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ABSTRACT

Proton Exchange Membrane Water Electrolyzers (PEM-WEs) are entering the phase of commercial mass production. However, the issue of an iridium catalyst for the
anode remains. This work presents an iridium-ruthenium-based catalyst (25% Ir = 158 pg cm ™2, 75% Ru) prepared as a thin film on the surface-enhanced-anode of
PEM-WE via magnetron sputtering. Using a strictly practical single-cell approach, we show its excellent activity - 1 A cm ™2 at 1.606 V, 80 °C, and stability — 1.3 pV
h™!at 1 A cm™2 over the period of 500 h. Together with a purely Ir-based catalyst (158 pg cm™2), we subject it to a massive electrochemical and material analysis,
showing that the thickness and interconnectivity are essential for the catalyst’s stability. Consequently, we believe that magnetron sputtering is currently the most
perspective method for preparing low-Ir-loading catalysts. Compared to the nanoparticle approach, it allows the creation of very thin films with unprecedented

interconnectivity.

1. Introduction

The production of pure hydrogen by water splitting is a rising phe-
nomenon [1]. Often called green hydrogen, it is a crucial ingredient for
achieving the goals of decarbonization outlined by developed countries
throughout the world in multiple programs, such as the European Green
Deal, the US Green New Deal, etc. [2,3]. The importance of green
hydrogen may be found in two main areas: in the industry as a material
and in energetics and mobility as an energy vector [4,5]. The former is
straightforward — by using green hydrogen, the sector will produce
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fewer carbon emissions. The latter is more complex, and it revolves
around the problematics of renewable sources of electricity — such as
solar or wind power plants. Those technologies can potentially replace
fossil fuels [6]; however, their intermittent character has to be addressed
to assure stable electricity production [6]. Various approaches can
guarantee that [7], yet the most perspective one appears to be the
hydrogen economy cycle [8]. The main idea is to store the excessive
energy in the time of overproduction in the form of molecular hydrogen
— chemical energy and then use it for electricity production in times of
need. Therefore, the cheap and affordable production of green hydrogen
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by water electrolyzers is crucial.

There are several types of water electrolyzers, which all have their
advantages and disadvantages [9]. The most perspective ones are
currently Proton Exchange Membrane Water Electrolyzers (PEM-WE),
thanks to their high efficiency and ability to be used in real applications
in the next few years [10]. Simplified scheme of PEM-WE operation is
shown in Fig. S1. The main issue that hinders the possible mass pro-
duction is the utilization of the noble metal catalysts (Pt, Ir) for the
cathodic Hydrogen Evolution Reaction (HER) and anodic Oxygen Evo-
lution Reaction (OER). Especially the four-electron step OER presents a
challenge [11]. The sluggish kinetics of OER, high potentials and acidic
environment on the anode usually result in the necessity of using sig-
nificant loadings of Ir (several mg cm™2) to obtain commercially
adequate activity and stability. Thus, one of the key research goals is to
reduce the amount of iridium on the anode of PEM-WE [10].

Numerous approaches attempt that; we can generally separate them
into morphological and material/chemical. The former aims to improve
the utilization and dispersion of an employed catalyst to increase its
active surface area. Unfortunately, carbon-based materials that
demonstrate large surface areas cannot be applied on the anode of PEM-
WE due to the high potentials (more than 1.5 V) present therein [10].
High potentials inevitably cause a rapid carbon dissolution into CO5
[12]. A possible alternative was found in multiple electrochemically
resistive supporting materials such as TiO2 [13], TiC [14], TiN [15], TaC
[16], SnO; [17], yielding much higher electrochemical resistivity to-
wards the high potentials and significantly improving the active surface
area in comparison with unsupported catalysts. The most crucial
disadvantage is their limited or non-permanent conductivity, which
increases the overall ohmic resistance of the PEM-WE and consequently
significantly decreases its performance, especially at higher current
densities [18]. An opposite approach may circumvent this issue; instead
of additional high-surface support, the surface of the PEM itself may be
significantly enlarged by a so-called sputter-etching procedure in a
vacuum chamber with a magnetron deposition system during reactive
sputtering of CeO5 [19,20].

Regarding the role of magnetron sputtering, its utilization for the
preparation of the low-loading catalysts appears to be a promising
alternative to the traditional wet techniques [21-24]. Its significant
advantage lies in the deposition of homogeneous, interconnected layers
with a better lateral conductivity than in the case of separated nano-
particles with the same loading [25]. Moreover, it is an easily scalable
technique currently used in the industry to prepare various coatings and
layers [26]. Last but not least, it allows straightforward deposition of
bimetallic — or even more complex — layers by co-sputtering without a
need to make significant changes in the preparation process.

The second main direction of iridium loading reduction is material/
chemical and consists of replacement (complete or partial) of iridium by
other material active for OER, which is cheaper. There is extensive
research ongoing in the field of entirely non-noble metal-based catalysts,
utilizing NiO, CoO, FeO, MnO [27], or various perovskites [28-30].
Unfortunately, the active and stable catalyst that would operate at acidic
conditions at high current densities is yet to be found. On the other hand,
ruthenium is a noble metal which is much cheaper than iridium and yet
even more active toward OER. Its main drawback lies in an extreme
electrochemical instability which prevents it from being used as a
standalone OER catalyst [31]. Promising results were achieved with
Ir-Ru-based catalysts, demonstrating an excellent activity and stability
[32-34], especially for very low iridium loading around 20-30% [35,
36].

Development of PEM-WE as a whole, its characterization and anal-
ysis — including the catalysts — still present a challenge due to the
complexity of all involved processes. In particular, there is a significant
gap between the conducted research of the catalysts, often done in the
half-cell setup, and the real-life applications fittingly called a valley of
death [37-39]. The half-cell setup is only helpful in the first material
characterization; however, it is not sufficient for definite conclusions
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about the catalyst usability in real applications [37]. Due to the complex
character of the PEM-WE the detailed analysis of the involved processes
is complicated, and expensive operando setups are required [40]. On the
other hand, electrochemical methods, such as Electrochemical Imped-
ance Spectroscopy (EIS), allow a detailed analysis of the PEM-WE in the
operating conditions without any approximations [41]. The principal
problem with EIS lies in the complicated and ambiguous analysis of the
impedance spectra, relying on Equivalent Electric Circuits (EEC) [42,
43]. Therefore, a deeper EIS analysis requires large amounts of data
together with a physically meaningful EEC, and a complementary
measurement should confirm the results by other techniques [41]. Still,
it is a unique technique that allows direct operando insight into the
PEM-WE.

This paper presents a complete study of a PEM-WE with a complex,
low-iridium-loading catalyst. We combine two subsequently applied
approaches using magnetron sputtering - the sputter-etching modifica-
tion of PEM [20] and a magnetron-sputtered deposition of Ir-Ru-based
catalyst with 25% of Ir and 75% of Ru [36]. This catalyst is compared
with an Ir one with the same Ir loading during a more than 1000 h
lasting degradation procedure of both catalysts in a single-cell PEM-WE
— here the Ir-Ru-based catalyst showed excellent activity and stability.
Then we present a unique EIS analysis of the degradation of both
membranes to find their origin. The conclusions from the EIS analysis
are confirmed by results from Scanning Electron Microscopy (SEM),
Energy Dispersive X-Ray Spectroscopy (EDX), and X-Ray Photoelectron
Spectroscopy (XPS).

2. Experimental
2.1. Preparation of Membrane Electrode Assemblies

Pristine Nafion 212 membranes (50.8 pm thick, Chemours) were
used as a solid electrolyte for all samples. The preparation of each
Membrane Electrode Assemblie (MEA) was done within a single vacuum
entry into a multi-magnetron deposition system. Firstly, the active sur-
face of the membrane was enhanced by the sputter-etching procedure, as
described in the work [19]. Secondly, the catalysts layers were depos-
ited: The atmosphere was again pumped down to a base pressure of
5.107° Pa. Afterwards, the chamber was filled with Ar gas (99.9999%,
Linde, 7 sccm), establishing a working pressure of 0.5 Pa. A DCO1BP
power source (K. J. Lesker) was utilized for the ignition of the plasma
discharge over Ir and Ru targets with a diameter of 2” (5.08 cm). Two
MEAs with different anode catalysts were prepared. In both cases, the
loading of the expensive iridium was held the same, while they differed
in the presence of ruthenium. First MEA, referred to as MEA Ir pure,
contained only a 70 nm thick iridium layer on the anode (Ir loading 158
pg cm~2). The second MEA, henceforth referred to as MEA Ir—Ru 1:3,
contained 280 nm of a bimetallic Ir-Ru catalyst with atomic composi-
tion: 25% of iridium and 75% of ruthenium (Ir loading 158 pg cm ™2, Ru
loading 256 pg cm~2). The thicknesses were calibrated using the varnish
droplet method [44]. The details of the sputtering and catalysts Ir-Ru
ratio optimization process are described in Ref. [36], where we studied
Ir and Ir-Ru catalytic layers with the same nominal thickness of 50 nm
(i.e., different Ir loading) with the focus on their intrinsic activity. After
the sputtering, the MEAs were completed by a Liquid Gas Diffusion
Layer (LGDL) on the anode and a Gas Diffusion Electrode (GDE) on the
cathode side. As the LGDL on the anode, a micro-grained sintered porous
Ti (Mott) with a 50 nm protection layer of platinum was employed. As
the GDE on the cathode, a commercial platinum catalyst supported by
carbon black (Pt 0.5 mg cm’z, FuelCellStore) was used. Moreover, we
prepared copies of MEA Ir pure and MEA Ir-Ru 1:3 for results
verification.

2.2. MEAs performance in single-cell PEM-WE

The prepared MEAs (for details see Table 1) were pressed between
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Table 1
Parameters of the prepared MEAs. Loady, stands for Ir loading, Loadg, for Ru
loading, and thickness for the equivalent thickness of the layer on a plain
surface.

Sample Catalyst LGDL GDE Loady, Loadg, Thickness
anode anode cathode (ng (pg (nm)
cm?) cm?)

MEA Ir Ir Tiplatinized  C + Pt 158 0 70
pure

MEA Ir-Ru Tiplatinized  C + Pt 158 256 280
Ir-Ru
1:3

the end-plates with serpentine flow fields (Tandem) made from Ti and C
on the anode and cathode sides, respectively, forming a complete PEM-
WE with an active surface area of 4.62 cm?. The electrochemical per-
formance of the MEAs was measured in a dedicated testing station at
80 °C by a SP-150 potentiostat (BioLogic). The reference wire was
placed to the cathode; therefore, we present all the voltages in this
article versus this reference. The measuring PEM-WE procedure gener-
ally consisted of several prolonged, high-impact aging procedures:
measurements of IV curves in potentiostatic regime from 1.3 Vto 2 V
(step 5 mV, duration 10s); applying galvanostatic piles from 0 to 2 A
em ™2 (step 182 mA cm™2, duration 30 min), and long galvanostatic
stability test at 1 A cm 2. Those procedures were then accompanied by
electrochemical measurements for MEA characterization — without
causing significant degradation - the Cyclic Voltammetry (CV) and Po-
tential Electrochemical Impedance Spectroscopy (PEIS). The CVs were
measured in the range of 0.05 V-1.4 V (scanning speed 20 mV s~ 1) five
times. The PEISes were measured at voltages 1.3, 1.35, 1.4, 1.45, 1.5,
1.55, 1.6, 1.7, 1.8, 1.9, 2 V (frequency range 200 kHz-500 mHz, sine
amplitude 5 mV). The data from the PEIS measurements were processed
by a Python script and Relaxis3 software.

During the first day, only the IV curves were repeatedly measured to
break-in the MEA and describe the behavior at the whole range of
typical voltages for PEM-WE. From day 2 to day 6, the galvanostatic
piles, simulating standard day/night cycles, were applied. From day 7 to
day 50, the long galvanostatic aging procedure (more than 1000 h) at 1
A cm~2 was used. Ultimately, the IV curves were measured again to
compare the original and final states of the investigated MEAs. The
operation was terminated sooner if the degradation was too severe. The
individual measurement regimes were separated by 2 h at Open Circuit
Voltage (OCV); in the case of the galvanostatic piles, the OCV lasted for
12 h to simulate the day/night cycle. Every day, the series of PEISes and
CVs were measured. The PEM-WE procedure is summarized in the
scheme in Fig. 1. The PEISes and CVs are not included as they would
make the scheme less clear and are not causing degradation/aging.
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2.3. Physico-chemical characterization of the MEAs

The tested MEAs were always physically characterized in the as-
prepared state and after the PEM-WE procedure (post-mortem). The
sample morphology was studied by a Scanning Electron Microscope
(SEM) Mira III (Tescan), typically with an accelerating voltage of 20 kV
in a secondary electron detection mode. A carbon tape had to be used to
assure a sufficient electrical conductivity of the sample and thus prevent
its charging.

The elemental composition of the catalytical layers was investigated
by Energy Dispersive X-ray spectroscopy (EDX). A dedicated XFlash 6/
10 EDX detector (Bruker), incorporated into the SEM device, was
employed for spectra acquisition. The essential measured elements were
iridium and ruthenium; therefore, an accelerating voltage of 20 kV was
kept even for EDX measurements to measure the Ir L and Ru M line
correctly — those lines were chosen to avoid the issues with overlaying
peaks. The elemental composition was calculated by the PB-ZAF
approach, by the Quantax software [45]. A large view field of 500 x
500 pm? was used for all samples to ensure obtained concentrations’
integral character. Moreover, we checked several smaller sections with a
view field 50 x 50 pm? to confirm the elemental homogeneity of the
samples. For the data interpretation, we must consider that the infor-
mation depth of EDX is in order of pm; therefore, from the point of view
of the investigated layers with thicknesses not larger than 300 nm, itis a
bulk-sensitive method.

The surface elemental and chemical composition was studied by X-
ray Photoelectron Spectroscopy (XPS) in an EnviroESCA device (SPECS).
We used a monochromatized K, Al X-ray source (1486.71 eV) for X-ray
generation. The signal detection was done by a Phoibos 150 NAP 1D-
DLD (SPECS) hemispherical energy analyzer in FAT (Fixed Analyzer
Transmission) mode. This powerful setup allows picking exactly the
desired area for XPS analysis by a laser pointer. Thanks to the compat-
ibility of the sample holders for SEM Mira III and EnviroESCA, we were
able to measure the same samples at the same spots for all the MEAs
(SEM, EDX, and XPS as well). The subject of interest was the core levels:
Ir 4f, Ru 3d, C 1s and O 1s. The number of scans for each element was
adjusted to obtain a sufficient signal/noise ratio. The measured spectra
were compensated for charging by leveling Fermi edges to 0 eV binding
energy and fitted utilizing KolXPD software. Shirley’s model was used
for the peaks background subtraction [46]. The peaks themselves were
fitted either by symmetric Voigt profiles or asymmetric Doniach-Sunjic
type of peaks convoluted with Gaussians — the peak types were chosen
based on the literature for each element, as well as the peak splitting and
ratios for doublets [47-49]. The concentrations of iridium and ruthe-
nium were calculated by the sensitivity factors approximation [50].

Single-cell testing procedure

AL

Day 1

Day 53

Fig. 1. The scheme of the utilized testing procedure for single-cell PEM-WE. Cyan stands for measurements of IV curves, light blue for galvanostatic piles procedure,

dark blue for long-term stability at 1 A cm ™2

, and grey for Open Circuit Voltage (OCV). PEISes and CVs were measured each day and are not depicted in the scheme.

(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3. Results and discussion
3.1. Activity evaluation

The PEM-WE procedure described in the Experimental section was
applied for both MEAs. The IV curves at the end of the first and last day
are in Fig. 2. Note that the data presented in this article are without any
ohmic resistance correction (IR) as it is an operation that does not
correspond to the actual applications of the PEM-WE [37]. Firstly, we
can see that while MEA Ir-Ru 1:3 degrades only slightly in the span of 53
days (1272 h), MEA Ir pure degrades significantly already in 50 days;
therefore, the measurement was stopped sooner due to the massive
degradation. Uncovering this effect will be done later. In terms of MEA
activity, according to our previous studies [36], the Ir-Ru 1:3 catalyst
shows better activity than pure Ir one, the primary purpose of which is to
be a reference for a solely Ir-based catalyst. In the beginning, MEA Ir-Ru
1:3 produces 1 A em2at1.606V,2Acm 2at1.726 V, and 4 A cm 2 at
1.935 V, thus catching up on high Ir-loading catalysts [17,51-54] and
surpassing multiple catalysts with low Ir content reported before [52,
55-57]. From the point of view of our motivation: removing Ir as the
limiting factor for massive decarbonization by PEM-WE, we obtain the
Ir-specific power density of 0.033 g kW™! at 1.79 V cell voltage. The
study [47] analyzes that 0.01 g kW~ (calculated at 1.79 V) should be
sufficient to fully replace all fossil fuels with green hydrogen. Consid-
ering that high loading PEM-WE typically has 0.5 g kW1, we see that we
are getting closer to the target. Moreover, we should emphasize that, in
reality, we can operate the PEM-WE at higher voltages than 1.79 V.
Furthermore, it is not expected that all the fossil fuels have to be
replaced solely by hydrogen — other technologies, such as batteries, will
undoubtedly take part.

3.2. Pile procedure and long stability test

Now, we will focus on the stability, which is often the crux of low Ir-
loading catalysts for PEM-WE [10]. During applying the galvanostatic
piles up to 2 A cm ™2, the MEA performance showed small fluctuations
(not shown), suggesting prolonged breaking-in Ref. [58]. However, it
completely stabilized after day 6, as presented in Fig. 3. MEA Ir-Ru 1:3
still demonstrates lower cell voltage (i.e., better performance) than MEA
Ir pure — 1.726 versus 1.760 V at 2 A cm™2 A fact worth noticing is that
the MEA Ir-Ru 1:3 with a thicker layer of bimetallic catalyst needed

21
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Fig. 2. IV curves measured at the 1st and 53rd day for MEA Ir-Ru 1:3 and at

the 1st and 50th day for MEA Ir pure. While the former shows only minimal
degradation, the latter degraded significantly in a shorter time.
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Fig. 3. The stabilized curves after the five-day break-in procedure with the
profile of applied current density.

more time to stabilize appropriately. Still, we present the curves from
the same day for both MEAs to simplify the interpretation.

The galvanostatic procedure was followed by the long-term aging
stability measurement at 1 A cm™2. The resulting cell voltages (Fig. 4)
were taken as an average of 20 points at the end of each day just before
the measurements of PEIS. Error bars are negligible compared to the size
of the points — there were no abrupt changes in the cell voltage.

Here, we emphasize two main types of degradation: reversible and
irreversible [59]. The reversible degradation can be easily mitigated by
a brief shutdown of the PEM-WE. At the same time, the irreversible one
does not change and is connected directly to the structural and chemical
changes in PEM-WE. Therefore, degradation reporting is often done
after a shutdown, inevitably improving degradation rates and perfor-
mances [60]. Unfortunately, at the same time, it compromises possible
comparisons between published data as the performance maybe even-
tually more dependent on the interruption procedure than on the cata-
lyst itself [61]. Since the reversible degradation has been reported as
exponential at the beginning and linear later [62], we suggest the
opposite approach: to document the performance after a long time of
reversible degradation when it has a lower impact on the performance.
This approach again mirrors the natural conditions of the PEM-WE
operation; moreover, it ensures that the investigated sample did not
get any advantage, which might compromise the interpretation.
Therefore, the long galvanostatic stability tests at 1 A cm™2 will contain
both reversible and irreversible degradation. Finally, we can obtain the
overall irreversible degradation by comparing the IV curves at beginning
of the PEM-WE procedure and its end. The 12 h long OCV shutdown
between the procedures will mitigate the reversible degradation. We can
also compare the reversible and irreversible degradation effects by
setting side-by-side the voltages at 1 A cm ™2 from Fig. 2, day 50 (MEA Ir
pure), 53 (MEA Ir-Ru 1:3), and Fig. 4, day 49 (MEA Ir pure), 50 (MEA
Ir-Ru 1:3). The most straightforward is a detailed analysis of the gal-
vanostatic degradation curve in Fig. 4. We can distinguish two main
regimes: a linear growth of the cell voltage and no visible changes in
potential. A corresponding linear function fitted well in those regions
(see Fig. 4). The fits parameters are in Table S1 of the Supplementary
Information (SI) together with the low mean-square errors confirming
linear behavior. Moreover, the linearity of the degradation was observed
in multiple previous studies [59,62]. However, the linear regions are not
continuous in our case — large parts of zero degradation intermit them;
therefore, we expect that the origin of the degradation is a complicated
process.

Total degradation rates for the 1 A cm ™2 stability test and the partial
degradation rates between the days 7-23 and 23-50 calculated from
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Fig. 4. Cell voltage at 1 A cm~2 and its evolution during the long-term stability with the fitted region of linear degradation.

data in Fig. 4 are presented in Table 2. It is obvious that the presence of
Ru in MEA Ir-Ru 1:3 leads to significantly better stability than in the case
of pure Ir. MEA Ir pure shows massive degradation after day 31. This
phenomenon will be investigated later. Now we focus on the stability of
MEA Ir-Ru 1:3. The degradation rate between days 7 and 23 is 82.4 pV
h™!, even slightly higher than for MEA Ir pure. Still, it is a good value
compared to other low Ir-loading PEM-WEs [55]. However, from day 23,
the performance stabilized significantly, resulting in a degradation rate
of only 1.3 pV h™L. There were no signs of more pronounced degrada-
tion; on the contrary, the performance got stable from day 40 to day 50.
The value of 1.3 pV h~lsurpassed the number recently reported on
catalysts with similarly low Ir-loading [56,63] and is lower or equal to
those obtained from systems with high iridium loading [59,64]. Similar
values were reported in studies [65,66]; however, with a 2-2.5 times
higher Ir loading and worse activity (i.e., higher cell voltage at 1 A
em2). The comprehensive list of recently published low-Ir-loading
catalysts and their performance is in Table 3.

To summarize above results, MEA Ir-Ru 1:3 demonstrates an
unparalleled activity and stability with a loading of 158 pg cm™2 of Ir
and an easily scalable preparation method. The remaining question is
what is behind those parameters, and why is MEA Ir pure, with the same
Ir loading significantly worse? To understand that, we need to analyze
the degradation process more thoroughly.

3.3. Electrochemical analysis of degradation — DC measurement

To explain the high level of degradation of MEA Ir pure compared to
MEA Ir-Ru 1:3, firstly, we will use electrochemical data to provide
operando information from the whole measurement. Later, we will
confront the electrochemical results with data obtained by other applied
methods.

Cyclic Voltammetry (CV) uncovers further information about the
electrochemical system. It generally allows studying oxidative and redox
behavior over a wide potential range [70]. Unfortunately, the broad
scale of processes and high complexity of the PEM-WE complicate the
analysis of CVs. Moreover, the presence of oxygen on the anode and
hydrogen on the cathode may change the potentials of the occurring
reaction, therefore leading to distorted results [71]. We show the CVs
from both MEAs (days 2 and 48) in Fig. S2 of the SI; however, we do not
do any quantitative analysis. The most important qualitative observa-
tions from the CVs are, based on [72], that in the case of MEA Ir, in the
beginning, we see only a very sharp OER peak with no further significant

Table 2

Directly calculated rates of total voltage increment at 1 A cm ™2 before day 23
(AU4y.23), and between days 23 and 50 (AUg23.50), and the overall (AUg7.50)
from the cell voltage evolution curves presented in Fig. 4 for both studied MEAs.

Sample AUg7.23 (W h™1) AUgz3.50 (uV h™1) AUgz.50 (W h™)
MEA Ir-Ru 1:3 82.4 1.3 36.9
MEA Ir 100 75.6 282.8 153.7

Table 3
The stability performance of a low-Ir-loading anode catalyst for PEM-WE from
the recent three years.

Author System Ir loading Degradation Note
(ng cm?) rate (uV h'hH
Haoran Yu IrOx + 80 400 192V @
[63] Nafion 1.8 A cm 2
after 1000 h
Devashish IrOx + 160 63000 25V@1l5
Kulkarni Nafion, A cm~2 after
[67] printed 90 h
Ahyoun Lim ED Pt@IrO, 160 155 153V @
[68] 0.4 A cm 2
after 220 h
Friedemann IrOx hybrid 200 200 1.75V@1
Hegge [55] layer A cm ™2 after
150 h
Maximilian Hydrous IrOy 250 56 1.79 V@1
Mockl [69] catalyst A cm 2 after
(P2X) 890 h

reactions, while after the stability, we also see a broad shoulder before
OER onset, associated with the further oxidation of Ir’*. Based on this,
we suggest that MEA Ir is purely metallic at the beginning; however,
with time the Ir oxidise. Using the same logic for MEA Ir-Ru 1:3, we see
the broad peak of Ru*t species oxidation both before and after the
stability. We conclude that most likely Ru was oxidized from the very
beginning. This corresponds very well with the higher reactivity of Ru,
compared to Ir. Thus, only the catalyst in MEA Ir pure was completely
metallic at the beginning of the tests [66,72].

3.4. Electrochemical analysis of degradation — AC impedance
measurement

PEIS was used for deeper electrochemical analysis in operando.
Randles EEC describes the behavior of PEM-WE [41,73]; therefore, we
use it for fitting. However, since the cathode impedance is low, localized
in the high-frequency region, and constant, it was neglected, and only
the anodic semicircle was fitted. Thus, the complete Randles circuit
shown in Fig. 5 a) for whole PEM-WE was simplified to the scheme in
Fig. 5 b). Here, R; is the overall ohmic resistance of the cell, which is in
series with a parallel combination of anodic charge transfer resistance Ry
and constant phase element P.

The obtained evolution of the ohmic resistance with error bars is in
Fig. 6 a) and b) for MEA Ir-Ru 1:3 and MEA Ir pure, respectively. The
graphs have two dimensions — the dependency of R; on time and cell
voltage. The time dependency shows specific changes in ohmic resis-
tance, which we connect to the deterioration of the catalyst and cell
components (a growing trend) [59] and the membrane thinning
(decreasing trend) [56,74]. In the case of MEA Ir-Ru 1:3, changes are not
abrupt and relatively insignificant as the ohmic resistance returns almost
back to the initial value after 1000 h. In the case of MEA Ir pure, there is a
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a) Rlc Rl R2a b) Rl R2
P P P

Fig. 5. Equivalent electrical circuits used for fitting: a) Complete Randles circuit, b) Simplified Randles circuit with neglected cathodic reaction. R; is ohmic
resistance, R, is charge transfer resistance, and P is constant phase element, ¢ means the cathode, a the anode.
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Fig. 6. Evolution of ohmic resistance at different voltages with error bars of the fit a) for MEA Ir-Ru 1:3, b) for MEA Ir pure.

significant jump in ohmic resistance between the days 33 and 34 -
therefore, after the beginning of degradation (see Fig. 4). We can use the
maximal changes of R; to evaluate the maximal possible effect of ohmic
resistance on the degradation at 1 A cm~2. Using the values of Ry at 1.6 V
and the Ohm’s low, we get roughly 6 mV for MEA Ir-Ru 1:3 and 34 mV
for MEA Ir pure. That is in order of magnitude lower than the total
degradation of both MEAs during the PEM-WE procedure (see Table 2);
therefore, the leading cause of degradation is not increment in ohmic
resistance.

In Fig. 6 a) and b) one can see the decreasing ohmic resistance R;
with growing cell voltage. We do not expect that this effect is directly
connected to the cell degradation. A similar effect has been observed in
other studies [74,75], yet on entirely different scales, e.g. in Ref. [75] no
changes were observed in 1 A cm™2 and a 15% decrease in 5 A cm ™2,
while we observed 20% decrease already at 0.5 A cm™2. One possible
explanation is the enhanced PEM conductivity due to the locally
increased temperature [75]. However, that would suggest that we
should observe a further decrease of R; with growing current density,
which is not the case — the reduction of R; in our case stopped above
1.55 V. Moreover, if we fit the main trend of R; on the cell voltage (see
an example in Fig. S3 of the SI) by a linear function (the time evolution
in Fig. S4), we can see that the slope is approximately —15 mQ V! and
-10 mQ V™! for MEA Ir-Ru 1:3 and MEA Ir pure, respectively. Therefore,
if it continues this trend, it will lead to zero or negative ohmic resistance
at high voltages, which is not observed (and not possible). Therefore, we
expect some other ongoing mechanism. We suggest that it might be due
to the structure of the sputter-etched membrane (Fig. S5 of the SI),
where the individual fibers could be heated much faster than the rest of
the PEM, which might cause the observed behavior. However, uncov-
ering this effect is most likely not crucial for the main subject of this
article — the degradation; therefore, we will focus on its complete
elucidation in our subsequent works.

The charge transfer resistance Ry (Fig. 5b)) manifests the corre-
sponding activation losses; therefore, we can directly connect it with the
activity of the catalyst [41,42]. Qualitatively, it applies that lower
charge transfer resistance means higher activity. The charge transfer
resistances for voltages above 1.45 V are in Figures S5 a) and b) of the SI

for MEA Ir-Ru 1:3 and MEA Ir pure, respectively. We do not present all
results due to the vastly differing values at different voltages; the trend is
always the same - increasing with time and decreasing with growing
voltage.

The charge transfer resistance can also serve for quantitative analysis
[76]. Multiple studies determined the Tafel slope from the dependency
of the charge transfer resistance on overpotential [77-79]. The depen-
dence is logarithmized and fitted by a linear function. The fitted slope
then corresponds to the Tafel slope. The exchange current density can be
associated with the intersection of the linear process with the axis Y
[80]. Unfortunately, certain doubts are in place about applicability in
PEM-WE due to the other currents that can occur at lower voltages due
to the cross-over effect, etc. [81]. Nevertheless, we calculate both the
Tafel slope evolution presented in Fig. 7 and the exchange current

100
95
90 -

85 -

80 4

75

70

m  MEA Ir pure
= MEAIr-Ru 1:3

65
60

Tafel Slope (mV dec™)

55 -
50 - J
454

HV+—T—"7—7T7 T T T T T
5 10 15 20 25 30 35 40 45 50

Time (Day)

Fig. 7. The evolution of Tafel slope for MEA Ir pure and MEA Ir-Ru 1:3 with
error bars.
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density in Fig. S7 of the SI. The latter approach is advantageous in
PEM-WE as it removes any effects of ohmic resistance R; on the real
potential of the catalyst. On day 8 the Tafel slopes were 57.8 mV dec ™!
and 82.7 mV dec ™! for MEA Ir-Ru 1:3 and MEA Ir pure, respectively. We
can compare it with the values on day 40-59.9 mV dec ™! for MEA Ir-Ru
1:3 and 68.0 mV dec ™! for MEA Ir pure. Those final values of Tafel slopes
correspond well to those reported in our previous study in the half-cell
(64.7 mV dec™! for Ir-Ru 1:3, 70.9 mV dec™! for Ir pure, both after the
PEM-WE measurements) [36]. The lower values in our case are caused
by the ohmic drop compensation, which is automatic for the method
utilizing PEIS. Those values are well in the accepted ranges of Tafel
slopes for OER [82,83]. The exchange current densities presented in
Fig. S7 correspond in order of magnitude to those reported for the anode
of PEM-WE [84], the values for MEA Ir-Ru 1:3 are slightly higher than
for MEA Ir-pure. However, we still believe that due to the possible
cross-over effects it is not the most reliable merit for evaluating the
PEM-WE performance, and therefore we do not comment on them any
further.

From Fig. 8 and S6, we can conclude that the loss of catalyst activity
is not the cause of the degradation of MEA Ir pure. There are no abrupt
changes in Tafel slopes or exchange currents associated with the
degradation around day 31 for MEA Ir pure (Fig. 4). The Tafel slope
changes only slightly (MEA Ir-Ru 1:3) or even decreases (MEA Ir pure),
the exchange current densities decrease for both MEAs; however, in a
very similar manner.

Based on the above results, we excluded both R; and Ry as the origin
of the MEA Ir pure degradation. Thus, the remaining unexplored circuit
element from Fig. 5 b) is the constant phase element P, used to model
complicated, real processes with several different time constants. They
typically originate in the surface roughness, limited dimension, material
inhomogeneity, potential inhomogeneity, etc. [85-87]. It can be
described by two parameters: Q and o, which are obtained from the
fitting procedure [88]. We present Q and « in Figures S7 a), S8 a) for
MEA Ir-Ru 1:3 and for MEA Ir pure in Figures S7 b), S8 b) of the SL
However, those values do not have a direct physical meaning. For our
case, it is possible to use them to calculate the real capacitance C using
the formula [89]:

1

C=—"rtg
Q(wm)

where op, is the frequency that corresponds to the maximum imaginary
resistance of the constant phase element semicircle. We use a dedicated
Python script to obtain wp,. Subsequently, the values of real capacitance
were calculated and presented in Fig. 8 a) for MEA Ir-Ru 1:3 and Fig. 8 b)
for MEA Ir pure, respectively. We present only the curves above 1.45 V
for clarity, as they are not affected by the significant dependence of the
double-layer capacitance on voltage around zero charge potential [90].
Those effects made the graph incomprehensible for lower voltages. In
Fig. 8 a) and b), it can be observed that before the massive degradation
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of MEA Ir pure, both MEAs had similar capacitance around 25 mF cm 2,
a typical value for PEM technologies [91]. The capacitance of MEA Ir-Ru
1:3 is almost stable throughout the whole PEM-WE procedure, while the
capacitance of MEA Ir pure significantly decreases (from 25 mF cm ™2 to
17 mF cm™2) between the days 20-31, immediately followed by the
massive degradation as presented in Fig. 4. Therefore, it does not
accompany the performance deterioration — it precedes it. We can
explain this taking a deeper look at the character of observed double
layer capacitance in PEM-WE. As illustrated in Refs. [91,92], it is located
on the interface between the PEM and catalyst. Therefore, its decrement
means that the contact between the catalyst and PEM reduces while the
PEM ion conductivity may still be sufficient for the catalyst to function
properly (triple-phase boundary condition [14]). The changes in the
layer homogeneity will eventually disrupt the necessary lateral con-
ductivity of the layer, crucial for the PEM-WE performance [23,93].
Therefore, our hypothesis based on the PEIS analysis is that the exten-
sive degradation of MEA Ir pure was caused by the smaller layer thick-
ness, which is prone to layer disintegration and thus disconnection. The
second reason is its lower activity which means it operated at higher,
more degrading voltages than MEA Ir-Ru 1:3. However, this hypothesis
must be confirmed by other methods of characterization.

3.5. Physico-chemical characterization of the MEAs

So far, we have investigated the MEAs performance and degradation
only through electrochemical methods. Now we focus on the detail
characterization of both MEAs by other methods to confirm our
conclusions.

Firstly, we are interested in the elemental composition of MEA Ir-Ru
1:3. The bulk (EDX) and surface (XPS) atomic concentrations of Ir and
Ru in MEA Ir-Ru 1:3 before and after the testing in PEM-WE are in
Table 4. Note that the X-Ray Diffraction (XRD) and Transmission Elec-
tron Microscopy (TEM) data are in our previous publication [36]. The
catalytic layer in the as-prepared state can be considered homogenous as
the composition is the same in bulk and on the surface, concerning
different methods and errors of estimation. As a result of the 1272 h of
operation in PEM-WE, the relative amount of ruthenium decreased both
in bulk (less) and on the surface (more); however, it stayed undoubtedly
abundant in the catalytic layer. That confirms that an iridium-
ruthenium-based catalyst is a suitable and stable option for PEM-WE.

Table 4
Difference in the elemental composition of the catalyst in MEA Ir-Ru 1:3 before
and after the PEM-WE procedure.

XPS results EDX results

Sample Ir [at. %] Ru [at. %] Ir [at. %] Ru [at. %]
MEA Ir-Ru 1:3 before 24.3 75.7 25.2 74.8
MEA Ir-Ru 1:3 after 69.3 30.7 65.7 34.3
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Fig. 8. The evolution of the calculated capacitance per area for voltages 1.5 V, 1.55 V, 1.6 V a) of MEA Ir-Ru 1:3, b) of MEA Ir pure.
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Moreover, it strongly supports the hypothesis about the iridium-
ruthenium stabilization effect from our previous publications. So far,
it was reported in several half-cell studies or shorter single-cell opera-
tions [33,43,94]; however, not on this scale. Incomparably, a pure
Ru-based catalyst degraded entirely in order of minutes [36].

Secondly, we focus on a deeper analysis of the surface chemical state
of the given elements by XPS. We use the binding energies format. XPS Ir
4f and Ru 3d core-level spectra were fitted in accordance with studies
[95,96] and our previous work [36]. We used asymmetric line shapes
instead of several satellite peaks (for details see Experimental). All
binding energies are summarized in Table S3 in the SI.

The Ir 4f spectra of both MEAs as prepared (see Fig. S10) establish the
dominance of the Ir metallic state (60.9 eV) and a small amount of IrO,
(61.8 eV) [96,97], thus confirming the high purity of magnetron sput-
tered layers. The Ir 4f spectra after the PEM-WE procedure are in Fig. 9.
In the case of MEA Ir pure, the metallic iridium state disappeared utterly;
only IrO, (61.8 eV) and Ir(OH)y (62.8 €V) [96] are present. On the other
hand, Ir 4f spectra of MEA Ir-Ru 1:3 also contain metallic Ir states (the
shoulder in the Ir 4f spectra at the binding energy 60.9 eV). The
observed metallic state in the more stable MEA Ir-Ru 1:3 may shed more
light on the stabilization effect of the Ir-Ru catalyst — the Ir-Ir metal-like
interaction has been reported as more durable than the oxide binding
states [98].

The normalized Ru 3d spectra for MEA Ir-Ru 1:3 before and after the
PEM-WE procedure are presented in Fig. 10. The as-prepared layer
contains, among the metallic ruthenium (280.1 eV) [99], considerable
amounts of a ruthenium oxide. In comparison, Ir is present only in
metallic state (Fig. S10). This reflects the higher reactivity of ruthenium,
in this case with the atmospheric oxygen. Ru becomes entirely oxidized
after the PEM-WE procedure. The dominant oxide is RuO» (280.9 eV)
[99] which is associated with a superior OER activity [34]. Smaller
amounts of other states Ru(OH)y (282.2 eV) [99] and RuO4 (283.4 eV)
[33] are presented as well, as is typical for Ir-Ru-based systems [33].

On the as-prepared layers, we observe only a C 1s peak at 283.9 eV
assigned to carbon impurities [100]. On the spectra from both MEAs
after electrochemistry, a new carbon state at 291.4-291.5 eV appears.
We associate this peak with the CF5 bond in Nafion [101], suggesting
that the PEM membrane is partially exposed from the catalytic layer.
Fig. 10 and S10 show that the ratio between the impurity carbon and CF,
carbon is 4.2 in MEA Ir-Ru 1:3 while 0.68 in MEA Ir pure, both after the
PEM-WE procedure. That confirms that the coverage and uniformity of

5000 MEA Ir-Ru 1:3 after

Metallic Ir
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Fig. 9. XPS Ir 4f spectra after PEM-WE procedure. Normalized by the peak
height. Color code: black dots — experimental points, red line — sum of the fits;
fitted states: blue — Ir metallic, green — IrO,, cyan — Ir(OH)y. (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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Fig. 10. XPS Ru 3d and C 1s spectra after the PEM-WE procedure. Normalized
by the peak height. Color code: black dots — experimental points, red line — sum
of the fits; fitted states: blue — Ru metallic, green — RuO,, cyan — Ru(OH)y,
magenta — RuO,, dark brown — carbon impurity, light brown — carbon in CF,,
Nafion. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

the catalytic layer at MEA Ir pure was compromised — the PEM under-
neath is significantly more uncovered.

The presented electrochemical and material information confirm our
hypothesis — both Ir and Ir-Ru 1:3 catalysts are stable. The massive
degradation of MEA Ir pure was likely caused by the very thin active
layer, which lost its lateral conductivity and interconnectivity. To prove
it, we follow our analysis by an SEM morphology imaging. Obtained
SEM images with a 10 pm x 10 pm view field are in Fig. 11. The mor-
phologies of MEA Ir-Ru 1:3 and MEA Ir pure differ already in the pre-
pared state, reflecting the thicker catalyst layer of MEA Ir-Ru 1:3. The
fibers of MEA Ir-Ru 1:3 of the sputter-etched PEM were turned into
columnar structures, while the fibers of MEA Ir pure keep the original
shape as presented in Fig. S5 in the SI. The crucial are the images after
the PEM-WE procedure: the observed MEA Ir-Ru 1:3 keeps an inter-
connected catalytical layer, while the layer of MEA Ir pure is damaged,
cracked, and separated with detached islands of the catalyst visible.
Therefore, Fig. 11 completes the picture of MEA Ir pure and the origin of
its degradation. More detailed SEM images of the layers on the sputter-
etched PEM are in Fig. S12, where we show morphology with a view
field of 1 pm x 1 pm.

A valid argument is that the cracks on MEA Ir pure might be produced
solely by the pressure and the expansion of the PEM due to the water
exposure, not by the electrochemical degradation. However, as seen in
Fig. S13, the pressed, wetted, and heated layer which did not perform
under potential does not demonstrate the cracks and damage observed
in Fig. 11. Therefore, the SEM images from Fig. 11, S12, and S13 confirm
our hypothesis about MEA Ir pure degradation. Moreover, we have
prepared replicas of both MEA Ir-Ru 1:3 and MEA Ir pure and tested them
in a second testing station. The used potentiostat did not allow the PEIS
measurements; however, we measured the same galvanostatic stability
and observed the same type of degradation — a massive one after a few
weeks for MEA Ir pure and a slow one which eventually stabilized for
MEA Ir-Ru 1:3. Therefore, we confirmed the reproducibility of the
presented results.

4. Conclusion

In this work, we present a iridium-ruthenium-based (25% Ir, 75%
Ru) catalyst prepared by magnetron-sputtering for the anode of the
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Fig. 11. SEM images of the MEA Ir-Ru 1:3 and MEA Ir pure measured before and after the PEM-WE procedure in the single-cell testing station. The view field is 10

pm x 10 pm for all images.

Proton Exchange Membrane Water Electrolyzer (PEM-WE). We replace
the standard catalysts supports as TiOq, TiN, or TiC with a novel, sputter-
etching approach that increases the membrane’s active surface area. The
Ir-Ru catalyst is utilized in MEA Ir-Ru 1:3; the same Ir loading is then
used in the MEA Ir pure, demonstrating the effect of ruthenium and a
thicker catalyst layer. After the PEM-WE procedure with a total length of
1272 h, MEA Ir pure shows massive degradation, while MEA Ir-Ru 1:3
degrades only moderately. We found that the Ir-Ru 1:3 catalyst shows
superior electrochemical activity, approaching the ultimate goals of the
PEM-WE'’s anode catalyst research — being able to replace fossil fuels
with green hydrogen. Followingly, we uncover the origin of the MEA Ir
pure degradation, its thinness. The inevitable electrochemical changes
bonded to the catalyst operation led to the loss of the interconnectivity
of the catalyst, finally causing the failure of the MEA Ir pure.

To conclude, the magnetron-sputtered thin-film catalysts can solve
the iridium issue on the anode of PEM-WE as they allow decreasing the Ir
loading without the loss of the catalyst interconnectivity and lateral
conductivity, which is problematics for the nanoparticle-based catalysts
- provided it is complemented by another element to ensure sufficient
thickness while not increasing the noble metal content. We consider this
the most significant advantage of the magnetron-sputtering approach,
together with its simple industrial scalability.
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