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ABSTRACT: Lowering the iridium content in the anodic catalyst
layer remains one of the main challenges for proton exchange
membrane water electrolysis (PEM-WE), as it can cause
discontinuous catalyst layers and increased overpotentials. In this
work, we managed to reproducibly cast anodic catalyst layers with
a loading as low as 22 μgIr/cm2 by introducing electrospun
antimony-doped tin oxide (ATO) nanofibers along the IrOx
nanoparticles. In addition to a facilitated fabrication route for low-
loaded catalyst layers via casting, electrolyzer cells with these ATO-
supported catalyst layers reached a loading-normalized current of
454 A/mgIr at their maximum operating point, which is almost four
times higher than the reference cells (120 A/mgIr) with a loading
of 100 μgIr/cm2.
KEYWORDS: PEM water electrolysis, ATO, nanofibers, electrospinning, ultralow loading, decal transfer, oxygen evolution reaction,
catalyst-coated membranes

■ INTRODUCTION
Proton exchange membrane water electrolysis (PEM-WE)
remains one of the most viable solutions for the mass
production of green hydrogen, serving as an energy carrier and
green chemical feedstock for steel, fertilizer and glass
industries. Its fast response times to grid fluctuations and
high efficiency at higher current densities make PEM-WE a
promising solution for the intermittent supply from renewable
energy sources like wind and solar.1,2

Iridium-based catalysts are most commonly used for the
anodic catalyst layer (CL) due to their high activity toward the
oxygen evolution reaction (OER) and chemical stability3−5

under the harsh conditions present within the CL, such as high
potentials, saturated oxygen atmosphere and low pH.6−8

However, the scarcity of iridium remains a major bottleneck
for the mass production of PEM-WE stacks, given its limited
annual production of approximately 7 tons.9 Therefore, the
reduction of iridium content in the CL remains one of the
main challenges for the mass commercialization of PEM-based
water electrolyzers. Simply reducing the iridium loading below
0.5 mgIr/cm2 results in increased cell voltages, negatively
affecting performance.10 This has been mainly attributed to a
decrease in the CL’s electrical in-plane conductivity,11,12 which
leads to a loss of active sites and a rise in cell voltages. To
address these limitations, researchers have explored various

strategies to optimize the CL while reducing the iridium
content. One approach involves the use of alternative support
materials for iridium nanoparticles (NPs), such as metal oxides
and carbide-based supports.13

Iridium supports such as carbides (TiC,14−17 TaC,18,19

WC20), nitrates (TiN,20−22 NiN,23,24 FeN23,25) and metal
oxides (TiO2,26,27 NbO2,15,17 SnO2

28) are promising candi-
dates for supports in anodic CLs. Among these, antimony tin
oxide (ATO) has gathered significant attention, due to its high
electrical conductivity and stability under PEMWE condi-
tions.17,29−31 Han et al. studied the suitability of different non-
noble supports for OER catalysts, including TiCN, MoO3 and
ATO. They concluded that ATO presents the best
compromise between conductivity, stability in OER conditions
and activity.32 In a similar vein, Karim et al.17 compared the
mass activities of multiple iridium supports, among them TaC,
TiC, NbC, NbO2, WC and ATO. They concluded that ATO
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presented the highest mass activity, in spite of it being less
electrically conductive than the carbides tested.

Nanofiber supports present a promising alternative to the
above-mentioned support materials in particle form. Electro-
spun nanofibers (NFs) have been widely used across various
fields, including filtration,33,34 biomedical applications,35,36

sensors,37,38 and electrocatalysis.39,40 Their high surface area,
tunable morphology, and ability to incorporate active
materials41,42 make them particularly attractive for electro-
chemical applications. In previous work we demonstrated the
feasibility of using iridium-based NFs, produced via needle
electrospinning, as an interlayer on top of the CL,43

highlighting their potential to enhance PEMWE performance
in low loaded, spray coated CLs.

The beforementioned NF-NP hybrid CL approach, shows
room for improvements in terms of manufacturing of the
catalyst coated membranes (CCMs) and material selection of
the NFs. First, an alternative to the time-consuming and hard
to upscale fabrication route using needle electrospinning and
spray coating is needed. Second, to further gain a significant
loading reduction in a NF-supported CL, it is required to find
non-noble alternatives to IrOx-based NFs.

Regarding upscaling of the CCM fabrication process, decal
transfer would be more time efficient. Commonly a loading of
0.2 mgIr/cm2 is the lowest reported value for decaled
CCMs11,26,44 while for example 0.05 mgIr/cm2 can be reached
via airbrush.45 However, the fabrication of a continuous, low
loaded CL that can be entirely transferred onto the membrane
seems to remain a challenge.

To address both needs, reducing the noble metal loading
and allowing for a scalable CL fabrication route, we herein
present a CL design containing electrospun ATO NFs as a
filling material alongside IrOx nanoparticles. By adding ATO
NFs to the CL, the reproducible production of highly efficient,
Decal transferred CCMs at an ultralow loading of 22 μgIr/cm2

was made possible. By applying these up-scalable fabrication
method, we outline a viable roadmap for seamlessly integrating
these materials into a commercial product.

■ EXPERIMENTAL SECTION

Nanofiber Electrospinning and Synthesis
To produce the electrospinning precursor solution 22.6 mmol of
SnCl2 2H2O (Sigma-Aldrich) and 2.3 mmol SbCl3 (Sigma-Aldrich)
were dissolved in 28.4 mol DMSO (Merck). Afterward, the salt
solution was added to a 20 wt % PVP in DMSO solution and stirred
overnight. The electrospinning process itself was performed via a
Nanospider wire electrospinner from Elmarco.46−48 The electrode
potential was set to 70 kV with an electrode distance of 220 cm and
an average chamber humidity of 20% RH, controlled via a climate
control system (ML180 - Munters).

The electrospinning process is similar to conventional needle
electrospinning, where an electric potential is applied between a
needle and a collecting substrate. The electrospinning solution is then
slowly pumped through the needle and the strong electric field draws
ultrafine nanofibers (100−300 nm in diameter) onto a collecting
substrate, typically a rotating drum.41,49

In the case of wire electrospinning, the precursor solution was
poured into the device’s cartridge shown in Figure 1a, which was
driven back and forth along the bottom wire depositing the solution
onto the wire. A 70 kV potential was applied between the bottom and
top wires, causing the solution to form nanofibers which are
subsequently collected by the slowly rotating collecting cloth placed
between both wires, as illustrated in Figure 1a.

The collecting cloth is slowly driven forward (5 mm/min) to
obtain a homogeneous nanofiber mat. Finally, the nanofiber mat was

separated from the blue collecting cloth as shown in Figure 1b, cut
into equally sized pieces, and calcined with a heating rate of 1 °C/min
up to 600 °C for 3 h, following the method by Chen et al.,50 with an
airflow of 40 l/min in a muffle oven (Nabertherm).
CCM Fabrication
Catalyst inks were prepared by mixing 200 mg of IrOx nanoparticles
(NPs) provided by Pajarito Powder or 175 mg NPs and 25 mg ATO
NFs with 400 mg of D520 Nafion dispersion. This resulted in two
different inks, one consisting of only IrOx NPs (reference) and one of
12.5% ATO NFs and 87.5% IrOx NPs, both with a 9.1 wt % Nafion
content. All inks were mixed with a NP-100 planetary mixer (Thinky
− Japan) in ZrO2 containers with approximately 100 mg of 1 mm
Yttrium stabilized ZrO2 grinding balls. The inks were mixed in a two-
step cycle, first 1500 rpm for 10 min followed by 4 min at 400 rpm.
The cycle was repeated twice.

A 100 μm thick PTFE foil from Böhme-Kunststofftechnik was
placed on an automated casting table (zaa 2300 - Zehnter). Isopropyl
alcohol was applied between the PTFE foil and the glass table to
ensure the foil lays perfectly flat. This facilitated uniform thermal
contact between the PTFE foil and the glass plate, enabling the
casting of very thin and homogeneous layers. A doctor blade with a
fixed gap (BYK) was placed on top of the PTFE foil and moved at a
speed of 40 mm/s by the automated casting table, evenly coating the
PTFE foil. Pt/C inks were casted with a fixed gap of 4 mil and IrOx
inks with 1 mil. The coated PTFE foils were then dried overnight at
room temperature. The CCMs were fabricated by decal transfer of the
IrOx and Pt/C CLs onto a N211 membrane from Ionpower. To this
end, square coupons 49 cm2 in size of the IrOx- and Pt/C-coated
PTFE foils were cut and placed on each side of the membrane. Both
coupons were then pressed onto the membrane in a hot press (P150H
− Vogt Maschinenbau) with a pressure of 520 kPa for 4 min at 150
°C. From this larger CCM, 4 individual square CCMs with an area of
9 cm2 were cut out for individual characterization. The coupons were
weighed before and after decaling to determine the CCM’s anodic
and cathodic loading. To determine the catalyst loading, the PTFE
foils were weighed before and after decal transfer, and the difference
in mass was used to calculate the anodic and cathodic loadings. From
the resulting large-area CCM, four individual CCMs with an active
area of 9 cm2 were then cut out for electrochemical characterization.
Electrochemical Characterization
The fabricated CCMs were assembled into an in-house-developed cell
fixture with an active area of 5 cm2, as described in previous
publications.51 The cell was supplied directly with DI water from the
lab’s supply line, which was preheated in an oil bath to 95 °C, with a
controlled flow rate of 60 mL/min. The system was operated in a
flow-through configuration, meaning the water was not recirculated.
The cell temperature was maintained constant at 80 °C throughout
the measurements.

Figure 1. Scheme of a wire electrospinner detailing its working
principle. A cartridge filled with the electrospinning solution is driven
back and forth along the bottom wire, depositing the solution on it.
The electrical field ( E ) applied between the bottom and top wire
causes the electrospinning solution to form nanofibers. The
nanofibers are caught by the collecting cloth, which is slowly driven
forward at a constanct speed (a). On the blue collecting cloth, a white
nanofiber mat is formed that can be peeled off after the
electrospinning process (b).

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.5c02409
ACS Appl. Energy Mater. 2026, 9, 773−781

774

https://pubs.acs.org/doi/10.1021/acsaem.5c02409?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c02409?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c02409?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c02409?fig=fig1&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.5c02409?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


On the anode side, a 5 cm2 Pt-coated Ti porous transport layer
(250 μm, Currento PTL Ti-56/250 - Bekaert) was placed in a PTFE
gasket (Böhme-Kunststofftechnik) of the same thickness. On the
cathode side, a 5 cm2 Freudenberg H24C5 gas diffusion layer (GDL)
with a microporous layer (MPL), measuring 270 μm in thickness, was
positioned within a 150 μm thick PTFE gasket (Böhme-
Kunststofftechnik). This configuration resulted in a 40% compression
of the GDL, which was previously identified as optimal for this
membrane electrode assembly in an earlier study.51

The electrochemical measurements were performed with a VMP-
300 potentiostat from Biologic. An initial potentiostatic step at 1.2 V
was held for 30 min, to ensure there were no cell short circuits.
Afterward a polarization curve was recorded from 10 mA/cm2

increasing up to 12 A/cm2. Each current density step from 10 up
to 60 mA/cm2 was held for 5 min, while steps above 70 mA/cm2 had
a reduced hold time of 2 min. At each current density step, an
electrochemical impedance spectrum (EIS) was recorded from
10 kHz to 10 Hz. The high frequency resistance (HFR) was
extracted by interpolating the intersection with the x-axis in the high
frequency region of the EIS curve. After completing the final step of
the polarization curve, the cell current was gradually reduced in 1 A/
cm2 increments before a new polarization curve was recorded. This
procedure was repeated 3 times, with the third polarization curve
being used for further analysis.
XPS (X-ray Photoelectron Spectroscopy)
XPS spectra were acquired on a PHI 5000 VersaProbe III X-ray
photoelectron spectrometer, 1D Delay Line Detector, monochromatic
Al Kα radiation at 1486.6 eV, incident angle 45°, spot size 100 μm
diameter). Survey spectra were obtained with a pass energy of 224 eV,
high resolution spectra with 27 eV. The samples were prepared as
powder on conductive carbon tape and the binding energy of the C 1s
signal (adventitious carbon) was used as binding energy reference
(BEC−C = 284.8 eV). The data analysis was done with CasaXPS.52

The line parameters used for data fitting are listed in Table 1.

The semiquantitative analysis was done considering temperature,
mean free pathway and relative sensitivity factors from CasaXPS.
Oxygen resulting from adventitious surface carbon was subtracted
from the total oxygen content.54 The elemental ratios were calculated
from the elemental distribution.
Powder X-ray Diffraction Analysis
Powder X-ray diffraction (PXRD) measurements were performed
using a SmartLab (Rigaku Corporation) diffractometer equipped with
a Cu−Kα radiation source (λ = 1.541874 Å). Diffraction data was
collected over a 2θ range of 10−90° with a step size of 0.01 ° and a
speed of 5° per minute using a HyPix-3000HE pixel 2D array detector
(Rigaku Corporation). The powder samples were prepared on glass
sample holders and rotated at 120 rpm during measurement to
improve averaging.

■ RESULTS AND DISCUSSION

Chemical and Structural Characterization of ATO-NFs
In Figure 2a and b, electrospun ATO nanofibers are shown
before and after calcination. As polyvinylpyrrolidone (PVP) in
the electrospun nanofibers decomposes during the calcination

process and is removed at temperature ranges between 300
and 600 °C, the calcination process was performed at a low
heating rate of 1 °C/min. According to Chen et al.,50 this
ensures slow atomic diffusion and controlled gas release, which
should result in solid ATO nanofibers. After calcination, the
ATO nanofibers exhibit increased roughness, indicating that
they are now composed of smaller ATO nanoparticles
arranged in fibers, visible in Figure 2c. The resulting nanofibers
presented an average thickness of 104 ± 12 nm and
corresponding thickness distribution is shown in Figure 2d.

The chemical states and structural incorporation of
antimony in the ATO nanofibers were examined by X-ray
photoelectron spectroscopy (XPS) and powder X-ray
diffraction (PXRD). The Sn 3d spectrum (Figure 3a) shows
3d5/2 and 3d3/2 components centered at 487.3 and 495.5 eV,
respectively, consistent with the emission energy of Sn (IV) in
SnO2 (486.6−487.1 eV55,56). Antimony was mainly present as
Sb(V), with the Sb 3d5/2 and 3d3/2 peaks at 531.0 and 540.4
eV,55,56 as seen in Figure 3b. Due to overlap of the Sb 3d
region with O 1s, quantification was performed using the Sb
3p1/2 emission, yielding a Sb/(Sn+Sb) surface ratio of 12%,
consistent with the precursor composition and the successful
doping of SnO2 with Sb.

The PXRD pattern of the ATO nanofibers (Figure 3c)
shows only reflections corresponding to the rutile SnO2
structure (COD 1000062). No additional peaks from
crystalline Sb2O3 or Sb2O5 phases are detected within the
approximate 2−3 wt % detection limit of laboratory PXRD. A
small shift of the (110) reflection to lower 2θ (Δ2θ = −0.03°)
is observed compared to the reference pattern of undoped
SnO2, indicating a slight lattice expansion. This shift was
observed for multiple peaks as shown in S1 a-d. This behavior
is consistent with substitutional incorporation of Sb into Sn

Table 1

region background line shape constraints

C 1s Shirley LA(1.53,243) same fwhm
O 1s Shirley GL(30) same fwhm
Sn 3d Shirley GL(30)T(2.4)

SGL(30)
same fwhm, area constrains d-

orbitals DS-Sn3d = 8.41 eV53

Sb 3p
1/2

Shirley LA(1.8,2.4,50)

Sb 3d Shirley LA(1.8,2.4,50) same fwhm, area constrains d-
orbitals DS-Sb3d = 9.38 eV53

Figure 2. SEM images of electrospun ATO nanofibers before (a) and
after calcination (b, c). During this process, the PVP used as template
for the nanofibers is removed allowing for the Sn and Sb salts to form
ATO nanofibers. The increased roughness of the calcined ATO
nanofibers indicates they are composed of smaller crystallites arranged
in a nanofiber structure, as shown in panel (c). Histogram presenting
the average nanofiber thickness of 104 ± 12 nm (d).
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sites, accompanied by charge compensating oxygen vacancies
that expand the rutile lattice, as reported in previous studies of
Sb-doped SnO2.57 Together, the spectroscopic and diffraction

results confirm the successful formation of antimony-doped tin
oxide (ATO), with Sb incorporated as Sb(V) into the rutile
SnO2 lattice. No evidence of metallic Sb or lower-valent oxides
was observed.

BSE imaging provides further insight into the structure of
catalyst layers using the ATO nanofibers. The top-view image
in Figure 4a shows a localized distribution of the IrOx

nanoparticles and ATO nanofibers within the catalyst layer,
with the former producing a much brighter signal than the
latter. The corresponding cross-section (Figure 4b) confirms
that, even at the ultralow loading of 22 μgIr/cm2, the ATO-
supported catalyst layer forms a largely continuous film on the
membrane with an estimated thickness of around 4 μm. For
comparison, a catalyst layer prepared without ATO nanofibers
at a higher loading of 61 μgIr/cm2 appears patchy and lacks a
continuous IrOx film (Figure 4c). This direct comparison
highlights the role of the ATO nanofibers in maintaining a
continuous CL at low loadings by linking regions that would
otherwise remain isolated, as illustrated in the schematic in
Figure 4d.

To complement these SEM observations, EDX top-view
maps of a pristine anodic catalyst layer are provided in the
Supporting Information(S2). The Ir map (S2a) shows the
same localized distribution of IrOx nanoparticles as observed
in the BSE contrast in Figure 4b, while the Sb and Sn maps
(S2b) confirm the homogeneous presence of the ATO
nanofibers. The corresponding EDX spectrum is also included
(S 2d). These structural features are closely connected to the

Figure 3. XPS detail spectra of the Sn 3d (a) and Sb 3d (b)
components indicate a predominant presence of Sn (IV) and Sb (V)
in the ATO NFs. PXRD pattern of the synthesized ATO NFs
compared with the reference rutile SnO2 (c). All peaks correspond to
the tetragonal SnO2 phase.

Figure 4. BSE image of an ATO-supported catalyst layer showing the
localized distribution of IrOx nanoparticles on the ATO nanofibers
(a). Cross-section obtained via ion milling illustrating that the ATO-
supported catalyst layer forms a largely continuous film on the
membrane with an estimated thickness of 4 μm (b). Top-view SEM
image of an IrOx catalyst layer without ATO NFs, decaled onto a
N211 membrane and with a loading of 61 μgIr/cm2, showing
discontinuous nanoparticle islands (c). Schematic of the ATO-
supported catalyst layer highlighting the role of the nanofibers in
establishing conductive pathways between IrOx nanoparticles and the
PTL (d).
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electrochemical behavior discussed in the following section,
particularly with respect to in-plane conductivity, electrical
connectivity to the PTL, and the resulting Ir utilization.
Performance of Ultralow-Loaded ATO-NF-Supported CLs

NP-only inks were developed, in an attempt to reach the
lowest possible Ir-loading in the anodic CL. The lowest
reproducible loading we could achieve through casting and
decaling was 100 μgIr/cm2, a considerably lower loading than
the state of the art of 2.0 mgIr/cm29 and even below most
scientific studies on low loading.11,26,44,45 Further reduction of
the NP loading lead to CLs with inhomogeneous coverage, as
seen in Figure 4c, resulting in uneven loading distribution
across the active area. In order to reduce the loading below 100
μgIr/cm2, while maintaining a continuous CL thickness, we
introduced ATO NFs into the CL as a filling material. This
allowed us to reduce the CL loading down to 22 μgIr/cm2,
which is 4.5 times lower than the pure NP reference and 2
orders of magnitude lower than conventional anodic CLs.

To evaluate whether the addition of ATO-NFs not only
enables the fabrication of ultralow loaded, decal transferred
CLs, but also affects the electrochemical performance of the
cells, the electrochemical performance was evaluated. Specif-
ically, the averaged polarization curves of three CCMs, the
corresponding HFR and Tafel plots (Figure 5 a, b and c
respectively) were analyzed.

Expectedly, the pure IrOx CL with the higher Ir-loading of
100 μg/cm2 presents an averaged lower cell voltage of 2.09 V
at 12 A/cm2 compared to the CL containing ATO NFs at a
loading of 22 μg/cm2 with an average cell voltage of 2.31 V at
12 A/cm2 (Figure 5a). It should be noted that these cell
voltages are extremely low, considering the high current
densities applied to the cell alongside the ultralow loadings.
One reason for the higher cell voltage of the CL containing
ATO-NFs is the higher HFR compared to the pure IrOx CL
(Figure 5b). We attribute this to interfacial effects between the
CL and the PTL: although the in-plane conductivity of the
ATO-supported CL is higher (Figure 6a), the reduced fraction
of IrOx particles in direct contact with the PTL could increase
the CL−PTL contact resistance. Representative Nyquist plots
for both catalyst layers are provided in the Supporting
Information (S3) and show a larger real-axis intercept from
the ATO-supported CL, confirming the higher HFR values
shown in Figure 5b. The Nyquist plots also exhibit the
emergence of a second semicircle at intermediate frequencies
for the ATO-supported CL. This feature is usually attributed
to a rise in mass-transport-related resistances.58−60

To further quantify these differences, an overpotential
breakdown was performed.11 At 2 A/cm2, the ATO-supported
CL exhibits higher kinetic overpotential (0.447 V vs 0.390 V),
higher ohmic overpotential (0.082 V vs 0.070 V), and a larger
mass-transport overpotentials (0.059 V vs 0.030 V) compared
to the IrOx reference CL, with a similar trend observed at
higher current densities. These results confirm that the voltage
penalty of the ATO-supported CL originates from combined
kinetic and interfacial contributions, consistent with the
increased HFR and the reduced number of electrochemically
accessible sites at ultralow Ir loadings.

The Tafel slopes shown in Figure 5c were calculated by
plotting the iR corrected cell voltage against the logarithmic
current density and applying a linear fit between 20−100 mA/
cm2. For CLs containing only IrOx NPs, we observed a Tafel
slope of 50 mV/dec which aligns with literature values of 47−

53 mV/dec,11,44 albeit at considerably higher loadings of
between 1.2 and 1.6 mgIr/cm2. In contrast, the ATO samples
exhibited a Tafel slope of 64 mV/dec at a loading of
22 μgIr/cm2. A comparable slope was reported by Bernt et al.11

for a CL with a loading of 200 μgIr/cm2, indicating that the
apparent increase in Tafel slope could be attributed to a loss of
electrical in-plane conductivity. The suggested explanation was
that at very low loadings, the effective electron pathway
separating an active site from the rest of the cell increased
considerably, leading to an apparent increase in the Tafel slope.
It was also noted that in low loaded CLs, some sections remain
electrically isolated from the PTL leading to a further loss of
potential active sites. However, since the ATO-containing CLs
in our study exhibit a higher in-plane conductivity compared to
the pure IrOx NPs, as shown in Figure 6a, this cannot account
for the increase in the Tafel slope. Rogler et al.44 suggested that
for ultralow loaded CLs, mass transport-related losses might
not be negligible even at low current densities, contributing to
an apparent rise of the Tafel slope. Considering the drastic
reduction in loading and therefore in available active sites, a
contribution of mass transport losses is very likely.

If we compare a common operating voltage of 1.8 V between
both cells, the 22 μgIr/cm2 loaded cells containing ATO NFs
reach a current density of 3 A/cm2, while the pure IrOx NP

Figure 5. Averaged polarization curves of three identical ATO
supported CLs and IrOx NPs each, with loadings of 22 μgir/cm2 and
100 μgIr/cm2 respectively. The corresponding iR-corrected cell
voltages are shown in dotted lines (a). The high frequency resistance
(HFR), determined via electrochemical impedance spectroscopy as a
function of current density, presents an approximate increase of 6 mΩ
cm2 for ATO supported CLs. This is likely caused by an increase in
contact resistance between the CL and the PTL (b). A linear fit
between 20 and 100 mA/cm2 of the iR corrected cell voltages show an
increase in the Tafel slope in the ATO containing samples (c). All
CLs were decaled onto N211 membranes and measured in a flow-
through configuration at a temperature of 80 °C.
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references at an Ir-loading of 100 μg/cm2 reach 4 A/cm2. This
means, with only 22% of the overall Ir-loading, the ATO
samples reach 75% of the reference’s performance. Looking at
the highest comparable overall cell voltage of 2.09 V, the ATO
NF supported CLs show a 66% higher current density
compared to the reference cell.

To further understand this relation the cell voltage was
plotted against the loading normalized current in Figure 6b, i.e.
the current density divided by the corresponding loading. In
this analysis we observe that the ATO supported CLs achieve a
much higher loading normalized current at similar cell voltages.
For instance, at a cell voltage of 2.09 V, the IrOx NP reference
shows a loading normalized current of 120 A/mgIr. On the
other hand, the ATO samples show a three times higher
loading normalized current of 363 A/mgIr. This indicates that
the Ir particles in the ATO-containing CLs are more efficiently
utilized than the Ir in the pure IrOx based reference cells,
producing about three times the amount of O2 per Ir atom. At
its highest operating point, the ATO cell produces 545 A/mgIr,
4.5 times more than the reference cell at its highest operating
point. This shows that ATO NFs as a filling material not only
allow for a scalable fabrication route for ultralow loaded IrOx
particle-based CLs by casting and decal transfer, but in
addition show the potential to increase their electrochemical
efficiency. However, as discussed for the overall cell perform-
ance, the need for further optimization is clear. For instance, by
increasing the electrical conductivity of the ATO NFs, which
could help reduce the contact resistance between the CL and
Ti-PTL and therefore reduce the HFR.

To assess the long-term stability of the catalyst layers, a
constant-current test at 2 A/cm2 was performed for 500 h for
both the IrOx particle-based CL and the ATO NF-based CL,
as shown in Figure 6c. During the test, three polarization
curves were recorded�at the beginning, after 250 h, and at the
end of the experiment�to monitor the evolution of the cell
performance. The IrOx particle-based CL maintained a stable
voltage throughout the test, while the ATO NF-based CL
initially exhibited a gradual voltage increase during the first
250 h, followed by a period of stabilization for the rest of the
experiment. A brief current interruption occurred after
approximately 350 h due to a temporary laboratory power
outage; measurements were resumed immediately afterwards
without any apparent influence on the overall performance
trend. This comparison highlights that, although the ATO NF-
based CL shows worse long-term stability than the IrOx
particle-based CL, it reaches a steady-state behavior under
continuous operation, providing an insight into the degrada-
tion and stabilization of the ATO-supported CL. The
polarization curves measured at the beginning, middle and
end of the 500 h test (S4) confirm the behavior observed in
Figure 6c, namely a considerable rise in cell voltage and Tafel
slope for the ATO-supported CL, while the reference CL
remains relatively stable over the test.

■ CONCLUSIONS
Usual fabrication methods for ultralow loaded CCMs include
air brush and reach usually loadings in the range of 50 μgIr/
cm2. In this work PEM water electrolysis CCMs with an
ultralow loading of 22 μgIr/cm2 were fabricated via industrially
scalable methods, namely casting and decaling. This was
enabled thanks to the use of ATO NFs as a filling material in
the CL. We also present a scalable method to produce said
ATO NFs by wire electrospinning. Three individual CCMs

Figure 6. Ex situ sheet-resistance measurements of the catalyst layers,
showing that the ATO-supported CL exhibits a substantially lower
sheet resistance with 9.4 kΩ/sq compared to 22.5 kΩ/sq in the pure
IrOx NP layer (a). Cell voltage as a function of loading-normalized
current, showing lower voltages for the ATO NF-based CLs
compared to pure IrOx particle-based CLs, indicating more efficient
Ir utilization (b). Chronopotentiometric stability test at 2 A cm−2 for
500 h. The IrOx particle-based CL remained stable, while the ATO
NF-based CL showed an initial voltage increase up to ∼ 240 h,
followed by stable operation. A brief current interruption after ∼350 h
resulted from a temporary power outage (c).
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were electrochemically characterized and compared to pure
IrOx NPs CCMs with a loading of 100 μgIr/cm2 up to current
densities of 12 A/cm2. The cells containing ATO NFs with a
22 μgIr/cm2 loading presented a current density of 3 A/cm2 at
1.8 V compared to 5 A/cm2 from the IrOx NPs cells with 100
μgIr/cm2 loading at the same voltage. It was noted that at this
operating point a reduction in loading of 78% only lead to a
reduction in cell performance of 25%. To better understand
this relation, the cell voltage was plotted as a function of the
loading normalized current, i.e. current density divided by cell
loading. This analysis showed that at the highest operating
point, i.e. 12 A/cm2, the ATO-containing cells reach a loading
normalized current density of 545 A/mgIr, compared to 120 A/
mgIr from the reference cells. This result suggests that Ir-
particles in ATO containing cells reach are better utilized,
producing approximately 3 times the amount of oxygen per Ir-
atom.
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