 500 h (525). Stress tests in this case were based on
current since galvanostatic testing may be more relevant to antici-
pated operation and reflects materials improvements that can
potentially lessen load requirements and durability losses.9

Additionally, a protective lower potential limit was set to 1.4 V to
ensure that the catalyst layer did not go through redox cycling due to
hydrogen crossover during the down cycle (0 A cm‒2).6,20 Past
efforts have evaluated the impact of hydrogen crossover and catalyst
layer redox on durability testing, finding significantly higher
performance losses.6,20 The intent of this study was to focus on
intermittent operation without the complications of redox and
assumes that materials (recombination catalyst) or operational
(short-term storage) mitigation strategies will minimize the occur-
rence and impact of catalyst redox transitions.

Performance and durability testing that varied the membrane
thickness, applied current cycle, and anode catalyst was completed
on 3 MEAs to evaluate reproducibility and statistics. Figures of
polarization curves (performance) and loss rates (durability) in-
cluded error bars of standard deviation to reflect these statistics;
figures of polarization curves during stress tests and post-test
characterization were of MEAs closest to the average. In general,
the error bars were relatively small and likely due to the MEA
iterations having been sprayed at the same time and with the same
ink batch, with differences in performance/durability beyond statis-
tical error. Greater variance, however, is expected spray-to-spray and
ink/spray optimization can significantly affect cell performance and
durability.24

These stress tests are not intended as field tests and focus on
anode catalyst layer degradation, low catalyst loading, and frequent
cycling to accelerate loss observations. Additional components
(membrane, transport layers) and catalyst layer degradation pro-
cesses (contaminants, manufacturing defects) need to be incorpo-
rated to develop device-level accelerated stress tests and lifetime
models, and to better inform technoeconomic analysis. Square-wave
testing was intended to aggressively accelerate loss rates and was
previously compared to wind and solar profiles to ensure consistency
in how in situ performance losses were observed.18 Over a ten year
period, solar profiles can expect to cycle once per day (3650 times),
although the upper stressor will vary based on input and stack sizing.
Wind profiles can induce more variability and cycle high/low input
more or less frequently. Past efforts used wind profiles with twice
per day turn downs (7300 times over ten years), that may over-
estimate the cycling frequency in other locations.18
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Rotating disk electrode testing was completed with an Autolab
PGSTAT 302 N potentiostat using polycrystalline gold working
electrodes, gold counter electrodes, and a reversible hydrogen
reference electrode (RHE). Working electrodes were prepared by
previously published methods and inks contained 3.5 mg catalyst (Ir/
Ru metal basis), 7.6 ml water, and 2.4 ml isopropanol to produce
electrodes with a catalyst loading of 17.9 μg cm‒2 (metal basis).39

After the ink was iced for 5 min, 20 μl of Nafion ionomer (Sigma
Aldrich, 5wt%) was added and the ink was sonicated to disperse the
catalyst (30 s horn, 20 min bath, 30 s horn). Following sonication,
10 μl of ink was pipetted onto a polycrystalline gold electrode that
was inverted on a rotator (Pine Research Instrumentation, MSR
type) at 100 rpm. After pipetting the ink, the rotation was increased
to 700 rpm and the electrode allowed to dry for 20 min (room
temperature).

Electrochemical characterization of catalysts started with con-
ditioning, 50 cycles in the potential range 1.2‒1.8 V vs RHE at
2500 rpm and 100 mV s‒1 in a nitrogen saturated 0.1 M perchloric
acid electrolyte at room temperature. Linear sweep voltammograms
were then completed at 20 mV s‒1, the first iteration in the potential
range 1.2‒1.6 V vs RHE to focus on kinetics and the second iteration
in the potential range 1.2‒2 V vs RHE to capture the entire region of
interest. Both evaluations were completed with a built-in current
interrupter to correct for internal resistance (25 ± 1 Ω), to avoid
inaccuracies with corrections after data acquisition. Electrochemical
surface areas (ECAs) were determined by hydrogen underpotential
deposition and mercury underpotential deposition, by previously
published methods.40,41 For hydrogen underpotential deposition,
cyclic voltammograms were completed in the potential range
0.025‒1.5 V vs RHE at 20 mV s‒1 in a nitrogen-saturated 0.1 M
perchloric acid electrolyte. ECA measurements from hydrogen
underpotential deposition were used to quantify Ir/Ru metal sites
available on catalyst surfaces. ECA values were calculated from the
charge conversion of an adsorbed monolayer on Ir (179 μC cmIr

−2)
and Ru (125 μC cmRu

−2), and were based on previous measurements
taken with polycrystalline Ir and Ru electrodes.40 Approximations
for mixed materials (Furuya IrRu) were based on bulk composition
by inductively coupled plasma mass spectrometry (ICP-MS). For
mercury underpotential deposition, voltammograms were completed
in the potential range 0.025‒0.55 V vs RHE at 20 mV s‒1 in a
nitrogen-saturated 0.1 M perchloric acid electrolyte containing 1 mM

mercury nitrate. ECA values were calculated from the charge
conversion of an adsorbed monolayer on Ir (358 μC cmIr

−2) and Ru
(301 μC cmRu

−2), and were based on previous measurements taken
with polycrystalline Ir and Ru electrodes.40 For ECA measurements,
the Coulombic charge correction varies based on the element and the
facet distribution evaluated. For Ir/Ru comparisons, the Ru
Coulombic charge was lower for the adsorption of both a proton
and mercury monolayer. These ECA determinations are related to
site-access and not explicitly a measure of OER reactivity, and the
data presented was consistent with historical findings in that Ru-
containing catalysts were more active for OER than Ir-only
materials.42 Approximations for mixed materials (Furuya IrRu)
were based on bulk composition by ICP-MS. Additionally, capaci-
tances were evaluated from cyclic voltammograms in the potential
range 0.8‒1.4 V vs RHE. Psuedocapacitances at a lower potential
range were not calculated due to the proximity of current responses
from hydrogen underpotential deposition and redox transitions, and
how significant changes to porous transport layer (PTL) site-access
and catalyst near-surface metal/oxide content could change these
values. Capacitances at higher potential may not be reflective of site-
access, and past studies have noted significant differences between
kinetic performance and the current responses in cyclic
voltammograms.43 These values were used qualitatively, however,
to compare differences in oxide content between catalysts and
catalyst layer changes (subsurface oxide growth, electrode thinning)
in extended operation.

Following initial testing, catalysts were evaluated for durability
with potential holds for 13.5 h at room temperature.39,44 Electrolyte

aliquots (5 ml) were taken at 0.5, 1, 4, and 13.5 h and quantified with
ICP-MS to determine dissolution rates. ICP-MS was taken with a
Thermo Scientific iCAP Q in kinetic energy discrimination (KED)
mode. The ICP-MS was calibrated to internal standards, a blank, and
Ir/Ru standards at 2, 20, and 200 ppb which resulted in instrument
detection limits (IDL) of less than 2 ppt.

In ex situ measurements, bubble formation lowers site-access and
impacts performance and durability assessments.39,44 Catalyst activ-
ities, before and after durability testing, were made during voltam-
mograms to avoid the transport issues associated with chronoam-
perometry experiments.39 To minimize the impact of gas blinding on
activity evaluations, electrodes are also rinsed/dried following
condition and potential holds (prior to any activity measurement),
to normalize the activity of each electrode to one another (reprodu-
cibility) and to their initial performance (for durability). To mini-
mize the impact on durability results, activity evaluations were made
during voltammograms after the stress tests and the raw current was
not reported, since bubble formation limits site-access and can lower
activity in a way that is not representative of a relevant loss
mechanism.39 For Ir oxide (Alfa Aesar, 43396), minimal activity
loss and dissolution were found following a 2 V hold, indicating that
bubble formation did not create artificial loss. Higher ECA losses for
other catalysts (by mercury underpotential deposition) also corre-
sponded to increased dissolution, indicating that transport or gas
blinding did not increase loss rates. Transport, however, affects
durability and dissolution measurements, and bubble formation can
lessen these losses by preventing full site-access for the stress test
duration. While OER transport losses are larger in rotating disk
electrodes than MEAs, gas blinding may occur in MEAs as well and
past efforts have seen lower loss rates than expected during stress
tests at higher potential/current density.18

In rotating disk electrode testing, gold substrates were used due
to its conductivity, durability at low pH and experiment potentials
relative to other readily available options, and low participation in
OER. Working electrode substrates may dissolve in small quantities
that can lead to catalyst layer delamination, underestimating catalyst
dissolution rates, and overrepresenting activity loss rates. Gold
dissolution was not seen as a significant contributor to activity/
dissolution measurements since minimal amounts of gold were
found in ICP-MS, and past efforts evaluating Ir metal and Ir oxide
durability found reasonable agreement between activity loss and
dissolution rate.39 Past studies further compare gold substrates to
less stable materials (carbon), to demonstrate how this gap in activity
loss and dissolution can be impacted by substrate instability.39 The
rotating disk electrode test protocols used leverage past baselining
and benchmarking efforts in acidic OER.39,45

X-ray diffraction (XRD) patterns were taken with a Bruker D8
Discover, operated at 40 kV and 35 mA in the 2θ range 13.5‒88° for
2 h. Powders were attached by carbon tape to a silica slide.
Calculations of catalyst crystallite size were made through
Rietveld refinement with Match 3.2.2 and FullProf 2.05.

The catalyst particle size distributions (PSDs) were determined
using small-angle X-ray scattering (SAXS). The anode catalyst layer
samples were prepared for the SAXS measurements by transferring
the layers from the membrane to single-sided, transparent Scotch™
tape, which has a low X-ray scattering background. The SAXS data
were acquired at beamline 9-ID-C at the Advanced Photon Source
(APS), Argonne National Laboratory equipped with a combined
Bonse–Hart (ultra-small X-ray scattering, USAXS) and pinhole
(small angle X-ray scattering, SAXS) instrument. The incoming
X-ray beam was monochromatized, via a pair of Si (220) crystals, to
an energy of 21 keV. The optics and instrumentation details for this
scattering beam line have been previously reported.46 The size of the
X-ray beam for the USAXS measurements was 0.8 × 0.6 mm
(horizontal x vertical) and 0.8 × 0.2 mm for the SAXS measure-
ments. The exposure times for each sample were 90 s for USAXS
and 30 s for SAXS. During data reduction, patterns collected on a
blank piece of Scotch™ tape were subtracted from the patterns
acquired for the samples. The data were corrected and reduced with
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the NIKA software package,47 and data analysis was conducted
using the IRENA software package48 running on the IGOR Pro 7.0
(Wavemetrics) platform.

Catalyst PSDs were obtained from the measured scattering data
using the maximum entropy (MaxEnt) method,49 involving a
constrained optimization of parameters to solve the scattering
equation:

I q F q, r V r Np r dr2 2 2∫( ) = |Δϱ| | ( ) | ( ( )) ( )

Where, I(q) is the scattered intensity, ϱ is the scattering length
density of the particle, F(q, r) is the scattering function at scattering
vector q of a particle of characteristic dimension r, V is the volume
of the particle, and Np is the number density of particles in the
scattering volume.

Iridium L2-edge extended X-ray absorption fine structure
(EXAFS) data were acquired for the entire catalyst-coated mem-
branes (CCMs) at APS beamlines 10-BM and 10-ID of the Materials
Research Collaborative Access Team. The L2 edge was chosen
rather than the L3 edge to avoid interference in the extended region
of the spectra from Pt fluorescence arising from the cathode catalyst
layer. Data reduction and analysis were performed with the Athena
software package.50 The oxidation state of the Ir in the CCMs was
evaluated by fitting the X-ray absorption near edge (XANES)
regions of the spectra from −20 eV to 30 eV (vs an Eo of
12823 eV) to the spectra of two Ir-containing standards (Ir metal and
IrO2), representing the 0 and 4+ oxidation states, using the linear
combination algorithm of the Athena software.

Results and Discussion

Initial screenings for durability protocols used unsupported Ir
oxide (IrO2) nanoparticles (Alfa Aesar, 43396). This catalyst was
used as a baseline due to reasonable MEA performance and
durability, and the relatively low dissolution rate compared to Ru
and substoichiometric oxides. Past efforts further confirmed approx-
imate oxide composition with electrochemical and materials
characterization.39,51

Testing included varying the membrane thickness in the range
51‒183 μm (Nafion N212, N115, N117) to evaluate the impact of
membrane choice on catalyst layer durability. Membrane thickness
has a clear effect on hydrogen crossover rates and can impact
catalyst layer durability from redox during start-stop operation.10,20

This evaluation focused on intermittent operation and avoided redox
with a protective, lower potential limit during cycling (1.4 V).
Testing with a lower potential limit ensures that the potential
between the current collectors does not drop below 1.4 V. This
limit, however, did not guarantee that all catalyst sites were exposed
to the same potential, and isolated or insulated particles or small
portions of the catalyst layer may have created variability in the
exposed potential and degradation rate. Initially, higher performance
was observed with thinner membranes and generally reflected the
lower HFR values (33 mΩ cm2 for N212, 121 mΩ cm2) and ohmic
loss (Figs. 1a, 1b). Some differences in kinetics were also found but
were generally small, and exchange current densities varied between
0.0105‒0.0113 mA cm‒2 (8% difference). Stress tests were com-
pleted with 60 s cycles, 30 s at 2.5 A cm‒2 followed by 30 s at
0 A cm‒2 (1.4 V protective lower limit).

HFRs can be impacted by several factors, including polymer
properties and thickness, interfacial contact resistances, and resis-
tances through other components (catalyst layer, transport layer).
Other components and interfaces equal, the HFR is driven by the
polymer and in this instance where the polymer chemistries and
properties were similar (N117, N115, N212), the change in HFR was
primarily dictated by the membrane thickness. While there may be
some slight variability in resistance due to differences in contact
during fabrication (spraying, flattening) and testing (creep), the
correlation between membrane thickness and resistance appeared
reasonable.

With this protocol, the overall performance loss rates were
similar, 3.3 μV cycle‒1 for N117, 2.8 μV cycle‒1 for N115, and
2.7 μV cycle‒1 for N212 (Figs. 1c–1e). From these results, mem-
brane/ohmic losses appeared to be largely independent of perfor-
mance changes and the loss rate may be more a function of the HFR-
free potential than the total cell potential. If overpotential increases
had been solely a function of cell potential, much smaller losses
were expected with N212 (approximately 1 μV cycle‒1) when
extrapolating loss rates at this loading, test profile (cycle type,
frequency), and potential range.18 Similarities in the performance
loss rate can be due to multiple factors. First, the potential difference
between the anode catalyst layer and membrane interface may drive
catalyst dissolution/migration during in situ testing. The current
density or the gas generation rate may also drive some catalyst layer
changes (porosity, defect formation) and weakening or tearing at the
catalyst layer/membrane interface. Although similar loss rates were
observed, the rate slightly decreased with thinner membranes. Large,
sudden fluctuations in load may create nonuniform potentials within
the anode catalyst layer that can partially reduce portions (either to
intermediate states or metal) and increase loss when operation
resumes due to higher dissolution rates. Reducing the membrane
thickness may slightly lessen these nonuniformities by reducing the
increase/decrease in cell potential and slightly lower the perfor-
mance loss rate.

In addition to assessing the impact of membrane thickness, upper
current densities were evaluated and included 2, 2.5, and 3 A cm‒2

(Fig. 2). In all cases, testing was completed with Nafion 117 to
minimize crossover and with 60 s square-wave cycles, 30 s at the
specified upper current density followed by 30 s at 0 A cm‒2. MEA
performance losses increased with higher upper current densities,
from 1.8 μV cycle‒1 (2 A cm‒2) to 4.5 μV cycle‒1 (3 A cm‒2) and the
increase in loss rate was expected and likely due to the higher
potential (catalyst dissolution, migration) and gas generation rates
(interfacial tearing, catalyst layer structure changes). When evaluating
diagnostics, several similarities were observed. Regardless of the
upper current density limit, higher performance losses were generally
due to kinetics, although slight increases in ohmic/transport loss were
observed as well. Additionally, consistent features were found in
impedance spectra (higher HFR, polarization resistance), cyclic
voltammograms (thinning capacitance), and exchange current densi-
ties (large decrease), and varied only by degree. For catalyst screening
with stress tests, an upper current density of 2.5 A cm‒2 was used to
produce a moderate loss rate. A lower operating current density was
avoided to ensure that the loss rate was large enough to minimize
MEA test statistics (reproducibility). A higher operating current
density was also avoided to keep the cell potential below 2.5 V near
the end of testing, particularly for catalysts that were less durable. In
past efforts and isolated instances (simulated start-stop operation),
extensive degradation of thin catalysts layers migrated small portions
of the PTL coating into the catalyst layer, that may have accelerated
kinetic losses (lower OER reactivity of platinum) and combined
degradation mechanisms. Capping of the upper potential limit was
done to avoid PTL degradation, to ensure that the loss mechanism
remained consistent, and to avoid overrepresenting the loss rates of
highly degraded catalysts.

Anode catalysts were screened with the stress test, which consisted
of 60 s square-wave cycles (31,500 cycles), 30 s at 2.5 A cm‒2

followed by 30 s at 0 A cm‒2. Several materials were evaluated,
including Ir-/Ru-based and supported/unsupported nanomaterials.
These experiments were used to assess whether differences in catalyst
activity or stability can mitigate MEA performance losses in durability
testing. This effort was not an endorsement of a specific catalyst or
manufacturer, and testing included several catalysts that were not
developed for PEM electrolysis use. Additionally, significant varia-
bility in catalyst properties (particle size, structure, oxide content)
have been found for several material sets between batches and over
time, and specific results are likely to change with both materials and
integration enhancements. Current-based durability experiments
further add complications since catalyst layer integration can have a

Journal of The Electrochemical Society, 2024 171 024505



significant effect on performance, and in turn an impact on
durability.24 Catalyst layers in this study were sprayed based on
previous optimization efforts, and differences in materials integration
(spray/ink parameters) for a larger materials set may similarly impact
device-level performance and durability.24

Catalysts were compared based on changes in overpotential at
1 A cm‒2 and were segregated into Ir-only and Ru-containing/
supported materials (Fig. 3). For the Ir-only catalysts, initial
performances were similar and within 43 mV at 1 A cm‒2 (11 mV
when excluding Umicore Ir, Fig. 3a). The large differences in
durability, specifically for Johnson Matthey Ir (8.2 μV cycle‒1),
Umicore Ir (8.5 μV cycle‒1), and Premetek Ir (8.9 μV cycle‒1),
were therefore likely due to the high metal content increasing Ir
dissolution.39,51 Compared to the baseline Ir oxide (Alfa Aesar), the
TKK Ir initially resulted in a slightly lower overpotential (10 mV at
1 A cm‒2). A higher loss rate (3.7 μV cycle‒1), however, was found
that negated the performance advantage following durability testing

and was also likely due to the mixed oxide content resulting in
slightly higher degrees of dissolution.

For supported or Ru-containing catalysts, a larger range of durabil-
ities were found (3.3‒11 μV cycle‒1). Within the Ru materials, both Alfa
Aesar Ru (23 mV) and Furuya IrRu (15 mV) initially showed lower
overpotential than the Ir oxide baseline (Alfa Aesar). These advantages,
however, were also lost in durability testing. After 31,500 cycles, the
overpotentials were 7 mV (Furuya IrRu, 4.0 μV cycle‒1) and 45 mV
(Alfa Aesar Ru, 5.4 μV cycle‒1) higher, and the higher loss rate was
likely due to the increased dissolution rate of Ru. The Ru catalysts,
however, were primarily oxides and the performance losses were less
than Ir metal, consistent with past efforts evaluating ex situ dissolution.52

Within supported catalysts, the Um Ir/Ti loss rate (4.9 μV cycle‒1) was
also higher than the Ir oxide baseline in spite of the high oxide content.
The increase in performance loss was likely affected by the initial lower
performance (22 mV higher overpotential at 1 A cm‒2) which may have
slightly increased catalyst dissolution/migration by exposing the anode

Figure 1. (a) Anodic and cathode polarization curve of MEA with N117. (b) Initial polarization curves of MEAs with N117 (red), N115 (blue), and N212
(green) at 80 °C. (c) Changes to overpotential in durability testing for MEAs with N117 (red), N115 (blue), and N212 (green). Losses were included for the total
overpotential (solid line, filled circles) and due to kinetics (long dashed line, open diamonds), ohmic (short dashed line, open squares), and transport (dotted line,
open triangles). Changes to polarization curves as a function of durability testing for MEAs with (d) N117, (e) N115, and (f) N212. Durability testing was
completed by square-wave current density cycles, 30 s at 2.5 A cm‒2 followed by 30 s at 0 A cm‒2 at 80 °C.
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catalyst layer to higher potential. Several aspects related to the titania
support, including additional resistances and changes to catalyst layer
integration, may have also affected the initial performance and loss rate
in durability testing. Additionally, much larger losses were found with Pr
Ir/C (11.0 μV cycle‒1) and durability testing was stopped at 22,500
cycles to prevent higher cell potentials and possible damage to the PTL

coating. The high loss rate in this case was like due to the high metal
content (Ir) and oxidation/delamination concerns with the carbon
support.

Detailed performance and ex situ characterization data were
presented for four of the evaluated catalysts for additional insight
(Fig. 4). The catalysts included Alfa Aesar Ir, TKK Ir, Johnson

Figure 2. Changes to polarization curves as a function of durability testing for MEAs with an upper current density limit of (a) 2, (b) 2.5, and (c) 3 A cm‒2. (d)
Changes to overpotential in durability testing for MEAs with an upper current density limit of 2 (red), 2.5 (blue), and 3 A cm‒2 (green). Losses were included for
the total overpotential (solid line, filled circles) and due to kinetics (long dashed line, open diamonds), ohmic (short dashed line, open squares), and transport
(dotted line, open triangles). Durability testing was completed by square-wave current density cycles, 30 s at 2.5 A cm‒2 followed by 30 s at 0 A cm‒2 at 80 °C.

Figure 3. Changes to overpotential at 1 A cm‒2 in durability testing for MEAs with different anode catalysts. Materials were separated into (a) Ir-only and (b)
those containing Ru or supports. Losses were included for the total overpotential (solid line, filled circles) and due to kinetics (long dashed line, open diamonds),
ohmic (short dashed line, open squares), and transport (dotted line, open triangles). Durability testing was completed by square-wave current density cycles, 30 s
at 2.5 A cm‒2 followed by 30 s at 0 A cm‒2 at 80 °C.
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Figure 4. Changes to polarization curves and Tafel plots as a function of durability testing for MEAs with (a)–(b) Alfa Aesar Ir, (c)–(d) TKK Ir, (e)–(f) Johnson
Matthey Ir, and (g)–(h) Furuya IrRu as the anode catalyst. Durability testing was completed by square-wave current density cycles, 30 s at 2.5 A cm‒2 followed
by 30 s at 0 A cm‒2 at 80 °C.
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Matthey Ir, and Furuya IrRu and focused on MEAs that were more
durable (Alfa Aesar Ir, TKK Ir, Furuya IrRu) and utilized catalysts
with different properties (metal/oxide, Ir-only and Ru-containing).
As with all catalysts evaluated, performance losses were generally
due to declining kinetics, although smaller ohmic and transport loss
occurred as well. Kinetic loss corresponded to large decreases in
exchange current density, which dropped by orders of magnitude
(Alfa Aesar Ir 30 times, Johnson Matthey 1400 times). While the
kinetic performance clearly decreased, the Tafel slope or mechanism
did not significantly change. Consistent trends were also observed
with in situ diagnostics, where the capacitances decreased (cycling
voltammograms) and the polarization resistance increased (impe-
dance spectra). As with cell performance and loss type, diagnostic
changes occurred in the same way and with similar proportions, and
only the severity changed. In all cases, performance losses were
relatively low at the start of the stress test, and increased to a higher
rate after approximately 150 h. Slow loss rates initially may be due
to competing degradation (catalyst dissolution/migration, layer
changes) and conditioning (catalyst/ionomer reordering, hydration,
contaminant removal) processes and longer conditioning times or
more aggressive break-in conditions may improve initial perfor-
mance and change the initially slow loss rate. Performance losses
were also affected by potential and increasing cell potential may
have increased degradation and loss rates toward the end of testing.

Following durability testing, MEAs were cross-sectioned and
evaluated with microscopy and EDS to assess how degradation
changed with different catalysts. For the Ir oxide baseline (Alfa
Aesar), Ir migration into the membrane interface was found although
significant amounts of the catalyst remained (Fig. 5). While
performance changes were primarily kinetic and likely due to
decreasing site-access, large-scale catalyst/ionomer segregation
was not observed after testing. For the other catalysts, however,
the ionomer did not appear to be uniformly distributed and sections
of Ir/Ru aggregated into spaces with little to no fluorine signal. In
several instances, denser patches (HAADF images) of catalyst were

found that may indicate particle agglomeration. For TKK Ir and
Furuya IrRu in particular, larger blocks of catalyst appeared to form
that were not representative of their ex situ surface area. These
differences may be due to the lower oxide content (Johnson Matthey
Ir, TKK Ir, Furuya IrRu) increasing dissolution and material
mobility, allowing for catalyst agglomeration and catalyst/ionomer
segregation through dissolution and reprecipitation during load
cycling. Additionally, the Johnson Matthey Ir catalyst layer was
much thinner after durability testing and likely indicated higher
degrees of catalyst dissolution and migration. For the Furuya IrRu
catalyst, clear separation was also found where the Ru migrated into
the membrane and Ir (primarily) remained in the catalyst layer.

Cross-sectioned MEAs were also evaluated with SEM to assess
differences over slightly larger regions spatially (Fig. 6). In most
cases, bare batches of catalyst or complete catalyst layer loss were
not found. For Johnson Matthey Ir, however, instances were found
with little to no catalyst at the membrane interface which were
consistent with the high metal content, higher dissolution rate, and
the larger MEA performance losses in durability testing.
Additionally and as with TEM, bright or denser sectioned were
also found in the TKK Ir and Furuya IrRu catalysts layers that may
indicate some degree of particle agglomeration.

X-ray scattering characterization was performed on the anodes
removed from the membrane of select MEAs from the set shown in
Fig. 4. Particle volume distribution functions derived from fitting the
X-ray scattering results (Fig. 7) show that the JM Ir catalyst had the
largest volume fraction of particles >20 nm diameter, followed by
AA IrOx, TKK IrOx, and Furuya IrOx/RuOx. This order of
decreasing volume fraction of particles >20 nm in diameter agrees
with the increasing post-cycling kinetic losses for these for catalysts
shown in Fig. 3 indicating that catalyst particle size/surface area may
be a factor influencing the observed kinetic loss trends. It should be
noted, however, that X-ray scattering is not specific to the Ir particles
and these measurements probe only catalyst particles remaining in
the anode and not those deposited in the membrane.

Figure 5. HAADF-STEM and EDS spectrum images (Ir, F) of cross-sectioned anode catalyst layers from MEAs with (a) Alfa Aesar Ir, (b) TKK Ir, (c) Johnson
Matthey Ir, and (d) Furuya IrRu anode catalyst layers following accelerated stress tests. Durability testing was completed by square-wave current density cycles,
30 s at 2.5 A cm‒2 followed by 30 s at 0 A cm‒2 at 80 °C.
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Figure 6. SEM images of cross-sectioned anode catalyst layers from MEAs with (a) Alfa Aesar Ir, (b) TKK Ir, (c) Johnson Matthey Ir, and (d) Furuya IrRu
anode catalyst layers following accelerated stress tests. Durability testing was completed by square-wave current density cycles, 30 s at 2.5 A cm‒2 followed by
30 s at 0 A cm‒2 at 80 °C.

Figure 7. Anode catalyst particle volume distribution functions derived from small-angle X-ray scattering (SAXS) data for cycled MEAs. Durability testing was
completed by square-wave current density cycles, 30 s at 2.5 A cm‒2 followed by 30 s at 0 A cm‒2 at 80 °C.

Journal of The Electrochemical Society, 2024 171 024505



The extent of oxidation of Ir in cycled MEAs was determined
using Ir L2 edge X-ray absorption spectroscopy. The near-edge
region of the spectra (XANES) and the Fourier transform of the
extended region are shown in Fig. 8 for two of the post-cycling
anodes and the corresponding catalyst powders, AA IrOx and JM Ir.
The height of the peak of the absorption in the XANES region, also
termed the “white line,” is indicative of the extent of oxidation of the
Ir, as is the magnitude of the scattering peak at ∼1.5 Å in the Fourier
transform, which can be attributed to Ir-O scattering. The peak at
∼2.3 Å in the Fourier transform arises from Ir-Ir scattering in Ir
metal. Based on both the height of the white line and the magnitude
of the scattering peak at ∼1.5 Å, incorporation into the MEA and
cycling caused slight oxidation of the AA IrO2 and the JM Ir. The
EXAFS of the TKK and Furuya powders used to fabricate these
MEAs were not measured.

The XANES regions of the Ir L2 edge absorption data for the four
anodes are compared in Fig. 9. These data show that after cycling the
Ir in the AA IrOx anode has the highest extent of oxidation, followed
by the Furuya IrOx/RuOx, and TKK IrOx, with JM Ir having the
lowest extent of oxidation. These extents of oxidation can be
quantified using linear combination fitting of the XANES regions
of the anodes to the XANES regions for two standards: JM Ir
powder and TKK IrO2 powder, which were found by wide-angle X-
ray scattering, X-ray diffraction, and analysis of the extended X-ray
absorption data to be predominantly metallic and rutile IrO2,
respectively. The results of the linear combination fitting are shown
in Table I. These results show that approximately 43 atomic percent
of the Ir in the TKK IrOx is present as metallic Ir after cycling in an

MEA and 5 atomic percent of the JM Ir is oxidized as a result of
cycling.

Further ex situ characterization was completed to compare
dissolution rates, metal/oxide content, and to correlate materials
properties to observed activities/performances. Ex situ evaluations of
dissolution rates used holds (13.5 h) at a variety of potentials (1.4‒
2 V) in rotating disk electrode half-cells to focus on catalyst
dissolution and avoid other mechanisms for catalyst layer degrada-
tion, including catalyst agglomeration, ionomer loss, and interfacial
tearing. Rotating disk electrode testing incorporates transport limita-
tions, and bubble formation can result in gas blinding or lower
dissolution rates due to a lack of site-access during the experiment
duration. Past efforts with a single catalyst (Alfa Aesar Ir), however,
proved useful in understanding the impact of different load profiles
on catalyst dissolution and MEA performance loss. For the evaluated
materials, dissolution significantly increased with potential. While
dissolution generally began at potentials higher than 1.4 V, Furuya
IrRu and Alfa Aesar Ru both saw Ru dissolution at 1.4 V and was
likely due to the lower thermodynamic potential for Ru as a
dissolved species.

Catalysts were also evaluated in rotating disk electrode half-cells
to determine their ECA, approximate metal/oxide content, and OER
activity (Figs. 10a, 10b). ECA measurements and metal/oxide
determinations rely on a combination of hydrogen underpotential
deposition, capacitance, and mercury underpotential deposition
measurements. These tests leverage past efforts developing ECA
measurement protocols for Ir catalysts and adapting these protocols
to Ru-containing materials.40 Hydrogen underpotential deposition

Figure 8. Ir L2 XANES (left) and Fourier transforms of the Ir L2 extended X-ray absorption fine structure (right) for catalyst powders and anodes from cycled
MEAs. Durability testing was completed by square-wave current density cycles, 30 s at 2.5 A cm‒2 followed by 30 s at 0 A cm‒2 at 80 °C.
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was used to determine the metal ECA, since hydrogen adsorption
will occur on metals but not oxides. Capacitance was used to
qualitatively evaluate the oxide content. While capacitance is not
surface sensitive, the capacitances of Ir/Ru oxides are larger, and the
measurement is useful in qualitatively confirming a high oxide
content. Mercury underpotential deposition was used to determine
the total surface area available electrochemically and can adsorb/
desorb onto metals and oxides, provided that electrodes are condi-
tioned to low potential to substitute mercury for adsorbed oxygen.

When comparing the ECAs (metal/oxide evaluations), dissolution
rates, and MEA durabilities, two overarching trends were observed.
First and for the Ir-only catalysts, materials that were primarily
metallic showed higher dissolution rates (Fig. 11) and higher activity/
performance losses in rotating disk electrodes and MEAs. Examples
include Johnson Matthey Ir, Umicore Ir, Premetek Ir, and Premetek Ir/
C; the high metal content for these catalysts was confirmed in XRD
(Figs. 10c, 10d) and electrochemically, where the metal ECA was
similar to the total ECA, and the capacitance was qualitatively lower
than the fully oxidized baseline (Alfa Aesar Ir). In MEAs, the
performance loss rates for these catalysts were significantly higher
(Johnson Matthey Ir 8.2 μV cycle‒1, Umicore Ir 8.5 μV cycle‒1,

Premetek Ir 8.9 μV cycle‒1, Premetek 11.0 μV cycle‒1) than the
baseline oxide (Alfa Aesar Ir 3.3 μV cycle‒1); activity losses in
half-cell testing for these catalysts was also total and corresponded
to large decreases in surface area (metal, total, and capacitance). For
Premetek Ir/C, the corrosion susceptible support likely added to
catalyst delamination and increased MEA performance losses relative
to other Ir metal catalysts. For TKK Ir, a mixture of metal/oxide was
indicated by a metal ECA that was smaller than the total (hydrogen
underpotential deposition 13% of mercury) and a moderate capaci-
tance. The dissolution rate, activity loss (RDE 66%), and MEA
performance loss rate (3.7 μV cycle‒1) were between the metal and
oxide Ir catalysts. For Umicore Ir/Ti, the Ir was primarily an oxide,
indicated by XRD, high capacitance, and low participation in
hydrogen underpotential deposition. Both the ex situ dissolution rate
and activity loss were similar to the Ir oxide baseline (Alfa Aesar Ir).
The higher MEA performance loss rate (4.9 μV cycle‒1), however,
was likely due to the lower initial performance and higher cell/anode
potential during the stress test.

Second, Ru inclusion increased activity/performance losses
compared to Ir oxide, but less so than Ir metal. For Alfa Aesar
Ru, the high oxide content was confirmed with XRD and

Figure 9. Ir L2 XANES of the four select anodes after cycling in an MEA. Durability testing was completed by square-wave current density cycles, 30 s at
2.5 A cm‒2 followed by 30 s at 0 A cm‒2 at 80 °C.

Table I. Results of linear combination fitting of Ir L2 XANES for cycled anodes to XANES for rutile IrO2 (TKK IrO2 powder) and metallic Ir (JM
Ir powder). MEA exchange current densities, initial and end of test (EOT), were included for the catalysts. Durability testing was completed by
square-wave current density cycles, 30 s at 2.5 A cm‒2 followed by 30 s at 0 A cm‒2 at 80 °C.

Sample Mole fraction IrO2 Mole fraction Ir metal Exchange current density [A cm–2] EOT exchange current density [A cm–2]

AA IrOx, powder 0.94 ± 0.02 0.06 ± 0.02 — —

AA IrOx, EOT 1 ± 0.02 0 ± 0.02 6.6 × 10–7 2.5 × 10–8

JM Ir, powder 0 1 — —

JM Ir, EOT 0.05 ± 0.02 0.95 ± 0.02 1.6 × 10–6 1.1 × 10–9

TKK IrOx, EOT 0.57 ± 0.03 0.43 ± 0.03 1.4 × 10–6 8.8 × 10–8

Furuya IrOx/RuOx, EOT 0.67 ± 0.02 0.33 ± 0.02 1.8 × 10–6 1.2 × 10–7
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electrochemically with the high capacitance and lack of participation
in hydrogen underpotential deposition. As a Ru-only catalyst, the
rotating disk electrode activity (70%) and MEA bperformance
(5.4 μV cycle‒1) losses were higher than the Ir oxide baseline

(Alfa Aesar Ir) but less than the Ir metal catalysts (total RDE,
>8 μV cycle‒1 MEA). Furuya IrRu contained a combination of
metal/oxide at the surface, indicated by a metal ECA that was
smaller than the total (hydrogen underpotential deposition 46% of

Figure 10. (a) Mass (red) and site-specific (blue) activities of screened catalysts in rotating disk electrode half-cells, prior to (shaded) and following (solid)
durability testing (13.5 h, 2 V hold). Site-specific activities were calculated with ECAs determined by mercury underpotential deposition. (b) ECAs by hydrogen
underpotential deposition (red), capacitances (blue), and ECAs by mercury underpotential deposition (green) of screened catalysts in rotating disk electrode half-
cells, prior to (dotted line) and following (solid line) durability testing (13.5 h, 2 V hold). XRD patterns of (c) Ir-only and (d) supported and Ru-containing
catalysts.

Figure 11. Dissolution rates at different potentials (1.4‒2 V) in rotating disk electrode testing, for (a) Ir-only catalysts and (d) those containing Ru or supports.
For all experiments, aliquots were taken for ICP-MS at 0.5, 1, 4, and 13.5 h.
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mercury) and a moderate capacitance. During ex situ potential holds,
the Ru dissolution rate was less than the Ir and likely due to the
higher Ir composition. Compared to TKK Ir (also mixed metal/oxide
content), the total dissolution rate for Furuya IrRu was similar but
slightly lower; the rotating disk electrode activity loss (51%) and
MEA performance loss rate (4.0 μV cycle‒1) were also similar.

Materials properties were evaluated for their impact on perfor-
mance and durability in rotating disk electrodes and MEAs. While
most characteristics had a partial or loose effect, Ru inclusion clearly
improved kinetics in rotating disk electrodes (specific activity) and
MEAs (exchange current density, Fig. 12c). In both ex and in situ
testing, the Ru-containing catalysts outperformed those that were Ir-
only; high Ru content (Alfa Aesar Ru) further improved activity/
performance beyond the Ir/Ru mixed catalyst. Furthermore, Ru
inclusion appeared to be the largest factor examined and had to be
separated (red circles) from the Ir-only catalysts (blue circles) when
evaluating other properties. For metal/oxide composition, higher
metal content within Ir-only catalysts improved ex situ activity, and
the activity of Ir metal was double that of Ir oxide (Fig. 12a). Higher
metal activity, however, did not translate to MEA testing. This
mismatch in activity/performance was related to near-surface oxide
content and differences in conditioning protocols in the two
approaches. In rotating disk electrodes, electrochemical conditioning
was completed over roughly 10 min at room temperature (50 cycles,
1.2‒1.8 V vs RHE, 100 mV s‒1) and can preserve subsurface metal

or mixed oxide content. MEAs, however, were conditioned at a
higher temperature (80 °C) over a longer period of time. The higher
time and temperature likely increased the oxide content near-surface
in catalysts that were less than a full oxide ex situ, lessening lattice
strain and strengthening Ir-O binding, and lowering oxygen evolu-
tion activity.51 Similarly, higher ECA improved Ir-only mass
activity (rotating disk electrode) but did not appear to dramatically
affect MEA performance (Fig. 12b). Thin catalyst layers in rotating
disk electrodes can allow for a high degree of site utilization and
higher ECA can significantly improve activity. For these materials at
the device-level, however, most were unsupported, did not vary
greatly in ex situ particle size (<5 nm), and tended to form thin, less
porous catalyst layers which may lessen the impact of ECA within
limited material sets. Finally, crystallite size appeared to affect ex
situ Ir-only activity, with more amorphous materials demonstrating
higher OER activity (Fig. 12d). This correlation, however, did not
appear to translate to MEAs, where longer conditioning times may
amorphize surfaces and negate the impact of ex situ crystallinity.51,53

When comparing trends in materials properties to durability, a
wide range of ex situ dissolution rates and in situ performance losses
were found. Qualitatively, there was a reasonable correlation
between dissolution in rotating disk electrodes and MEA perfor-
mance losses, and catalysts that were more prone to dissolve at high
potential tended to make for less durable MEAs. For metal/oxide
composition, higher metal content generally increased both

Figure 12. MEA exchange current densities at 80 °C for Ru containing (red solid circles) and Ir-only (blue solid circles) catalysts and rotating disk electrode
activities at room temperature for Ru containing (red open circles) and Ir-only (blue open circles) catalysts as a function of (a) metal content in ECA
measurements, (b) ECA by mercury underpotential deposition, (c) Ru content, and (d) crystallite size. Rotating disk electrode activities were determined at
1.55 V vs RHE and site-specific activities were calculated with ECAs determined by mercury underpotential deposition. Dashed lines denoted correlations
discussed in the text.
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dissolution and MEA loss rates (Fig. 13a). This result was expected
due to the increased dissolution kinetics of Ir and Ru metals
compared to oxides, and since higher dissolution rates appeared to
increase the mobility and migration of catalyst layers in MEA testing
(Fig. 5). The relationship between other materials properties (ECA,
Ru content, crystallite size) and dissolution/degradation, however,
was less clear. This was likely due to the metal content dominating
dissolution and MEA loss rates compared to other properties, and
controlled systems varying single parameters would be more
valuable in definitively correlating materials properties to degrada-
tion. Dissolution in rotating disk electrodes may also be useful for an
initial screening, but loses some of the complexity of device-level
durability testing, including the impact of initial performance on
load requirements and catalyst layer changes or interfacial degrada-
tion that may be more driven by current than catalyst dissolution.

The rotating disk electrode dissolution rates (Fig. 11) and MEA
loss rates were analytically fit to the exposed potential (1.4‒2 V, for
rotating disk electrode dissolution rates) and catalyst properties,
including the metal content (0‒98%), ECA by mercury under-
potential deposition (15.8‒85.2 m2 g‒1), Ru content (0‒100%), and
crystallite size (9.4‒46.1 Å). For rotating disk electrode dissolution
rates, fitting began with the most critical parameter (voltage). For
dissolution and MEA loss rates, fitting followed with adjustment
factors by impact, in the order of metal content, ECA, Ru content,
and crystallite size. For rotating disk electrode dissolution rates,
fitting yielded the equation:
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where D is the rotating disk electrode dissolution rate in ngIr,Ru
cm‒2 s‒1, V is the applied potential in volts, M is the metal content in
fraction (0‒1), ECA is the ECA by mercury underpotential deposi-
tion in m2 g‒1, Ru is the Ru content in fraction (0‒1), and C is the
crystallite size in Å. For the materials evaluated in this study, the
above analytical equation fit the presented data (81 dissolution rate
data points) with a R2 value of 0.93 by the equation:
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For MEA loss rates, fitting yielded the equation:
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where MEA is the MEA loss rate in μV cycle‒1, M is the metal
content in fraction (0‒1), ECA is the ECA by mercury under-
potential deposition in m2 g‒1, Ru is the Ru content in fraction (0‒1),
and C is the crystallite size in Å. For the materials evaluated in this

Figure 13. MEA loss rates for Ru containing (red solid circles) and Ir-only (blue solid circles) catalysts and rotating disk electrode dissolution rates at room
temperature for Ru containing (red open circles) and Ir-only (blue open circles) catalysts as a function of (a) metal content in ECA measurements, (b) ECA by
mercury underpotential deposition, (c) Ru content, and (d) crystallite size. Rotating disk electrode dissolution rates were determined at 2 V through aliquots
analyzed by ICP-MS during a 13.5 h hold at room temperature (Fig. 11). MEA loss rates were calculated from overpotential changes at 1 A cm‒2 during
durability testing by square-wave current density cycles, 30 s at 2.5 A cm‒2 followed by 30 s at 0 A cm‒2 at 80 °C.
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study, the above analytical equation fits the presented data (9
averaged loss rates) with a R2 value of 0.81.

This type of fitting is limited in that the materials studied are a
small set of commercial catalysts that vary multiple properties
simultaneously. Individual parameters such as the metal content
may have dictated much of the dissolution and loss rates, both due to
the comparatively large range of materials explored and its relatively
influence on stability and durability. Controlled systems varying
single parameters would be more valuable in definitively correlating
materials properties to a dissolution rate. These analytical fits,
however, were provided to establish quantitative relationships for
the material set evaluated.

These results, both the correlations between ex and in situ
performance and catalyst screenings with MEA stress tests, have
implications related to the primary thrusts of catalyst development in
proton exchange membrane electrolysis. Efforts historically have
focused on Ru inclusion and the use of metals or less oxidized
surfaces to improve activity and minimize durability losses through
lower load requirements. While Ru inclusion clearly improves OER
activity, these performance advantages were lost during stress tests
after a relatively short period of time. These results were also
consistent with past efforts focused on less aggressive stressors
(moderate loading, constant input). For other materials properties,
whether metal/oxide content or crystallinity, many of these enhance-
ments do not appear to translate to in situ testing or provide a benefit
in MEA performance or durability. In this way, a shift from purely
materials discovery toward integration (supports, morphologies,
structures) may be more effective in the future at device-level
enhancements.9 Although numerous catalyst development efforts
have focused on approaches that can alter catalyst layer properties
and performance/durability in the device, the purpose of this study
was to evaluate commercially available materials.

Conclusions

This study evaluated options for accelerated stress tests in low
temperature electrolysis that focus on anode catalyst layer degrada-
tion due to intermittent operation. To increase performance loss and
shorten experiment duration, testing used low catalyst loading and
frequent load cycling. Anode catalysts screenings utilized square-
wave cycles 0‒2.5 A cm‒2 to ensure a moderate performance loss
without creating higher cell potentials that may incorporate addi-
tional loss mechanisms.

Several catalysts were screened, and included Ir-only, supported,
and Ru-containing materials. Ru inclusion improved initial MEA
performance and at 1 A cm‒2, overpotentials were lower than the Ir
oxide baseline (by 15 mV Furuya IrRu, 23 mV Alfa Aesar Ru) and the
highest performing Ir-only catalyst (by 5 mV Furuya IrRu, 12 mV
Alfa Aesar Ru). These performance advantages, however, were lost
following frequent load cycling and the overpotentials became higher
than the Ir oxide baseline (by 7 mV Furuya IrRu, 45 mV Alfa Aesar
Ru). With Ir catalysts that were not fully oxidized, higher ex situ
activity did not translate to higher in situ performance. Higher losses,
however, were found and ranged from 3.7 μV cycle‒1 for majority
oxide (87% surface, TKK Ir) to 8‒9 μV cycle‒1 for primarily metallic
catalysts. These durability differences were likely due to the increased
dissolution rate of Ir metal and corresponded to thinner catalyst layers
and bare patches after testing. While other factors, including surface
area and crystallinity, appeared to have an impact in ex situ activity, a
minimal effect on device-level performance and durability was found.

These results establish an option for accelerated stress tests that
focus on anode catalyst layer durability due to intermittent operation.
Catalyst screenings were consistent with historical findings in
literature (increased loss rates with ruthenium and substoichiometric
oxide inclusion) and rationalize the continued use of iridium oxide as
a baseline catalyst. As traditional catalyst development approaches
did not dramatically improve device-level durability, a shift in focus
toward integration (supports, morphologies, structures) may be more
effective at minimizing performance losses, and efforts in this area

are critical to improving in situ catalyst utilization and lessening load
requirements. Additionally, the inclusion of other catalyst and
component loss mechanisms is critical to understanding electrolyzer
degradation, developing device-level accelerated stress tests, and
managing electrolyzer cost and lifetime under future anticipated
operating conditions.
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