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NiFeCo-based catalysts in high current zero-gap
anion exchange membrane water electrolyzers
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Understanding degradation mechanisms in pure water anion exchange membrane water electrolyzers is

essential for developing durable and precious metal-free hydrogen production systems, yet electronic,

chemical, and transport-driven pathways often occur simultaneously at the anode. To separate these

effects, we establish a morphology invariant Ni/Fe/Co thin film model catalyst platform using physical

vapor deposition and systematically compare composition-dependent behavior under both pure water

and 0.1 M KOH feeds. Devices were operated under industrially relevant current density conditions,

galvanostatically at 1 A cm�2 for 24 hours; metal dissolution, ionomer oxidation, and resistance growth

were quantified using inductively coupled plasma mass spectrometry, X-ray photoelectron spectroscopy

(XPS), and electrochemical impedance spectroscopy. Under pure-water operation, Ni-rich films showed

voltage increases that correlated with rising total cell resistance (DV E 243 mV, DR E 0.17 O cm2).

Co-rich films maintained near constant voltages with minimal resistance change (DV o 10 mV,

DR E 0.03 O cm2) but induced pronounced ionomer oxidation observed by XPS. In 0.1 M KOH,

ionomer oxidation is suppressed, and impedance growth is minimized (o0.08 O cm2) across all

compositions, consistent with reduced transport limitations and improved ionic conduction relative to

pure-water feeds. These results demonstrate how a controlled thin film model platform can isolate

composition electrolyte relationships and provide mechanistic design principles for stable pure water

anion exchange membrane electrolyzers.

Broader context
Green hydrogen produced by renewable-powered electrolysis is central to decarbonizing heavy industry and enabling large-scale energy storage. Among
electrolyzer technologies, anion exchange membrane water electrolyzers (AEMWEs) promise the efficiency of proton exchange systems while using earth-
abundant catalysts and benign operating conditions. However, instability of both catalysts and ionomers in pure-water-fed devices remains a major obstacle to
commercialization. Our work systematically disentangles these degradation pathways by leveraging compositionally controlled NiFeCo thin-film catalysts
synthesized via physical vapor deposition. This model platform allows us to isolate how catalyst composition and electrolyte feed, such as pure water and 0.1 M
KOH, influence electrochemical stability, impedance evolution, and ionomer oxidation. By revealing when and why each degradation mode dominates, this
study provides practical design principles for improving both catalyst and ionomer durability, accelerating the transition of AEMWEs from laboratory
prototypes to scalable, low-cost green hydrogen systems.

1. Introduction

Renewable electricity is expanding worldwide and has
increased the demand for electrochemical technologies that
convert intermittent power into storable chemical fuels.1,2

Hydrogen production through water electrolysis is central to
these efforts, but broad deployment requires systems with high
durability and low cost.3,4 Anion exchange membrane water
electrolyzers (AEMWEs) have gained interest because they can
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operate with earth-abundant catalysts while maintaining the
compact zero gap configuration characteristic of proton
exchange membrane systems.5,6 Their compatibility with low
alkaline or even pure water feeds reduces system complexity
and eliminates the handling of concentrated alkaline
solutions.7,8 At the same time, operation under such low
alkalinity conditions exposes the anode to degradation path-
ways that remain poorly resolved at the mechanistic level,
which has hindered the development of stable and precious
metal-free catalyst systems.8

A major challenge is that degradation in pure water
AEMWEs originates from several interconnected pathways that
evolve simultaneously within the catalyst ionomer membrane
interface.9–12 Transport limitations inherent to pure water feeds
restrict hydroxide availability and increase ionic resistance in
both the ionomer and the membrane.13–15 Specifically, the
catalyst undergoes composition-dependent oxidative phase
evolution.16 Under neutral or weakly alkaline feeds, Ni-based
catalysts often struggle to form conductive NiOOH and tend to
accumulate insulating b-Ni hydroxide, which increases electro-
nic resistance leading to increased cell voltage.17–19 Co-based
catalysts more easily access conductive CoOOH-like surface
states, which improve electronic transport and reduce resis-
tance growth.20 This transport-limited regime suppresses the
formation of conductive active phases in Ni-based materials
and increases chemical stress at interfaces involving Co-rich
catalysts.21 Moreover, PiperION and related ionomers can
undergo oxidative cleavage of the carbon backbone, which
has been identified by the formation of carboxyl groups in X-
ray photoelectron spectroscopy (XPS).22,23 High-turnover envir-
onments, strong interfacial electric fields, and reactive oxygen
species can intensify this process, and chemical degradation
can proceed even when the catalyst layer maintains electronic
stability.19,20 Given that these electronic, chemical, and
transport-driven pathways occur concurrently and influence
one another, previous studies have struggled to determine
which mechanisms dominate under pure water conditions.24

Most prior investigations have relied on nanoparticle cata-
lysts or electrodeposited films. Although such materials can
achieve high performance due to their high surface area to
volume ratio, they introduce variability in particle size,25,26 ink
stability,27–29 porosity,30 ionomer distribution,31,32 and metal
loading.33 These additional variables obscure intrinsic compo-
sitional effects and complicate mechanistic interpretation.34,35

To develop generalizable and reproducible insights into pure
water degradation, a model catalyst platform that removes
morphological ambiguity is necessary.36

In this work, we synthesize a morphology-invariant Ni–Fe–
Co thin film catalyst platform prepared by physical vapor
deposition. This architecture provides continuous metal layers
with uniform thickness, consistent surface coverage, and pre-
cisely defined composition. Importantly, this fabrication tech-
nique enables stable, reproducible operation at high current
density in a zero-gap AEMWE architecture under controlled
interfaces. By controlling morphology, loading, and roughness,
the platform reveals intrinsic composition-dependent behavior

under both pure water and alkaline feeds. Through the com-
bined use of galvanostatic impedance spectroscopy, XPS, and
inductively coupled plasma mass spectrometry (ICP-MS), we
separate resistance, chemically, and transport-driven contribu-
tions to voltage rise. Our results show that Ni-rich films degrade
primarily through resistance-driven pathways, while Co-rich
films retain electronic stability but induce more ionomer
oxidation. The introduction of dilute KOH suppresses ionomer
degradation and minimizes resistance growth across all cata-
lysts. These findings establish composition electrolyte relation-
ships that connect catalyst phase evolution, ionomer chemistry,
and transport limitations and provide a composition-
dependent, evidence-bounded framework for the design of
durable pure water AEMWEs.

2. Results and discussion
2.1. Fine-tuning tri-metallic anode catalyst coatings

A key challenge in evaluating electrocatalyst materials is that
compositional changes are often accompanied by changes in
other factors, such as morphology37 and conductivity.38 Here,
we address this issue by using electron beam physical vapor
deposition (PVD) to achieve uniform and reproducible metallic
coatings across samples, as shown in Fig. 1a. To isolate the role
of composition, five different catalysts were deposited onto a
stainless-steel porous transport layer (PTL): Ni100, Co100,
Ni81Fe19, (Ni81Fe19)90Co10, and (Ni81Fe19)10Co90, where the sub-
script is the atomic percentage. For simplicity, throughout this
paper, we refer to Ni100 as Ni, Co100 as Co, Ni81Fe19 as Ni/Fe,
(Ni81Fe19)90Co10 as (Ni/Fe)90Co10, and (Ni81Fe19)10Co90 as
(Ni/Fe)10Co90.

X-ray photoelectron spectroscopy (XPS) depth profiling was
performed to evaluate oxidation state and elemental distribu-
tion in the thin films (Fig. S1). In the Ni and Ni/Fe-rich films,
the Ni 2p spectra displayed a peak position at 853.7 eV, which is
characteristic of NiO, while the metallic Ni signal increased at
greater depths (852.6 eV).39 Depth profiling also quantified the
atomic % (at%) of Ni, Fe, and Co extracted from the Fe 3p peak
as a function of sputter time for all three alloys, demonstrating
that each film maintains its target composition (�15%)
throughout the B100 nm nominal thickness (Fig. S1).

Grazing-incidence X-ray diffraction (GIXRD) was used to
characterize the crystallinity and alloying of the thin films
(Fig. S2). The Ni film exhibited a sharp peak at 2y = 19.91,
which corresponds well with the face-centered cubic (FCC) Ni
reference pattern (ICSD #125671). The Ni/Fe film XRD showed a
peak at 2y = 20.31, between the corresponding peaks of the FCC
Ni peak (19.91) and the body-centered cubic (BCC) Fe peak
(20.41) (ICSD #14754), indicating alloying. By contrast, the Co-
rich films displayed broader peaks centered at 2y = B18–211,
which align with the hexagonal close-packed (HCP) Co stan-
dard (ICSD #36677), though significant broadening suggests
reduced crystallite size and/or partial structural disorder. The
intermediate alloys, (Ni/Fe)90Co10, and (Ni/Fe)10Co90, showed
peak positions between those of the Ni and Co standards,
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indicating partial alloying rather than complete phase segrega-
tion. To avoid over-assignment, these XRD results were inter-
preted as qualitative evidence of alloying and disorder rather
than definitive phase identification.

To evaluate the elemental homogeneity of the thin film
deposition onto a PTL, scanning electron microscopy coupled
with energy-dispersive X-ray spectroscopy (SEM-EDX) was used
to map the electrode surface compositions at each stage of
preparation. SEM-EDX analysis of the bare stainless steel PTL
surface exhibited predominantly Fe (B65 at%) and Cr
(B22 at%), with a smaller amount of Ni (B12 at%) and Mo
(B1 at%) (Fig. 1b(i)). After Co catalyst deposition, SEM-EDX
mapping (Fig. 1b(ii)) showed that the Co is conformally depos-
ited across the porous stainless steel PTLs. EDX surface analysis
of the monometallic Co film revealed a composition of B92
at% Co and B8 at% Cr, with no Fe detected, indicating that the
Co film forms a nearly continuous layer that fully covers the
stainless-steel substrate in the analyzed region. Ni, Ni/Fe, and
(Ni/Fe)Co films showed qualitative effective coverage through-
out the PTL (SI Fig. S3). Following the thin film deposition, the
anode side of the PTL was dip-coated in a PiperION solution,
resulting in an ionomer overlayer of approximately 1 mg cm�2

on the electrode.
Fig. 1b(iii) shows the catalyst with the ionomer overlayer, as

evidenced by C and N detection in the SEM–EDX, which
revealed 72 at% of C, 1 at% of N, 2 at% of Cr, and 25 at% of
Co, indicating ionomer coverage on the PTL surface and within
the strands. SEM–EDX detected only N, while F was not
observed, consistent with EDX detection limitations. In con-
trast, strong F and N peaks, along with suppression of metallic
signals in the XPS of the pre-echem catalysts of the coated
PTLs, confirmed uniform ionomer coverage across all samples

(SI Fig. S7). This XPS evidence supports treating SEM-EDX
elemental maps as qualitative indicators of coverage rather
than quantitative ionomer composition.

The anode catalysts, together with a Pt/C cathode spray-
coated onto Toray paper, were assembled into an AEMWE using
a PiperION membrane (Fig. 1c). Electrochemical testing was
conducted using either deionized water (DIW) or 0.1 M KOH as
the feed for both the anode and cathode. Overall, these analyses
confirmed that the PVD-fabricated thin film catalysts maintain
controlled composition, uniform morphology, and consistent
ionomer coverage across samples, providing a well-defined
platform to evaluate electrochemical performance under differ-
ent electrolyte conditions.

2.2. AEMWE performance comparison under DIW feed
conditions

The uniformly coated and characterized PTLs were assembled
into the AEMWE cell (Fig. 1) to assess their electrochemical
performance. The cell underwent a conditioning break-in phase,
following the published literature for AEMWE performance.13,40

During which it was operated at progressively increasing current
densities (SI Fig. S4). This is hypothesized to hydrate the
membrane and ionomer and stabilize ionic conductivity before
performance measurements.24 Following this conditioning step,
polarization curves were recorded to assess the initial perfor-
mance of each catalyst (Fig. 2a).

The thin film catalysts exhibited similar initial performance
at 1 A cm�2 at the beginning-of-life (BOL) (Fig. 2a), with
operating potentials spanning from 2.30–2.36 V 1 A cm�2. This
range suggests that composition-dependent differences in
catalyst activation are minimal under initial operating condi-
tions in DIW. However, IrOx nanoparticles (nps), used as a form

Fig. 1 Uniform thin-film catalyst fabrication, characterization, and electrolyzer assembly. (a) Process flow for anode catalyst preparation: (i) electron
beam induced physical vapor deposition of Ni100, Co100, Ni81Fe19, (Ni81Fe19)90Co10, and (Ni81Fe19)10Co90 alloys onto a stainless steel porous transport
layer (PTL) to achieve B0.1 mg cm�2 loading; (ii) resulting loading of B0.1 mg cm�2, corresponding to a 100 nm thick metal thin film; (iii) dip-coating of
the coated PTL into 2 wt% PiperION, resulting in a B1 mg cm�2 ionomer overlayer. (b) SEM images (left) and corresponding SEM EDX elemental maps
(right) of (i) bare stainless steel PTL, (ii) 100 nm Co film on PTL, and (iii) the same Co film after B1 mg cm�2 PiperION dip-coating. (c) Schematic cross-
section of the zero-gap membrane electrode assembly: PTLs with dip-coated anode (OER catalyst), spray-coated Pt/C cathode (HER catalyst), and the
PiperION AEM; liquid feed (DI water or 0.1 M KOH) is circulated through separate anode and cathode reservoirs, and the cell was maintained at 50 1C.
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of reference, exhibited the best performance overall (2.24 V at
1 A cm�2), whereas the bare stainless-steel substrate alone
showed marginally worse performance (2.39 V at 1 A cm�2).
Although the thin film catalysts exhibited similar BOL perfor-
mance, differences in electrochemical stability, defined as the
rate of cell voltage change during galvanostatic operation,
emerged during the 24-hour stability test in DIW (Fig. 2b).
The Ni sample displayed a nearly linear increase in cell voltage,
with an average degradation rate of 8.9 mV h�1. In contrast, the
Ni/Fe sample began and ended at a higher voltage than Ni but
showed an average slower degradation rate of 6.9 mV h�1.
During the galvanostatic hold, the Co-containing samples
showed a decrease in voltage during the first 6–8 hours. For
instance, Co performance improved at a rate of 2.9 mV h�1,
(Ni/Fe)90Co10 at 11.9 mV h�1, and (Ni/Fe)10Co90 at 8.1 mV h�1.
After this 9-hour period, a steady, linear degradation trend
emerged. As a result, we calculated the degradation rates for
these samples starting from the 9-hour mark. The degradation
rates were on average 5.5 mV h�1 for (Ni/Fe)90Co10, 5.3 mV h�1

for (Ni/Fe)10Co90, and 3.9 mV h�1 for pure Co.
Fig. 2c summarizes the voltage increase for each catalyst

during the 24-hour stability test at a constant current density of
1 A cm�2. The Ni electrode exhibited the largest voltage
increase (240 mV �10 mV) during the 24-hour stability test.
This voltage increase is consistent with the formation of less-
conductive Ni hydroxide-like species (for example b-Ni(OH)2)

under these operating conditions, which could increase elec-
trode resistance and decrease electrochemical activity due to
conductivity limitations, resulting in a higher operating
voltage.41–43 Ni/Fe showed the second-worst performance loss,
with a 159 mV � 13 mV increase. Nonetheless, this suggests
that incorporating Fe into Ni improves stability when com-
pared to monometallic Ni. However, prior studies in pure-
water and dilute-alkalinity AEMWE environments have fre-
quently shown that Fe incorporation can destabilize Ni-based
catalysts. Previous literature reported that Ni–Fe systems often
undergo rapid conversion and instability under low-alkalinity
conditions due to Fe-facilitated phase evolution into
oxyhydroxides.21,38 In contrast, in our thin-film platform,
the Ni81Fe19 catalyst, while still degrading substantially in
DIW, does not destabilize as severely as expected from nano-
particle or electrodeposited Ni–Fe systems. This improved
stability may be related to the controlled thin-film geometry:
the rate of conversion from the Ni–Fe metal to its oxyhydr-
oxide phases, along with the difference in stability between
the bulk metal and bulk oxyhydroxide layers, could mitigate
the destabilizing effects commonly reported for Ni–Fe
combinations.

In contrast, the Co-containing samples exhibited lower net
voltage changes: 47 mV� 13 mV for (Ni/Fe)90Co10, 6.3 mV� 2 mV
for (Ni/Fe)10Co90, and 3.3 mV � 8 mV for pure Co. These results
show that electrochemical stability improves with increasing Co

Fig. 2 Performance, stability, and metal dissolution of thin-film anode catalysts in DIW-fed AEMWE cells. All data shown as averages from triplicate
measurements (n = 3), with error bars representing one standard deviation from the mean. (a) Polarization curves collected after break-in, prior to the
24 h hold at j = 1 A cm�2, Beginning of life (BOL). (b) Voltage as a function of time profiles at 1 A cm�2 over 24 h. From the average of triplicates (c) Initial
(BOL) and end of life (EOL) voltages at 1 A cm�2 extracted from pol curves. (d) Percentage of metal dissolved after 24 h electrolysis (EOL), as quantified by
ICP-MS, where negative values reflect that the measurement was below the detection limit.
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content in the thin-film platform under DIW-fed AEMWE
conditions.

To determine whether metal dissolution contributed to the
observed electrochemical degradation, anolyte aliquots were
analyzed with ICP-MS (Fig. 2d) to quantify the amount of metal
dissolved after 24 hours.

To confirm that the observed Ni dissolution was not pri-
marily originating from the stainless-steel substrate, control
experiments run under the same conditions were conducted
using bare stainless steel PTLs, and aliquots were analyzed by
ICP-MS. Fig. S6 provides the raw ICP-MS dissolution data
(Ni, Co, and Cr) for all samples, including a bare stainless-
steel control. Cr dissolution from the stainless-steel control
defines an upper bound for PTL contributions under DIW
conditions. The catalyst-coated samples show negligible Cr
signals, indicating that PTL remains intact and does not dis-
solve during operation. Values near the ICP-MS detection limit
are treated as negligible and are reported with associated
uncertainty. The Ni concentration contributed by the stainless
steel was approximately 1000 ng, which corresponds to B1 ppb
when normalized to the 1 L anolyte volume (Fig. S6). This value
was used as a baseline correction for DIW-fed experiments and
was subtracted from subsequent measurements to better iso-
late Ni dissolution attributable to the catalyst layer. By calculat-
ing the percentage of dissolved metal relative to the initial
metal content, we found that the Ni sample exhibited B4.1 �
2% Ni dissolution, while the Co sample showed a similar value
of B5.6 � 3% Co dissolution. Despite their vastly different
electrochemical stability and performance, both metals leached
at comparable levels.

Interestingly, even after normalizing to the percentage of Ni
present in the film, the Ni/Fe alloy showed reduced Ni dis-
solution, dropping from 4% to 1 � 1%, from Ni to Ni/Fe,
respectively. When Co was introduced, Ni dissolution
increased compared to the Ni/Fe sample, rising to approxi-
mately 2.4 � 3% in the (Ni/Fe)90Co10 sample and 1.3 � 1% in
the (Ni/Fe)10Co90 sample, even though there were lower
amounts of Ni present in the sample. These results suggest
that Co may be associated with Ni dissolution when mixed
with the Ni/Fe alloy. This may be due to composition-
dependent structural evolution that creates pathways for Ni
leaching,35 or because of Co dissolution, destabilizing the
local structure and mobilizing Ni with it. Accordingly, we
frame this trend as a correlation rather than a definitive
mechanism.

Overall, these findings demonstrate that while initial per-
formance is comparable across thin films, electrochemical
degradation is strongly material dependent, highlighting the
importance of long-term performance characterization. Co
incorporation into Ni/Fe catalysts substantially improves vol-
tage stability in DIW, despite similar dissolution levels across
metal types. These results highlight the importance of catalyst
composition and structure in long-term performance in
AEMWE systems operating with DIW feeds. This decoupling
of dissolution and performance highlights that stability in DIW
is not solely dictated by material loss to the effluent during

short-term stability assessment, and material loss may often
not be consistent over time.44–46 Instead, changes in the
catalyst–ionomer interface or surface oxidation states could
be causing the observed degradation due to oxidative degrada-
tion of the ionomer or dynamic shifts in surface metal oxida-
tion states that alter activity.7,39

2.3. Deconvoluting ionomer oxidation and resistance
contributions to degradation in DIW

To investigate the contributions of ionomer oxidation and
degradation on the anode, we used XPS, as demonstrated in
prior studies.22,38,47 Galvanostatic electrochemical impedance
spectroscopy (GEIS) was also employed to monitor changes in
the cell resistance during operation. Together, these comple-
mentary techniques help deconvolute the respective contribu-
tions of ionomer oxidation and resistance increase to overall
performance degradation.

To examine anode ionomer oxidation with XPS, we focus on
the C 1s region (Fig. 3a), as oxidation of the carbon backbone is
a known contributor to device failure.4 The presence of distinct
binding energy features associated with oxidized ionomer
species of the carbon backbone allows us to distinguish
chemical changes in the ionomer from the substrate signal,
such as CQO bonds formed when the benzene ring of the
PiperION cleaves and creates a carboxyl group.22,48 The C 1s
spectra were deconvoluted into a set of carbon signals based on
expected C 1s binding energy components (CQC, C–O, CQO,
C–N, C–F3). In particular, we tracked the ‘CQO’ signal, as the
emergence of a peak around 288–289 eV corresponds to the
formation of carboxyl groups, consistent with backbone
cleavage.22,23,49 This signal was therefore used as a proxy for
ionomer oxidation. Minimal CQO signal was detected in the
pristine samples. Raw XPS spectra (C 1s, O 1s, F 1s, N 1s) for all
samples, including stainless-steel and IrOx references, are
provided in Fig. S7. After electrochemical testing, the CQO
content increased substantially, especially for Co (B25 at%),
(Ni/Fe)10Co90 (B23 at%), Ni81Fe19 (B9 at%), and Ni (B8 at%)
relative to the C 1s components. In contrast, the (Ni/Fe)90Co10

sample showed only a CQO content increase to B6%. Stainless
steel shows comparatively weaker oxidation features despite
operating at higher voltages, reinforcing that ionomer oxida-
tion alone does not uniquely determine short-term voltage rise
under DIW operation.

This trend suggests a tradeoff, where higher Co content
results in increased ionomer oxidation, even though Co-rich
samples show improved electrochemical performance. Prior
work reported a similar relationship using nanoparticles,
where materials with higher electronic conductivity also
exhibited more ionomer oxidation while still maintaining
strong performance.38 Together with our results, these obser-
vations may suggest that Co-rich films may sustain more
electrochemically active sites during operation. We hypothe-
size that increased electronic conductivity in the Co-rich
catalysts may enable more facile electron transport through
the catalyst layer, which may support a broader distribution of
OER-active regions at the catalyst–ionomer interface. If more
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interfacial regions participate in OER, a greater fraction of the
ionomer could be exposed to oxidative local environments,
consistent with increased ionomer oxidation features. At the
same time, the larger number of active sites helps maintain
overall catalyst utilization and therefore preserves electroche-
mical performance, even as the ionomer undergoes more
oxidation.

To assess how catalyst composition influences interfacial
processes during operation, we performed GEIS. This techni-
que resolves the high-frequency resistance encompassing
membrane and ionomer conductivity, the charge-transfer resis-
tance associated with OER and HER kinetics at the catalyst–
ionomer interface, and the interfacial capacitance linked to
electrochemically active surface area, thereby capturing the
evolution of catalyst–ionomer interactions over time. GEIS
was conducted before and after the 24-hour hold at 1 A cm�2

to evaluate the change in resistance of each catalyst. A modified
Randles circuit model commonly used for AEMWE was
employed50 (Fig. 3c). Rcell represents the series resistance of
the cell, Rct,a corresponds to the charge transfer resistance of
the anodic reaction, and Rct,c represents the charge transfer
resistance of the cathodic reaction. To quantify changes in
impedance over time, we subtracted the pre-stability hold total
resistance values obtained from the GEIS from the post-stability
measurements using eqn 1 to obtain the change in total

impedance of the cell before and after the 24-hour electroche-
mical stability hold (Fig. 3d).

(Rcell + R(ct,a) + R(ct,c))EOL � (Rcell + R(ct,a) + R(ct,c))BOL = D|Z|
(1)

The Ni sample showed an increase in total impedance of
approximately 0.17 O cm2, and the Ni/Fe sample exhibited a
similar rise of B0.16 O cm2. During the 24-hour stability hold,
the resistance increased, which may reflect limited formation
of conductive oxyhydroxide phases under neutral electrolyte
feed conditions consistent with prior reports under low alkaline
conditions.51,52 Because all samples begin as metallic thin
films, differences in impedance are likely linked to variations
in the rate and extent of metal-to-oxyhydroxide conversion. This
could be due to Ni only partially converting to active oxyhydr-
oxide phases under pure-water conditions. Instead, it may have
partially converted to the more insulating Ni(OH)2 phase.18,43

In contrast, all Co-containing samples exhibited smaller
changes in total impedance: 0.07 O cm2 for (Ni/Fe)90Co10,
0.03 O cm2 for (Ni/Fe)10Co90, and 0.03 O cm2 for monometallic
Co. This trend indicates enhanced conductivity stability during
the hold period compared to the Ni samples, potentially due to
reported higher electronic conductivity of Co-containing oxide/
oxyhydroxide phases relative to Ni hydroxide-like phases.52–55

Fig. 3 XPS and resistance measurements of Ni and Co thin film anodes before and after 24 h of electrochemical conditioning. (a) C 1s XPS spectra and
peak fits for Ni (top two) and Co (bottom two) samples as deposited before any electrochemical procedures (‘‘Pre-Echem’’) and after the 24 h
galvanostatic hold at 1 A cm�2 in DIW (‘‘Post-Echem’’), showing deconvolution into CQC, C–N, C–O, CF3 and CQO components. (b) Percent
contribution of each C 1s component (CQC, C–N, C–O, CF3, CQO) for Ni, Ni81Fe19, (Ni/Fe)90Co10, (Ni/Fe)10Co90, and Co, before (Pre) and after (DIW)
electrolysis. (c) Nyquist plots of raw (solid lines) and fitted (dotted lines) GEIS data at 1 A cm�2 for initial (lighter markers) and final (darker markers) states of
Ni (red) and Co (blue) electrodes. The inset shows the equivalent circuit model used for fitting. (d) Change in total impedance (D|Z|) between initial and
final EIS measurements (eqn (1)) for each composition, highlighting the smaller increase in resistance with higher Co content.
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Interestingly, even though Co-rich electrodes promote ionomer
oxidation, which would be expected to hinder ionic conductiv-
ity, we observe a stable total cell resistance and electrochemical
performance. This suggests that the higher electronic conduc-
tivity and catalytic activity of Co-based oxides may offset the
negative effects of ionomer degradation. We note that this is a
correlation-based interpretation rather than a direct identifi-
cation of specific oxide phases, since operando phase tracking
was not performed. This motivates additional studies involving
operando techniques.

Previous studies on nanoparticle-coated electrodes have
shown that more conductive catalysts such as IrOx and Co3O4

promote uniform OER activity throughout the catalyst layer,
even though this can accelerate ionomer oxidation.38,51 Our
thin-film platform exhibits a similar overall trend: the Co metal
films maintain stable electronic conductivity during operation,
which helps prevent large increases in resistance even when
some ionomer degradation occurs. In contrast, the Ni-rich
films show a larger rise in total resistance. Under pure-water
conditions, Ni does not fully access its more conductive phases,
consistent with prior reports that Ni activation is limited in
low-alkalinity feeds.21,38,51 This limited activation likely contri-
butes to the larger resistance increases observed for Ni and
Ni/Fe samples. Together, these results indicate that ionomer
oxidation alone cannot account for performance loss in DIW;
resistance growth plays a dominant role. To further separate
these contributions, we next examine catalyst behavior in 0.1 M
KOH, where higher ionic conductivity stabilizes the catalyst–
ionomer interface.

2.4. Electrochemical performance and degradation in 0.1 M
KOH

Prior studies have reported that introducing a supporting
electrolyte, such as KOH, can suppress membrane and ionomer
oxidation by stabilizing ionic conductivity through enhanced
OH� transport and reducing oxidative stress on the polymer
matrix.22,56,57 To probe this, we conducted experiments using

0.1 M KOH feed to both the anode and cathode. The goal was to
provide a more chemically stable environment and enable
clearer separation between electrical resistance-driven degrada-
tion and chemically induced ionomer damage. This approach
allows us to assess the electrochemical performance of the
catalysts under improved ionic transport conditions and to
better isolate the contributions of catalyst, ionomer, and
membrane stability to overall device performance.

Fig. 4a shows the initial and final voltages at 1 A cm�2 in
DIW (solid bars) and in 0.1 M KOH (hatched bars). Notably, the
Ni and Ni/Fe electrodes, which previously showed significant
voltage increases in DIW (243 mV and 159 mV over 24 h at j =
1 A cm�2, respectively), exhibited improved electrochemical
stability in 0.1 M KOH over 24 h (61 mV and 64 mV over 24 h
at j = 1 A cm�2, respectively). Although the catalyst–ionomer
interface is locally alkaline in both DIW and KOH operation,
the presence of a bulk hydroxide electrolyte provides additional
ion-transport pathways and reduces transport limitations rela-
tive to DIW feeds.58

The alkaline environment may support more complete
conversion of Ni to more conductive oxyhydroxide-like surface
states,59 leading to reduced voltage changes. In contrast, the
Co-rich samples exhibited the opposite trend; although the
Co-rich samples maintained lower absolute voltages than in
DIW, their voltages increased more over the 24-hour stability
hold, indicating greater degradation under 0.1 M KOH. The
(Ni/Fe)90Co10 sample remained relatively unchanged (47 mV
in DIW versus 56 mV in KOH), while the (Ni/Fe)10Co90 sample,
which initially only increased by 6 mV in DIW, degraded by
42 mV in KOH. Most notably, the pure Co sample showed
minimal degradation in DIW (3 mV) but exhibited a 71 mV
voltage increase in KOH. This is consistent with previous
reports that, although Co-based catalysts perform better in
DIW, Ni-based catalysts outperform them in alkaline
conditions.51

To further investigate the effects of KOH on ionomer degra-
dation, we performed XPS analysis of the C 1s region before and

Fig. 4 Effect of 0.1 M KOH vs. DIW feed on AEMWE performance, ionomer oxidation, and impedance changes. (a) Box plots of initial (solid fill) and final
(hatched fill) voltages at j = 1 A cm�2 for Ni, Ni81Fe19, (Ni81Fe19)90Co10, and (Ni81Fe19)10Co90, illustrating the dramatic reduction in voltage drift for Ni-based
catalysts in alkaline feed. (b) Comparison of CQO (%) from C 1s XPS pre- and post-electrolysis in DIW (blue) and 0.1 M KOH (purple), showing severe
ionomer oxidation in DIW that is largely suppressed in KOH so much that the CQO present was below the detection limits of the XPS. (c) Change in total
cell impedance (D|Z|) between initial and final GEIS measurements in DIW (blue squares) and 0.1 M KOH (purple circles), highlighting smaller impedance
changes under alkaline conditions.
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after electrolysis (Fig. 4b). In DIW, all samples showed a notable
increase in carboxyl (CQO) content, particularly in Co-rich
electrodes, where CQO rose from B0 at% to 25 at% for Co
and 22.6 at% for (Ni/Fe)10Co90, indicating severe oxidative
degradation of the ionomer. In contrast, in 0.1 M KOH, CQO
content was suppressed to o4 at% across all compositions,
with most samples showing no detectable signal, suggesting
that the ionomer backbone remained largely intact for all
samples.

GEIS was used to quantify changes in total cell resistance
following the 24-hour galvanostatic hold at 1 A cm�2 (Fig. 4c).
While all electrocatalysts exhibited some changes in cell resis-
tance, the magnitude and direction of these changes were not
strongly correlated to catalyst composition. For example, Ni
showed a decrease in total cell resistance, a change from
increasing resistance by 0.17 O cm2 in DIW to a smaller
increase of 0.05 O cm2 in 0.1 M KOH, while Co exhibited a
small change in impedance, with 0.04 O cm2 in DIW decreasing
to 0.03 O cm2 in 0.1 M KOH. Similarly, total cell resistance
remained relatively stable across samples, shifting by less than
0.08 O cm2 in KOH, compared to larger swings observed in
DIW. These smaller resistance changes in KOH reinforce the
stabilizing role of the alkaline environment on the electrode–
ionomer interface. Similar trends have been reported in the
literature, where higher pH led to minimal changes in total cell
resistance across catalysts.51

Utilizing 0.1 M KOH as a supporting electrolyte impacts
catalyst stability and performance. Ni-based electrodes, which
showed significant voltage increase and ionomer degradation
in DIW, became much more stable in KOH, possibly due to
stabilization of different pH-stable active phases and/or sup-
pressed ionomer oxidation. In contrast, the performance of Co-
rich electrodes, despite their strong performance in DIW,
degraded more in 0.1 M KOH, consistent with increased
susceptibility of Co-rich electrodes to oxidative transformation
under more alkaline operation.60 However, because this study
does not include operando structural or valence-state

measurements, this interpretation remains a correlation-
based hypothesis rather than a direct mechanistic assignment.
Ex situ XPS confirmed reduced ionomer oxidation in alkaline
conditions across all samples, while GEIS showed smaller cell
resistance changes, indicating improved impedance stability
(Fig. 4b and c). Together, these results suggest that introducing
a small amount of KOH helps isolate intrinsic catalyst behavior
by minimizing ionomer degradation and stabilizing ionic
transport, allowing composition-dependent trends to be more
clearly observed.

2.5. Correlating ionomer oxidation and resistance buildup
with electrochemical degradation

To summarize the observed trends in ionomer oxidation, total
cell resistance changes, and electrochemical stability, we
directly correlated the change in voltage at 1 A cm�2 with both
the change in total cell resistance and the degree of ionomer
oxidation (measured via CQO percentage from post-mortem
XPS). These relationships are plotted for DIW (Fig. 5a) and
0.1 M KOH (Fig. 5b), with color maps representing the extent of
ionomer oxidation.

In DIW, samples with higher resistance changes also
showed greater change in voltage but minimal ionomer
oxidation. For example, the Ni electrode exhibited the highest
voltage increase (243 mV), the highest cell resistance change
(0.17 O cm2), but had low ionomer oxidation with 8.1% CQO
present. Similarly, Ni/Fe increased by 159 mV with a 0.11 O cm2

resistance increase, but also had low ionomer oxidation with
only 6.5% CQO. In contrast, Co-rich samples showed much
lower resistance changes and smaller voltage shifts despite
more pronounced ionomer oxidation. The pure Co sample,
for instance, exhibited only 3.4 mV voltage increase and
0.027 O cm2 resistance increase, but had the highest CQO
signal (25.3%). This suggests that in DIW, electrochemical
degradation is driven primarily by electronic resistance changes
of the catalyst, while ionomer oxidation does not substantially
dictate overall electrochemical performance loss.

Fig. 5 Correlation of electrochemical degradation, impedance rise, and ionomer oxidation for thin-film anode catalysts at 1 A cm�2. (a) DIW feed: each
point represents a catalyst composition (Ni, Ni81Fe19, (Ni/Fe)90Co10, and (Ni/Fe)10Co90, Co), plotted by voltage increase (DV) versus total resistance
increase (DR) over 24 h, with marker color indicating post-mortem CQO content (%) from XPS. In DIW, DV scales with DR despite large variations in
ionomer oxidation. (b) 0.1 M KOH feed: the same metrics show overall lower DV, smaller DR, and suppressed ionomer oxidation (o5% CQO) for all
compositions under alkaline conditions.
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In 0.1 M KOH, the relationships break down. Impedance
changes fall within a narrow range across all samples
(0.03–0.08 O cm2), and ionomer oxidation is negligible, with
carboxyl (CQO) content below 5 at% for every composition.
Despite this uniformity in interfacial properties, we still observe
variations in voltage changes. Ni and Ni/Fe showed similar
electrochemical stability with an increase of 61 mV and 64 mV,
respectively, while (Ni/Fe)90Co10, (Ni/Fe)10Co90, and Co
increased by 56 mV, 42 mV, and 72 mV, respectively. Notably,
the intermediate compositions (Ni/Fe)10Co90 and (Ni/Fe)90Co10

exhibit the smaller net changes in both voltage and resistance
under 0.1 M KOH, whereas Co shows the largest voltage drift
(72 mV) despite similarly small DR (0.04 O cm2). This suggests
that under alkaline feed, ionomer oxidation is strongly sup-
pressed, and impedance growth is minimized. As a result,
performance changes are likely driven by multiple coupled
factors, including composition-dependent interfacial kinetics
and surface transformation, in addition to potential changes in
both ionic and electronic resistance.

In contrast, the supporting electrolyte may promote both
ionic and chemical stabilization in Ni-based catalysts, possibly
by facilitating access to more conductive oxyhydroxide-like
surface states under alkaline operation, thus leading to lower
voltage changes. Small changes in DV in KOH, even when DR
and CQO are lower, indicate that voltage increase is not
uniquely determined by either total resistance growth or iono-
mer oxidation alone under these conditions. Although catalyst
layers have identical thickness and nominal loading, the elec-
trochemically active surface area (ECSA) and intrinsic site
density may differ across compositions due to differences in
crystallinity and surface transformation behavior. Because this
work focuses on decoupling degradation modes under con-
trolled morphology rather than on quantifying intrinsic activity
(ECSA or TOF), we do not interpret stability trends as direct
functions of active-site density. Future work combining this
platform with independent ECSA or TOF normalization could
test whether the observed KOH trends persist after accounting
for active site density.

Together, these comparative plots highlight the complex
interplay between electrochemical, physical, and chemical
degradation pathways in AEMWE systems. In DIW, perfor-
mance degradation is strongly correlated with increases in total
cell impedance, unrelated to ionomer oxidation, and is highly
composition-dependent. In contrast, 0.1 M KOH largely sup-
pressed these degradation modes, resulting in more uniform
and stable operation across all catalyst compositions with low
total impedance cell changes (o0.09 O cm2), suppressed iono-
mer oxidation (o4% CQO), and smaller voltage changes across
all samples (o 10 mV differences).

3. Conclusion

In this work, we established a uniform platform to evaluate
catalyst composition effects in AEMWEs by standardizing
catalyst loading and morphology. Thin film anodes (100 nm,

B0.1 mg cm�2) were fabricated by e-beam physical vapor
deposition to ensure surface area and particle size, enabling
direct comparison of intrinsic catalyst behavior under high-
current operation. Using a combination of XRD, XPS, ICP-MS,
and GEIS, we identified correlations between catalyst resistance
evolution, ionomer oxidation, and electrochemical stability.

Increasing Co content in the anode (Ni81Fe19)90Co10 o
(Ni81Fe19)10Co90 o Co improved electrochemical stability dur-
ing 1 A cm�2 for a 24 h galvanostatic operation. This is likely
consistent with Co-rich samples maintaining a relatively stable
total cell resistance; however, this stability correlated with
greater ionomer oxidation at the catalyst–ionomer interface,
as shown in Fig. 6, potentially because the Co-rich anodes
preserved electronic conductivity, possibly enabling higher
electron transport and increased active sites and interfacial
interactions between the catalyst and ionomer in DIW
feeds.54,61 In contrast, Ni and Ni81Fe19 samples, due to the
possible low presence of OH�, have little electrical and
chemical driving force at the interface to access their more
active pH-dependent states. This may result in a more insulat-
ing catalyst layer, causing electronic resistance to increase over
time and reducing the number of active sites between the
anode catalyst and ionomer interface, therefore leading to less
ionomer oxidation as shown in Fig. 6. To mitigate ionomer
oxidation, we introduced 0.1 M KOH as a supporting electro-
lyte. In this environment, resistance changes were suppressed
across all tested compositions. However, Co-rich samples
exhibited greater electrochemical degradation relative to Ni-
based films, consistent with oxidative transformation of Co-
rich catalysts under more alkaline operation, while Ni-based
samples showed improved electrochemical stability, presum-
ably due to enhanced conversion to the active phase facilitated
by the higher alkalinity. These findings showed how a controlled
thin-film model platform can isolate composition–electrolyte
relationships and provide evidence-based design hypotheses
for stable pure-water and alkaline AEM electrolyzers. We devel-
oped a framework that links resistance evolution, ionomer
oxidation, and composition-dependent stability. Future work
can build on this platform by integrating operando, high-
current diagnostics (for example, operando XAS62) under both
DIW and dilute-alkaline feeds to directly assign evolving oxida-
tion states/phases and to validate the correlations observed here
under operating conditions. This work provides a framework for
the advancement of industrially relevant green hydrogen produc-
tion essential for a fossil fuel-independent future.63

4. Experimental methods
4.1. Electrode synthesis

4.1.1. Cathode preparation. Cathodes were fabricated by
spray coating catalyst ink onto a carbon-based PTL with an
ultrasonic spray coater (Sonotek Spray coater). All cathode inks
were prepared by mixing Pt on carbon 5% (0.2 g) [Fuel Cell
Store], ultra-pure DIW (10 g, 18.2 MO cm, Milli-Q), 5 wt%
PiperION (0.4 g) [Versogen], and isopropyl alcohol (34 g), in that
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order.40,64 Adding water to the catalyst particles prior to iso-
propyl alcohol is critical in reducing the risk of fire. The
mixture was transferred to a Falcon tube and bath sonicated
(Branson) for a minimum of 2 hours until the ink was fully
dispersed. 120 wet-proof Toray carbon PTL (Fuel Cell Store) was
cut into desired dimensions and taped onto the Sonotek spray
coater hot plate (80 1C), with the front corners secured to
ensure stability. The Sonotek settings were as follows: shaping
air 0.4 psi, flow rate 1, nozzle power 2, and line speed 60 mm
s�1. Spraying was performed in a serpentine pattern to ensure
full coverage. To weigh the catalyst mass between sprays, the
tape frame was removed, and the electrodes were allowed to
cool down to room temperature before weighing. This process
was repeated until the desired loading of 2 � 0.1 mg cm�2 was
reached. After the catalyst was hand-sprayed using an Airbrush
(Testors, A220) at 10 PSI, a 2 wt% PiperION solution was
applied over the catalyst layer in a pulsed serpentine pattern
until the ionomer overlayer reached 10%–20% of the catalyst
mass. For a detailed description of similar preparation meth-
ods, the reader is pointed to our recent protocol.40

4.1.2. Anode preparation. Thin film metal samples were
prepared via a custom-made electron beam PVD vacuum
chamber (Technical Engineering Services). Metal pellets (Co
99.95%, Ni 99.95%, Ni81Fe19 99.95%) and crucibles were pur-
chased from Kurt J. Lesker. Co, Ni, and Ni81Fe19 were deposited
via electron beam induced metal evaporation. For NiFeCo

alloys, Ni81Fe19 and Co were co-deposited. In each case, a
100 nm catalyst layer was deposited onto a stainless steel
(25AL3, Bekaert) porous transport layer (PTL) with a deposition
rate of 0.1–2.0 Å s�1 as measured with a quartz crystal micro-
balance. After deposition, the thin-film catalysts were dip-
coated by horizontally dipping the catalyst side of the PTL into
the ionomer solution (2 wt% PiperION in EtOH) and then dried
on a hot plate at 80 1C. The ionomer topcoat loading was
calculated from the mass difference of PTLs before and after
dip coating, resulting in an ionomer overlayer of approximately
1.0 � 0.3 mg cm�2. To compare our thin-film anodes to more
widely used AEM anodes, we also spray-coated 2.5–2.7 mg cm�2

IrOx (fuel cell store) nanoparticles on the same stainless steel
PTL in a similar manner as described above for the cathode.

4.1.3. Membrane preparation. 40 mm thick PiperION TP-85
membranes (Versogen) were pretreated by soaking in 0.5 M KOH
for 2 hours, followed by replacement with fresh 0.5 M KOH to
ensure complete ion exchange following the manufacturer’s
instructions. Membranes were stored in 0.5 M KOH at room
temperature when not in use for a maximum of 2 weeks.
Membranes were washed with ultrapure DI water (DIW) before
assembly in the electrolyzers.

4.2. MEA preparation

Electrodes were cut to 1 cm2 and assembled in the electrolyzer,
similar to published procedures.13 Glass reservoirs (one for the

Fig. 6 Schematic illustration of ionomer degradation and performance trends in anode catalyst layers under different electrolyte conditions.
Representation of Ni, Co, Ni81Fe19, (Ni81Fe19)90Co10, and (Ni81Fe19)10Co90 anode interfaces in AEMWE operated with ultra-pure deionized water (DIW,
left) and 0.1 M KOH (right). Yellow regions indicate the ionomer layer, black wavy marks denote ionomer oxidation, and blue shading represents the
presence of 0.1 M KOH electrolyte. Arrows show electron and hydroxide transport pathways across the catalyst–ionomer AEM interface.
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anode, one for the cathode) were filled with either 0.1 M KOH
(Thermo Fisher, Trace Metal Grade, 99.99%) or 18.2 MO ultra-
pure DI water (DIW), and diaphragm pumps (KNF) were used to
supply liquid to the cathode and anode at 60 mL min�1 through
polyethylene tubing (0.250 in outer diameter, 0.170 in inner
diameter). The water and KOH were preheated to 70 � 1 1C via
hotplates under the glass reservoirs and adjusted to ensure a
cell temperature of 50 � 1 1C, as monitored with a k-type
thermocouple inserted into the cathode cell hardware plate.

A Ti plate was used as a rigid back support on both the
cathode and anode side (400 mm thickness, Baoji Yingao Metal
Materials Inc.). Gasket material (0.005 in. and 0.01 in. PTFE/
PETE film, McMaster-Carr) was laser cut (Universal, PLS 6.120) to
an active area of 1 cm2. PTFE is preferred for experiments in
KOH due to increased durability. Based on previous literature,49

we used a total of 0.035 in of gasket on the anode and 0.030 in on
the cathode. Lastly, a torque wrench was used to tighten the
screws in a star pattern first to 2.4 N-m, followed by final
tightening to 5.6 N-m.

4.3. Electrolysis procedure

The MEA was conditioned by increasing the current density
from 100 mA cm�2 to 1 A cm�2, in 100 mA cm�2 increments,
holding for 2 min at each step. The current was then decreased
in 50 mA cm�2 steps, measuring the potential for 10 s at each
step to collect the J–V curve before increasing the current
density from 50 mA cm�2 to 1 A cm�2 in 50 mA cm�2 incre-
ments for 20 s steps. We will describe this protocol as ‘break-in’
as it promotes catalyst activation, full hydration of the membrane/
ionomer, and establishment of stable ionic pathways.13,22,49 The
cell was held at 1 A cm�2 for 24 hours for stability measurements.
Galvanostatic electrochemical impedance spectroscopy (GEIS) was
conducted at 1 A cm�2 with a 50 mA cm�2 sinusoidal modulation
from 1 MHz to 100 mHz before and after stability testing at
1 A cm�2. After analysis, the cells were disassembled, and the
ionomer and membrane were soaked in 3.0 M NaCl to ion
exchange OH� by Cl� in order to prevent additional ionomer
degradation via OH� attack during drying of the ionomer.38

4.4. Characterization techniques

4.4.1. XPS, XRD, and SEM analysis. X-ray diffraction pat-
terns were collected using a Bruker D8 Venture diffractometer
in grazing incidence geometry with an incident angle between
51 and 81, employing Mo Ka radiation (0.71 Å). XPS measure-
ments were performed using a PHI Versa Probe 4 system
equipped with a monochromatic Al Ka source (1486.4 eV) and
a 200 mm spot size. Charge neutralization was achieved using
both Ar+ and electron flood guns. All spectra were referenced to
the adventitious C 1s peak at 284.8 eV. Depth profiles were
obtained by applying a 5 kV Ar+ ion beam for 2-minute etching
intervals between measurements. CASA XPS software was used
to quantify atomic ratios, with Ni and Fe concentrations
determined from the Ni 3p and Fe 3p peaks to avoid overlap
between Ni Auger signals and the Fe 2p3/2 region. C 1s, N 1s,
and F 1s peaks were analyzed to assess ionomer chemical
changes and oxidative degradation. Phenom desktop SEM at

the SLAC Shared Facilities was used to characterize samples
prior to experimentation and to perform elemental analysis
using energy-dispersive X-ray spectroscopy (EDX) to confirm the
presence of catalysts after PVD deposition. The electron beam
was operated at an accelerating voltage of 10 kV.

4.4.2. ICP-MS. Metal dissolution into the anolyte was
quantified using an inductively coupled plasma mass spectro-
meter (ICP-MS, Thermo Scientific iCAP RQ) equipped with an
auto-sampler and operated in helium kinetic energy discrimi-
nation (He-KED) mode to minimize polyatomic interferences.
Samples were acidified to 2% v/v with trace-metal grade nitric
acid (Fisher Scientific) immediately after collection and stored
in acid-washed polypropylene tubes prior to analysis. Calibra-
tion standards for Ni, Fe, Co, and Cr were prepared by serial
dilution of 1000 ppm single-element standards (Ricca
Chemical) to generate a 0–500 ppb calibration range.
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