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Degradation phenomena in PEMWE revealed
by correlative electrochemical
and nanostructure analysis
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Understanding degradation mechanisms in proton exchange membrane water electrolysis (PEMWE)
is critical for advancing the long-term durability of the technology. In this study, we investigate
degradation induced by four distinct accelerated stress test protocols through a combination of
electrochemical diagnostics and quantitative ex situ characterization techniques. We identify multiple
interconnected degradation pathways that strongly depend on the operational mode. A key finding is
the dissolution of Pt-coating from the anode porous transport layer (PTL), which alters the interface
between the PTL and catalyst layer and leads to Pt deposition within the membrane. This process
potentially increases the risk of radical formation and chemical membrane degradation. Although Pt
coatings on Ti-based PTLs are commonly used to prevent passivation and reduce contact resistance,
their role in degradation has been largely overlooked, underscoring the need to assess PTL stability
alongside that of the catalyst layers. Additionally, changes in the oxidation state of the Ir-based anode
catalyst affect both activity and conductivity. Notably, a higher degree of oxidation is reached when
cycling through redox transients compared to operation in steady oxidative regime.

One of the most pressing challenges of our time is rapid climate change. Mitigating global warming requires a fast transition from fossil fuels to renewable
energy. However, the inherent intermittency of renewable energy sources causes mismatches between supply and demand. Hydrogen offers a promising
solution as a large-scale, transportable energy carrier, capable of storing surplus renewable energy — whether spatially or temporally - thereby stabilizing the

energy supply. Among the production technologies for green hydrogen, proton exchange membrane water electrolysis (PEMWE) stands out due to its ability to
follow rapid load changes, its high power density, and compact system design. Nevertheless, large-scale deployment of PEMWE remains constrained by limited

long-term durability, which undermines cost competitiveness against conventional hydrogen production methods. This study uses a correlative approach to
quantitatively investigate the performance degradation of PEMWE single cells employing metallic Ir-based anode catalyst layers. By combining electrochemical

analysis with advanced electron microscopy techniques, we reveal key degradation phenomena across four distinct accelerated stress test protocols. These

insights provide an informed basis for designing operation-specific stress tests and accelerate material development. Moreover, the study concept can serve as

blueprint for future investigations on degradation of other electrolyzer technologies.
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¢ Institute of Micro- and Nanostructure Research (IMN) and Center for Nanoanalysis of renewable energies 1s inevitable. An energy carrier like

and Electron Microscopy (CENEM), 91058 Erlangen, Germany
4 Interdisciplinary Center for Nanostructured Films (IZNF),
Friedrich-Alexander-Universitit Erlangen-Niirnberg, 91058 Erlangen, Germany
¢ Helmholtz-Zentrum Berlin GmbH, Helmholtz Institute Erlangen-Niirnberg,

Cauerstr. 1, 91058 Erlangen, Germany

hydrogen is needed to bridge demand and supply to effectively
use inherently fluctuating renewable energy sources. Addition-
ally, green hydrogen is needed to decarbonize key industries
such as steel production.” A promising technology to produce

I Department of Materials Science and Engineering, Friedrich-Alexander-Universitit green hy drogen Is proton eXChange membrane water electro-

Erlangen-Niirnberg, 91058 Erlangen, Germany

This journal is © The Royal Society of Chemistry 2025

lysis (PEMWE) when powered by renewable energies. However,

Energy Environ. Sci., 2025, 18, 9877-9894 | 9877


https://orcid.org/0000-0002-6599-4072
https://orcid.org/0000-0001-7935-2188
https://orcid.org/0000-0003-2113-0245
https://orcid.org/0009-0009-0748-9631
https://orcid.org/0000-0002-8927-8214
https://orcid.org/0000-0003-0326-9913
https://orcid.org/0000-0001-6315-0637
https://orcid.org/0000-0002-2723-5227
https://orcid.org/0000-0002-4248-2752
https://orcid.org/0000-0002-7885-7632
https://orcid.org/0000-0001-5484-707X
http://crossmark.crossref.org/dialog/?doi=10.1039/d5ee03712c&domain=pdf&date_stamp=2025-10-17
https://rsc.li/ees
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee03712c
https://pubs.rsc.org/en/journals/journal/EE
https://pubs.rsc.org/en/journals/journal/EE?issueid=EE018022

Open Access Article. Published on 10 10 2025. Downloaded on 2026-03-14 6:32:46.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

durability issues still hinder the scale-up toward a gigawatt
capacity, amongst other reasons. Long lifetime is especially
relevant when employing reduced platinum group metal (PGM)
loadings, which is imperative for a scale-up. In particular, good
stability is crucial for the cost competitiveness of green hydro-
gen compared to grey hydrogen."

Current targets for PEMWE technology postulated by the
U.S. Department of Energy (DOE) encompass a lifetime of
80000 h at a degradation rate of 2.3 pv h™' with reduced
loadings of 0.5 mgpgy cm™ > by 2026.> Whereas testing results
exceeding 3000 h of operation are rare,>* an increasing number
of publications with shorter stability testing periods are avail-
able. Currently, degradation rates with established, commer-
cially available materials range from —18 to 400 pv h™*.>"** For
newly developed catalysts aiming at structural improve-
ments for the challenge of low-loaded catalyst layers (CLs),
the degradation rates are higher, ranging between —26 and
2200 pv h™'.**1%77 The broad range can be explained by
varying test conditions (e.g., operation point, operation mode,
temperature, pressure, water quality), and varying cell design
and components (e.g., material choice, flow fields, transport
layer, coating materials, fabrication methods). Thus, compar-
ing results between labs is challenging.

However, it becomes clear that degradation goals have not
been reached. To advance prevention or mitigation strategies
(regarding design or operation), degradation mechanisms must
be understood. Moreover, understanding degradation mechan-
isms is crucial to develop sensible testing protocols for the
development of improved material. Since testing for periods
covering the entire lifetime of an electrolyzer is not feasible, the
need for the development of accelerated life tests (ALTS) is
pressing. Specifically, ALTs must be designed to replicate the
degradation mechanisms that occur in real-world operation to
guarantee the reliability and lifespan of electrolyzers in indus-
trial applications. To speed up the development of new materi-
als, accelerated stress tests (ASTs) can be designed to study
degradation behavior, ultimately contributing to the develop-
ment of ALTs.

Even though some ASTs have been proposed in the litera-
ture, no standardized protocol has been agreed upon in the
community. The proposed ASTs focus on current or voltage as
stressors, using elevated operation points or dynamic cycling
conditions.>®®'>'¥? [n the case of elevated operation, a
current density of >2 A cm ™ is typically applied.">*%>** The
cycling periods range from 0.01 s to 10 min, which are con-
siderably shorter than in real operation (e.g., when connected to
renewable energy sources) and are deliberately applied to
accelerate degradation.'®'®*! Most publications on ASTs used
mainly electrochemical methods to analyze stability."*>'*
Some studies included ex situ techniques, e.g., electron micro-
scopy techniques, to better understand changes in electro-
chemical performance.®'®2° Voronova et al.'*> conducted more
extensive ex situ investigations in combination with electro-
chemical analysis. A very extensive ex situ end-of-test character-
ization was performed by Zaccarine et al.,”> however, without
providing electrochemical analyses.
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In this study, we conducted extensive electrochemical char-
acterization alongside scale-bridging, quantitative ex situ ana-
lysis to understand the degradation mechanisms emerging in
four different stress protocols, designed to simulate the fluctuating
electricity price characteristic of renewable energy sources. Our
proposed AST protocols try to bridge the gap between often
arbitrarily defined sweep-based ASTs and presumed use-cases.
The used multi-technique approach combines in situ electro-
chemical methods, such as current-voltage characterization
and electrochemical impedance spectroscopy (EIS) in PEMWE
single cells, with advanced ex situ techniques including X-ray
photoelectron spectroscopy (XPS), high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM),
selected area electron diffraction (SAED), STEM energy-dispersive
X-ray spectroscopy (STEM-EDXS), and 4D-STEM. Using statistical
analysis, we aim to correlate electrochemical performance losses
with observed particle precipitation and catalyst oxidation state
changes, thereby assessing the consequences of the observed
changes. Our insights pave the way to design suitable accelerated
stress test protocols for different scenarios.

Study design

The cost-competitiveness of green hydrogen produced via PEMWE
compared to grey hydrogen highly depends on electricity prices.*®
Thus, PEMWE becomes economically viable when low-cost elec-
tricity is available. This typically occurs in 6-hour intervals, based
on stock electricity prices, when energy generation exceeds the
load (Fig. S1a)”” To simulate these operating conditions and
assess the resulting degradation effects, we designed four stress
protocols to study the induced degradation. A square-wave proto-
col, compared to a triangle-wave protocol, more closely mimics
real operation conditions and induces more severe degradation,®
making it the preferred choice. A current density of 2 A ecm ™2 is
chosen for full load operation of the PEMWE single cells.

Given the focus of this study on elucidating degradation
mechanisms for AST development, the intervals of the
electricity-price profile (Fig. S1a) are shortened to 6 min'>?®
and the periods of shut down are simulated by applying a
potential of 27 mV (AST-0, see Fig. 1a and Fig. S1b). The lower
potential is motivated by the cell potential reached after longer
open-circuit voltage (OCV) periods as explained in the SI. For
the ease of readability, we call this hold at lower potential OCV
though it is strictly speaking not the natural open-circuit
voltage reached during the fast AST protocols. AST-0 is
compared to three variations: AST-freq, where the cycling
frequency is increased 6-fold,'®*® AST-amp, where a shutdown
is avoided®?? (cycling between 1 A cm > and 2 A cm™?) and AST-
CC, where cycling is avoided entirely (constant-current opera-
tion). The protocols are illustrated in Fig. S1 and summarized
in Fig. 1a.

For each AST protocol, one cell with pristine components
(gaskets, PTLs, GDLs, and CCMs employing metallic iridium
as anode catalyst) is used. After conditioning of the cells, each
testing protocol is applied four times for 24 h with intermittent

This journal is © The Royal Society of Chemistry 2025
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Fig.1 (a) Four different ASTs used in this study. Each was repeated four times for 24 h with intermittent characterization. (b) Potential evolution
throughout the different stress tests. (c) Degradation rates calculated with the potential at beginning (BOT) and end of test (EOT) (called ‘overall’), from
linear trend analysis and within each 24-h step. Within each 24-h period, the last 10 h were used for a linear fit, and the slope + standard deviation is
shown. Each experiment was performed with pristine CCMs with Ir black-based anode (1.65 + 0.09 mg,, cm~2), Nafion NR212 membrane (~ 51 pm) and
Pt/C-based cathode (0.15 + 0.06 mgp, cm~2). The anode features a Pt-coated Ti-fiber transport layer (2GDL10-0.25) and the cathode a carbon-based
transport layer (H24C5). All cells were operated at 80 °C with 100 ml min~* water supply to the anode and a dry cathode.

electrochemical characterization every 24 h. Additionally, beginning-  For BOT conditions, three individual tests are performed to ensure
of-test (BOT) and end-of-test (EOT) characterization was conducted.  that the stress tests start out from a comparable condition.
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For ex situ characterization, various techniques were applied
to the CCMs after cell disassembly and to 100 nm-thick ultra-
microtomy slices of the CCMs from the four different test
protocols. As a reference, a CCM which was in the PEMWE cell
only for conditioning (termed ‘conditioned’) was additionally
characterized.

Electrochemical performance
evolution

As depicted in Fig. 1a, four ASTs were conducted, each for a
total time of 96 h. Fig. 1b shows the potential evolution over
time at 2 A cm > from the different stress tests. Notably, the
potential evolution can be divided into two groups based on
observations from Fig. 1b. AST-amp and AST-CC exhibit
immediate performance losses, whereas AST-0 and AST-freq
initially improve at the beginning of each cycling period,
followed by a performance decay. A similar behavior was
reported by Alia et al.’ with a commercial IrO, anode catalyst,
and by Weifs et al.>* using commercial IrO,/TiO, as the anode
material. The difference between these two groups is that the
redox transient of the anode catalyst is avoided for AST-amp
and -CC by keeping the potential above ~1.4 V,*° as analyzed
later. Overall, AST-CC evolves to the highest potential at EOT.

For comparison, Fig. 1c shows the degradation rates
obtained for the different ASTs derived from Fig. 1b. Two
approaches were used to determine the global degradation
rates during stress testing. In the first approach, the differ-
ence between the starting and end potential during the
current holds is normalized by the total time to calculate the
overall rate (termed ‘overall’). The second approach only
accounts for irreversible losses, where the end potential
within each 24-h period is used for a linear trend analysis
(see explanation in SI and Fig. S2). These two approaches
reveal a different trend. For the overall degradation rate, AST-
CC shows the highest rate, whereas the degradation rate for
AST-freq is essentially zero due to a strong initial performance
improvement. In contrast, AST-freq has the highest degrada-
tion rate from linear trend analysis because the performance
decrease after the initial improvements is the highest. Within
each 24-h period (as determined in the last 10 h of the ASTs),
the highest degradation rates are observed for AST-freq and
AST-CC.

When comparing the irreversible losses within the two
groups (avoiding vs. cycling through redox transitions), it
becomes clear that higher degradation is observed for higher
cycling frequency (AST-0 vs. AST-freq). AST-amp and AST-CC
show comparable performance degradation even though AST-
CC operates for a prolonged time at higher current densities.

Analysis of degradation

To understand the origin of the described losses, correlative
electrochemical and ex situ analyses have been performed.

9880 | Energy Environ. Sci., 2025, 18, 9877-9894
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Electrochemical analysis

First, data gathered at BOT, after each 24-h period, and at EOT
from polarization curve measurements and electrochemical
impedance spectroscopy (EIS) is compared in Fig. 2. For all
graphs in Fig. 2, an average BOT condition with standard
deviation from separate tests is displayed in green, showing
that the BOT performance of the CCMs undergoing the differ-
ent stress tests (except AST-CC) is comparable. AST-CC shows
an increased high-frequency resistance (HFR) at BOT, which
generally causes a higher cell potential. This is assigned to a
variation in PTL thickness leading to a reduced interfacial contact
due to compression, which was revealed after testing. To make
sure that the observations are comparable, HFR-free cell potentials
and CVs are shown (Fig. 2b and Fig. 3a-c) revealing that the
difference only originates from the HFR. Hence, AST-CC is
included since general trends can be observed.

The cell potential change at 2 A cm > from the polarization
curves is displayed in Fig. 2a. The trends match the observa-
tions from the potential evolution within the 24-h periods of
stress testing (compare Fig. 1b). Interestingly, no improvement
of the HFR (Fig. 2c) for AST-freq and AST-0 is visible after the
first 24 h as seen in the evolution of cell potential (Fig. 2a).
The initial improvement is probably a kinetic phenomenon
connected to the redox transient of the anode catalyst, since it
is visible from the HFR-free cell potential (Fig. 2b).

Kinetic overpotentials. The activity of the catalyst for the
oxygen evolution reaction (OER) highly depends on the oxida-
tion state of the catalyst and the amount of available active
sites. After HFR-correction, the polarization curves contain
contribution from kinetics, residual ohmic electrode resistance
and mass transport. At 2 A cm™ %, mass transport contributions
are assumed to be low. Hence, in Fig. 2b, a low HFR-free
potential reflects an electrode with high activity, either purely
due to fast kinetics of the catalyst or high catalyst utilization
caused by low ohmic losses throughout the catalyst layer. The
latter will be discussed in the next sub-chapter. The HFR-free
potentials of AST-0 and -freq decrease initially and gradually
increase afterward (Fig. 2b). At EOT, AST-0 and -freq still
possess the lowest HFR-free potential because AST-amp and
-CC show a gradual increase from the beginning.

In terms of oxidation state, Ir metal provides superior
activity over Ir oxide.***! Hydrous or substoichiometric Ir oxide
has shown even higher OER activity.*>** The observed initial
improvement in activity could be due to a dissolution-induced
roughness increase of the surface and, thus, more available
active area.>® Another explanation could be the formation of
hydrous or substoichiometric Ir oxide at the catalyst
surface.”>**> While hydrous Ir oxide should be present to a
certain extent in all tests, it is preferably formed from sub-
stoichiometric Ir** or Ir"". Substoichiometric Ir oxide is likely
present to a higher extent for AST-freq and AST-0 because of the
operation through redox transients as also discussed based on
the ex situ data later.*?

A decrease in activity could be connected to the formation of
anhydrous Ir oxide. However, an influence from a change in
available active sites due to a restructuring of the catalyst

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Electrochemical characterization of the CCMs at BOT, after each 24-h period and EOT of the stress testing. Within each plot a mean BOT
condition + standard deviation (green bars) is included as reference from three independent cells with the same specifications. One of these CCMs is also
used for ex situ characterization termed ‘conditioned’ sample. (a) Cell potential evolution and (b) HFR-free cell potential evolution from polarization
curves at 2 A cm~2. (c) HFR evolution from the fitting of galvanostatic EIS data recorded along with the polarization curves. The complete polarization
curve data is shown in Fig. S3. (d) Electrode sheet resistance (ESR) measured via potentiostatic EIS at 1.25 V cell potential (i.e., in non-faradaic conditions).

surface during the oxidation state changes cannot be excluded.
The Tafel slopes in Fig. S4a give insights into the activity of the
active sites available and confirm a similar trend to the HFR-
free potential. Fig. S4a shows almost no change in Tafel slope
for AST-amp but a gradual decrease in activity over prolonged
stress testing for AST-CC. For AST-0 and -freq an initial
improvement in activity is followed by a decay. Similarly,
Kuhnert et al.”>® and Alia et al.’> observed an improved initial
performance originating from kinetic improvements.

The trends observed for the HFR-free cell potential (Fig. 2b)
can be connected to changes in the cyclic voltammograms (CVs) in
Fig. 3a—c and Fig. S4b-f. At BOT (Fig. 3a), all tests show character-
istic hydrogen underpotential deposition (H-UPD) features at 0.1-
0.5 V typical for metallic Ir.*> Another peak is visible at around
0.75 V assigned to Pt oxidation and reduction of the Pt-coating on
the PTL.*® Interestingly, the Pt features disappear for AST-0 and
-freq over the testing period. We hypothesize that the Pt is reduced
largely during shutdown periods so that oxidation does not occur
fast enough during the CVs.

In all cases, the distinct H-UPD features decrease over
prolonged stress testing (see also Fig. S4), indicating a change

This journal is © The Royal Society of Chemistry 2025

in the surface oxidation state. A change in surface observed
from CVs is also visible for Weif} et al.,>* where changes appear
more drastic for cycling through redox potentials. As depicted
in Fig. 3c, the final state is similar for AST-0 and -freq, and for
AST-amp and -CC, respectively, which is in line with the cell
potential evolution (Fig. 1b) and the change in HFR-free cell
potential (Fig. 2b). However, the end state is reached at a
different pace. While for AST-freq, the changes in CV features
are only minor after the first 24 h (the shape is already very
similar to EOT), AST-0 shows gradual changes over time. The
CV for AST-0 after 24 h hints toward both metallic (partly
sustained H-UPD) and (hydrous) Ir oxide (reversible oxide redox
feature between 0.5 V and 1.2 V), which is also observed after
cycling with IrO,-based catalyst.>>*® Surprisingly, this shape is
not visible after 72 h of stress testing. One hypothesis is that the
formed hydrous Ir oxide may be anchored differently when
starting out with IrO, compared to the Ir metal used in our
case, as the oxide growth mechanism depends on the surface
on which it is growing.’” Besides growth mechanisms, the
underlying surface can influence the properties of the grown
oxide layer.*” Thus, it could be less stable over prolonged stress

Energy Environ. Sci., 2025, 18, 9877-9894 | 9881
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Fig. 3 (a)-(c) Cyclic voltammograms (CVs) of all stress tests at BOT, after 48 h of stress testing, and at EOT. CVs are recorded at a scan rate of 50 mV s~*

and 80 °C. H, was produced electrochemically on the cathode prior to the recording. (d) XPS measurement of EOT CCMs on the anode catalyst layer.
The reference binding energies for the Ir oxidation states were chosen according to literature.*°~#2 More extensive XPS data and survey scans can be
found in Fig. S6 and S7b, c, respectively. All stress tests are depicted along with a CCM for reference that only experienced conditioning (‘conditioned’).

testing when grown on Ir metal. The shape of the CVs, recorded
at EOT after AST-0 and -freq resemble the shape of CVs
of hydrous Ir oxide shown in literature.***® Especially the small
capacity at low potentials <0.6 V hints toward hydrous Ir
oxide.”

The CVs of AST-amp and -CC evolve features of Ir oxide as
observed in CVs of rutile IrO,.*° However, a small feature
toward the H-UPD region suggests a contribution from metallic
Ir, especially for the first 48 h of cycling. At EOT, the metallic
features have almost vanished. However, XPS (Fig. 3d) reveals
that at EOT, AST-amp and -CC still show contributions from
metallic Ir (Ir°). The difference can be attributed to the changes
induced when the cell is shut down and disassembled or a
difference in probing depth between XPS and CV. For AST-0 and
-freq, the XPS results exhibit only oxidic features in line with
the CVs at EOT. Note that with XPS, the EOT states of the anode
catalyst layer (CL) surfaces facing the PTL were measured.

Catalyst oxidation can occur during all stress tests, specifi-
cally during the non-idle phases of the testing period. A catalyst

9882 | Energy Environ. Sci., 2025, 18, 9877-9894

reduction only occurs in case of a reductive potential regime
(roughly <1.4 V for Ir) or in the presence of H, as a reductive
agent when the potential is not controlled.>® Hydrogen crosses
over from the cathode to the anode in all cases. A reductive
regime is present for AST-0 and -freq for a total of 48 h (50% of
the testing time) when the potential is dragged down to 27 mV.
However, as evident from Fig. 1c and 3a-c, AST-freq underwent
more drastic/fast changes than AST-0. The amount of switching
differs between the two tests (six times higher cycling frequency
for AST-freq). Thus, the transient condition seems to especially
promote changes, which can be partially attributed to altera-
tions in the oxidation state, as also observed previously.>?*?
A change in oxidation state is expected to cause changes in
activity as discussed before.

It was shown that dissolution occurs during the formation
and reduction of an oxide layer and is notably concurrent with
the build-up of hydrous Ir oxide and with occurring OER.**>*
The dissolution during hydrous oxide formation can be
explained by a prevalent model from Pickup and Birss:** first,

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee03712c

Open Access Article. Published on 10 10 2025. Downloaded on 2026-03-14 6:32:46.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

a thin and compact anhydrous oxide layer is formed on the Ir
metal surface when increasing the potential (> 1.4 V). Secondly,
a porous hydrous Ir oxide layer builds on top of the anhydrous
layer. The oxide growth rate depends on the current density.>*
In the case of an oxidative regime, the growth of a hydrous Ir
oxide layer is self-limiting because it prevents further oxida-
tion towards the core.*> When cycling to reductive potentials,
however, the compact, anhydrous layer dissolves (partially),
enabling the continuing formation of hydrous oxide when
cycling again to higher potentials.*® Notably, oxide formed at
higher potential may not be reduced entirely during cycling so
that there is a net growth of the oxide layer.>® It was further
shown that dissolution occurs to a larger extent in the reductive
regime than for oxidation.** Hence, we expect a higher dissolu-
tion and net growth of an oxide layer for AST-0 and -freq. For
AST-amp and -CC, the growth of a self-limited oxide layer is
expected. The dissolution is discussed based on nanostructure
analysis below.

Ohmic overpotentials. From EIS measurements, the HFR in
Fig. 2c was derived as a measure of ohmic resistance in the cell.
Further data from EIS measurements can be found in Fig. S5. It
is evident from Fig. 2c, that AST-freq shows the highest HFR
increase over the testing period. An increase in HFR could
originate from several sources: an increase in contact resistance
between PTL and CL originating from a structural change of the
interface, a build-up of less conductive Pt oxide (compared to
metallic Pt**) on the PTL, or a change in electrical conductivity
of the CL due to its structure and the oxidation state of the
catalyst. A possible loss of proton-conducting groups in the
membrane due to chemical degradation or blockage by metal
ions could increase the HFR further. Conversely, thinning of
the membrane due to chemical degradation would decrease the
HFR but could be overshadowed. The different influences are
discussed in the following.

To exclude thinning of the membrane, the CCM cross-
sections were measured with scanning electron microscopy
(SEM) after testing. As can be seen from Fig. S8, no thinning
is observed and the membrane thickness after testing equals to
54.0 £ 4.0 pm. A structural change of the PTL|CL interface is
possible because dissolution and redeposition of Pt and Ir are
detected as discussed further below (Fig. 5 and Fig. S15, S17).
Additionally, it is noteworthy that on the CL side facing the
PTL, Pt is detected for AST-0, -freq, and -amp via XPS.
In contrast, it was not detected for AST-CC and the conditioned
sample (Fig. S6b).

To separate the contribution of CL resistance from the
ohmic resistance expressed with HFR, the electrode sheet
resistance (ESR, see Fig. 2d) is measured via EIS in non-faradaic
conditions.*® The ESR can be influenced by a change in catalyst
electrical conductivity and the electrical and protonic conduc-
tivity of the CL. Note that the electrical resistance of the CL is
partially included in HFR and ESR, depending on its magnitude.*”

Fig. 2d shows that the ESR changes within the first 24 h and
is stable afterward for AST-0, -amp, and -CC. Since the change
in the first 24 h is not reflected in the HFR, it may originate
from protonic resistance changes caused by a restructuring of
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the ionomer film during oxidation state changes of the catalyst
surface (as observed from CVs). Conversely, the ESR of AST-freq
increases after an initial decrease. This trend can be caused
by a complex interplay between the protonic and electrical
resistance of the CL. A change in protonic resistance due to
chemical ionomer degradation is not expected because the
fluorine content measured via STEM-EDXS (Fig. S9a) shows
similar values for all tests. However, a restructuring of the
ionomer within the CL is conceivable. The electrical resistance
of the CL is influenced by the conductivity of the bulk catalyst
material and the formed percolation network between
crystallites.

The electrical conductivity of the catalyst itself is influenced
by its oxidation state. Ir suboxide exhibits significantly lower
conductivity than crystalline IrO, powder (factor 200-600).*%*°
Metallic Ir powder shows a conductivity in the range of IrO,
or even higher (see Fig. S10). Additionally, changes in the
oxidation state may alter the electrical percolation network
within the CL as conductivity also depends on the connectivity
and geometry of crystallites and clusters. Depending on the
different oxidation states of Ir, the catalyst volume changes
because of density differences (p = 22.65 g cm > vs. Pro, =
11.66 g cm ™ vs. ppyarro, = 1-2 g cm ™ °°%). A transition from
metallic Ir to IrO, doubles the volume, while conversion to
hydrous Ir oxide increases it approximately eleven-fold. An
indication of this volume change is seen in HAADF-STEM
measurements (Fig. S12a-e) and quantified by Ir-area coverage
analysis from HAADF-STEM data (Fig. S9b). It reveals a slight
increase of Ir coverage by 6 = 3% and 8 + 2% for AST-0 and
AST-freq, respectively.

In case of an increased volume, an improvement in electrical
percolation is possible.>' However, this is again connected with
a change in the inherent conductivity of the catalyst particles,
which follows the opposite trend (Vhydr,lrox > Vo, > Vir and
O1r = 010, > Ohydrro,) and influences from the percolation
network. Their respective contribution, however, remains
unclear from the available data. At lower loading, the effects
described could become more severe since there is less material
to buffer a restructuring or losses. It can still be concluded that
the most considerable changes in HFR and ESR are observed
for AST-freq, but their origin needs further investigation.

Analysis of catalyst-coated membrane (CCM) ultramicrotomy
slices

Ex situ analyses were conducted on EOT CCM samples from all
AST protocols, along with a reference CCM sample subjected
only to initial conditioning (called ‘conditioned’) to investigate
the origins of the observed performance losses.

Structural analysis. The structural overview in Fig. S11 shows
the anode CL consisting of sheet-like structures (Fig. S11h)
and larger Ir clusters of a few hundred nanometers evenly
distributed throughout the electrode (Fig. S11a-e). The fluorine
content is evenly distributed (Fig. S11g and j), hinting toward
uniform ionomer dispersion. The large-scale structure before
and after stress testing remains similar, and no significant
cracks or disruption of the electrode is visible (see also Fig. S8
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and Fig. S13a-e). Interestingly, the magnified images in
Fig. S12a-e reveal that while AST-amp and -CC exhibit a similar
structure to the conditioned sample, the sheet-like structures
after AST-0 and -freq appear changed toward a cotton ball-like
structure. Via HAADF-STEM image analysis, a slight change in
the areal coverage of the Ir phase for AST-0 and AST-freq
(Fig. S9b) was detected. As mentioned earlier, this could
influence the electrical percolation pathway within the CL
and/or the ionomer wetting of the Ir particles.

The structural change is assigned to an oxidation state
change as determined from phase mapping with nano-beam
4D-STEM (Fig. 4f-j and Fig. S14b-f). In the conditioned sample,
AST-amp and -CC, the portion of the rutile phase is small (less
than 1.4%), whereas the portion of the rutile phase in AST-0
and -freq are both more than 30%. A similar picture becomes
evident from distortion corrected SAED analyses® in Fig. 41
(corresponding bright-field TEM images of selected areas and
SAED patterns in Fig. 4k and Fig. S12). It is evident that the

conditioned

[Bfcc
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conditioned sample shows mostly face-centered cubic (fcc)
reflections of metallic Ir. AST-amp and -CC exhibit a mixed
phase of rutile IrO, and metallic fcc Ir, which is shifted more
towards rutile IrO, for AST-0 and -freq. 4D-STEM and SAED
mainly quantify crystalline phases. However, the sloping back-
ground observed in Fig. S14a indicates the presence of amor-
phous phases. While some of the amorphous signal can be
attributed to the ionomer in the CL and to carbon from the
sample holder, the steeper slope for AST-amp and -CC and then
even steeper for AST-0 and -freq indicates a significant increase
in amorphous iridium oxide. Amorphous iridium oxide phases
are also evident from CVs and XPS (Fig. 3) but are only a
qualitative measure. SAED shows the highest amount of amor-
phous phases for the two samples cycled through redox poten-
tials (AST-0 and AST-freq).

Via 4D-STEM we additionally obtain spatially resolved
information about crystal structure and orientation because
diffraction patterns in each pixel alongside real space dark field

AST-CC
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Fig. 4 Ex situ characterization of the anode catalyst layer at EOT after all stress tests and after conditioning as reference. The measurements are
performed on ~100 nm slices cut with an ultramicrotome from embedded CCMs: (a)-(e) HAADF-STEM images of Ir particles within the CL. Thickness
measurement of oxide thickness was performed using ImageJd. The mean value + standard deviation from seven points is shown. (f)-(j) Phase map from
4D-STEM showing the distribution of fcc metallic and oxidic Ir and their atomic fractions. Corresponding Bragg vector maps are shown in Fig. S14b—f.
(k) Exemplary SAED pattern of CLs and corresponding selected areas as insets. Top: SAED from conditioned sample showing characteristic pattern of fcc
Ir. Bottom: SAED from AST-0 showing characteristic pattern of mixed rutile IrO, and fcc. SAED from all stress tests can be found in Fig. S12. () Intensity vs.
reciprocal lattice vector g of distortion-corrected SAED patterns.>® q is the reciprocal scattering vector where 1/q corresponds to lattice plane distances
in real space. Reference spectra for Ir and IrO, are retrieved from inorganic crystal structure database (ICSD). Note that the plots are intensity normalized
and shifted along the y-axis to improve readability. See Fig. S14a for raw data.
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images are recorded. This allows us to identify at which posi-
tions a metallic fcc phase, an oxidic rutile phase, or a super-
position of both phases is present. Fig. 4f-j shows that the
oxide covers the metallic core in the form of a surface layer.

A thin layer of 1-2 nm on the Ir particles for the conditioned,
AST-amp, and AST-CC sample can be visualized via HAADF-
STEM, as shown in Fig. 4a, d and e. AST-0 shows a 40-fold
increased thickness of this layer, and for AST-freq many of the
Ir clusters changed their structure all the way to the core
(Fig. 4b and c). Lattice fringes with distances matching 110
and 101 planes of rutile IrO, have been identified in this layer
(Fig. 4a, d and e), suggesting that this layer is oxidic in line with
the 4D-STEM analysis. Additionally, the peaks in the SAED
patterns corresponding to rutile IrO, are remarkably broadened
compared to metallic fcc peaks, confirming the IrO, crystallites
being very small (Fig. 41). We determined a coherence length of
the rutile IrO, crystallite distribution of 1.75 nm by employing
the Scherrer equation®® alongside with peak width analysis of
the integrated 211 SAED ring (Fig. 41, AST-0). Assuming the IrO,
particles to be single crystalline, this value corresponds to the
mean crystallite diameter. This value is in good accordance
with the layer thickness determined from HAADF-STEM images
(1.4 £ 0.3 nm) underlining the assumption of the layer being
oxidic.

If Ir clusters are oxidized, an influence on the activity is
possible because active sites could be made available due to
increased roughness.>® This could contribute to the improved
HFR-free potential for AST-0 and AST-freq in Fig. 2b. However,
as mentioned before, an additional influence arises from
activity and conductivity changes connected to oxidation state
changes.?*?>*8

Interestingly, a metallic contribution is not evident at EOT
for AST-0 and -freq when analyzed with XPS (Fig. 3d). Addition-
ally, the metallic contribution in the CVs (Fig. 3 and Fig. S4)
vanishes the latest after 72 h of stress testing, hinting toward
the fact that the surface contributing to electrochemical reac-
tions is predominantly oxidic. XPS and CV are more surface
sensitive than 4D-STEM and SAED, possibly explaining the
observed differences. Notably, the thin oxide layer in the case
of AST-amp and -CC (and additional amorphous phases) seems
to shield the underlying metallic Ir to contribute to the reaction
at EOT (Fig. 3c). Besides the methods used here, X-ray absorp-
tion spectroscopy (XAS) could complement our findings as bulk
method to analyze the oxidation state of the CL.'® Additionally,
it shows potential as operando technique to observe changes in
the oxidation state during operation.”® However, beam damage
effects have to be considered.

Metal ion migration and precipitation. The dissolution of
active material, driven by oxidation state changes and redox
cycling during periodic shutdowns, and under OER conditions,
is anticipated.>**** In general, it was shown that the stability of
Ir toward dissolution strongly depends on its oxidation state.
Rutile Ir oxide showed the highest stability, followed by metal-
lic Ir. The lowest stability was shown for hydrous Ir oxide.>®3*

The migration of metal ions into the membrane is expected
based on previous findings in the literature.® Redeposited

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

particles in the membrane have been detected in all samples
(Fig. S13 and S15). SAED of single particles within the
membrane confirms that for all samples, the particles within
the membrane have an fcc lattice and are thus assumed to be of
metallic nature (Fig. 5g and Fig. S18k-t). Using a combination
of a HAADF-STEM imaging series and a STEM-EDX point
spectra series spanning the membrane from anode to cathode,
we obtained statistics of the number of particles as well as their
size distribution (Fig. 5f and Fig. S15) and elemental composi-
tion (Fig. 5e and Fig. S17).

An accumulation of particles in the close vicinity of the
anode is visible in the raw data (Fig. 5a and Fig. S13f-j) and is
evident from the particle count (Fig. 5f and Fig. S15) for all
tests. We call it ‘Ir cloud’ because it consists of very small Ir
clusters present in high density (see exemplary inset for AST-
freq in Fig. 5a). The densest Ir cloud is visible for AST-amp
(Fig. S13i).

Additionally, for AST-0 and -freq, another area with an
increased number of larger particles close to the anode is
observed. It is located roughly 2 pm from the Ir cloud, as can
be seen from HAADF-STEM images (AST-0: Fig. S13b, AST-freq:
Fig. 5b and Fig. S13c) and exhibits an increased mean particle
diameter (AST-0: Fig. S15c, AST-freq: Fig. 5f and Fig. S15d).
We further observe two areas with an increased number of
particles starting from around 10 pm distance from both
electrodes for all tests (Fig. 5f and Fig. S15). For AST-0 and
-freq, these two peaks are also clearly visible in the mean
particle radius distribution through the membrane. For AST-
amp and -CC, the particle size distribution appears more
homogeneous.

The elemental mapping (STEM-EDX point spectra) through
the membrane (Fig. S17) reveals that particles contain not only
Ir but also Pt. For AST-0 and -freq, the band 2 pm away from the
anode exhibits ~50 at% of Ir and Pt, respectively (Fig. 5e and
Fig. S17¢c, d). Hence, we denote this area spanning roughly 2-3
pm as ‘Ir/Pt band’ (Fig. 5b) analogous to a ‘Pt band’ observed
for PEM fuel cells.>® Starting from 10-15 pm from the anode,
the particles consist predominantly of Pt (Fig. 5e and Fig. S17).
For the conditioned sample, AST-amp and AST-CC (Fig. S17b, e
and f), the particles starting from roughly 5 pm distance from
the anode until the cathode consist mostly of Pt. Interestingly,
close to the cathode, the Ir content rises again for the condi-
tioned sample, AST-amp, and AST-CC. Ir within the cathode
was only detected for AST-0. Pt within the anode CL was not
detected via STEM-EDXS (Fig. S17b-f). Interestingly, XPS results
show a signal of Pt for the stressed CL with AST-0, -freq and
-amp (Fig. S6b and S7a). Note that XPS was measured on the
anode CL side that was facing the PTL during testing. Hence,
we assume that Pt is only present on the surface of the CL
facing the PTL and most likely originates from the PTL coating.

We expect the position of particles within the membrane to
be specific to the O, and H, partial pressure ratio determined
by the crossover of the two gases. H, could act as a reductant for
metal ions migrating through the membrane, leading to a
precipitation of the metallic form.>* It is further possible that
ions deposit in the oxide form upon contact with O, and are
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Fig. 5 (a)-(c) Exemplary HAADF-STEM images and (d) STEM-EDX spectrum images of a ~100 nm CCM slice after stress testing with AST-freq. Data for
all stress tests can be found in Fig. S11 and S13. (e) Exemplary elemental composition from STEM-EDXS of particles detected within the membrane.
Elemental compositions for all stress tests can be found in Fig. S17. (f) Exemplary particle statistics through the membrane from anode to cathode of EOT
CCM sample from AST-freq. One frame is roughly 1.6 x 1.6 pm. Particle statistics for all stress tests can be found in Fig. S15. (g) SAED and selected area of
particles detected within the membrane of AST-freq sample. (h) Normalized particle surface area derived from particle statistics (Fig. S15). To obtain the
values, the lateral surface area of all analyzed particles is divided by the total analyzed sample volume.

afterwards reduced by H, crossing over. Further investigation is  dissolution. However, the total time spent in low-potential
needed to determine if Ir and Pt are combined as an alloy, periods or in operation is the same for both tests. Notably,
cluster, or as one element deposited onto the other. within each hold period, ions have less time to migrate during
The origin of the differences in metal ion precipitation AST-freq compared to AST-0. On the contrary, the driving force
between the different stress tests remains uncertain due to is continuously present for the other two protocols, AST-amp
several aspects. The position-specific H, and O, concentrations and -CC. However, less dissolution is expected due to the
are unknown and could be influenced by the testing protocol operation conditions (avoided redox transients).
(occurrence and duration of low-potential periods). As observed In terms of crossover, insights for dynamic PEMWE opera-
from Fig. S15, reductive periods influence the mean size of the tion remain incomplete. The exact gas concentrations within
precipitated particles (AST-0 and -freq vs. AST-amp and -CC). the anode, membrane, and cathode need further research.>
It needs to be investigated if this is governed solely by the For instance, it remains unclear to what extent the oxygen
amount of dissolved metal, by how much the ion migration concentration at the cathode and in the membrane is reduced
through the membrane is reduced during low-potential periods during OCV, as oxygen is not transported within the hydration
because of a lack of driving force, and how the crossover of shell of protons.>® This could influence the recombination of
gases is influenced. For AST-freq, a higher number of switching O, and H, on the cathode, affecting the local hydrogen partial
compared to AST-0 would be expected to result in more pressure and thus the hydrogen crossover. Moreover, it is
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unknown whether the hydrogen crossover might be increased
because the diffusion from cathode to anode is not disrupted
by an opposing transport of protons. Additionally, during idle
periods, gas formation stops while active water flow removes
gases from the anode and gases can diffuse out from the cathode.
This leads to a time-dependent decrease in gas concentration on
both electrodes. Consequently, the role of hydrogen as a reductant
requires more investigation. The hydration of the membrane is
another factor possibly impacting the solubility of gases in the
membrane. It was shown that the water supply influences the Ir
deposition in the membrane.’

Pt particles within the membrane can have different effects.
Used as a recombination catalyst within the membrane, it was
shown to increase the formation of radicals, leading to
chemical degradation of the membrane.>**” Hence, the total
particle surface area was chosen in this study as indicator for
degradation on the long run. The total particle surface area
from spherical approximation was normalized to the analyzed
sample volume as depicted in Fig. 5h. It is obvious that for AST-
0, the particles within the membrane exhibit the highest sur-
face area. AST-freq and -CC are in a similar range. Interestingly,
many small particles contribute to the surface area for AST-CC,
whereas for AST-freq, fewer particles with a larger mean radius
are present (Fig. S15). It is prominent that for all tests except
AST-CC, the prevailing surface area is Pt (Fig. S17a). The Ir
surface area for AST-CC is dominant due to many small
particles in the first 10 pm into the membrane and the increase
of Ir content toward the cathode. AST-amp shows a similar total
particle surface area to the conditioned sample and is, there-
fore, possibly the mildest condition regarding enhancement of
radical formation.

While the origin of dissolved Ir is unambiguous, the Pt
within the membrane could have two possible sources: the PTL
coating on the anode or the CL on the cathode. Whether
dissolution is possible from the cathode CL was tested via a
hydrogen pumping experiment. The goal was to observe the
potential change on the cathode during shutdown periods
when H, is diffusing out and, hence, the cathode deviates from
its reference state (details in SI). It can be seen in Fig. S19, that
a positive potential at which dissolution would take place
(~800 mV *®) has not been reached (max. ~28 mV measured).
Literature on cathodic corrosion in acidic media is sparse.
However, we think it is unlikely to occur since the negative
potentials observed are in the single digit millivolt range,
rendering the cathode as the source of dissolved Pt unlikely.
On the anode, however, a Pt-dissolving regime is present for all
tests.® In the literature, Pt within the membrane was reported
when Pt-based recombination layers or Pt-coatings of PTL or
flow field were employed.'>*® Hence, we assume that the Pt
originates most likely from the PTL coating. It was shown that
Pt dissolution is higher for the cathodic scan, i.e. the reduction
of (electro-)chemically formed Pt oxide, than for the anodic
scan (formation of Pt oxide). This could explain the increased
particle surface area in Fig. 5h for the tests, which drag
the potential below 1 V (i.e., AST-0 and AST-freq).***® Thus,
Pt-coating - intended initially as a protective layer - could
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unexpectedly contribute to radical-induced membrane degra-
dation when operating in intermittent mode.

Ir dissolves at low potentials or during shutdown,*® and
hydrous Ir oxide possesses lower dissolution stability.® Both
could contribute to the increased dissolution seen for AST-0
and -freq (Fig. S15b and c).”” The increased particle surface area
present within the membrane for AST-CC is presumably driven
by Ir because it also dissolves at higher potentials and during
OER (Fig. S17a). For AST-amp, the operation at the lower
current density of 1 A cm™? 50% of the time seems to reduce
the dissolution rate. An influence from the loss of Ir as active
catalyst material on the performance is not expected to be
visible due to the high loadings used.

As shown in Fig. S16b, when the sample is highly stressed as
for AST-freq, the number and size of particles within the Ir/Pt
band also fluctuate in x-direction (along the electrode). We
hypothesize that this depends on the under-pore or under-fiber
location since the fluctuations are in the same length scale as
the pore-fiber dimensions.®® Ma et al.®"®* showed that the
catalyst utilization is highest in contact with the PTL. Thus,
we hypothesize that, at the contact areas with the PTL, either a
higher gas concentration leads to increased particle precipita-
tion or metal dissolution is enhanced.*® Since the total mass of
particles is similar along the x-direction (Fig. S16, right axis), an
increased precipitation of particles is more likely instead of
more dissolution. This emphasizes the need for an optimized
CL|PTL interface design, such as the addition of a microporous
layer on the PTL.®>** For the analysis of degradation this means
that it is essential to analyze a representative sample area to
capture spatial variations. To further strengthen the analysis,
scale-bridging and multimodal techniques should be used and
correlated (e.g., XPS and CV in our study) to ensure reliability of
observed phenomena. Additionally, using bulk measurement
techniques to support the findings from the nanoanalysis
(e.g., X-ray diffraction to support SAED) could be valuable in
the future. For an automized measurement and analysis, it
should also be feasible to increase the sample area measured
(several slices) and further increase the robustness of statistical
trends.

A summary plot was constructed in Fig. 6 from selected
analyses to directly compare the stress tests. It becomes evident
that the four stress tests evoke different degradation mechan-
isms in a PEMWE cell configuration with Ir metal-based
catalyst and a Pt-coated PTL. AST-freq shows the largest
changes for ohmic resistances (AHFR). However, due to the
initial performance improvement, the performance degrada-
tion is lower than observed for a CCM stressed with AST-amp
and AST-CC (AE). AST-0 exhibits the highest particle loss, which
can get detrimental in the context of membrane degradation
and when employing low loadings. It is currently unknown
which of the protocols would be suited as established AST since
operation strategies from commercial operators are not pub-
lished. However, this study enables extensive insights into the
mechanisms depending on the operation. Together with a
reference study on a CCM exposed to long-term (>3000 h)
dynamic operation (e.g., derived from electricity price), the
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Fig. 6 Spider plot to visualize performance losses (AE and AHFR) and possible long-term degradation (degradation rate and particle surface area in the
membrane) with the four stress tests. Note that for all parameters, a high value means more degradation or worse performance. The degradation rates

shown are from the linear trend analysis.

obtained insights can be used to develop an operation- and
catalyst-specific AST. In order to achieve a sensible comparison,
the same components and materials need to be used, and
regular characterization intervals are necessary.

Mitigation strategies for the increased risk of radical for-
mation due to Pt particles within the membrane may include
the incorporation of radical scavengers into the membrane.?”
Additionally, the hydrogen crossover should be minimized by
operational approaches such as the rapid release of H, from the
cathode during shutdown events, or membrane development,
such as incorporating hydrogen-blocking interlayers.®® In terms
of oxidation state, a fully oxidized Ir surface is presumably
favorable regarding long-term stability.

Conclusion

In summary, this study examines the degradation mechanisms
emerging from four different accelerated stress protocols by
applying correlative electrochemical analysis and ex situ tech-
niques. We show that degradation originates from multiple
interconnected mechanisms, which highly depend on the
operation mode. One key finding is the dissolution of Pt from
the anode-PTL coating. This can disrupt the critical interface
between PTL and CL and lead to Pt deposition within the
membrane, thereby increasing the risk of radical formation
and chemical membrane degradation. Although Pt-coatings on
Ti-based PTLs are commonly employed to prevent passivation
and reduce contact resistance, their potential contribution to
the degradation in PEMWE systems remains largely over-
looked. These findings underline the importance of evaluating
not only the CL but also assessing the long-term stability of
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components such as the PTL and their coatings. Any effective
mitigation strategy must take these factors into account.

Additionally, changes in the oxidation state of the anode
catalyst contribute to degradation by affecting catalytic activity
and electronic conductivity. Interestingly, dynamic operation
through redox potentials (AST-0 and -freq) results in a higher
degree of rutile Ir oxide, which we assign to the repeated
dissolution of the anhydrous oxide layer covering Ir metal.
Notably, the cell performance in these two stress tests exhibits
a distinct trend, where an initial performance improvement is
followed by degradation. In contrast, when redox potentials are
avoided, the performance degrades from the beginning of the
test. Iridium dissolution is also evident for all stress protocols
and is expected to become increasingly detrimental for the cell
performance when reducing the catalyst loadings.

While polarization curves, electrochemical impedance spec-
troscopy, and cyclic voltammetry are established characteriza-
tion tools for PEMWE, we demonstrated a powerful workflow
employing complementary ex situ methods for quantifying
structural and chemical changes and how they correlate with
performance losses. In particular, we show the suitability of 4D-
STEM, applied here for the first time for the spatially resolved
identification of different phases within the CL. Nevertheless,
current approaches to resolve ionomer degradation within the
CL remain largely limited due to beam damage introduced by
electron- or X-ray probes and necessitate further development.

Looking ahead, similar investigations must be conducted
with iridium oxide-based catalysts, such as rutile IrO, or sub-
stoichiometric IrO,, to enable the development of a catalyst-
type specific, sensible AST protocol. While the activity of
oxidized Ir is lower than that of metallic Ir, its significantly
higher stability could justify a trade-off in favor of enhanced
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long-term durability. To fully determine which protocol is best
suited for accelerated materials development, a validation
study is essential to compare the induced degradation mechan-
isms from the different stress protocols with real, long-term
operation under an electricity-price load profile.

Materials and methods
Stress testing

Four different stress protocols have been designed based on
energy price fluctuations.>” The protocols are depicted in Fig.
S1 and summarized in Fig. 1a. The base case (AST-0) consists of
a square-wave protocol cycling between 2 A cm 2 and forced
“OCV” (controlled to 27 mV) holding each step for 6 min. This
protocol is compared to three variations: AST-freq, where the
cycling frequency is increased 6-fold, AST-amp, where a shut-
down is avoided and AST-CC, where cycling is avoided entirely.

Each testing protocol is applied four times for 24 h after
conditioning of the cells with pristine CCMs with intermi-
ttent electrochemical characterization every 24 h. Additionally,
beginning-of-test (BOT) and end-of-test (EOT) characterizations
were conducted. For ex situ characterization, various techni-
ques were applied to disassembled CCMs (XPS) as well as to
100 nm-thick slices of the CCMs from the four different test
protocols and a reference CCM, which was in the PEMWE cell
only for conditioning.

Electrochemical characterization

Electrode and catalyst-coated membrane (CCM) fabrication.
CCMs were manufactured via the decal transfer technique
where 5 cm?sized electrodes coated onto a PTFE substrate
are united with a ~51 pm thick Nafion™ NR212 membrane
(Chemours) by a hot-pressing step at 155 °C and 2.5 MPa. The
loadings of the electrodes were determined by weighing the
decals before and after hot pressing.

The catalyst inks were prepared from a mixture of the
respective catalyst powder with suitable solvents and Nafion™
D2021 ionomer dispersion (Chemours). For the anode, an
unsupported Ir black catalyst powder (>98 wt% Ir, Umicore)
was mixed with DI water, 1-propanol (>99.9%, Sigma-Aldrich),
and the ionomer dispersion with a water to solvent ratio of
7.8 wt%, an ionomer to catalyst ratio of 12.17 wt% and a
catalyst content of 0.46 gc,e Ml "

For the cathode, platinum supported on carbon catalyst
powder (40 wt% Pt/C, TEC10V40E, Tanaka Precious Metals)
was mixed with DI water, 1-propanol, and the ionomer disper-
sion with a water to solvent ratio of 6.5 wt%, an ionomer to
catalyst ratio of 28 wt% and a catalyst content of 0.05 ge, Ml

The inks were homogenized for 24 h using a roller mixer
(BTR5-12V, Ratek) with zirconium beads (5 mm diameter,
Fritsch™ GmbH) at 180 rpm and 60 rpm for anode and
cathode ink, respectively. The inks were used to coat electrodes
onto 50 pum-thick PTFE substrate (High-tech-flon) using the
Mayer rod technique (rods from ERICHSEN GmbH & Co. KG).
The loading adjustment was achieved by using rods with
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different wire sizes (40 um for anode and 100 pm for cathode
electrodes). The electrode sheets were dried for 2 h at 70 °C
(furnace ED56, BINDER) before being cut into 5 cm? electrodes
and hot pressed with the membrane. CCMs with an anode
loading of 1.65 + 0.09 mg; cm > and cathode loading of
0.15 4 0.06 mgp, cm~ > were used in all tests.

Single-cell tests in PEMWE setup. All cell tests were per-
formed on a commercial test bench (600 Electrolyzer Test
System, Scribner LLC) equipped with a potentiostat with a
current booster (BioLogic VSP-300). An in-house designed cell
fixture adapted from previous reports*® with a 5 cm” active area
was used.

The respective CCM was assembled with a platinum-coated
Ti-fiber PTL (2GDL10-0.25 with 0.2 pm Pt-coating from NV
Bekaert SA) on the anode and a gas diffusion layer (GDL) with
a microporous layer (MPL) consisting of carbon (H24C5 Freu-
denberg & Co. KG) on the cathode. Gasket thicknesses were
chosen so that a compression of the carbon GDL of 22.1 £ 0.6%
was achieved. For AST-CC a compression of only 17.1% was
reached due to an abnormally thin PTL.

The anode was flushed with 100 mL min~" DI water, which
was additionally purged with nitrogen for 10 min prior to
testing to remove any dissolved CO, from the tank’s refill.
The anode feed was heated to 80 °C, the cathode was kept
dry, and only the venting line behind the cell was purged with
nitrogen for safety reasons. The cell was heated to 80 °C with
cartridge heaters placed into both endplates and regulated by a
thermocouple placed into the cathodic flow field plate. Tem-
peratures were kept constant throughout the whole testing
time. When the cell temperature and anode feed reached
80 °C, the temperature was held for 30 min before starting
the electrochemical testing.

Each test began with checking for electrical short via three
potential steps at 1.1 V, 1.2 V, and 1.3 V. Subsequently, cyclic
voltammetry (CV) was recorded with electrochemically pro-
duced H, (current hold at 1 A cm ™2 for 5 min). Before starting
the CV, the cell was held at 0.3 V for 30 s to reduce the produced
oxygen from the anode. Four subsequent CVs are recorded
between 0.1 and 1.45 V with a scan rate of 50 mV s '. For
conditioning, the current was stepped up to 1 A cm > with
10 mA s~ " and held for 30 min. Another set of CVs was
measured afterward with the same settings as before. For the
following electrochemical impedance spectroscopy (EIS)
measurement, H, was again produced electrochemically (pro-
duced oxygen could escape during a 30 s hold at 1.3 V). The EIS
was performed potentiostatically in non-faradaic conditions
(ie., at 1.25 V)*® from 200 kHz to 1 Hz.

In the following, three subsequent polarization curves were
recorded. The polarization curves were measured between
0.005 and 4 A cm 2, holding each current density step for
5 min to ensure steady-state conditions and averaging the last
15 s for analysis. Galvanostatic EIS was performed from
200 kHz to 100 mHz at each point of the polarization curve
after the respective current density hold. The perturbation of
each AC current was chosen <10% of the AC current but not
smaller than 20 mA so that a good signal-to-noise ratio was
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achieved, and a linear system response was ensured. Since the
first two polarization curves were considered part of condition-
ing, an overlap of the last two curves was checked, and only the
last polarization curve was taken for analysis. The beginning-of-
test (BOT) characterization was repeated three times to ensure
reproducibility.

Hydrogen pumping. A H,-pumping experiment was done
with a symmetric CCM comprising CLs with Pt/C (as described
above) on both sides and a ~51 pum thick Nafion™ NR212
membrane. This CCM was sandwiched between two GDLs with
MPL (Freudenberg, H24C5). In order to judge the overpotential
the cathode experiences during the fast AST-0 and AST-freq
protocols, H, pumping was executed as explained in detail in
the SI with Fig. S19. The experiment was done on a test bench
with an active hydrogen supply (Scribner 850e). The cell
was conditioned with humidified H, on the counter electrode
(CE; electrode for H, oxidation reaction) and synthetic air on
the working electrode (WE; electrode for H, evolution reaction)
for 10 h.°® Prior to the experiment, the WE was flushed with N,
(0.45 L min~') for 15 min to remove oxygen while the CE
remained unchanged. The CE was supplied with humidified
H, (0.2 L min~") during the experiment, and the WE was kept
without flow, ie. just as for the PEMWE measurements. The
measurement was performed by galvanostatically drawing cur-
rent from the WE according to AST-0 and AST-freq test proto-
cols, subsequently repeating each for 1 h and recording the
potential evolution.

Data evaluation from cell tests. High-frequency resistance
(HFR) values were extracted from the galvanostatic electro-
chemical impedance measurements at each current density
by fitting a frequency interval of 30-0.4 kHz with an equivalent
circuit model comprising an inductance, a resistor, and a
transmission line model in series.®”**®

Electrode sheet resistance (ESR) values were extracted from
potentiostatic EIS measurements at 1.25 V (non-faradaic
region) by fitting a frequency interval of 200-0.02 kHz with an
equivalent circuit model comprising an inductance, a resistor,
and a blocking-type transmission line model in series.*®®’
Adjusted R? (R,q;”) was used as a quality indicator for the fit.
Fitting was performed using an in-house developed Python
routine based on NumPy,*® SciPy,”® pandas,”"”*> matplotlib,”
and impedance.py.”

HFR-free polarization curves were derived by subtracting the
product of HFR and current density from the polarization
curve. Tafel slopes were extracted from the HFR-free potential
by a linear fit in a current density range of 5 to 50 mA ecm™>
when plotted with a logarithmic current density axis.

Ex situ characterization

Powder conductivity. The powder conductivity was mea-
sured in a 3D-printed setup as described in detail in our group’s
earlier study.”” The measurement is based on a four-electrode
setup, and a Shimadzu EZ-SX testing machine ensures constant
compression of the catalyst powder.

X-ray photoelectron spectroscopy (XPS). XPS was performed
on the anode CL of all stress tests and selected PTLs. XPS
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measurements were performed using a Quantera II (Physical
Electronics, Chanhassen), equipped with a monochromatic Al
Ko,;-X-ray source (1486.6 eV), which was operated at 15 kV and
25 W. Automatic charge neutralization was used during all
measurements and the spectra were measured over a circular
area with a diameter of 100 pm. Besides recording narrow
spectra at C 1s, O 1s, Pt 4f, and Ir 4f core levels, survey spectra
were measured. The pass energy was set to 55 €V and the step
size to 0.1 eV, except for the survey spectra, where a 0.2 eV step
size was used. Analysis of the spectra was performed using the
software CasaXPS.”®

Scanning electron microscopy. For the cross-section ima-
ging, 0.8 cm long pieces of the tested CCMs were sandwiched
between two carbon GDLs and a 3D-printed holder, that was
fixed with two screws. The sandwich was then embedded into
epoxy resin (Buehler) and dried for 24 h in room temperature.
Afterwards, the surface was ground and polished (Struers,
LaboForce-100) to create a flat surface.

A Tescan Vega3 is used for secondary electron imaging at an
acceleration voltage of 20 kv.

Preparation of ultramicrotomy slices. All following techni-
ques have been performed on thin slices (~100 nm) of the
CCM cross sections cut with an ultramicrotome. For this, a cut
out (~2 mm x 5 mm) of the CCMs from the four stress tests
(AST-0, -freq, -amp, -CC) and the conditioned sample was
embedded in epoxy resin (electron microscopy science) and
cured for 48 h at 60 °C (Binder oven ED56). Slices of ~100 nm
were cut with an ultramicrotome (PowerTome PTPCZ, RMC
Boeckler) and placed onto a TEM grid (Lacey carbon on copper,
Micro to Nano BV).

Transmission electron microscopy. High-angle annular dark
field scanning transmission electron microscopy (HAADF-
STEM) was carried out using a Talos F200i (Thermo Fisher
Scientific) featuring a Schottky-type field emission gun (X-FEG)
operated at an acceleration voltage of 200 kV, a probe current of
roughly 70 pA and a convergence angle of 10.5 mrad. STEM
energy dispersive X-ray spectroscopy (STEM-EDXS) was per-
formed with two attached Bruker XFlash 6|100 detectors in
an energy range of up to 20 keV. Bright-field transmission
electron microscopy (BF-TEM) and selected area electron dif-
fraction (SAED) has been performed with the same tool and
acceleration voltage employing selected area apertures of
200 um, 40 um, and 10 um, respectively.

TEM analysis - SAED. SAED patterns were radially integrated
and distortion corrected via a Python-based algorithm intro-
duced in our previous work.”” In short, the routine comprises
automated center-finding, distortion correction up to 4th order,
and radial profile integration. Reference spectra were retrieved
from Inorganic Crystal Structure Database and g was calculated
via the Bragg equation. Crystallographic data with collection
number ICDS#659854 and ICDS#84577 for iridium and iridium
oxide was used, respectively.

Procedure - point spectra for elemental distribution in CCM via
EDXS. EDX point spectra were recorded by placing the STEM
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probe onto particles within the membrane and acquiring the
signal for 60 s (trade-off between beam damage and signal-to-
noise ratio). The spectra were recorded from anode to cathode
in ~2-um steps or larger when no changes were detected.

TEM analysis — elemental distribution analysis. Elemental ana-
lysis was done by using peak fitting routines of STEM-EDXS
measurement implemented in Velox version 3.12. The respec-
tive contents are calculated normalized to the total measured
content of Pt and Ir.

An explanatory figure for the procedure of elemental dis-
tribution can be found in Fig. S20.

Procedure - x- and y-scans. For x- and y-scans to obtain
representative particle statistics images were recorded at medium
magnification from adjacent regions parallel and perpendicular
(x- or y-scan) to the membrane plane. The images had a resolution
of 4k-by-4k pixels with an interpixel distance of ~0.4 nm (beam
size at FWHM: 0.68 nm (ref. 77)) to avoid sub-sampling and to
resolve particle sizes below 2 nm.

TEM analysis — x- and y-scan statistics. To investigate the
particle statistics along a through-plane axis through the
membrane from anode to cathode (y-scan) and for validation
along the anode (x-scan), the raw intensity and original metadata
were extracted from the microscope files using HyperSpy.”® Image
analysis was performed in FIJI.”° To prepare for thresholding, a
median filter with a 4-pixel radius was applied, followed by a Top
Hat filter with a 25-pixel radius, while each image contains 4096
by 4096 pixels. Image areas covered by the metal TEM grid or the
electrodes were cut out manually before thresholding. Note that
cut-out areas are excluded from any subsequent analysis. Thresh-
old calculation was performed with a triangle or Yen algorithm or
by manually setting an intensity value, depending on the image
quality. Next, the ‘Analyze Particles’ function in FIJI was used
to extract isolated particles while excluding partially captured
“edge” particles. Subsequent statistics were performed using an
in-house Python routine harnessing pandas.”” Here, the mea-
sured projected areas of the particles are converted into an
equivalent radius by assuming a circle covering an equivalent
area. Particles with an equivalent radius of up to 2 pixels were
discarded as noise.

The total surface area of particles within the membrane was
calculated directly from all detected particles of the y-scan analysis.

The surface area for platinum and iridium in Fig. S17a was
calculated based on two areas where the averaging was per-
formed. The first area spans from the anode until 10 pm into
the membrane. The second area is the rest of the membrane area
until the cathode. The electrodes are intentionally excluded for
calculation. Averaging was done within these areas for particle
size and elemental composition. The elemental composition was
used together with the obtained count of particles from y-scan
statistics to calculate the number of particles consisting of Ir or Pt.
Finally, the number of particles and mean particle radius were
used to determine the surface area.

The surface area is always normalized to the sample area
analyzed from the y-scan statistics to compare between the tests.
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An explanatory figure for the procedure can be found in
Fig. S20.

Determination of area coverage from HAADF-STEM images. The
area coverage was determined on the full electrode thickness
along a distance of at least 50 pm. At least three measurement
areas were averaged, and the value is given as mean value +
standard deviation.

Determination of oxide thickness from HAADF-STEM. The
measurement of oxide thickness was performed with Image].*°
The mean value + standard deviation from at least seven
measurement points is given.

4D-STEM. Nano-beam 4D-STEM experiments were carried
out on a Thermo Fisher Scientific Spectra 200 TEM instrument
equipped with a cold field emission gun and a probe Cs-
corrector. The 4D-STEM datasets were acquired using a fast
hybrid pixel detector (Dectris ARINA). Acquisition parameters
are: a probe current of ~130 pA, a (nominal) convergence semi-
angle of 0.47 mrad, a (nominal) camera length of 125 mm,
a scanning step 2.13 nm pixel !, a dwell time of 100 us (i.e.,
10 kHz), a scanning size of 512 x 512 pixels. The datasets are
analyzed using the open-source package pyADSTEM (ver.
0.14.18).%"% In the phase matching, fcc Ir was manually
defined with lattice parameter a = 3.86 A, and the rutile phase
was loaded from the .cif file with ICSD #56009.

In detail, the diffraction patterns at each probed positions
are matched against a simulated library of all possible diffrac-
tion patterns of the given fcc and rutile phases. As a result, the
highest matching score marks the phase at the probed position.
Overlapping diffraction pattern sets (co-existing diffraction
pattern from different phase/orientation is allowed) are enabled
in the analysis. The Jupyter notebooks used for the analysis (with
all used hyper-parameters) are provided in the SI and the raw data
will be made available on Zenodo.
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