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Abstract: Proton-exchange-membrane (PEM) electrolyzers represent a promising technology for
sustainable hydrogen production, owing to their efficiency and load flexibility. However, the acidic
nature of PEM demands the use of platinum-group metal-electrocatalysts. Apart from the associated
high capital costs, the scarcity of Ir hinders the large-scale implementation of the technology. Since
low-cost replacements for Ir are not available at present, there is an urgent need to engineer catalyst-
coated membranes (CCMs) with homogeneous catalyst layers at low Ir loadings. Efforts to realize this
mainly rely on the development of advanced Ir nanostructures with maximized dispersion via wet
chemistry routes. This study demonstrates the potential of an alternative vapor-based process, based
on spark ablation and impaction, to fabricate efficient and durable Ir- and Pt-coated membranes. Our
results indicate that spark-ablation CCMs can reduce the Ir demand by up to five times compared to
commercial CCMs, without a compromise in activity. The durability of spark-ablation CCMs has
been investigated by applying constant and dynamic load profiles for 150 h, indicating different
degradation mechanisms for each case without major pitfalls. At constant load, an initial degradation
in performance was observed during the first 30 h, but a stable degradation rate of 0.05 mV h~! was
sustained during the rest of the test. The present results, together with manufacturing aspects related
to simplicity, costs and environmental footprint, suggest the high potential of spark ablation having
practical applications in CCM manufacturing.

Keywords: PEM water electrolysis; catalyst-coated membranes; spark ablation; nanoparticle printing;
Ir utilization; Nafion

1. Introduction

It is widely accepted that hydrogen can offer a solution in the transition towards a low-
carbon economy [1]. In the emerging hydrogen market, water electrolysis is expected to play
a pivotal role, as it can tackle the intermittency of renewable electricity and produce large
amounts of green hydrogen [2]. Various water electrolysis technologies are available, each
with its own operational characteristics and advantages [3]. Among them, proton exchange
membrane (PEM) electrolysis holds promise due to its efficiency, load flexibility, compact
design and potential dynamic operation [4,5]. However, the acidic environment provided
by the polymeric proton-conducting membrane creates a harsh operating environment,
which entails the use of scarce and expensive noble metal catalysts. In general, state-of-the-
art PEM electrolyzers rely on Pt-based cathodes and Ir-based anodes [6]. These rare metals
represent 38% of the cost of the catalyst-coated membrane (CCM), which is the core of the
stack [7].
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Recently, significant progress has been made in lowering the Pt-dependence of PEM
electrolyzers. According to the literature, a sufficiently high performance can be sustained
either by implementing alternative electrocatalysts that are free of noble metals (e.g., Mo-
based [8-11], Ag [12], CoP [13,14], FeP [14,15], and NiP; [16]), or by decreasing the Pt
loadings by a factor of ten [17]. In contrast, success stories in reducing the Ir-dependence of
PEM electrolysis are lacking [18]. Only a few alternative materials have been proposed as
acid-stable and low-cost oxygen evolution electrocatalysts [19-22], but their performance
in realistic operating environments has not been demonstrated to date [23].

As Ir is one of the rarest elements on earth, the Ir-dependence is considered the grand
challenge in PEM water electrolysis and can be a serious bottleneck in future applications
of the technology. Based on a recent study [24], the up-scaling of current PEM electrolyzers
(with state-of-the-art Ir loadings of 1-3 mg cm~2) at a rate of 5 GW per annum would
require more than 3 t Ir per annum, which is more than half of the estimated global annual
mining production. It is apparent that the realization of GW-scale PEM electrolysis requires
both a >10-fold improvement in Ir utilization and the application of efficient Ir recycling
processes with at least a 90% recycling rate.

Efforts to design advanced electrodes with enhanced Ir utilization have primarily
focused on the development of highly structured catalysts via wet chemical routes [6].
Typical approaches to realize this focus on maximizing the Ir dispersion using high surface-
area supports (e.g., doped or undoped TiO; [6,25-27], TiC [28,29], TaC [29], ITO [30]) and
using alternative catalyst nanostructures [31-39]. Hegge et al. [32] and Bernt et al. [17] have
demonstrated catalyst layers with ultralow Ir loading (0.2-0.3 mg cm~2), with a similar
performance to state-of-the-art CCMs.

Improved catalyst-layer manufacturing techniques using vapor-based processes [40]
have been proposed as an alternative route to producing electrodes with low Ir loadings,
without compromising on activity or durability. For instance, reactive spray deposition [41],
atomic layer deposition [42], and magnetron sputtering [43—45] have been demonstrated
as successful ways to fabricate active and durable IrOy anodes with loadings as low as
0.1 mg cm~2. Moreover, vapor-based processes can ensure simplicity in manufacturing
compared to the conventional multi-step and ink-based routes.

The present study demonstrates the use of an alternative vapor-based technique, based
on spark ablation and impaction, for the fabrication of CCMs for PEM water electrolysis.
Spark ablation is a physical process for generating clean, surfactant-free nanoparticles
in a controlled manner and without the use of chemicals [46]. This method requires
(semi)conductive electrodes (e.g., metal rods), an inert gas (e.g., Ar or Nj), and electricity
to prepare the nanoparticles at room temperature and ambient pressure. The method is
described in greater detail elsewhere [46,47]. The generated nanoaerosol is subsequently
accelerated through a nozzle by means of pressure difference, and inertial impaction
results in adhesion of the nanoparticles to the substrate. This technology has already
been successfully implemented in the manufacturing of nanoparticles or films for various
applications, including as semiconductors [48] and sensors [49,50], and in high-throughput
electrocatalyst screening [51], offering several advantages over conventional material-
preparation techniques. Specifically, combining nanoparticle generation via spark ablation
with deposition through inertial impaction enables the preparation of thin-film materials in
a single step, without the need for subsequent post-processing steps. Moreover, material
patterning and additive manufacturing are enabled by placing 2D substrates on an XY(Z)-
stage and depositing (printing) the nanoparticle stream directly onto the substrate.

Overall, the results of the present study showcase that spark ablation can provide
high-quality, thin and homogeneous catalyst layers, which can allow for an up to five-fold
improvement in Ir utilization in PEM water electrolysis compared to the state-of-the-art.
Durability investigations have also been carried out and demonstrated this method’s
practical applicability in CCM manufacturing.
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2. Results and Discussion
2.1. Material Characterization

Spark-ablation anode-coated CCMs comprising Ir oxide layers with different thick-
nesses (and thus Ir loadings) were initially fabricated with metal loadings, estimated based
on deposition parameters. An RBS analysis was carried out to confirm the actual Ir loading
on the spark-ablation anode-coated CCMs (Figure S1). A deviation of 3-8% between actual
and predicted loadings was found, indicating the high level of control in the manufacturing
procedure. Moreover, the RBS spectrum showed excellent uniformity in the depth profile
of Ir and O concentrations.

The planar uniformity of the catalyst layers at the spark-ablation CCMs was verified
via cryo-fractured cross-section SEM images (Figure 1a—c). CCMs with an Ir loading of 0.8
and 1.2 mg cm~2 consist of uniform and dense, yet porous, IrOy layers with 1.2 um and
2.1 pm thicknesses, respectively (Figure 1b,c), suggesting a layer porosity of ~50%. The
morphology of the CCM with a 0.4 mg cm 2 Ir loading was different (Figure 1a), consisting
of a thin layer (~0.7 um thick) and thicker clots (~1.1 um thick). TEM characterization
indicated that the IrOy nanoparticles have a mean particle size of 2 nm (Figure 1d), which
is smaller than the sizes typically reported for systems prepared with conventional wet
chemistry methods (e.g., Adam’s fusion, colloidal deposition) [52], and smaller than the
nanoparticle size of the commercial CCM (Figure S2).
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Figure 1. Physicochemical characterization of anode-coated spark-ablation CCMs.

(a—c) Cryo-fractured SEM cross-sections for different anode loadings, showing the unifor-
mity and thickness of IrOy layers, (d) TEM image showing the size of IrOy nanoparticles (sample
with Ir loading of 0.8 mg cm~2), (e) XRD pattern of CCM, powder catalyst and Nafion membrane
(f) XPS Ir 4f spectrum.

The observed wide peak at the 26 range of 32-50° in the XRD pattern (Figure 1le)
appears to correspond to the Nafion 115 membrane, with broad contributions from Ir
or IrOy reflections. XRD pattern of the catalyst collected from deposition chamber is
also provided for comparison, while indexing of the peaks is based on JCPDS card no
6598 and 15,870 for Ir and IrO, respectively. XPS analysis shows two peaks in the Ir 4f
spectrum (Figure 1f) positioned at 62.3 eV and 65.2 eV, and indicates the presence of iridium
oxide [53]. Combined with XRD data, we speculate that the Ir layer is passivated after
sample preparation and readily oxidizes to form small IrOyx nanoparticles. The oxidation
may take place during the nanoparticle generation due to the presence of trace amounts of
oxygen in the Ar carrier gas.
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2.2. Electrocatalytic Activity of Spark-Ablation Anode-Coated CCMs

Figure 2a shows the polarization curves during PEM water electrolysis at 60 °C,
obtained with CCMs fabricated via spark ablation and with the commercial (benchmark,
2 mg IrRuOy cm~2) CCM. It is clearly shown that the spark-ablation CCMs outperform the
benchmark, despite containing 20-80% less iridium. This is believed to mainly be related
to their very small nanoparticle size compared to commercial CCM. Small nanoparticles
allow for efficient Ir utilization without the need for the addition of a Nafion ionomer to
the catalyst layer, which could, in turn, minimize mass transport losses.
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Figure 2. (a) Polarization curves at 60 °C obtained with various Ir loadings at the spark-ablation
anode-coated CCMs and the commercial CCM (benchmark, 2 mg IrRuOx cm™2). In all cases, Pt-
carbon cloth cathodes (4 mg cm~2) were mechanically attached to the opposite side of the Nafion
membranes. (b) Ir-specific power density (calculated at 200 mA cm~2) as function of Ir content for
benchmark and spark-ablation CCMs.

In general, the improvement in Ir utilization can be experimentally visualized either by
achieving an increase in current density using commercial Ir loading or by achieving state-
of-the-art current density using less Ir loading. To establish a solid basis for comparison,
the Ir-specific power density (measured in g, kW) is the most typically used descriptor
for Ir utilization. Low values are desired for this parameter, indicating that less Ir is needed
to drive 1 kW electrolysis. As shown in Figure 2b, spark-ablation CCMs managed to exhibit
up to a five-fold decrease in the Ir-specific power density compared to the benchmark
CCM. This finding suggests that further reduction of the loading could lead to better
material utilization, however physicochemical characterization has identified the 0.4 mg
cm~? loading is the minimum threshold for obtaining uniform catalyst layers (with the
current deposition parameters). We have realistic expectations (on-going work) that this
limitation can be by-passed by utilizing alternative deposition parameters or by depositing
the catalyst layers on porous transport layers.

According to the most recent assessment of the Ir demand model, upscaling PEM
water electrolysis at GW levels can be only achieved by reducing the Ir-specific power
density by an order of magnitude [24]. The data presented here demonstrate the potential
of the nanoparticle-printing manufacturing technique to allow for a significant reduction in
Ir loadings. However, the overall cell performance, as presented in Figure 2a, should not
be quantitatively compared to the state-of-the-art technical assumptions of the published Ir
demand model (0.67 gi; kW1 in 2020) [24]. There are several reasons for this deviation in
performance. First, the assumed state-of-the-art performance data correspond to the elec-
trolysis performed with thin Nafion membranes (Nafion 212) at 80 °C, whereas the present
study utilizes thicker Nafion membranes (Nafion 115), and experiments were carried out at
60 °C (the technical limitations of the experimental setup did not allow for measurements
at higher temperatures). Second, as recently reported by Bender et al. [54], the literature
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data on PEM electrolysis show large fluctuations between different laboratories, with up
to 0.5 V potential deviations (at 1 A cm~2 with Nafion 115 at 80 °C). The authors of this
study [54] attribute this deviation to variations in the specifications of the cell components,
cell pre-conditioning, experimental protocols, operating conditions, and/or equipment
framework. Third, our cathodes consisted of Pt-based gas-diffusion electrodes, which were
mechanically attached to the opposite side of the Ir-coated Nafion membrane and pressed
within the cell hardware, without any ionomer-coating or hot-pressing.

2.3. Durability of Spark-Ablation Anode-Coated CCMs

Complete performance assessment of CCMs should not only rely on activity investiga-
tions, but also on durability investigations [55]. To simulate both transient and dynamic
service conditions, different time profiles were used for the power input. The spark-ablation
CCMs with an Ir loading of 0.8 mg cm~2 were used for the durability tests, as an optimal
case for Ir utilization, activity and homogeneity in morphology.

Figure 3a depicts the CCM'’s ability to sustain its activity during prolonged operation
at a constant load (CL) of 200 mA cm ™2 in two test blocks. The first test block can be divided
into three stages. During the first 15 h, an initial sharp potential increase (1.6 mV h~1) was
observed. A second 15 h stage followed this (t: 15-30 h), where the degradation rate was
much lower (0.5 mV h~!). Within the third state (t: 30-95 h), a stable degradation rate
of 0.05 mV h~! was maintained for over 60 h. This is in line with the degradation rates
reported in the literature, which typically span between 0 and 0.2 mV h~! [56].
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Figure 3. (a) Time evolution of cell potential during two test blocks of constant load (CL) operation at
200 mA cm~2 with spark-ablation CCM, (b) time evolution of cell potential during the accelerated
stress test (AST) profile, (c) polarization plots and (d) HFR-free potential before and after the CL
and AST profiles. In all cases, a spark-ablation anode-coated CCM (0.8 mg cm 2 Ir, Nafion 115) was
interfaced with Pt-carbon cloth cathodes (4 mg cm~2), Experiments were carried out at 60 °C.

The profile during the second test block shows a uniform degradation rate, which is
equal to the one obtained in the third (final) stage of the first testing block. The overall
profile of the CL test indicates that irreversible changes occurred at the CCM during the first
30 h at constant polarization, while, afterwards, a stable degradation rate of 0.05 mV h-1
was sustained. These irreversible changes were also observed as a potential 22 mV increase
between the first and second test block of CL. However, as discussed below, these changes
had a negligible role in the overall CCM degradation. The CL profile of the benchmark
CCM (Figure S3) showed a lower degradation rate of 0.01 mV h~!, which was stable
throughout the whole duration of the first and second test blocks.

PEM water electrolyzers typically operate in the potential range of 1.8-2.2 V [2].
Assuming that the 0.05 mV h~! degradation rate remains unchanged, and assuming a cut-
off cell potential of 2.2 V, the expected lifetime of the spark-ablation CCM is 10,000 h, which
is the minimum duration of industrial operation. The stability factor was proposed by
Siracusano et al. [57] as an additional durability descriptor. This descriptor does not depend
on the cut-off potential, which can vary among the various electrolyzer manufacturers, and
also considers the initial cell potential. Based on the CL profile of Figure 3a, the stability
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factor for the spark-ablation CCM is 1.2 x 10° h V=2, which is lower than the value of
40 x 10°h V2 reported for a CCM with similarly low Ir loadings [57].

The response of the spark-ablation CCM to a dynamic current profile (AST profile,
Figures 3b and S54) shows a potential increase at both the upper limit (90 mV increase) and
lower limit (50 mV increase, whereas the potential amplitude remained almost unchanged).
Figure 3c shows the polarization plots obtained before and after the CL and AST time
profiles. Since the stress was monitored during cell assembly, and the CCM did not
experience any sudden temperature and humidity gradients, it is believed that the observed
changes in polarization curves are only related to the structural and chemical changes
imposed by the CL and AST time profiles. Overall, an up to 100 mV potential increase was
observed in the polarization curve after the CL profile, while the potential increase was
lower (70 mV) after the AST profile. EIS measurements before and after the durability tests
(Figure S5) indicated an increase in the high-frequency resistance (HFR) after the CL profile
and a decrease after the AST profile. Therefore, it appears that the source of degradation is
different for the two durability profiles.

At a current density of 0.6 mA cm~2 the ohmic losses correspond to 55.5% of the cell
overpotential for the fresh CCM and 64% after the CL profile. Considering the literature
data for the conductivity of fully humidified Nafion 115 membranes at 60 °C [58], and
the resistance measurements of the cell hardware used in this study, it appears that the
interfacial ohmic losses increased from 1% to 13% of the total cell overpotential. The HFR-
free potential, however, remained almost unchanged (Figure 3d). Specifically, only a minor
increase (almost 20 mV) was observed in the HFR-free potential after the CL profile. It
thus appears that the increase in ohmic interfacial losses almost fully accounts for the CCM
performance degradation that occurs after CL.

However, the ohmic resistance trend after the AST profile is different than that for
the CL profile. A decrease in ohmic resistance was observed after AST, in agreement
with trends reported in the literature during the first 170-340 h of dynamic durability
studies [56,58]. This decrease is possibly related to the improved mass transport of oxygen
bubbles through the catalyst layer [59]. The large increase in the HFR-free potential after
the AST profile suggests that the performance degradation after AST is related to chemical
or structural changes in the catalyst layer, resulting in a decrease in the electrochemical
active surface area or deterioration in intrinsic activity [55]. Such phenomena are possibly
related to either Ir dissolution, which is known to be more profound in hydrous IrOy [60],
or to IrOx crystallization, which is known to be less active for oxygen evolution than the
hydrous (amorphous) IrOx [60].

2.4. Performance of Full CCMs Fabricated with Spark Ablation

To be of practical interest, the spark-ablation-based fabrication technique should be
also able to produce full CCMs, coated at both sides, where both anode and cathode catalyst
layers present a sufficient performance and none of the catalyst layers are mechanically
damaged during deposition. As a proof-of-concept to address this issue, a full CCM was
fabricated via spark ablation. For the anode side, a loading of 0.8 mg cm~2 Ir was used,
which was optimal according to the findings with anode-coated spark-ablation CCMs. For
the cathode, a 0.6 um thick Pt film with 0.5 mg cm~2 loading was deposited at the opposite
side of the Nafion membrane. The results of the physicochemical characterization of the Pt
film can be found in Figure Sé.

The spark-ablation full CCM was evaluated during PEM water electrolysis at 60 °C
and, as shown in Figure 4, outperformed the benchmark. Specifically, the spark-ablation
full CCM reduced the potential demands for electrolysis by up to 160 mV, even though
the total platinum group metal content (anode and cathode) at the spark-ablation full
CCM was more than four times lower compared to the benchmark CCM. Its CL durability
profile (Figure S7) showed no major signs of degradation, but the durability indicators
(degradation rate of 0.103 mV h™!, stability factor of 0.06 x 10° h V~2) suggest that tailoring
of the deposition parameters is required to enable further optimization.
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Figure 4. Polarization curves at 60 °C obtained with the spark-ablation fully coated CCM
(0.8 mg Ir cm™2, 0.5 mg Pt cm™2) and the commercial CCM (benchmark, 2 mg IrRuOy cm~2,
4 mg Pt cm™2).

2.5. Other Practical Considerations

Apart from achieving improved Ir utilization, spark ablation can relieve the high
CCM manufacturing costs, which currently account for 42% of the total CCM costs [7].
Conventional methods for the fabrication of catalyst layers on ion-conducting polymeric
membranes involve several processing steps [61], which are related to the synthesis of
the powder catalyst, the preparation of a catalyst ink (containing the catalyst, an ionomer
and/or a binding agent and specific solvents), the application of the ink (e.g., spray-coating,
screen or inkjet printing) and drying of the catalyst layer (Figure 5, left).
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Figure 5. Schematic illustration of the fabrication process of CCMs using the conventional approach
and the approach that is proposed here, based on spark ablation.

Using spark ablation and impaction, catalyst nanoparticles can be formed and printed
onto the proton-exchange membranes using a single-step process (Figure 5, right). This
leads the overall proposed process to be faster, simpler (less equipment, manpower and
quality control units) and more environmentally friendly (since the use of liquid chemicals
is eliminated) compared to the conventional methods of catalyst synthesis.

3. Materials and Methods
3.1. Fabrication of Catalyst-Coated Membranes (CCMs) with Spark Ablation

Two types of CCMs were fabricated using spark ablation: anode-coated CCMs compris-
ing Ir oxide layers with Ir loadings controlled between 0.4 and 2.4 mg cm 2, and full CCMs
(i.e., double-sided) prepared via spark ablation, comprising an IrOy layer with 0.8 mg cm 2
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Ir at the anode and a 0.5 mg cm 2 Pt layer at the cathode. Nafion 115 ((C7HF;305S CoFy)x)
with a thickness of 127 um (purchased from FuelCellsEtc) was chosen as the proton ex-
change membrane, to allow for the final CCMs to have better mechanical strength and
lower gas crossover compared to thinner membranes. IrOy and Pt coatings were applied
to the Nafion membranes by means of a VSP-P1 Nanoprinter (VSPARTICLE) equipped
with a VSP-G1 Nanoparticle Generator (VSPARTICLE, Figures 6 and S8). In general, Ir
nanoparticles were generated using the VSP-G1 equipped with Ir electrodes (2 mm diam-
eter, 99% Ir, Chempur, Karlsruhe, Germany), employing a total power of 13 W (1.3 kV,
10.0 mA) and Ar as an inert carrier gas (99.999%, 2 L/min). Similarly, Pt nanoparticles
were generated using the VSP-G1 equipped with Pt electrodes (3 mm diameter, 99.9% Pt,
Chempur), and employing a total power of 13 W (1.3 kV, 10.0 mA) and Ar as inert carrier
gas (2 L/min). After the nanoparticle generation, deposition onto the substrate (Nafion 115)
took place directly via inertial impaction, using the VSP-P1 Nanoprinter. This was achieved
by accelerating the nanoparticle aerosol through a nozzle directed at the substrate. The pres-
sure difference introduced by keeping the substrate under rough vacuum (~1 mbar) is the
driving force that accelerates the nanoaerosol through the nozzle, leading to the formation
of IrOx and Pt layers on the Nafion membrane. Inertial impaction results in adhesion of the
nanoparticles to the Nafion without requiring a binder, preserving the purity/cleanliness of
the particles. By securing the substrate on an XY(Z)-stage, the nanoparticles were efficiently
patterned onto the Nafion substrate. IrOy and Pt catalyst layers of 2 x 2 cm? were obtained
by depositing 100 parallel lines of 20 mm in length. Catalyst loadings were controlled by
varying the printing speed between 30 and 200 um/s, with slower print speeds yielding
higher loadings.

Print nozzle
in vacuum
chamber

Electrodes: - Ir
Power: 1-13 W

Gas inlet Substrate holder

on XYZ-stage
A

VSP-G1 VsP-P1°

Figure 6. Schematic of VSP-P1 NanoPrinter equipped with a VSP-G1 Nanoparticle Generator, used
to fabricate the spark-ablation CCMs.

3.2. Physicochemical Characterization

Scanning electron microscopy (SEM) was conducted with a FEI Sirion Field Emission
Gun microscope. The secondary electron images of the surfaces of the catalyst layers were
made at an accelerating voltage of 5 kV. For the cryo-fractured cross-sections, the samples
were immersed in liquid nitrogen and broken. The Back-Scattered Electron images of the
cross-sections were recorded with an acceleration voltage of 10 kV. Transmission electron
microscopy (TEM) was conducted with an FEI Cryo-Transmission Electron Microscope
TITAN 300 kV. The catalyst-coated membrane was placed in a solution of ethanol and
sonicated for 30 min. The TEM grid was placed on Whatman paper and the ethanol solution
with the nanoparticles (10 mL) was drop-casted on this with a micropipette. The TEM
grid was dried at room temperature and then was ready for imaging in the TEM. X-ray
Diffraction (XRD) was employed to investigate the crystal structure and crystallinity of the
catalyst layer. XRD patterns were obtained using a Bruker D§ Advance ECO XRD with a Cu
K radiation (A = 1.5405 A) at 40 kV and 25 mA. The 20 angles were measured between 20°
and 80° with a step size of 0.03° and measuring time of 19 s per step. X-ray photoelectron
spectroscopy (XPS) was used to analyze the chemical composition of the catalyst layers and
surface oxidation of the Ir. XPS was performed using a K-Alpha with Thermo Scientific,
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equipped with a detector at normal incidence. The composition of the top surface was
studied in a vacuum environment of 1 x 10~® mbar, where the monochromatic Al-K
radiation was used. Spectra were obtained in the Ir 4f and O 1 s regions. XPS sensitivity
factors from the Scofield library [58] were used for quantification.

3.3. Catalyst Loading

The target catalyst loadings were obtained by setting a deposition time for a calibrated
deposition rate of 0.5 mg h~!. To confirm the actual Ir and O loadings and depth profiles
in the Ir layers, Rutherford Backscattering (RBS) measurements were performed with a
2.4 MeV 4He beam perpendicular to the sample surface (o« = 0"). Some films were measured
at two different locations to determine the film’s uniformity. The 25 mm?-area passivated,
implanted, planar, silicon (PIPS) detector (solid angle () = 0.874 msr, no foil, 15 keV resolu-
tion) was located at a scattering angle of 170°. Small beams (0.5 mm x 0.5 mm) and low
currents (10-15 nA) were used to minimize the film damage caused by the He-beam. All
the samples were measured at the same charge of 2 uC. The elemental loading and depth
profiles were determined by simulation, performed using SIMNRA (version 7.03, Garching,
Germany). Poisson noise, statistical errors, current measurements and simulation uncer-
tainties contribute to the error bar. The depth profiles are shown as elemental concentration
in at.% versus depth in thin film units (TFU). One TFU corresponds to 1 atomic layer.

3.4. Fabrication of Final Membrane Electrode Assemblies

The spark-ablation anode-coated CCMs were interfaced to commercial Pt gas diffusion
electrodes (Pt-C on Carbon Cloth, 4 mg Pt cm 2, purchased from FuelCellsEtc). To ensure
that the obtained differences in electrochemical performance are only related to the Ir
catalyst layers, and to minimize the number of processing steps, the Pt cathodes were simply
mechanically attached to the anode-coated CCMs, without hot-pressing. A benchmark
anode-coated CCM (2 mg IrRuOx cm~2/Nafion 115, FuelCellsEtc) served as the reference
baseline for these studies. The spark-ablation full-CCM (both anode and cathode catalyst
layers deposited by spark ablation and the printing of nanoparticles) was used as prepared.
In all cases, a platinized Ti mesh (FuelCellsEtc) was used for anode current collection.

3.5. Polarization Measurements

The membrane electrode assemblies were loaded to an in-house-built 4 cm?> PEM
electrolysis single cell, equipped with Ti-bipolar plates. The operating temperature was
monitored using a K-type thermocouple and was controlled with an Omega CN16DPT-
144-EIP temperature controller. Deionized water was supplied to both anodic and cathodic
compartments with a flowrate of 10 mL min~!, using a dual-channel peristaltic pump
(Masterflex, Gelsenkirchen, Germany, C/L). Electrochemical data were collected using
a Vertex.10A.EIS potentiostat/galvanostat (Ivium Technologies, Eindhoven, The Nether-
lands). Polarization curves were recorded at 60 °C by holding constant potential steps of
3 min duration.

3.6. Durability Assessment

Studies focused on the stability and durability were performed at 60 °C using CCMs
with Ir loading of 0.8 mg cm~2. The durability studies were carried out at the same single-
cell setup used for the polarization measurements. Two different protocols were followed,
based on the EU Harmonized Protocols for testing low-temperature water electrolyzers [62].
To investigate the ability of the CCM to withstand constant service loads (CL), the system
was operated in the galvanostatic mode (200 mA cm~2). The voltage increase rate was
experimentally determined by monitoring the cell potential in two test blocks, with dura-
tions of 95 h and 42 h, respectively, interspersed with a rest period of 23 h. The accelerated
stress test (AST) was carried out to simulate end-applications with frequent periods of
variable power input. The protocol was based on 85 sequential cycles of ramp-up and
ramp-down profile, where the duration of each galvanostatic step is 15 min and the ramp
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rate is (imax*0.2), where imax is the maximum design test current (chosen as 400 mA cm 2

for our experiments). Therefore, the overall duration of the AST was 150 h. Polarization
curves were measured before and after each durability test.

4. Conclusions

This study demonstrates a new vapor-phase manufacturing method for catalyst-coated
membranes (CCMs) for PEM water electrolysis. The deposition technique is based on spark
ablation and impaction, and allows for the fabrication of homogeneous catalyst layers on
Nafion membranes, even at low Ir and Pt loadings. Moreover, this technique offers a series
of advantages with practical importance, such as simplicity, reduced cost and a reduced
environmental footprint, compared to conventional manufacturing approaches.

Anode-coated CCMs with 20-80% less noble-metal loading compared to the state-
of-the-art were tested during water electrolysis in a 4 cm? single cell. The spark-ablation
CCMs outperformed the commercial CCM, exhibiting up to a five-fold decrease in the
Ir-specific power density compared to a commercial CCM. Constant and dynamic load
profiles of 150 h duration were applied to the anode-coated CCMs to investigate their
durability, and no major degradation was observed. Our results indicate that different
degradation mechanisms apply for each durability profile. At a constant load, a relatively
abrupt potential increase (>1 mV h~!) was observed during the first 30 h, where irreversible
changes occurred. During the rest of the test, a stable degradation rate of 0.05 mV h~! was
sustained. Post-polarization data showed that the constant load profile led to increased
interfacial ohmic losses, which affected the performance of the CCM. This, however, was
not the case for the dynamic load profile, where our results suggest that chemical or
structural changes occurred at the catalyst and affected kinetics.

A full CCM with IrOy anode and Pt cathode was also fabricated using spark ablation
as a proof-of-concept to demonstrate the technique’s potential to fabricate CCMs that were
coated at both sides. At 2V, the full CCM reached a current density that was >1.5 times
higher than a commercial CCM, while it showed a decrease in the overall loading of noble
metals by four times. The fully coated CCM showed no major signs of degradation upon
150 h operation at a constant load. However, the relatively large potential increase rate of
0.103 mV h~! indicates that further adjustments are required in the deposition protocols to
enable optimization and meet the industrial durability requirements.

Overall, the experimental findings of this study provide evidence that spark abla-
tion can reduce the currently high cost of CCMs for PEM electrolysis at two levels. First,
this allows for significant reductions in the amounts of expensive and scarce electrocat-
alysts (which account for 38% of the CCM cost [7]). It is clear that there is still room for
performance improvements, and future research should focus on tuning the deposition
parameters and the membrane electrode assemblies architecture to reach even lower load-
ings. Second, due to its simplicity and single-step nature, it has the potential to decrease
manufacturing costs (which account for 42% of the CCM cost [7]).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal12111343 /s1. Figure S1: (a) RBS raw data (black line) and
simulation data (red line) for anode-coated spark-ablation CCM. The estimated actual Ir loading of
0.77 mg cm~2 =+ 3.5% is in excellent agreement with the nominal (predicted) loading of 0.8 mg cm 2.
(b) Elemental concentration in at% for C, O, F, Ir (C, F are attributed to the Nafion membrane; Ir
and O to the catalyst layer) versus the film thickness in thin-film units (tfu). The IrOy film has a
thickness of 8800 tfu. Figure S2: TEM images at 400 k magnification of IrOx-coated Nafion CCMs.
Left: commercial CCM; typical grains with diameter of 10 nm are observed. Right: spark-ablation
CCM; typical grains with 2 nm diameter are observed. Figure S3: Time evolution of cell potential
during two test blocks of constant-load (CL) operation at 200 mA em 2 at 60 °C with a commercial
(benchmark) CCM. A 2 mg IrRuOy cm 2 coated Nafion 115 interfaced with a Pt/C-cloth (4 mg cm~2).
Figure S4. The testing block followed an accelerated stress test (AST). The AST profile consists of
successively performing this testing block 85 times. Figure S5: Nyquist spectra before and after (a) the
constant-load (CL) durability profile, (b) the accelerated stress test (AST) durability profile. IrOy-
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coated spark-ablation CCM (0.8 mg cm~2), Nafion 115, 4 mg Pt cm 2 on C-cloth cathode. Figure Sé:
Physicochemical characterization of the Pt film, which served as a cathode for the spark-ablation
full-CCM study. (a) Cryo-fractured SEM cross-section showing the uniformity and thickness of the Pt
layer, (b) XRD pattern of Pt/Nafion side, (c) XPS Pt 4f spectrum. Figure S7: Time evolution of cell
potential during two test blocks of constant-load (CL) operation at 200 mA cm~2 at 60 °C, with a
spark-ablation fully coated CCM (0.8 mg IrOx cm~2, 0.5 mg Pt cm~2, Nafion 115). Figure S8: Process
flow of nanoparticle generation via spark ablation and printing via impaction.
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