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1. Introduction

The move toward a future low-carbon energy
landscape can be realized with the integration
of hydrogen in the energy mix.[1] In past years,
there has been a heightened focus on water
electrolysis coupled with renewable electricity
as a critical technology for green hydrogen
production.[2] Among the available technolo-
gies, proton exchange membrane water elec-
trolysis (PEMWE) is highly suited for
integration with variable renewable energy
sources such as solar and wind.[3] PEMWE
offers several advantages over traditional alkaline
electrolysis, including system compactness, its
capacity to operate at high current densities, a
high dynamic range, high operational pres-
sures, and high purity of gases, which make it
increasingly favorable for large-scale hydrogen
production.[4,5] Despite all these advantages, a
major roadblock in scaling PEMWE technology
lies in its dependence on noble metal catalysts.
The acidic environment and operational
demands of PEMWE necessitate the use of plati-
num (Pt) at the cathode and iridium (Ir) at the
anode, which are used to facilitate the hydrogen
evolution reaction and oxygen evolution
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Proton exchange membrane water electrolysis (PEMWE) has emerged as one
of the most promising technologies for large hydrogen (H2) production from
renewable electricity. However, using iridium (Ir) in large quantities is a
roadblock in the widespread expansion of this technology. One strategy to
reduce Ir loading in the anode is the use of an electroceramic support
material. This study examines the structural and electrochemical evolution of
Ir on antimony tin oxide (Ir/ATO) anodes under extended operation. Initial
electrochemical performance demonstrates that low-loaded Ir/ATO (0.2 mgIr
cm�2) can achieve a competitive current density of 2.82 A cm�2 at 2 V,
comparable to state-of-the-art PEMWE catalysts. However, extended
operation leads to a minimal but gradual decline in catalytic activity.
Postmortem analysis reveals changes in porosity and pore distribution, while
atomic force microscopy (AFM) studies indicate ionomer degradation in the
anode catalyst layer (ACL). Transmission electron microscopy (TEM) reveals
the dissolution of oxides of Sb and Sn from the support material.
Furthermore, X-ray photoelectron spectroscopy (XPS) and X-ray absorption
spectroscopy (XAS) confirmed the oxidation of metallic Ir (Ir0) to IrOxx�OHy

species before and after operation. Understanding degradation in low-Ir
PEMWEs is key to improving long-term stability. These results highlight the
need for support stabilization and catalyst structuring to ensure durable
performance.
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reaction (OER), respectively. The scarcity and excessive cost of these
metals, particularly Ir, present major challenges for scaling up PEMWE
technology. The realistic availability of Ir for water electrolysis usage is
�1.5 metric tons (20% of the world’s annual Ir production).[6] These
challenges are further exacerbated by persistent supply chain bottle-
necks. As a byproduct of Pt extraction, Ir is not mined independently
but recovered during the refining of platinum group metals (PGMs),
predominantly in a handful of mining operations located in South
Africa and Russia.[7] This intrinsic dependency on Pt production tightly
links Ir availability to fluctuations in Pt market dynamics and mining
outputs, introducing an additional layer of supply risk and unpredict-
ability. Furthermore, governance-related issues including weak
regulatory oversight, lack of transparency in mining operations,
socio-environmental concerns, and geopolitical instability in major pro-
ducing countries compound these risks. These critical mineral gover-
nance challenges hinder the development of secure, diversified, and
resilient supply chains. The result is increased market volatility and con-
strained access to Ir, a material essential for green hydrogen production
and other emerging clean energy technologies.[4,8–10]

While efforts to reduce Pt loading have proven effective while main-
taining performance and stability,[11] similar advancements for Ir
remain elusive, highlighting a key hurdle in PEMWE catalyst design.
Current industrial PEMWEs typically operate with Ir loadings ranging
between 1.2 and 2.0 mgIr cm

�2[6,12] to overcome the inherently slug-
gish kinetics of OER; however, such a high Ir usage is neither sustain-
able nor economically feasible at scale. Attempts to decrease the Ir
loading with benchmark catalyst (usually IrO2) in PEMWEs lead to a
thin anode catalyst layer (ACL).[11] The homogeneous thin catalyst
layers are not only difficult to make but also lead to contact problems
with the porous transport layer (PTL).[13,14] Moreover, such thin
layers are susceptible to crack formation, leading to fragmentation,
in-plane disconnection, and the creation of electrochemically inactive
regions.[15]

One successful approach to reducing the Ir amount is to disperse the
particles on a high surface area support.[16] This approach increases the
surface area by reducing particle size, thereby enhancing the number of
catalytically active sites. Traditional carbon supports are used to disperse
the platinum, but cannot be used as support materials in the anode due
to their corrosion in high anodic potential and oxidative environment
of PEMWE.[17] As a result, alternative support materials with high sta-
bility under acidic and oxidative conditions, such as TiO2,

[18] Magneli
phase,[19] SnO2,

[20] Sb-doped SnO2,
[21] and TiC[22] along with many

other transition metal oxides,[23] carbides,[24,25] and oxynitrides.[26]

Among these, antimony tin oxide (ATO) is one of the most promis-
ing candidates due to its relatively high electrical conductivity[27] and
its low price.[28] Various groups have studied ATO as support for Ir cat-
alyst. Oh et al.[29] have observed metal–metal oxide support interaction
(MMOSI) in the IrOx/ATO catalyst support couple, which mitigates the
rate and extent of Ir oxidation and Ir dissolution at anodic oxidation
potentials. Similarly, Hartig-Weiss et al.[30] have synthesized Ir/ATO
catalysts with maximum synergistic effect with exceptional OER activ-
ity. Saveleva et al.[31] have highlighted the ATO stabilizing effect,
ascribed to oxygen spillover mechanisms that help in stabilizing Ir
active sites. Conversely, some studies, such as those by Khan et al., have
reported minimal evidence of metal-support interactions, indicating
that further investigation is needed to clarify the conditions under
which these effects are significant.[32] Similarly, Ir nano dendrites (Ir-
ND), while intrinsically more active than Ir black catalyst due to their

morphology, demonstrated an improved activity when deposited on
ATO compared to Ir/C or Ir-ND supported on carbon.[33,34] Despite
the relatively high conductivity of ATO, a loading of more than
40wt.% of Ir was found to be necessary in Ir tin oxide alloys.[35]

Puthiyapura et al.[21] have studied the influence of different loadings of
Ir deposited on commercial ATO nanoparticles and observed better per-
formance with Ir loading of at least 60wt.%. However, Geiger et al.[36]

have reported the stability limits of Sb2O5:SnO2, where they found
Sb2O5 and SnO2 oxides are stable within 0.36 VRHE< E< 1.1 VRHE
and �0.29 VRHE< E< 1.45 VRHE, respectively, in a scanning flow cell
experiment.[36]

While many studies have concentrated on half-cell testing, compre-
hensive investigations of Ir/ATO anodes in complete PEMWE systems
are limited, particularly at low-Ir loadings.[21,33,37] There is also a lack
of in-depth analysis regarding the morphological, compositional, and
chemical structure evolution of Ir/ATO post-operation in a PEMWE
cell. In this work, we address these gaps by conducting a thorough
investigation from Ir/ATO catalyst synthesis and low-loaded single-cell
PEMWE testing to extensive post-operation characterization with the
aim of elucidating the degradation mechanisms of the Ir/ATO anode
layer and catalyst particles under realistic operating conditions and their
implications on long-term durability.

2. Results and Discussion

2.1. Catalyst Powder Morphology and Structure

Figure 1a shows the distribution of the synthesized Ir/ATO catalyst
studied by scanning electron microscopy (SEM) using backscattered
electron mode for enhanced contrast between Ir and support. The
image reveals that Ir nanoparticles (bright areas) are well-dispersed on
the surface of the ATO (gray areas) in small clusters. The loading of Ir
on ATO was determined by energy dispersive X-ray (EDX) analysis,
and the loading of Ir on support was found to be 47.94� 3.05wt.%
(Table S1, Supporting Information). The X-ray powder diffraction
(XRD) of the powder catalyst was performed (Figure 1b). The XRD
reflections of Ir and ATO phases are different. Three broad peaks at
2Ɵ= 40.5°, 46.5°, and 68.9° can be indexed to the (111), (200), and
(220) Miller indices corresponding to interplanar distances of the
metallic Ir in the face-centered cubic structure.[33] The very broad
reflections indicate the small size of the X-ray crystalline domain of the
Ir nanoparticles. Also, the presence of multiple broad reflections sug-
gests the polycrystalline nature of Ir, consisting of numerous small, ran-
domly oriented crystallites. This polycrystallinity is advantageous for
catalytic applications, as it increases the density of grain boundaries,
and these high-energy sites might act as active sites for reactions.[38]

On the other hand, the ATO phase shows sharp reflections at
2Ɵ= 33.6°, 37.7, 51.5°, etc., indicating a tetragonal (rutile-like) struc-
ture. The narrow reflections indicate large crystalline domains of ATO,
especially in comparison to Ir. We determined the crystal structures of
both phases using Rietveld refinement. ATO was refined in the tetrago-
nal rutile P42/mnm space group with cell parameters a= b= 4.73093
(9) Å, c= 3.18277(7) Å, and V= 71.236(2)Å3, similar to the previ-
ously published ATO crystal structure.[39]

Metallic Ir was refined in the cubic Fm-3m space group with cell
parameters a= 3.835(1) Å and V= 56.41(3) Å3, also similar to the
previously published Ir structure.[40]
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2.2. Oxygen Evolution Reaction Activity

To assess the surface electrochemical properties of as-synthesized
Ir/ATO, cyclic voltammetry (CV) was conducted in argon-purged
0.5 M H2SO4 solution at a sweeping rate of 50mV s�1 at 2500 rpm
with the help of a rotating disk electrode at room temperature. For
comparison, commercial Ir black (Umicore) was also evaluated under
identical conditions. CV experiments were conducted within a voltage

range of 0.05–1.45 VRHE. Figure 2a illustrates a
voltammogram of the Ir/ATO and Ir black. Both
catalysts show a HUPD (hydrogen under poten-
tial deposition) peak between 0.1 and 0.2 VRHE.
The peak is more pronounced for the Ir/ATO
catalyst (Figure S1a, Supporting Information),
which resembles the peak observed in the first
CV of Ir black (Figure S1b, Supporting Informa-
tion). This suggests that the nature of dispersed
Ir is metallic in as-synthesized Ir/ATO. How-
ever, after 10 repetitions, the HUPD has
completely vanished, indicating irreversible loss
of the metallic character of Ir. Two other broad
peaks are also evident between 0.6–0.8 VRHE
and �0.97 VRHE. These peaks are assigned to
the formation of Ir(III) and Ir(IV).[33,41]

A long-term CV (Figure S2a, Supporting
Information) was performed to understand the
evolution of these individual peaks. During the
early cycles of CV, the Ir surface undergoes pro-
gressive oxidation, at �0.97 VRHE, forming 3D
hydrous IrOx.

[42] After �50 cycles, the oxida-
tion peak stabilizes (Figure S2c, Supporting
Information). This indicates that the surface has
reached a steady state where the thickness and
structure of the IrOx layer no longer change sig-
nificantly. It is also interesting that peaks of the
formation of Ir(III) shift positively (between
0.65 and 0.75 VRHE) with each cycle
(Figure S2b, Supporting Information). This
behavior can be seen where the Ir has been dis-
persed on Ti4O7.

[19]

OER activity was determined through linear
sweep voltammetry (LSV) between 1.2 and 1.7
VRHE at a scan rate of 10mV s�1. The second
cycle of LSV was taken into account while com-
paring all the parameters of the catalysts.[30]

Figure 2b shows the mass-normalized OER
activity of Ir/ATO and Ir black catalysts. It is evi-
dent that the as-synthesized catalyst exhibits
superior performance over the entire potential
range compared to commercial Ir black. This
indicates that Ir/ATO more effectively utilizes Ir,
due to better dispersion of the Ir on the ATO,
which increases the number of active sites
exposed to the reaction. To evaluate the reaction
kinetics, iR-free Tafel plots were determined
from fitting of the polarization curves between
1.460 and 1.510 VRHE. In Figure 2c, the Tafel
slopes of both catalysts are compared, showing
similar values of 48mV dec�1 for Ir/ATO and

46mV dec�1 for Ir black, indicating that both follow similar OER reac-
tion mechanisms.

To quantify the OER activity of the catalyst, the samples were com-
pared at 10 A gIr

�1 (Figure 2d) and at 1.55 VRHE. The overpotentials at
10 A gIr

�1 for Ir/ATO and the commercial Ir black catalyst were
252� 7 and 235� 4 mVRHE, respectively. At 1.55 VRHE, the synthe-
sized catalyst shows the mass-normalized current density of 392� 16
A gIr

�1, while for Ir black, it is only 214� 7 A gIr
�1. The improved

Figure 1. a) Scanning electron microscopy (SEM) images of the Ir/ATO at 50 000× with scale
representing 200 nm. b) Rietveld refinement of the crystal structures found in Ir/ATO catalyst powder.
Red crosses are the XRD data obtained, the black line is the calculated diffractogram, and the blue
line is the difference between both. The green lines are the Bragg reflections for ATO (upper) and
metallic Ir (bottom) phases.

Figure 2. a) Cyclic voltammetry (CV) curves of Ir/ATO (solid orange: initial, dashed orange: after
10 cycles) and Ir black (solid gray: initial, dashed gray: after 10 cycles) for comparison. b) Mass-
normalized OER activity for Ir/ATO (orange) and Ir black (gray). c) Tafel slope of Ir/ATO (orange) and
Ir black (gray). d) Comparison of catalysts’ overpotential at 10 A g�1 and mass-normalized current
density (jm) at 1.55 VRHE.
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OER mass activity of the synthesized catalyst may be attributed to the
fine dispersion of metallic Ir particles on the support, increasing the
number of exposed OER sites. For the primary screening of the longev-
ity of the Ir/ATO catalyst, chronopotentiometry was performed at
10mA cm�2 for 4.5 h (Figure S2d, Supporting Information). A certain
gradual increase in the electrode potential is visible for Ir black, while
Ir/ATO remains stable throughout the testing duration. Although Ir
black was used as the primary reference catalyst in this study, we also
evaluated commercial IrO2 (Alfa Aesar) under identical rotating disk
electrode (RDE) conditions to provide a state-of-the-art (SoA) bench-
mark. The results (Figure S4, Supporting Information) show that
Ir/ATO outperforms IrO2 across all key metrics, including 11mV
lower overpotential at 10 and 115 A gIr

�1 higher mass activity at 1.55
VRHE. This reinforces that the superior performance of Ir/ATO is not
only evident when compared to Ir black but also holds against the
widely accepted benchmark IrO2.

2.3. PEMWE Cell Performance and Durability

The performance of the Ir/ATO anode catalyst was evaluated in a
PEMWE cell at a catalyst layer loading of 0.20 mgIr cm

�2. Additionally,
the anode PTL is sputter-coated with �0.1 mgIr cm

�2, taking both the
facets into account. However, only the interface in direct contact with
the catalyst layer can effectively contribute to the OER due to the
requirement of ionomer contact for establishing the triple-phase
boundary. Taking this into account, the effective Ir loading is reason-
ably estimated as �0.25 mgIr cm

�2. The cell was operated at a water
temperature of 80 °C and ambient pressure. Complete single-cell con-
figurations and testing conditions are listed in Table S2, Supporting
Information. At the beginning of the test, this cell delivered a current
density of �2.82 A cm�2 at 2.0 V (Figure 3a), corresponding to
�63% efficiency (LHV). Such performance is comparable to SoA
PEMWE cells that employ significantly higher Ir loadings, and it falls
within the range of other reported PEMWE results using Ir supported
on ATO (Table S3, Supporting Information). To ensure reproducibility
of cell performance, three independent PEM single cells were assembled
employing Ir/ATO, and polarization curves were recorded under iden-
tical operating conditions (Figure S5, Supporting Information). The

current density at 2.0 V varied within the nar-
row range of 2.75–2.87 A cm�2, corresponding
to a standard deviation of <2.5%
(2.815� 0.05 A cm�2) and a standard error of
<1.5% (2.815� 0.036 A cm�2), thereby con-
firming the robustness and reliability of the
reported performance data. For direct compari-
son with a SoA reference catalyst, a PEMWE cell
employing commercial IrO2 at 2 mgIr cm�2

was also tested under identical conditions. As
shown in Figure S6, Supporting Information,
IrO2 delivered �2.74 A cm�2 at 2.0 V, whereas
Ir/ATO achieved �2.82 A cm�2 at the same cell
voltage despite a tenfold lower Ir loading. This
confirms that Ir/ATO not only matches the SoA
reference performance but does so with reduced
Ir content, underlining its high catalyst utiliza-
tion efficiency. While these initial metrics indi-
cate that the Ir/ATO electrode can reach high
performance comparable to SoA configurations,

initial performance alone does not guarantee stability of the electrode.
To study the degradation mechanisms of the Ir/ATO electrode, a 500 h
durability test was carried out.

The PEMWE cell was operated at a constant voltage of 2 V
(Figure 3b), with polarization and electrochemical impedance spectros-
copy (EIS) measurements recorded over time. A gradual, although min-
imal, decline in current density was observed throughout the test. Over
the first 125 h, a performance loss of 0.70% (3.51mA h�1) was
recorded, followed by a continued but slower decline over the next
phase of operation (between 125 h and 225 h; 0.25% or
1.14mA h�1). By the final measured interval between 400 and 500 h,
the degradation rate increased again to 0.67% (3.33mA h�1), compa-
rable to the initial phase. While variations in degradation rates were
observed across different time intervals, the overall trend indicates a
steady loss in performance over 500 h of operation (see Table S4, Sup-
porting Information).

EIS measurements were conducted to clearly separate electrode kinet-
ics and changes in cell resistance during PEMWE operation. The
iR-corrected polarization curves after 500 h (inset Figure 3a and
Figure S7c, Supporting Information) showed a clear upward shift in
cell voltage at all current densities, particularly at low current densities
(<0.6 A cm�2; Figure S7d, Supporting Information), a region domi-
nated by OER kinetics, highlighting degradation in anodic catalytic
activity and increased overpotential. Concurrently, a clear reduction in
high-frequency resistance (HFR) (Figure S7b, Supporting Information)
was observed after operation, indicating lower ohmic resistance in the
PEMWE cell. This behavior is observed by many researchers[43–45] and
primarily attributed to prolonged exposure of the membrane to opera-
tional humidity levels, which enlarges ionic conducting structures like
channels within the membrane, thus reducing resistance over time.[46]

Improved PTL and catalyst ACL contact may also contribute to reduced
ohmic resistance.[47] Lettenmeier et al.[46] have first reported this phe-
nomenon during extended PEMWE operation at high current densities.
Despite detecting a loss of ionomer and iridium through postmortem
physicochemical analyses, they reported an overall apparent performance
improvement of PEMWEs primarily due to a significant reduction in
HFR. This study highlights how such HFR decreases can partially
obscure underlying degradation mechanisms by masking real cell
behavior. Though we observed only minimal degradation in our study,

Figure 3. Proton exchange membrane water electrolysis (PEMWE) measurement at 80 °C and
ambient pressure with Ir/ATO as anode catalyst (0.25 mgIr cm

�2) and Pt/C as cathode catalyst (0.8
mgPt cm�2) deposited on a Nafion® N117 membrane. a) Current density with respect to cell
potential recorded potentiostatically up to 2 V at 0 and 500 h. (a: inset) Zoomed-in view of iR-free
polarization curve at 0 and 500 h till �0.6 A cm�2. b) Evolution of current density over time at
constant 2 V with a break in the x-axis in between 300 and 384 h.
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it remains crucial to fully uncover the underlying catalyst degradation
mechanisms of Ir/ATO to understand its long-term impact on PEMWE
performance.

2.4. Morphology and Surface Properties of Anode Catalyst Layer

Figure 4 shows the SEM images of the pristine and operated ACLs at
different magnifications, providing insights into the morphological
changes that occur post-operation. In the pristine state (Figure 4a–c),
the ACL exhibits a relatively smooth, uniform surface with a fine distri-
bution of nanoparticles, where Ir (brighter area) particles are distrib-
uted on top of grayish ATO support, characteristic of freshly prepared
catalyst layers. At these higher magnifications, the images reveal a
porous structure. The pore sizes are small, well-defined, and uniformly
distributed, indicating a structure capable of two-phase flow, promot-
ing effective ion and gas transport while eliminating localized electro-
chemical reactions.

However, after 500 h of operation, the SEM images of the ACL
reveal significant morphological changes which are evident looking at
the low magnification SEM images (Figure S8, Supporting Informa-
tion). The top view of the operated ACL shows the imprint of the PTL
(Bekaert Ti felt), which is visible as a series of crests and grooves origi-
nating from the clamping compression during cell assembly. Figure 4d–
f shows that the operated ACL exhibits a rougher surface with a reduced
number of smaller pores, while a few larger pores dominate the struc-
ture. Figure S13, Supporting Information, shows the comparison of
pristine and operated ACL measured with high-resolution atomic force
microscopy (AFM) tip, showing the same phenomenon of increased

number of large pores and reduced smaller pores. This change suggests
structural reorganization of the ACL during operation. The uneven pore
distribution, along with the presence of larger voids and clustering,
likely reduces the total catalytic surface area, contributing to a decline in
PEMWE stability, particularly in the OER-controlled region. This obser-
vation aligns with the iR-free polarization curves (Figure S7c,d, Sup-
porting Information), which reveal a decrease in OER catalytic activity.

Figure 5 provides cross-sectional SEM images of both the pristine
and operated ACLs, along with EDX mappings to analyze the elemental
distribution of Ir and fluorine (F). In the pristine state (Figure 5a), the
ACL shows a smooth and uniform structure with well-defined thick-
ness. High-resolution images can be seen in Figure S9a,b, Supporting
Information. The particles are evenly distributed within the catalyst
layer, tightly packed, and free from large voids, indicating strong bond-
ing to the underlying polymer membrane. This bonding ensures
mechanical integrity and minimal risk of delamination during opera-
tion. Similar to before, imprints of the PTL can be seen in Figure S10b,
c, Supporting Information. Importantly, Figure 5b highlights the
robustness of the ACL under mechanical compression in the contact
region with PTL. No cracks were observed at the interface between
regions of the catalyst layer compressed under the PTL and adjacent
regions that remain uncompressed. The global catalyst layer thickness
also seems to be preserved. Notably, the PTL applies localized pressure
on the catalyst layer at points of contact. Rather than pushing into the
layer itself, it compresses the membrane underneath, causing a local
reduction in membrane thickness. The cross-sectional images also show
that the catalyst layer is partially embedded into the membrane
(Figure S10d, Supporting Information) at localized areas; a phenome-
non that happens when the pristine catalyst layer is hot pressed before

Figure 4. Pristine and operated anode catalyst layer surface characterization with scanning electron microscope (SEM). Pristine anode catalyst layer (on-top
view) with different magnification a) 2500× b) 25 000× and c) 50 000× with scale bar representing 10 μm (a), 1 μm (b), and 100 nm (c). Operated anode
catalyst layer (on-top view) with different magnifications, d) 2500×, e) 25 000×, and f) 50 000× with scale bar representing 10 μm (d), 1 μm (e), and 100 nm
(f).
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application in PEMWE. At the larger imprint area in Figure 5b some
larger particles were observed at the membrane/ACL interface that may
have been formed during operation or are embedded, as described
above, due to the applied pressure. Notably, these particles have not
migrated in the membrane and stayed at the interface.

Nevertheless, minuscule and discrete Ir dissolution and redeposition
into the membrane cannot be ruled out in localized areas, as the spatial
resolution of SEM is insufficient to unambiguously detect discontinuous
or incipient low concentration Ir band formation at the
membranes/ACL interface.[48] The elemental mapping of the
cross-section of ACL (Table S5, Supporting Information) corresponding
to Figure 5c,d shows no notable change in the Ir distribution in ACL
after operation. Nevertheless, EDX evaluation of the cross-section was
conducted at 5 kV due to the rapid damage observed in the membrane
at 15 kV. As a result, the measurements of Sn and Sb may lack precision
at the lower accelerating voltage. Most importantly, there is no continu-
ous visible Ir band within the membrane, which implies little dissolu-
tion, migration and reposition of Ir within the membrane, which is in
contrast to some PEMWEs where unsupported Ir is used.[46,49]

Figure 6 presents AFM measurements, including topography,
tunneling atomic force microscopy (TUNA) current, average current
during force separation curve, and Derjaguin-Muller-Toporov (DMT)
modulus, for pristine and operated ACLs. These measurements were

conducted over a 25 μm2 area. AFM height measurements reveal signif-
icant changes in surface roughness after operation. The pristine ACL
(Figure 6a) exhibits a relatively smooth surface with minor irregulari-
ties and limited height variation, indicative of a uniform surface struc-
ture. The average roughness (Ra) of the pristine ACL is measured at
18 nm, while it is 43 nm for the operated ACL (Figure 6d) with
Rmax� 651 nm, indicating the development of crests and valleys. This
observation is similar to the one obtained for SEM images. TUNA cur-
rent measurements, performed at 1 V bias, provide insights into the
conductive area of the ACL. For pristine ACL (Figure 6b), 39% of the
measured area is electrically conductive. However, in operated ACL
(Figure 6e), the electrically conductive area increases significantly to
58.5%. This increase suggests that catalyst particles in contact with the
PTL are either no longer covered by ionomer or are covered by a thin-
ner ionomer layer, enabling higher electron conduction.[50] Liu
et al.[51] have observed a similar increase in conductivity at the interface
of ACL and PTL while using IrO2 catalyst. However, this localized
degradation/redistribution of ionomer at the ACL/PTL interface may
leave some Ir particles unutilized due to the lack of proton-conducting
media, potentially reducing catalytic performance. This effect is evident
in the iR-free polarization curves, particularly in the OER-controlled
region (Figure S7c,d, Supporting Information). In addition, such degra-
dation would not only hinder ionic conductivity but also make the ACL

Figure 5. Cross-section SEM image of a) pristine and b) operated anode catalyst layer at 5000× magnification with white scale bar representing 5 μm EDX
images of c) pristine and d) operated anode catalyst layer with red area and green area representing Ir and fluorine (F) signal.

Energy Environ. Mater. 2026, 9, e70242 6 of 12 © 2026 The Author(s). Energy & Environmental Materials published by
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more prone to delamination over time, posing a risk to long-term cell
stability. Additional images with V(i) curves at each measurement point
are shown in Figure S11, Supporting Information, for pristine and
operated samples, revealing the increased conductivity after operation.
On both sets of images, an ionomer-covered area, with no electronic
conductivity, is present in the middle of the sample. Figures S12 and
S13, Supporting Information, reveal the surface structure of the pristine
and operated anode measured with a super sharp AFM tip at different
resolutions. Further evidence of ionomer redistribution or thinning in
the operated ACL can be inferred from the DMT modulus measure-
ments, which provide a measure of surface stiffness. Here, pristine ACL
(Figure 6c) exhibits lower stiffness, consistent with a thicker ionomer
layer providing mechanical flexibility. In contrast, the operated ACL
(Figure 6f) displays a marked increase in stiffness, indicative of reduced
ionomer thickness or partial ionomer degradation. These changes in
mechanical properties align with the observed topographical and con-
ductive changes, further supporting the ionomer degradation during
extended operation.

2.5. Structure, Morphology, and Surface Properties of Ir/ATO
Catalyst

XRD pattern of powder and operated catalyst is shown in Figure 7. In
both cases, broad reflections at approximately 40.5°, 46.5°, and 69°
are observed, giving the initial impression that the Ir nanoparticles
might remain metallic in nature after extended operation. We evaluated
the changes in the crystal size of Ir and ATO before and after the
PEMWE operation. The initial catalyst presents a DATO of 18 nm

(�3 nm) and DIr of 3 nm (�1 nm). The operated catalyst has a DATO

of 12 nm (�3 nm) and DIr phase of 2 nm (�1 nm). Therefore, the size
of ATO crystals is decreasing, while for the Ir phase, it remains similar.
However, this interpretation must be treated with great caution, since
the operated catalyst XRD was measured on a catalyst-coated mem-
brane; it is important to note that reflections corresponding to metallic
Pt, originating from the cathode side, occur at diffraction angles very
similar to those of metallic Ir (see lower part of Figure 7). In addition,
broad reflections corresponding to carbon (from ionomer and mem-
brane) can be observed in the operated catalyst. Furthermore, the char-
acteristic low-index reflections of IrO2 (110, 101) overlap with those
of ATO, making it challenging to draw a definitive conclusion about
the state of Ir nanoparticles based solely on the XRD data.

To further probe the differences found in the ATO support and the
Ir phase between the initial powder catalyst and the operated one in
terms of size, morphology, distribution, and composition, we per-
formed transition electron microscopy (TEM). Figure 8a shows that the
powder catalyst is composed of ATO with an average size of 23 nm
(�11 nm) and metallic Ir averaging 1.8 nm (�0.5 nm). The crystalline
nature of ATO is evident from its distinct lattice planes and its SAED, as
shown in Figure 8b. Furthermore, the high-resolution images
(Figure 8c,d) show that the small Ir nanoparticles are crystalline in
nature rather than amorphous, displaying well-defined crystallographic
planes that likely correspond to metallic Ir, with interplanar distances of
2.2 Å, which corresponds to the (111) crystal plane of Ir in the Fm3m
space group. The powder catalyst exhibits a typical morphology of a
bunch of grapes of the Ir nanoparticles aggregated on the surface of the
larger ATO particles. Elemental composition determined by EDX shows
that the smaller nanoparticles are solely composed of Ir, while the larger

Figure 6. Atomic force microscopy measurement for topography, TUNA current, and Derjaguin-Muller-Toporov (DMT) modulus of pristine (a, b, c) and
operated (d, e, f) anode catalyst layer.
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ATO particles have the stoichiometry of Sb0.10�0.03Sn0.90�0.03Ox. After
the PEMWE operation, TEM images (Figure 8e) reveal noticeable mor-
phological changes in the operated catalyst. The average size of ATO
has decreased from 23 nm (�11 nm) to 14 nm (�9 nm). In contrast,
the Ir particle size remains similar to the initial powder sample at
1.7 nm (�0.4 nm). Also, the particles show a crystalline structure even
after prolonged operation (Figure 8f–h). The crystalline phases have
interplanar distances again close to 2.2 Å, which may be ascribed to
(111) crystal planes of metallic Ir; but are also close to (011) and
(002) of IrOOH at around 2.3 Å, and (111) of IrO2 at 2.2 Å. In addi-
tion, we also observed an interplanar spacing of approximately 3.3 Å at
regions where both nanoparticles and larger crystals coexist. This dis-
tance could correspond to the (110) planes of IrO2 (3.2 Å), but it is
also consistent with the (110) planes of ATO (3.4 Å), which is the
most frequently observed spacing in ATO (Figure 8f). Therefore, for
better clarity about the nature of the Ir species, XPS and XAS studies are
also performed. TEM also shows that the migration and agglomeration
of Ir nanoparticles are inhibited on the surface of ATO particles, which
is an indication of a strong metal-support interaction (SMSI). Notably,
the operated catalyst shows Ir particles embedded in a matrix

(Figure 8g), possibly a carbon-containing layer derived from the iono-
mer that could facilitate better dispersion of the Ir nanoparticles
throughout the catalyst layer. Siracussano et al.[52] have observed a sim-
ilar phenomenon in operated catalyst morphology and attribute such
dispersion to oxygen evolution within particle agglomerates or iono-
mer infiltration. EDX analysis of the operated catalyst indicates a
decrease in Sb content from 10wt.% to 4wt.%, showing the leaching
of Sb during PEMWE operation. Our results are in good agreement
with the previous studies carried out with a similar catalyst in a half-
cell, in which Sb2O5 dissolution was proposed at anodic potential
exceeding 1.1 VRHE.

[36] and cycling between 0.4 and 1.0 VRHE.
[53] We

also have observed a significant reduction in the size of ATO. This
might be due to the operation of PEMWE at an iR-free cell voltage of
1.55 V for extended periods, which is well above the potentials of 1.45
VRHE required for electrochemical dissolution of SnO2 determined in
half-cell studies. Although the dissolution of Sb and Sn oxides does not
immediately result in catastrophic PEMWE performance loss in our
experiments, over extended operation, it can lead to the gradual detach-
ment of Ir particles from the support, reducing the amount of active Ir
available for catalysis. Identifying this early sign of support instability is
crucial for understanding the long-term durability of the catalyst.

Moreover, the surface nature of the Ir was analyzed by X-ray photo-
electron spectroscopy (XPS), as shown in Figure 9. The evolution of
the Ir oxidation state was assessed by comparing the deconvoluted 4f
spectra of powder and operated anode catalysts. The spectra were
deconvoluted using a Shirley background and asymmetric line shapes
for the Ir 4f region. The XPS spectrum of the powder catalyst
(Figure 9a) reveals a characteristic Ir 4f doublet with the Ir 4f7/2 peak
centered at 60.37 eV and a spin-orbit splitting of approximately 3 eV.
This binding energy (BE) corresponds to metallic Ir (Ir0) species.[54,55]

Along with the main 4f peaks, some studies report the presence of
smaller peaks at lower binding energies, ascribed to surface core level
shifts.[55] However, this peak is not usually observed when using con-
ventional laboratory sources.[54]

The BE of the operated sample (Figure 9b) showed a significant shift
of the Ir 4f doublet to higher binding energies. The Ir 4f7/2 peak is cen-
tered at 62.29 eV, accompanied by two low-intensity satellite peaks
approximately at 1 eV higher binding energies than the primary 4f7/2
and 4f5/2 peaks. This increase in BE suggests a transition from metallic
Ir (Ir0) to higher oxidation states, with the surface being dominated by
hydrous Ir oxide species such as hydrated IrO2 or hydrous IrOx species
present in the +3 oxidation state[52,56,57] These findings highlight the
surface transformation of Ir during operation, where the pristine metal-
lic state (Ir0) of the powder catalyst transitions to oxidized forms
(IrOx�OHy) in the operated catalyst layer.

To better study the nature of the Ir species after operation, an XAS
study was performed to probe the Ir L3-edge of the catalyst. Spectra
were collected at the CLAESS beamline of ALBA synchrotron using a Si
311 double crystal monochromator operating in continuous mode.
The collimating mirror with Rh coating was used to attenuate the high-
est harmonics. The beam size of 200 × 300 μm (H × V) was used. All
spectra were collected in transmission mode. The XANES region in the
powder catalyst has spectral features present as in the metallic Ir, but
with a more intense white line (Figure 10a). The operated catalyst is
similar to IrO2, but also has a more intense first peak. This effect can be
attributed to changes in the unoccupied 5d states caused by strong
metal-support interactions, making the electronic structure different
from that of bulk Ir standards. The FT-EXAFS (Figure 10b) shows the
presence of an Ir-Ir peak around 2 Å for the initial powder sample.

Figure 7. Rietveld refinement of the crystal structures using X-ray diffraction
patterns of the powder catalyst and the operated catalyst. The calculated X-
ray patterns of the most relevant phases are shown in the lower panel.
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Surprisingly, the operated catalyst does not con-
tain a distinguishable peak related to the Ir-Ir
metal bond, while the Ir-O peak appears at
around 1.5 Å. That indicates that the operated
catalyst is not metallic Ir but has an oxidized
phase of Ir, probably related to IrOx�OHy. Con-
sistently, complementary XAS measurements at
the Pt L3-edge revealed that Pt remains metallic
after operation (Figure S14b, Supporting Infor-
mation), whereas Ir undergoes oxidation. This
indicates that the broad fcc-type reflections in
XRD measurements originate from Pt particles
only, while Ir exists as oxide clusters. It should
be noted that in both samples, the interatomic
distance (Ir-Ir on the powder sample and Ir-O
in the operated one) is slightly contracted.
Quantitative analysis of EXAFS spectra is limited
due to the presence of Pt in the operated
catalyst-coated membrane (CCM), which sig-
nificantly shortened the signal in k space.

3. Conclusion

This study provides an in-depth investigation
into the degradation phenomena of low-loaded
Ir/ATO-based anodes in PEMWE operated
under realistic conditions. Despite operating at
high current densities and extended durations,
no continuous Ir band formation was
observed within the membrane, unlike unsup-
ported Ir catalysts that show extensive Ir
migration.[46,49,58] This indicates suppressed Ir
dissolution and redeposition, although smaller
localized Ir migration and redeposition cannot
be entirely excluded. Morphological analyses
(SEM, TEM) further confirmed the preservation

Figure 8. Transition electron microscopy (TEM) micrograph of powder catalyst (a–d). TEM and high-resolution transition electron microscopy (HRTEM)
micrographs of the operated anode catalyst scratched from the anode catalyst layer (e–h).

Figure 9. X-ray photoelectron spectroscopy (XPS) spectrum showing the Ir 4f region of a) the powder
catalyst and b) the operated catalyst from the anode catalyst layer.

Figure 10. Ir L3-edge XANES spectra (a) and respective FT-EXAFS (b) of powder catalyst (solid red),
operated catalyst (solid blue), IrO2 (dashed green), and Ir black (dashed brown) standards.
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of Ir-based nanoparticle size (�1.7–1.8 nm), indicating that ATO
anchors Ir nanoparticles effectively and prevents their bulk agglomera-
tion, electrochemical dissolution, and transport. In agreement with the
trends reported by Oh et al.,[29] the observed stabilization behavior
may suggest the presence of SMSI between Ir and ATO. This is further
corroborated by our XAS analysis, where the intensified white line in
the pristine catalyst and the evolution toward dominant Ir–O coordina-
tion upon operation both point to SMSI influencing the electronic struc-
ture of Ir in contact with ATO. Though oxidized, Ir nanoparticles
retained their size, while partial ATO degradation was evident. The
observed leaching of Sb and Sn suggests that, despite ATO effectively
inhibiting Ir dissolution, it exhibits chemical instability under OER con-
ditions. Dissolution of support should be viewed as an early symptom
that the long-term catalytic durability may be compromised by changes
in the surrounding matrix. Interestingly, despite Ir-based nanoparticle
size stability, an increase in activation overpotential was observed in the
iR-free polarization curves. This reduction in electrochemical perfor-
mance is attributed to the ionomer degradation at the ACL/PTL inter-
face (confirmed by AFM studies), which limits proton access to active
Ir sites, leaving them catalytically unutilized. SEM and AFM analyses fur-
ther revealed morphological restructuring at the ACL/PTL interface,
indicating a shift toward larger pores. This structural reorganization
likely reduces the effective catalytic surface area, further contributing to
performance degradation in OER kinetics-limited regions.

These insights offer a foundation for designing next-generation
anodes that combine ultra-low-Ir content with structurally resilient
interfaces, accelerating the path toward economically viable green
hydrogen production.

4. Experimental Section

Catalyst preparation: The deposition of Ir onto the as-received ATO
(NanoArc®, Thermo Fisher) was achieved based on a previously established wet
chemical synthesis method (Figure 11).[59] Initially, 1.17 g of IrCl3�xH2O was dis-
solved in 350mL of absolute ethanol (Merck Millipore®) to form a precursor
solution. In parallel, 715 mg of as-received ATO powder was dispersed in an equal
volume of absolute ethanol, ensuring homogeneity through ultrasonication. These
two solutions were then combined, and 13.8 g of cetyltrimethylammonium bro-
mide (CTAB, VWR Chemicals) was added to optimize and control Ir size at the
nanometer scale. The reduction solution was prepared by dissolving 7.18 g of

NaBH4 (VWR Chemicals) in 120mL of absolute etha-
nol. The reduction process was initiated by introducing
a reduction solution dropwise under a nitrogen (N2)
atmosphere, with continuous stirring to promote uni-
form reduction. The reaction mixture was allowed to
stir overnight, ensuring full reduction of the Ir precur-
sor. Following the reaction, the catalyst was extensively
rinsed with ultrapure water and ethanol to remove
any residual byproducts. The resultant Ir/ATO catalyst
was dried in an oven at 60 °C for 12 h, then ground to
a fine powder for further electrochemical testing.

Physicochemical characterization: SEM measure-
ments were performed using a JEOL field emission
microscope (JSM-7200F) equipped with a Schottky
Emitter. Samples measuring approximately
0.5× 0.5 cm2 were extracted from the CCM using a
razor blade for both pre- and post-operation measure-
ments. Each sample was fixed to the SEM sample
holder with double-sided carbon tape to ensure stable
positioning during imaging. A working distance of
10mm and 5 or 15 kV accelerating voltage were used

for the measurements. To explore the inner parts of the sample’s cleavage, liquid
N2 was used. The samples were kept for at least 5min in liquid N2 and cleaved
directly in liquid N2. The cleaved samples were observed with 5 kV accelerating
voltage using an E-T secondary electron detector. EDX was performed with a Bru-
ker Quantax detector using 5 and 15 kV accelerating voltage when needed for
the detection of the elements. The powder samples were analyzed with a Zeiss
crossbeam 350 FE-SEM using E-T secondary electron and energy-selective back-
scattered detectors.

AFM measurements were performed with Icon XR AFM (Bruker Nano Sur-
faces Inc., Karlsruhe, Baden-Württemberg, Germany) in PeakForce-TUNA mode
with PPP-NCHPt tips (Nanosensors) using a 1 V bias and in PeakForce QNM
mode using super sharp silicone (SSS-FMR) tips (Nanosensors). Small samples
were attached to 12mm magnetic AFM steel discs with conductive tape, which
was also placed on top of the catalyst layer close to the measurement area. In
addition, DCUB-TUNA (Bruker) V(i) measurements were performed using DDESP
diamond-coated tips.

XRD was used to identify the phases present on each sample. A Bragg–
Brentano reflection geometry with CuKα radiation (λ= 1.5418 Å) was used. To
refine the crystal structures and estimate the size of the coherently diffracting
crystalline domains, we employed the Rietveld method using the FullProf Suite.[60]

The crystal sizes are measured by using the Scherrer equation with the XRD data
(note that this method estimates the size of the coherently diffracting crystalline
domains): D= kλ

βsizecosθ
; where D is the average crystalline domain size, k is the

Scherrer constant (typically ≈ 0.94), λ is the X-ray wavelength, θ is the Bragg dif-
fraction angle, and βsize is the full width at half maximum calculated with the
Rietveld refinement method. Transmission electron microscopy (TEM), high-
resolution electron microscopy (HRTEM), and X-ray energy-dispersive spectra
were obtained using a JEOL 2100 field-emission gun transmission electron micro-
scope, operating at 200 kV, and equipped with a microanalysis system with XEDS
(OXFORD INCA).

XPS were acquired using a SPECS GmbH system equipped with an ultra-high
vacuum system. The setup included a PHOIBOS 150 9MCD energy analyzer and
a non-monochromatic X-ray Mg Kα source (hν= 1253.6 eV, operating at
200W/12 kV), an electron source for charge compensation, a UV photon source,
an ion source, and a sample pretreatment chamber (HPC). The energy regions of
the photoelectrons of interest were scanned at increments of 0.1 eV and a fixed
pass energy of 20 eV. The XPS peaks were fitted using Voigt functions (70%
Gaussian and 30% Lorentzian) and asymmetric lines on the CasaXPS software.

X-ray absorption spectroscopy (XAS) measurements were performed at the
CLÆSS beamline[61] of the ALBA synchrotron. The Ir L-edge XAS spectra were
collected in transmission mode using a Si 311 monochromator. The influence of
the highest harmonics was rejected by the selection of the respective coating on
the collimator mirror. The set of standards was prepared as a pallet and measured
in the transition regime. Several scans were acquired to ensure reproducibility
and a good signal-to-noise ratio. The data were treated with the Demeter[62]

package including calibration and normalization.

Figure 11. Schematics of the synthesis process of Ir/ATO.
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Half-cell electrochemical characterization: CV and LSV measurements of
the Ir/ATO catalyst powder were performed in a conventional three-electrode
electrochemical cell using a RDE configuration (RRDE-3A, BAS Inc., Japan) with
an interface 5000E potentiostat/galvanostat (GAMRY instruments). The measure-
ments were conducted at ambient temperature in an argon-purged 0.5 M H2SO4

electrolyte. A platinum (or Pt) wire served as the counter electrode, while a
reversible hydrogen electrode (Hydroflex, GASKATEL) acted as the reference.
The working electrode consisted of a glassy carbon electrode (0.1256 cm2)
coated with a thin catalyst layer. To prepare the catalyst ink, the catalyst powder
was dispersed in a 1:3 (v/v) solution of 1-propanol (>99.5%, Sigma Aldrich) and
ultrapure water. A 5 wt.% Nafion® D-520 dispersion was added to achieve an
ionomer-to-catalyst ratio of 0.2, and the resulting mixture was sonicated for
30min in an ultrasonic bath (RK 510, BANDELIN electronic GmbH & Co. KG)
to ensure thorough homogenization. This ink was then pipetted onto the glassy
carbon electrode and dried under the stream of N2 to achieve an Ir loading of
7.7 μgIr.

The CV measurements were performed by cycling the potential between
0.05 and 1.45 VRHE for 10 cycles at a scan rate of 50 mV s�1, with the elec-
trode rotating at 2500 rpm. For OER catalytic performance, 5 LSV measure-
ments were conducted by sweeping the potential from 1.2 to 1.7 VRHE. In
situ ohmic resistance corrections were performed for all CV and LSV measure-
ments using the potentiostat software to ensure accurate evaluation. Com-
mercial Ir black (Umicore AG & Co. KG) served as the benchmark catalyst
for performance comparison.

Catalyst-coated membrane (CCM) preparation: A conventional three-layer
CCM was prepared, achieving an Ir loading of 0.2 mgIr cm

�2. The ACL was fabri-
cated using a precision spray-coating system (ExactaCoat, Sono-Tek), with the
catalytic dispersions formulated by mixing catalyst powder in a blend of Nafion®

ionomer (D1021, Ion Power Inc.), deionized (DI) water, and n-propanol (Merck),
cooled in an ice bath, followed by homogenizing with an ultrasonic horn for
30min. This carefully prepared dispersion was then sprayed onto a Nafion® 117.
The membrane was fixed on a heated vacuum plate (90 °C) and immersed in
ultrapure water afterwards.

In contrast, the cathode layer was applied using a doctor-blade method (Coat-
master 510, Erichsen GmbH & Co. KG). The cathodic catalyst dispersion com-
prises mixing 60% Pt/C (FC Catalyst), Nafion® ionomer (LQ1115, Ion Power Inc.),
DI water, and 2-butanol (Merck). This mixture underwent high shear blending
(Ultra-Turrax, IKA) and subsequent ultrasonic homogenization (Sonopuls
HD3400, Bandelin) to ensure a fine and consistent particle distribution. The final
cathode layer was adjusted to a catalyst loading of 0.8 mgPt cm

�2. In terms of
composition, the cathode catalyst layer contained 20 wt.% Nafion®, while a
slightly lower Nafion® content of 11 wt.% was selected for the anode. The cath-
ode catalyst layer (active area 17.64 cm2) was carefully aligned and transferred
onto a Nafion® membrane (N117, Chemours) using a hot-pressing procedure.
This process was conducted at a temperature of 130 °C, with a 13 min heat-up
and 3 min pressurization of 1.6 kN cm�2.

PEMWE measurements: The single-cell tests were performed in an in-house-
designed cell and test station[63] with an active cell area of 17.64 cm2 (Ir/ATO)
and 25 cm2 (IrO2) at 80 °C at ambient pressure. Bekipor® ST titanium grade 1
felts with a thickness of 350 μm and 56% porosity from Bekaert (42× 42mm),
with a noble metal (Ir) coating of 0.05 mgIr cm

�2 on either facet[64] were used as
the anodic PTL. TGP-H 120 Toray paper with a thickness of 350 μm was used as
the cathodic PTL. The break-in procedure for the PEMWE can be found in the
literature.[63] AC impedance measurements were performed between 100 mHz
and 10 kHz using a current perturbation between �5% of cell current. EIS mea-
surements were performed at every voltage step at 0, 250, and 500 h. The HFR
was determined from the high-frequency intercept of the Nyquist plot with the
real axis.
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[40] R. H. Schröder, N. Schmitz-Pranghe, R. Kohlhaas, Int. J. Mater. Res.

2021, DOI: 10.1515/ijmr-1972-630103.
[41] A. Marshall, B. Børresen, G. Hagen, S. Sunde, M. Tsypkin, R. Tunold,

Russ. J. Electrochem. 2006, 42, 1134.
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Interface Anal. 2016, 48, 261.

[56] N. Danilovic, R. Subbaraman, K. C. Chang, S. H. Chang, Y. J. Kang, J.
Snyder, A. P. Paulikas, D. Strmcnik, Y. T. Kim, D. Myers, V. R. Stamen-
kovic, N. M. Markovic, J. Phys. Chem. Lett. 2014, 5, 2474.

[57] S. Geiger, O. Kasian, B. R. Shrestha, A. M. Mingers, K. J. J. Mayrhofer, S.
Cherevko, J. Electrochem. Soc. 2016, 163, F3132.
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