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scaling. Industrial-ready production methods and laboratory scale tests that can reflect the catalyst behaviour
realistically need to be included in this process. In this work, we benchmarked three series of self-supported Ir-Co
catalysts with low Ir loading produced by physical vapour deposition under relevant current densities in a gas
diffusion electrode setup. It was seen that after selective acid leaching of the Co, a nanoporous structure with a
high electrochemically active surface area and a mixed oxide and metallic character was formed. Depending on
the initial Co:Ir deposition ratio over ten times higher oxygen evolution mass activities could be reached as
compared to a commercial, unsupported IrOx nanoparticle catalyst used as a benchmark in the same setup
configuration. The presented integrative catalyst design and testing strategy will help to facilitate bridging the
gap between research and application for the early introduction of next-generation catalysts for water splitting.
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1. Introduction

Recently, there has been a widespread development of materials and
techniques to buffer the intermittent renewable energy supply via
diverse applications such as supercapacitors [1-3] and lithium-ion
batteries [4,5]. In addition, hydrogen production via proton exchange
membrane water electrolysis cells (PEMWEs) stands in the focus of
current academic and industrial research. Aside from energy storage for
the grid, heat or mobility, PEMWEs can also be a key element in in-
dustrial markets that demand hydrogen, such as the ammonia chemical
industry, chemical stock synthesis or fuel synthesis (power-to-x) [6].
According to the International Energy Agency (IEA), global demand for
hydrogen was estimated at 87 million metric tonnes (MMT) year in 2020
and is forecasted to increase by 13 MM T/year until reaching 528 MMT
in 2050 [7]. To reach a net-zero emission scenario in 2050 without
further investment in fossil-fuel-based carbon capture, utilization and
storage (CCUS) an extra 190 MT of hydrogen power produced by water
electrolysis would be necessary to provide 2000 GW of net capacity. To
put this development into perspective, by the year 2030 a target for 40
GW in electrolysis capacity should be reached according to the European
Green Deal, with an associated cost of EUR 20 to 40 billion without
accounting for the electricity costs [8]. While commercial alkaline
electrolyzer systems are currently more economical at a lower price per
kilowatt [9], PEMWEs have experienced a greater cost reduction due to
R&D efforts. The interest in PEMWE development stems from their
ability to provide higher current densities and to work at higher tem-
peratures and pressure as compared to alkaline electrolyzers, which
makes them a more interesting option for industrial scaling [10].
However, their most challenging limitation is the requirement of Plat-
inum Group Metals (PGMs) such as Ir and Pt to improve the slow elec-
trode reaction kinetics under harsh acidic conditions and high
potentials. In particular, the oxygen evolution reaction (OER) occurs in a
multi-step reaction that is favoured on the active sites of Ir-based oxide
catalysts [11]. While Ru-based oxides have shown higher activity than
IrO5 for the OER, the latter sustains the most balanced equilibrium be-
tween high activity and durability in the acidic environment [12]. Since
PEMWES should withstand periods of >50 k operating hours under high
current densities and transients without showing significant degrada-
tion, the choices are further narrowed. Unfortunately, the supply of Ir
and Pt is very limited and costly. Just in the first quarter of 2021, the
price per ton of Iridium increased sharply by four times, which is the
highest price increase registered in the last 20 years [13]. Hence, to
upscale the PEMWE production the capital expenditure (CAPEX) cost
including noble metal cost has to decrease. To establish Ir catalysts as a
commercially viable and scalable option in PEMWEs, the catalyst
loading needs to be reduced while maximizing the catalytic activity. For
maintaining a high catalytic activity with low loadings, the electro-
chemically active surface area (ECSA) should be as high as possible. A
common strategy to reduce the catalyst loading is to develop alloys with
synergistic effects that increase the intrinsic activity [14] as is observed
when combining Ir with Cu, Co, or Ni [15,16] or forming core-shell
structures [17] that benefit from an Ir-rich surface [18-20]. Another
approach is to develop completely PGM-free catalysts based on alloys of
more abundant metals, i.e., Co, Ni, Fe or Mo derived from metal-organic
frameworks (MOF) [21-24]. However, the most known commercial
catalysts are still unsupported, Ir-based nanoparticles. Several synthesis
approaches have been tested to produce nanoparticles with different
characteristics [25]. It is not possible to support the nanoparticles on
carbon to increase the surface area, as the carbon degrades. This has the
disadvantage that the ECSA of Iridium black is small compared to Pt/C
catalysts used in fuel cell systems [11,26-28]. Recently developed
self-supported catalyst nanostructured catalysts present a possible so-
lution to this problem since the catalyst is applied on the substrate (e.g.,
a gas diffusion electrode) directly without using binder materials. With
this approach, it already has been shown that microstructure tuning and
modulation of the catalysts’ electronic structure with heteroatoms can
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produce highly active and stable catalysts [29-32]. However, multi-step
processes are often used at the lab scale to synthesize catalyst particles
and coatings, which can impose limitations in the industrial scaling. On
the other hand, physical vapour deposition (PVD) is a well-known
technique in the industry. The plasma process yields homogenous
composition in the layers and allows flexible operative conditions such
as the direct deposition of oxides or control of the morphology modi-
fying, e.g., the sputtering angle or chamber pressure [33]. In recent
studies, PVD has been used to produce highly active self-supported
catalysts with tunable morphologies using a co-sputtered templating
metal [11,34,35]. High ECSAs are achieved by selective dissolution of
the templating metal in an acid-leaching processing step, which creates
an interconnected network of the active metal. Several publications
concerning this method report large ECSAs and activities [11,34,35]. On
the other hand, the high catalyst performance observed with traditional
academic testing techniques such as the thin-film rotating disk electrode
(TF-RDE) hardly ever translates to real operation conditions seen on full
membrane electrode assembly (MEA) systems [36]. The step from lab
testing to an industrial application is thus very wide. Testing in a liquid
acidic environment under mass transport limited conditions does not
describe accurately those of a Membrane-Electrode-Assembly. Further-
more, it has been discussed that the degradation trials on OER could
have been systematically misinterpreted [37-40]. Due to the method
limitations, the oxygen evolved during the reaction is trapped close to
the surface of the catalyst causing early failure during the test, while the
catalyst features remain unchanged [39]. Gas diffusion electrode (GDE)
setups have been introduced as a bridging tool as they include realistic
constraints (real catalyst loadings, membrane layer, gas dif-
fusion/porous transport layers, three-phase boundary) while keeping
the fast screening capabilities of the TF-RDE and retaining the ability to
measure the potential drop of the anode in a three-electrode setup.
While initially designed for oxygen reduction reaction (ORR) studies
[41-43], an increasing number of publications with GDE setups in
different configurations also prove its flexibility to explore different
reactions such as the OER [25]. It is expected that this technique be-
comes a standard in the electrochemical community and is used more
systematically to develop catalyst layers in a fast and cost-effective
manner before applying MEA tests [44]. In the present study, we use a
GDE setup modified to accommodate electrolysis conditions to perform
an electrochemical characterization of the OER in three series of IrCo
catalysts produced by PVD with different sputtering Co:Ir ratios. In
particular, we aim to study the influence of the deposition parameters on
the reaction performance. To that end, we use morphological and
chemical characterization techniques (SEM-EDS, XAS, XRD, XPS) to
follow the development of the catalyst during different steps in the
material preparation (magnetron sputtering followed by acid leaching).
The features observed (mesoporosity, chemical distribution, crystal-
linity) are further discussed alongside the electrochemical character-
ization of the ECSA of the catalyst by cyclic voltammetry (CV) and OER
mass activity. Our findings indicate a direct relationship between the
deposition parameters and the electrochemical results. Furthermore,
this study underlines the interesting synergy of the PVD with the GDE
method to fast-track catalyst film optimization for industrial
applications.

2. Experimental section
2.1. Materials, chemicals, gases

De-ionized ultrapure water (resistivity >18.2 MQ cm, total organic
carbon (TOC) < 5 ppb) from an Aquinity P ~10? system (Membrapure,
Germany) was used for electrolyte preparation and the cleaning of the
GDE half-cell. Carbon gas diffusion layers (GDL) with a microporous
layer (MPL) (Sigracet 29BCE, 325 pm thick, Fuel Cell Store) served as a
substrate for the sputtering of the catalyst film. A polytetrafluoro-
ethylene (PTFE) disk (Bola, 0.12 mm thickness), a GDL without an MPL
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(Freudenberg H23, 210 pm thick, Fuel Cell Store), a porous transport
layer (PTL) (ANKURO Int. GmbH, 0.3 mm thickness, 50% open
porosity), and a Nafion membrane (Nafion 117, 183 pm thick, Chemo-
urs, Wilmington, DE, USA) were used for the cell assembly (see Fig. 1).
As a counter electrode (CE) a platinum wire of 0.5 mm diameter
(99.99%, Junker Edelmetalle GmbH) was used, which was folded
several times at one side to increase the active surface area. Another Pt
wire was used to manufacture a hydrogen reference electrode (RE) using
a borosilicate glass capillary of 40 mm in length and 6 mm in diameter.
Additionally, self-manufactured borosilicate glass frits (6 mm internal
diameter, 20 mm length) were used to hold the RE during the electro-
chemical measurements. Perchloric acid (70% HClO4, Suprapur, Merck)
was used for electrolyte preparation. Oz (99.999%, Air Liquide) and Ar
(99.999%, Air Liquide) were used for magnetron sputtering, acid
leaching, and electrochemical measurements.

2.2. Catalyst synthesis - preparation of the Ir-Co network

To prepare the self-supported nanoporous catalyst film, a linear
sputtering magnetron reactor (Univex 400, Leybold GmbH, Germany)
was used. The process chamber was evacuated to a pressure of 1.7 - 10>
Pa. The film substrate (GDL) was placed on a holder in a load lock at
atmospheric pressure and then evacuated to a base pressure of at least
10~* Pa. From there, a swivelling arm allowed the holder to enter the
process chamber with minimal interruption. During the deposition, an
Ar plasma was ignited at the magnetron electrode at a working pressure
of 5 Pa and flushed through the individual magnetron sources at a flow
rate of 100 scem. For the IryCo; « film deposition, two magnetrons were
equipped with planar targets of Co (99.95%, Evotec GmbH, Germany)
and Ir (99.95%, MaTecK, Germany) of 177 x 25 x 1.5 mm located at the
upper part of the chamber. The RF generators (Cito 136, COMET)
operated at a driving frequency of 13.56 MHz. Further information
about the sample preparation process and the reactor configuration can
be found in the SI. A mask of 5 cm x 5 cm on the substrate holder limited
the sputtered area during the deposition. The sample was allowed to
oscillate in a linear trajectory between the two respective magnetrons.
The sputtering was initiated when the sample reached the position
below each magnetron. At that point, the sample holder was pro-
grammed to oscillate with an amplitude of 1 mm to increase the ho-
mogeneity of the deposition. The holder reached an acceleration of 100
mm s~ 2 and a maximum linear velocity of 50 mm s~ *. The RF power was
chosen as 225 W for Co and 50 W for Ir. The alternating sputtering
process was performed for 500 cycles in all series, modifying the
deposition time to achieve three different element ratios as seen in
Table 1. The average deposition time was 4-5 h. Before the

Counter Electrode
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Table 1
Material parameters during the magnetron sputtering process.
Series Sputtering Number Loading Gas Substrate
By time (s) of cycles Ir" (mg atmosphere type
element cm?)
wt.%
(EDX)
IrygCoyy Ir: Co: 500 0.250 Ar 100% GDL
3 6 29BCE
Ir45Cos5 Ir: Co: 500 0.250 Ar 100% GDL
3 3 29BCE
Ir;5C05 Ir: Co: 500 0.250 Ar 100% GDL
3 1 29BCE

@ Theoretical loading calculated by mass gravimetry.

measurements, a calibration of the sputtering process was performed
where Ir was sputtered continuously for 20 min on a substrate. The final
Ir loading was measured by mass gravimetry, and the thickness homo-
geneity was verified using a profilometer (Alpha Step D-600, KLA).
Assuming a linear dependency of loading with the sputtering time, three
series were produced with a nominal Ir loading of 0.250 mg cm? and
different Co:Ir deposition time ratios. The resulting Co:Ir ratios were
determined experimentally by EDX on the as-prepared samples
(Table 1).

As part of the Ir-Co catalyst film preparation, the samples were
leached after the deposition in 1 M HCIO4 to create a nanoporous self-
supported Ir structure by selectively dissolving the Co under potential-
controlled conditions according to the method developed by Sievers
et al. [11]. The individual steps of the acid leaching procedure are
summarized in Table 2 and described more in detail within the Result
and Discussion section. Once the samples were leached, they were
cleaned in distilled water and left to dry in air before further
manipulation.

2.3. Gas diffusion electrode setup

The GDE was prepared using a Nafion membrane (Nafion 117, 183
pm thick, Fuel Cell Store) hot pressed to the sputtered gas diffusion layer
(GDL). In this study, the Nafion membrane was activated as described by
Schroder et al. [25]. A concentric circular steel punch (BOEHM, Ger-
many) was used to cut small disks from the GDL and the assembly ma-
terial. First, a disk of @ 3 mm was cut from the sputtered GDL. Using an
in-house built hot press (Fig. S1) with a modified soldering iron and 6 kg
steel weights, a @ 10 mm Nafion membrane was hot pressed on top of
the catalyst layer at 120 °C using 84 kg cm ™2 for 30 s.

As indicated in Fig. 1, a @ 20 mm Gas Diffusion Layer (GDL) without

Electrolyte IM HCLO,———— ||

C ..

GDEassembly — O

(Catalyst on substrate
hot pressed with membrane)

Humidified gas (Ar /O,) channel Inlet

L

Reference Electrode

Glass frits

g «—— Contact assembly

A
Gas flow field
)
>

(PTL Ti-disk embedded in PTFE ring and
GDL backing)

«— Lower cell (Stainless steel)

1 Humidified gas (Ar /O,) channel Outlet

Fig. 1. GDE half-cell setup used in the study and assembly view of all elements.
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Table 2
Electrochemical protocol for OER activity trials.
Acid leaching Cyclic Voltammetry (CV) Activation (Potentiostatic) OER (Galvanostatic) Steps
30 cycles 30 cycles 20 min 30/60 °C Step 0 Leaching
100 sccm Ar 100 sccm Ar 100 sccm Ar 100 sccm Oo
100 ml 1 M HCIO4 4 ml 1 M HCIO4 4 ml 1 M HCIO4 4 ml 1 M HCIO4 Step 1 1. CVs (ECSA)
0.05-0.5 Vgpg 0.05-1.2 Vg 1.7 VRue 1-1000 Ag? 2. OER 30 °C
100 mvs~! 100 mvs~! Online iR-comp. 5 min/step 3. CVs
5 kHz, 5 mV AC 5 kHz, 5 mV AC Post iR correction Step 2 1. CVs
Post iR correction 2. Act.
3.CVs
4. OER 30 °C
5. CVs
Step 3 1. OER 60 °C
2. CVs

a microporous layer (MPL) was placed directly over the flow field of the
stainless-steel bottom cell. On top, a @ 20 mm Teflon disk with a @ 3 mm
center hole was used as a sealant for the liquid and electrical insulator.
Embedded inside, a @ 3 mm PTL disk was positioned to allow the gas
flow to contact the GDE on top and to serve as a current collector. Last, a
Teflon upper cell was pressed against the assembly and secured tightly
with a metal clamp. Both the Teflon upper cells and the CE and RE were
cleaned before every use according to the following protocol. First, they
were placed overnight in a tank with concentrated HNO3 and concen-
trated HySO4 solution 1:1 in volume. Afterwards, they were rinsed and
boiled in distilled water for 1 h in at least 5 cycles. The unused materials
were kept in a glass vial and boiled always one last time before use.
Furthermore, the Pt wire was flame annealed every time it was used to
remove any organic contaminations. After every trial, all the assembly
components were discarded and replaced with new ones to decrease the
influence of contaminations.

2.4. Electrochemical measurements

All the experiments were conducted with a Potentiostat (ECi-211,
Nordic Electrochemistry ApS, Denmark). The Potentiostat also
controlled the gas switching between humidified Ar and O; during the
experiments. An overview of the experimental protocol is presented
below in Table 2.

The GDE half-cell (Fig. 1) and a glass bubbler were placed inside an
insulating glass chamber during the measurements (See Fig. S1 in SI).
Precise temperature control (+0.1 °C) was achieved through a constant
flow of distilled water recirculated in between the double glass walls
with a water heating system (Lauda RC6 SC). The GDE half-cell was
placed in the middle of the chamber, supported on an aluminium lab-
oratory jack (Laborboy, Sigma Aldrich) and insulated with a PTFE plate
in between. Before the start of the measurements, the system was
allowed to equilibrate at a constant temperature for at least 30 min. All
the temperature references correspond to the set point defined in the
water heating system. To prevent any shifts in reference potential due to
contaminations on the RHE electrode, the RE was protected in a glass frit
manufactured by an in-house technical glassblower. In addition, the
RHE electrode was calibrated before each measurement in a separate
GDE cell against a Pt GDE with the same molarity and electrolyte as the
testing GDE cell, i.e., 1 M HClO4 electrolyte. The Hy gas was supplied

Table 3

through an in-house electrolyzer, connected to the gas flow through
lines of the GDE cell. The RHE offset was measured by cyclic voltam-
metry in a potential interval between —0.005 and 0.005 V at 100 mV s~*
for 200 cycles. The acceptable range for initial RHE values was defined
as + 0.003 Vgyg. In case of a larger deviation, the RHE was remade, and
the calibration procedure was repeated to avoid large iR-correction er-
rors. Before the measurements, Ar was purged through the flow field as a
conditioning step and cyclic voltammograms were recorded at a scan
rateof 100mVs 'ina potential range between 0.025 and 1.2 Vryg until
a stable cyclic voltammogram could be observed (ca. 30 cycles). The
ECSA of the catalyst (Table 3) was determined by integrating the Hypq
area in the potential window of 0.025-0.25 Vgyg of the last CV acquired
using a fixed conversion coefficient of 176 pC em ™2 [11] according to
the following formula:
2 -1 OH,pa

ECSA [m*g™"] L, %176 ,ic o2 )

The OER activity was determined through a galvanostatic step pro-
tocol with increasing currents based on Schroder et al. [25] and scaled
accordingly to account for the loading difference. An AC signal (5 kHz, 5
mV) was applied during the current steps to obtain an online resistance
measurement between the working and reference electrode (~10 Q)
which was used for an iR-correction of the measured potential values.

3. Results & discussion
3.1. Catalyst morphology and chemical composition

The morphology of the unleached catalyst layers, i.e., after the
deposition process, was characterized using secondary electron imaging
(SEM), see Fig. 2. As seen in Fig. 2a, b and c, all catalyst series featured a
similarly packed globular structure. Similar morphologies have been
previously observed in studies of catalyst films prepared on carbon
paper substrates using comparable process conditions [33]. The size of
the globular features was not substantially different between the
respective series, ranging from 0.1 to 0.9 pm in diameter. However, the
SEM micrographs indicate further development of nanoporous struc-
tures. That is, the surface of the globules exhibits a certain degree of
roughness, which is especially distinct for the Co-rich series (IragCo7o; in
the following the notation refers to the elemental composition obtained

Relevant electrochemical parameters for the catalyst series included in the study. Error measurements are expressed from the average of three trials per series.

Mean ECSA (m?g™1)
Ageo = 0.0707 cm?

Series Tafel slope (mV dec™!)
By element wt.%  @30-100 Ag—i;

Mass Activity (Ag—1)

Specific Activity (Am™~2)

Aetivared 30 °C 60 °C —1 2
Activated 30 °C 60 °C C =176 pCcm

@1.50 Vggg Activated 30 °C

@1.46 Vg 60 °C @1.50 Vgyg Activated 30 °C @1.46 Vg 60 °C

IrogCo74 62 49 52.6 + 4.8 101.5
Iry5Coss 64 52 33.7+1.9 57.6
Ir;5Co2s 68 58 21.4 +£2.0 44.3
Alfa Aesar 53 47 - 12.14

117.8 1.9 2.2
91.8 1.7 2.7
62.7 21 2.9

10.18 - -
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Unleached

Leached
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Fig. 2. SEM SE top measurements of IrCo catalysts on a carbon substrate taken with a 45° angle from the surface, at 15 kV and 10 k magnification. a) to c) correspond
to the samples before the electrochemical dealloying in HCIO4 1 M for 30 cycles between 0.05 and 0.5 Vryg while d) to f) show the surface of the same samples after
the process. A summary of EDX results normalized for Ir and Co is expressed in weight % (upper table) and atomic % (lower table). The results were obtained at 15

kV, averaged from 5 spots across the image area.

by EDX point analysis before the acid leaching), see Fig. 2a as well
Fig. S2b for a closer look. Finally, yet importantly, EDX top-down
mapping of different representative areas on the catalyst films, see
Fig. S3, revealed that in all cases Ir and Co were homogeneously
distributed across the film. As mentioned before in the Method section,
Co was removed from the sputtered films in a process that is referred to
as acid leaching. As the Pourbaix diagrams show for the respective
catalyst film constituents, metallic Ir is stable under the leaching con-
ditions while Co is oxidized to soluble Co?" ions and does not form a
passive film [45,46]. Hence, Co dissolution starts spontaneously when a
sputtered sample is submerged in a de-aerated 1 M HClO4 aqueous so-
lution [11], giving the solution had a characteristic pink tone. The color
of this solution has been described extensively as a result of the
complexation of Cot complex in water to form [Co(H20)6]2+. To
confirm this, C1~ ions were added to the solution from concentrated HCl
and the temperature was raised. Both effects shift the equilibrium to
[CoCl4]2' as a direct consequence of Le Chatelier principle [47], which
shows a distinct blue color, see Fig. S4. To attain better control of the
acid leaching process and to minimize Ir oxidation before ECSA deter-
mination of the metallic surface, the samples were submitted to an
electrochemical cycling protocol (Table 2) between 0.05 Vgyg and 0.5
Vrue with a scan rate of 100 mV s~ starting directly after the electrolyte
was added to the upper cell compartment. The cycling continued until a
stable CV was achieved. This was typically the case after 30 potential
cycles. Along this process, the initial Co to Ir ratios were changed
significantly. In every case, the relative amount of Co decreased to under
10% in weight according to the EDX. Using XPS for a more
surface-sensitive analysis of the pre-leached and leached samples, see
Fig. S5, we observed a trend in the decrease in the Co:Ir ratios after
leaching following the series, albeit not proportional to the initial ratios
(see Fig. S6). This discrepancy could perhaps be attributed to the drastic
change in morphological differences and chemical gradients to form a
more stable Ir shell with a Co core after the acid leaching [11,47,48].
The process of acid leaching has been well described for Pt-based alloys
for the oxygen reduction reaction. It has been shown by low energy ion
scattering (LEIS) that the exposition of PtM (M = Fe, Co, Ni, etc.) sur-
faces automatically leads to a full depletion of all non-noble atoms from
the surface and the formation of “skeleton” or core shell surfaces [48]. In

the here reported work, sparse colonies of Ir-rich dendritical structures
were formed of the GDL carbon substrate, which was also left exposed
over large areas. The development of this porous structure differs sub-
stantially from the preparations on glassy carbon in a former study [11],
see Fig. S2. The reason for this difference might be the three-dimensional
structure of the gas diffusion electrode or the hydrophobicity. The
initially Co-rich sample, Ir;gCoyy presents the biggest size of the den-
drites and area of the exposed substrate. Both features appeared to
decrease together with the Co:Ir ratio when comparing IrpgCo7o with the
Ir45Coss5 and Iry5Cogs series (Fig. 2d, e and f respectively).

Series wt.% norm.
By el t wt.%
v element wi.uo Unleached Leached
Ir Co Ir Co
IrasCo72 27.7 £1.9 72.3+1.9 95.0 + 0.8 5.0+ 0.8
Ir4s5Cos5 449 + 0.7 55.1 + 0.7 96.2 + 1.5 38+15
Ir75Co25 75.3 £5.1 24.7 £5.1 91.9 £ 0.8 8.1+0.8
Series at.% norm.
By element at.% Unleached Leached
Ir Co Ir Co
Iry5Co72 10.5 + 0.9 89.5 + 0.9 85.4 + 2.1 14.6 + 2.1
Ir45Cos5 19.8 +£ 0.7 80.2 + 0.7 88.6 + 4.1 11.4 + 4.1
Ir75Co25 48.8 + 6.7 51.3 +6.7 77.8 +1.9 222 +1.9

The element distribution of representative leached areas can be
found in the EDX mapping of Fig. S3 of the SI. An as-sputtered XRD
analysis indicated that the elements are found in a heterogeneous film
with a low degree of crystallinity, as it is normal for sputtered catalysts
that do not experience a heat treatment [26,49,50]. While the overall
structure remains amorphous, the shift to lower theta values and nar-
rowing of the Ir (111) Bragg peak after leaching, see Fig. S7, suggests
that it might experience a slight increase in crystallinity, which has also
been reported in similar studies [11,34,51]. Since the first studies on
AuAg nanoporous structure formations via selective leaching, several
studies have emerged to explain the behaviour of homogeneous bime-
tallic alloys [52-57] as well as the change in electronic properties due to
the formation of core-shell nanoparticles. However, a former study using
a similar magnetron-sputtering and acid-leaching process to create a
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self-supported Pt—-CoO network revealed that no alloy was formed in the
bimetallic deposition or leaching process [35]. A further look into the
oxidation state and the small range structures of the Ir-Co series was
conducted by ex-situ X-ray Absorption Spectroscopy (XAS) of the
leached samples, see Fig. 3 and Figs. S8-10 of the SI. Data were collected
at both, the Co and Ir edge, however, due to the low Co content the data
quality is significantly lower for the Co edge than for the Ir edge.
Therefore, we draw our conclusions mainly from the data obtained from
the Ir Ly K-edge. The X-ray absorption fine structure (EXAFS) results
reveal mixed metallic and oxide structures, see Fig. 3. The presence of
Co-Co; and Ir-Ir; coordination indicates that a proportion of Co and Ir
remains metallic after acid leaching and exposure to air. Furthermore,
the presence of Ir-Co; coordination shows a partial alloy character with
a similar trend as observed in the Co content of the leached samples by

Journal of Power Sources 569 (2023) 232990

EDX: Iry5Co25 > IragCoys > IrysCoss. In addition, Ir-O; and Co-O; co-
ordination is seen indicating partial oxidation of the samples. Interest-
ingly, the data from all series indicate a similar Ir-O; bond length,
indicating that the Co content has no measurable effect on lattice strain.

Considering the mixed chemical nature of the material, we describe
it as IryCoj.x nanoclusters rather than an IrCo alloy. In this context, the
self-supported structure is achieved by the dissolution of a sacrificial
templating metal in a selective acid leaching process under potential
conditions, coupled with surface restructuring processes in the material
due to diffusive forces. In an earlier study from the same authors con-
cerning the leaching behaviour of co-sputtered noble and non-noble
metals in a Pt-Cu system, a mechanism of acid leaching process lead-
ing to self-supported nanostructured catalysts was already discussed
[34]. As the non-noble metal dissolves in acid, hydrogen gas evolution
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Fig. 3. Fourier transformed magnitudes of the k? weighted extended X-ray absorption fine structure (EXAFS) data of the leached IrxCoy samples, shown for the a) Ir

Li-edge and the b) Co K-edge.
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starts spontaneously. Some of the gas can be trapped in interior cavities
and mechanically push the material around to nucleate pores. At the
same time, the catalyst-rich areas undergo a surface diffusion process
due to the electrochemical and mechanical forces, which promote the
redeposition of catalysts in neighbouring regions. The structures created
in such a process depend on the irregularities of the morphology and
porosity at the surface. Surface diffusion of catalyst particles is evi-
denced by an Ir enrichment and depletion of Co over the surface
observed in the EDX maps (Fig. S3) and reinforced by the XPS results
(Fig. S6). This process would be in agreement with the different mor-
phologies observed in the series between the as-deposited and leached
state for the different EDX Co:Ir ratios and the different initial distri-
butions of Ir and Co-rich areas. A previous study of a very similar Ir-Co
catalyst already demonstrated that Co dissolves from all areas in contact
with the acid solution leaving a percolated Ir network with the same
domain size as the initial deposition [11], which corresponds well with
the results presented here.

3.2. GDE electrochemical characterization and activity measurements

After sputtering and acid leaching, each series of the catalyst layers
was assembled into the GDE setup for electrochemical testing. The aim
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of the electrochemical testing was twofold: first, the electrochemically
active surface area (ECSA) of the leached Ir was determined. This was
achieved by determining the Hypq area in cyclic voltammetry [58]. The
leaching conditions were designed to dissolve the Co while preserving Ir
in metallic state, as IrO» does not display any Hypq area. We assume that
after leaching any oxidized Ir surface would be reduced and that there is
a direct relationship between metallic Ir surface before activation and
ECSA after activation. The second aim was to activate the catalyst layer
and determine its activity for the OER.

The electrochemical characterization is exemplified in Fig. 4a which
depicts the CV and OER activity of a leached Ir-rich (IrygCoy2) nano-
structured IrCo film. It is seen that after leaching, the CV displays a
pronounced Hypq area indicative of metallic Ir, allowing a straight-
forward ECSA determination of 52.6 + 4.8 m?g, Fig. 4a. After
recording the CV, the gas was switched, and oxygen was flushed through
the cell at 1 sccm for 20 min to guarantee a saturated oxygen atmo-
sphere. The OER activity was determined before and after activation and
benchmarked to published data from a commercial IrO5 black powder
(Alfa Aesar) [25]. It is worth mentioning that the commercial sample
was prepared with a different loading (1 mg cm™2) than the samples in
this study. However, it is still considered to be a useful reference since
the OER activities were measured using the same protocol and setup
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Fig. 4. Average of three cyclic voltammograms in Ar atmosphere measured at 30 °C, 100 mVs~ ! in 1 M HCIO4 for the a) IrygCo7s, d) IrssCoss and 8) Ir;5Coos series
with a common iridium loading of 250 pg/cm? before leaching (Table 1). iR-corrected OER mass activity in 100% humidified oxygen at 30 °C measured over the last
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configuration. The first set of OER activities revealed that the catalyst
surface was not yet completely activated into IrOy. Yet, the OER over-
potential in this state was around 40 mV lower as compared to the
benchmark. Recording another set of CVs in Ar atmosphere after the first
OER measurements confirmed that remainders of metallic Ir were pre-
sent from a decreased but still discernible Hypq area. In addition to the
reduced Hypq area, the double-layer capacity was increased (Fig. S11b).
To complete the oxidation of the metallic Ir, a potentiostatic activation
step was applied at 1.70 Vgyg for 20 min in O, atmosphere (Fig. S12),
after which a second set of OER activities was recorded. The fact that the
overpotential was reduced by an additional 10 mV as compared to
before activation indicates the further formation of the active IrO,
phase. Nevertheless, recording another set of CVs in Ar atmosphere in
step 2.3 of the protocol (Table 2) shows that a complete, irreversible
oxidation of the surface has not yet been achieved and still some Hypq
area is visible (Fig. S11c). Despite the incomplete activation, the OER
mass activity at 1.50 Vgyg was 101.5 Ag—L, roughly eight times higher
than that of the commercial benchmark catalyst Table 3). In the third
and last step of the protocol the temperature was increased from 30 to
60 °C and OER activity was determined for one last time (Fig. 4c). The
raise in temperature leads to a clear decrease in overpotential of ca. 40
mV even at the lowest (20 Ag—llr) current densities (Fig. S13). At this
temperature, an OER activity of 117.8 Ag—. was determined at 1.46
Vrue. Interestingly, in addition to a temperature-induced kinetic acti-
vation, the raise in temperature leads to an additional activation via
further oxidation. This can be seen by the fact that the relative OER mass
activity increases to a threefold value. In comparison, the benchmark
catalyst is mostly oxidized in its initial state. A further description of the
contributions to the decreased overpotential due to temperature and
activation contributions can be found in the SI. In addition to the acti-
vation, it is seen that with the temperature rise the Tafel slope decreased
slightly from 62 to 49 mV dec™!. This is a small, but still, significant
change, which can be explained by the temperature dependency of each
rate constant for every step of the reaction according to Arrhenius’
equation [59]. The electrochemical response of the Ir45Coss series pre-
sented in Fig. 4d-f shows a similar development as the former discussed
Co-rich series. From the initial CVs after acid leaching the measured
Hypq region after acid leaching was determined to be 33.7 + 1.9 m?gl A
possible explanation for the decreased surface area could be a smaller
size of the features formed after the Co leaching (Fig. 2e) and less in-
ternal porosity. Since the measured surface area at the initial step
(Fig. S11a) was only around half of the Co-rich series (Fig. 2a), the oxide
formation after the activation in Step 2.3 (Table 2) also rendered a
smaller oxide capacitive layer (Fig. S11d). However, at this point the
Ir45Coss samples still presented a comparable Hypq area to the IragCoza
series, indicating that the sample was not completely oxidized. Never-
theless, the overpotential still decreased by about 10 mV after activation
as in the case of the Co-rich samples due to the oxidation of the metallic
surface (Fig. 4e). As a result, the activity measured after activation at
30 °C and 1.50 Vgyg increased to 57.6 Ag—Ilr, four times greater than the
value of the commercial sample (Table 3). Still, it was approximately
two times lower than the Ir-rich (IrpgCo72) samples under the same
conditions. OER activity measured at 60 °C was nearly doubled from the
previous step, i.e., 91.8 Ag—Ilr at 1.46 Vryg. The sharp activity increase
reinforces the hypothesis that the samples only experience full activa-
tion during the protocol at high temperatures. Even at the start of this
step the overpotential already decreased by 45 mV compared to the
activity recorded after activation (Fig. S13). Since the reversible
reduction in the overpotential due to temperature increase is approxi-
mately 25 mV, the further decrease supports the argument of a dynamic
activation process. Additionally, the Tafel slope also decreased from 64
to 52 mV dec”! between the activation and high-temperature OER
respectively. The Ir-rich Ir;5Coos series exhibited the lowest values for
the surface area and activity throughout the OER measurements. After
acid leaching, the ECSA was determined to be 21.4 + 2.0 m?g’, see
Table 3. This is in good agreement with the observed top-down
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morphology from the leached sample at the SEM (Fig. 2f), which
featured the smallest clusters in all three series. The reduction in over-
potential after activation was also minimal, i.e., ca. 3 mV (Fig. S13). The
OER activity after activation at 30 °C was 44.3 Ag—Ilr at 1.50 Vryg, which
is approximately 30 mV lower than that of the commercial benchmark
under the same conditions. As also observed for the other IrCo series, the
mass activity improved at 60 °C, reaching 62.7 Ag—Ilr at 1.46 Vgyg as
compared to the 10.14 Ag-L of the commercial benchmark. Interest-
ingly, even though the mass activity results were at the lowest of the
series in absolute numbers, a similar reduction in overpotential at high
temperatures was observed as compared to IrysCoss. (Fig. S13). The
Tafel slope was the highest of the series and only decreased from 68 to
58 mV dec! between activation and high-temperature OER respec-
tively, which was the smallest change in all series (see Table 3). Along
the series, the ECSA, the Tafel and the mass activity followed the trend
defined by the initial as-deposited Co content IrpgCoy2 > IrssCoss >
Ir;5Cozs. When combined with the catalyst morphology, this trend
strongly suggests that a high initial Co content increases the catalyst
utilization by increasing the ECSA in a dynamic process as the catalyst is
activated. On the other hand, the specific activity was found to correlate
with the XAS results and the Co content after leaching from the EDX
results, which hints at a positive influence from the remaining Co in the
structure. A summary of the main electrochemical results can be found
in Table 3 below.

Some additional factors need to be considered together with the
electrochemical results. As mentioned in the methods section, the
deposition time for the magnetron targets was defined between 1 s and
6 s for Co and kept constant at 3 s for Ir in each cycle. The Ir loading
calibration was performed in a continuous deposition of 1200 s. In a
preliminary test, it was confirmed for Ir that the loading for the
continuous deposition matched the loading for the cycled deposition by
mass gravimetry. However, when measuring the expected ratios by EDX
they were found to be different from the nominal. While EDX is a ver-
satile tool to determine the spatial resolution of the thin catalyst layer
and the element distribution on the substrate, it is known that absolute
quantification using automatic standardless EDX profiles is generally
poor [60]. We found that using 15 kV for the analysis was a compromise
between good surface sensitivity and exciting the higher energy lines for
better elemental analysis (Co K, = 6.924 keV, Ir L, = 9.147 keV) to
maximize the number of counts. However, in the acid-leaching process,
the catalyst loading is further reduced which leads to larger errors in the
elemental quantification. Hence, we assumed the initial loading was
unchanged for the electrochemical mass activity results, while it is likely
that both the surface area and the mass activity might be larger than
what was measured. The quantification of the changes in the Ir loading
during electrochemical measurements is not trivial. Unlike other PGM
catalysts (Pt, Pd), iridium is known to fully dissolve only in extremely
aggressive conditions requiring high temperatures, pressures, and strong
acids [61,62]. Therefore, the preparation of the samples for conven-
tional ex-situ techniques such as Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) that relies on the analysis of the dissolved spe-
cies is non-standard and complex. However, in recent years, some ap-
proaches have been taken to quantify the Ir loading or loss during the
electrochemical measurements. One of the most relevant methods is the
Scanning Flow Cell (SFC) coupled with an ICP-MS system, which allows
to perform time-resolved measurements of the material loss during an
electrochemical protocol. Unfortunately, it also does not provide infor-
mation about the remaining catalyst in the deposited layer [63].
Furthermore, there is not yet a compatible design to combine the
high-current capabilities of the GDE method with the access to analytics
of the SFC ICP-MS. Additionally, most techniques have been optimized
so far for the study of supported catalysts with Ir nanoparticles which are
known to present higher degradation rates compared to self-supported
catalysts [11,34,35]. Since the purpose of this study was to assess the
performance of different Ir-based catalysts under the same conditions
and using a comparative approach, a quantitative study of the Ir loading
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loss or the formation of transient species was not performed. In addition,
speculations about specific activity changes in correlation to XAS data
were made with data measured at 30 °C in combination with the ECSA
measurement in metallic state by Hupd. However, the increase in the
double layer capacity of the CVs due to the oxidation to IrOx after the
OER at higher temperatures (see Fig. 2f) would have resulted in different
surface areas and thus different specific activities. Therefore the specific
activity reported at 60 °C has to be taken with caution. Other in-situ
methods such as the mercury underpotential deposition could have
also been considered [64]. However, this was not possible, as the
membrane would need to be removed to avoid poisoning, impeding
further electrochemistry. For the same reason, most material charac-
terization methods in this study have been limited to the after-leaching
state. Further insight into the dynamic catalyst activation at high tem-
peratures and its link to the morphology may be achieved with in-op-
erando XAS methods as soon as they are developed. Nevertheless, these
limitations were considered as boundary conditions to help the discus-
sion and understanding of our results.

4. Conclusion

In this study, we applied the GDE method to perform activity mea-
surements of PVD-produced catalysts for the OER. First, three series of
Ir-Co catalysts with equal 250 pg/cm? Ir loading were sputtered on
carbon substrate using different Co:Ir weight ratios (IrzgCo72, Ir45Cos5
Ir;5Cogs5). To create a self-supported nanoporous structure with
increased ECSA, Co was removed in an acid-leaching step. This is
rendering a distinct dendritical surface morphology with Ir-rich clusters
and slight changes in crystallinity. During the process, a mixed metallic
and oxide structure with local Ir-Co coordination is formed. A higher
initial Co content leads to larger surface areas after leaching, out-
performing the OER activity of a commercial IrOx catalyst benchmarked
at 30 °C and 60 °C. Overall, the performance followed the Co:Ir series
IrpgCo79 > IrysCoss > IrysCogs > IrOx, where the best-performing
catalyst at 60 °C reached more than a tenth-fold increase in mass ac-
tivity over the commercial sample. The performance increase as
compared to the benchmark catalyst, accounting for loading and prep-
aration differences, can be due to higher dispersion in addition to a
ligand effect. The latter is supported by the specific activity trend cor-
relation with the remaining Co after acid leaching and XAS coordination
data. A strain effect, by comparison, was not supported by the XAS data.
The temperature increase and dynamic surface activation due to
oxidation of metallic Ir, both observed by CV and the OER activity, had a
positive influence on the catalyst activity. The authors acknowledge that
the complex mechanisms behind the influence of the Co content and the
electrochemical performance may not be fully explained from the
measurement results, but also remain beyond the scope of this study. On
the other hand, it was demonstrated that the flexible and reproducible
characteristics achievable from the nanostructured PVD-produced cat-
alysts in combination with the three-electrode GDE setup can reveal
further insights into the electrode evolution under more realistic con-
ditions than traditional methods such as RDE, helping to fast-track OER
catalyst experimental research.
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