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Proton exchange membrane (PEM) electrolysers are promising devices to produce hydrogen as a green fuel.
Currently, this technology is limited by the sluggish kinetics of the oxygen evolution reaction (OER). In this work,
we describe an environmentally safe method for the preparation of Ir oxide thin films (IrO3) for OER. Electro-
deposition of Co and Ni was performed in the non-toxic choline chloride:urea deep eutectic solvent (ChCl:urea
DES), followed by galvanic displacement reaction (GDR) of Co and Ni by Ir(IV). We evaluated how the GDR

conditions, such as the metal replaced (Co or Ni), time and temperature affect both the activity and stability of
the deposited IrOx films on gold substrates. We observed that GDR of Ni at 90 °C induces morphological changes
on the IrO2 nanostructures which resulted in higher activity and stability towards OER. We highlight that not
only reducing mass loadings of Ir but also tuning the surface morphology and structure controlling the synthesis
preparation, as well as investigating the role of the substrate, are key to design more active and stable OER

electrocatalysts.

1. Introduction

The scarcity and decline of fossil fuels make the transition towards a
zero-carbon emission economy more urgent [1-3]. The so-called
hydrogen economy, which uses hydrogen as an energy carrier, is a po-
tential and green solution to replace fossil fuels, where water is the only
by-product formed when hydrogen and oxygen are consumed in fuel
cells [4-6].

In proton exchange membrane water electrolysers (PEMWEs),
operating under acidic conditions, the production of hydrogen is fast in
relation to alkaline exchange membrane electrolysers [7,8]. However,
the technology needs to overcome other challenges to become
economically competitive in the long term. One of the main bottlenecks
of PEM water electrolysers lies in the slow kinetics of the reaction at the
anode, i.e., the oxygen evolution reaction (OER), as it requires high
applied energy input to achieve high current densities [6,9-11]. As a
result, high amounts of oxides based on scarce iridium are required at
the PEM electrolyser anode. While Ir oxide electrocatalysts are
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reasonably active and stable, Ru oxides are rather unstable under re-
action conditions, as they dissolve rapidly under reduction conditions in
acidic solution [12,13]. Finding new synthesis procedures that minimize
the environmental and energetic costs is important for achieving a
transition to a sustainable economy [1].

Different methods have been reported to prepare Ir and Ir oxide
nanocatalysts with variable size and morphology, aiming to maximize
the area and minimize metal loadings for more active and stable OER
electrocatalysis [14-19]. Colloidal synthesis of Ir nanoparticles (NPs)
allows for the preparation of NPs of small size down to 3 nm, although
generally via using surfactant agents to avoid particle agglomeration
[20,21]. The use of surfactant agents means they need to be removed as
they block the active sites. Some agents are harmful to the environment,
and, in addition, the removal steps of most surfactants are time and
energy consuming [20-22]. We recently showed the preparation of
self-supported Ir porous networks by alternating the deposition of Ir and
Co by physical vapour deposition (PVP), followed by acidic leaching of
the Co [23]. The obtained three-dimensional Ir networks showed high
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mass activities of ca. 2000 Ag ™! at 1.55 V vs RHE due to enhancement of
the electroactive surface area of the Ir porous layer. Electrochemical
methods combining Ir with less noble metals, such as Co or Ni, for the
preparation of new Ir catalyst structures, have previously been explored
as well. Alia et al. developed a simple methodology for the preparation of
Ir nanowires via galvanic displacement reaction (GDR) of Co or Ni
nanowires by Ir(IV) ions [24]. Metallic Co or Ni nanowires were
replaced by Ir(IV), forming metallic Ir nanowires with one of the highest
reported both mass activities (8000 Ag’1 at 1.55 V vs RHE) in the
literature, and enhanced stability after leaching of the Co and Ni.
Galvanic displacement reactions of Co and Ni by Ir(IV) occur sponta-
neously, i.e., without applying any voltage input, because the standard
redox potential of Ir (E{}/ir4+=0.86 V vs RHE) overcomes the standard
redox potential of either Co or Ni (E °co/co2+= —0.280 V vs RHE and
EONi/Ni2+: —0.257 V vs RHE) [24-26].

In this work, we introduce a feasible methodology to prepare Ir
nanostructured thin films via galvanic displacement of electrodeposited
Co and Ni in a choline chloride deep eutectic solvent (DES). DESs are
classified as green solvents due to their high biocompatibility and
biodegradability, easy synthesis, low cost, and high availability of raw
materials, and have been widely used in the field of metal electrode-
position [27-32]. Electrodeposition is a versatile technique that allows
the deposition of films by simply modulating the applied potential
conditions, and is advantageous to modify substrates with variable
shape or geometry if they are conductive [33]. The electroplating
technique has been widely used in the coating industry [34,35], and has
been employed for direct modification of several types of surface elec-
trodes, even gas diffusion electrodes (GDE) or membrane assembly
electrodes (MEA) for PEM using pulse electrodeposition [36,37]. We
used gold substrates that we coated with Co or Ni via electrodeposition
in a choline chloride urea DES. Then, we deposited Ir nanostructures via
galvanic displacement reaction of Co and Ni by immersing the coated
substrates in an IrCly solution. We used gold beads and gold planar
sheets (Si/Ti/Au sheets) to evaluate substrates of different shapes with
IrO, thin films. We have assessed how the GDR conditions, such as
temperature, time and loadings of deposited Co and Ni, affected the
growth of the IrO; films, and their OER activity and stability. In the
discussion, we elaborate on the potential uses and challenges regarding
our catalysts as well as discuss their application in relation to other types
of OER anodes.

2. Experimental
2.1. Preparation of Co and Ni deposits in DES

Metallic Co and Ni surfaces were prepared by electrodeposition
technique in a DES solution, following previously reported protocols
[30,31]. The DES solution was prepared by mixing choline chloride
(ChCl, Across Organics, 99%) and urea (Sigma-Aldrich, 99%) in a 1:2
molar ratio at 40 °C under constant stirring. Both CoCl, and NiCl, salts
were purchased from Alfa Aesar (Cobalt(II)chloride, 99% purity and
Nickel(II) chloride, 99% purity). The 0.1 M CoCl, + DES or 0.1 M NiCl,
+ DES bath solutions for metal electrodeposition were prepared by
drying the salts and dissolving them in DES under stirring conditions at
70 °C in dry glassware. The bath solutions were bubbled with Ar gas for
3 h before experiments, to remove excess water and prevent further
moistening. We performed the Co and Ni electrodeposition at 70 °C in a
small volume thermostatic cell with three electrodes, which contained
1-2 mL of bath solution. The metal electrodeposition was carried out at
70 °C to accelerate the rate deposition without solvent Co—reduction
[30-32]. Circulated charges of —10 mC, —15 mC and —25 mC were
obtained during deposition. We used the circulated charges during the
chronoamperometric electrodeposition to estimate the loadings of Co
and Ni (ug cm~2) in the nanostructures. A gold wire was used as the
counter electrode and a silver wire as a quasi-reference electrode. The
gold beads and the gold and silver wires were pre-treated by flame
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annealing and cooled down in air. The polycrystalline gold beads were
prepared following the Clavilier’s method [38], where a gold wire was
slowly melted until a bead shape appeared and then cooled down.

2.2. Preparation of IrO, nanostructured films

Ir—Co and Ir—Ni catalysts on polycrystalline gold beads were pre-
pared via galvanic displacement reaction (GDR) of deposited Co or Ni by
Ir(IV) ions. For the GDR, the Co- or Ni-deposited polycrystalline gold
beads were immersed in solutions of IrCly salt (Iridium(IV) chloride, Alfa
Aesar, 99%) immediately after metal electrodeposition. For the Co
replacement, the Ir(IV) solution had a concentration of 2-4 mM and was
kept at room temperature (RT). The time of immersion differed from 6 to
12 min depending on the circulated charge of deposited Co. For the Ni
replacement, the Ir(IV) solution had a concentration between 4 and 8
mM IrCl4 and was heated to 90 °C during the galvanic displacement
reaction to accelerate the reaction kinetics. The time of immersion was
also increased to 30-60 min. In all cases, the GDR time was selected to
ensure that Co and Ni replacement by Ir(IV) was close to 100%. After
GDR, the Ir—Co—Au and Ir—Ni-Au electrodes were then treated ina 1:1
solution of nitric acid (VWR, 68%) to remove or leach the traces of Co
and Ni [23,24]. To calculate the nominal loading of IrO,, we used the
Faraday law [39] to relate the total amount of moles of Ir replacing the
moles of deposited Co and Ni, with the circulated charge during the
deposition of Co and Ni, accepting that in the selected electrodeposition
conditions the deposition efficiency is close to 100%. The equation my =
Qco/ni * My /2nF was used to estimate the nominal loading of Ir. Q rep-
resents the circulated charge of Co and Ni, z is the number of transferred
electrons in the reduction of the ionic metals M?*" (2 electrons are
transferred in the reduction of Co(II) and of Ni(Il) during the electro-
deposition), n is the number of moles involved in the galvanic
displacement (2 mol of Co or Ni is replaced by 1 mole of Ir) and, F is the
Faraday constant (F = 96,500 C/mol e™). Considering the GDR of Co and
Ni by Ir:

2C0 + Ir*T— 2Co*" + Ir
INi + Ir*t = N2t £ Ir

If all the Co and Ni is replaced, we estimated an Ir loading of 12.4 pg
for a circulated charge of —25 mC, 7.5 pg Ir for a circulated charge of
—15 mC and 5.0 ug for a circulated charge of —10 mC. The actual
loading of Ir and the efficiency of the GDR was then calculated by
determining the real amount of Ir in the electrolyte by inductively
coupled plasma mass spectrometry (ICP-MS). Samples of 1 mL were
taken directly from the cell after electrochemical dissolution of the Ir
film before ICP-MS measurements were done. The ICP-MS analysis was
performed using the model Bruker Aurora Elite ICP-MS instrument.

2.3. Electrochemical measurements

Electrochemical characterization and conditioning of the Ir catalysts
were performed in a standard three-electrode cell set-up containing 0.1
M HCIO4 (suprapure perchloric acid, Merck, 96%) electrolyte. A gold
wire, previously flame-annealed, was used as counter electrode. As a
reference electrode, we used a reversible hydrogen electrode (RHE) that
we made by placing a Pt wire inside a glass tube with electrolyte satu-
rated with Hj. The electrolyte was saturated with Ar before electro-
chemical measurements of the electrode commenced.

Before coating the gold bead surface with Ir, we carried out the base
cyclic voltammetry of the bare gold bead in the 0.1 M HCIO4 electrolyte
at 50 mV/s between 0 V and 1.7 V vs RHE. The surface area of the beads
were then determined following the protocol as described by Trasatti et
al [40] as described in the supplementary information, S.I, in
Figure S1A.The gold bead surface areas were between 0.15-0.19 cm?.

The electrochemically active surface area (ECSA) of the Ir catalysts
was calculated by assessing the voltammetric hydrogen underpotential
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deposition (HUPD) region recorded between 0.025 V and 0.5 V vs RHE
at 50 mV/s in 0.1 M HCIO4 (Figure S1B). The determination of the areas
(both geometric area (GA) and ECSA) is based on the work of Trasatti et
al [40] and detailed by Lukaszewski et al [41] as well as based on the
previous work by Arminio-Ravelo et al [20]. Details on the calculation
for the ECSA can be found in the S.I. section S1B.

IrO, catalysts were then prepared by electrochemical conditioning
consisting of continuous cycling at 500 mV/s in the potential range
between 0.05 and 1.47 V vs RHE until a stable base cyclic voltammo-
gram (CV) was achieved (Figure S1C). The extended double layer region
of the IrO, catalysts was evaluated at 50 mV/s in the same potential
range. We recorded cycles between 1.4 to 1.85 V to assess the OER ac-
tivity. The potential of the anodic curves of the OER were IR,—corrected
ex situ, where I is the recorded current and R; is the solution resistance.
The solution resistance, R, was measured by means of impedance
spectroscopy and ranged between 25 and 35 Q. Chronoamperometric
stability tests were done for 14 h at applied potentials of 1.6 V vs RHE for
different Ir mass loadings. We saw no change in the chronoampero-
metric stability tests with or without constant Ar flow. Therefore, the
electrolyte was only saturated with Ar before experiments were carried
out. Chronopotentiometric tests were done by holding a constant cur-
rent density of 11-14 mA/cm? until the potential reached that of gold
OER activity (2.1 V vs RHE). All electrochemical experiments were
performed using the Bio-Logic E-lab potentiostat and software.

2.4. Analysis of surface structure and morphology

Simultaneous field emission scanning electron microscopy (FE-SEM)
and energy-dispersive x-ray spectroscopy (EDX) was performed to
analyse the morphology and chemical composition of the samples. For
this, the high-resolution Zeiss Gemini 500 FE-SEM at Topsoe A/S was
used. Inlens and SE2 detectors were used at low voltages (2 keV) for high
resolution imaging. A third detector, a Thermo Scientific UltraDry sili-
con drift detector, was used for collecting EDX data at higher voltages
(15 keV) and the results were processed using Pathfinder Software.

3. Results

3.1. Preparation of the IrO, surfaces by galvanic displacement of Co or Ni
Fig. 1 illustrates the protocol employed to prepare the metallic Ir thin

films via galvanic displacement reaction (GDR) of electrodeposited Co

and Ni on gold bead substrates. The same preparation was used for the
Si/Ti/Au substrates coated by Ir. The Ni(II) and Co(II) cations were

Electrodeposition in a deep eutectic solvent

® 2M2+
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reduced on the gold surface by applying a negative potential resulting in
a thin, dark grey layer of Co or Ni, as seen in Fig. 1. We carried out both
chronoamperometry (CA) and cyclic voltammetry to determine the
potential range, which allows for controlled electrodeposition of
metallic Co and Ni films at moderate rates and high efficiency. Details of
the Co and Ni electrodeposition can be found in the S2 section (S.I.).
Figures S2a and b show, respectively, the CVs before electrodeposition of
the Co and Ni electrodeposition recorded at three different potential
limits.

Figures S2c and S2d show the chronoamperometric profiles (j-t
transients) during electrodeposition at different applied potentials be-
tween —0.6 V and —0.8 V vs Ag. For controlled growth of the metallic Ni
and Co deposit on gold, and to ensure the formation of metallic Co and
Ni deposits — critical for efficient GDR by Ir, we performed the Co and Ni
electrodeposition at overpotentials near to —0.70 V vs Ag. At these
applied potentials, the maximum current value is reached at around
90-120 s. We stopped applying potential when the preferred circulated
charge was reached. A quasi-reference silver electrode was used for
these measurements for ease in the heart-shaped cell design. The CV was
always checked before performing the deposition with chronoamper-
omety. The rate of the deposition was kept similar for all measurements,
meaning that the applied electrodepositon overpotential was the same.
The Ag quasi reference electrode behaved stable during the measure-
ments, and it should not influence the deposits.

After the preparation of the Co and Ni metallic films, we initiated the
galvanic displacement reaction (GDR) of Co and Ni by Ir to prepare the
metallic Ir deposit. We assessed how the loading of Co and Ni, time and
heating conditions during the GDR influenced the formation of the IrO,
thin film layer. We named the samples prepared from GDR of Co and Ni
as Ir—Co and Ir—Ni, respectively. The Ir catalysts prepared from the
galvanic displacement (GD) of Co films (Ir—Co) exhibited a red-golden
colour, whereas the ones prepared from the Ni films (Ir—Ni) exhibited a
dark grey colour as shown in Fig. 1.

After successful galvanic displacement of Co and Ni by Ir, we
investigated the Ir deposits electrochemically. The left side panels in
Fig. 2a, b and ¢ compare the base cyclic voltammograms (CVs) in 0.1 M
HClO4 of metallic Ir—Co and Ir—Ni catalysts after leaching, prepared
under different conditions, in the potential range between 0.0 V and
0.55 V vs RHE. The corresponding IrO,, formed after continuous elec-
trochemical cycling of the metallic Ir film in the potential range between
0.05 V and 1.47 V vs RHE, appear in the right-side panels of Fig. 2a, b
and c (solid lines). Fig. 2a shows the CVs of Ir catalysts prepared with
two different loadings of electrodeposited Co at —25 mC (dark blue line)
and at —15 mC (light blue line). The metallic Ir CVs in the left panel

Galvanic displacement by Ir

©00¢

Gold Applied V \ Immersion in IrCl,
® Co/Ni 5
T N
®|r a
Co-Au  Ni-Au

Time (+ heating)

Acid leaching /

Ir-Co-Au Ir-Ni-Au
12 min, RT 30 min, 90 °C

Fig. 1. Schematic of the experimental preparation of the Ir and Ir catalysts from the Co and Ni deposited surfaces. The Co—Au and Ni—Au beads were prepared by
electrodeposition in a deep eutectic solvent. The beads were then immersed in IrCl, for galvanic displacement of Co and Ni by Ir and subsequently leached in nitric

acid to create the metallic Ir surfaces.
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Fig. 2. Cyclic voltammograms of the metallic Ir catalysts and the conditioned IrO, catalysts recorded at v = 50 mV/s in 0.1 M HCIO4. Left: Hydrogen underpotential
region of the as prepared metallic Ir surfaces between 0.0 and 0.55 V vs RHE. Right: electrochemically conditioned Ir oxides surfaces compared to the as prepared
metallic surfaces between 0.05 and 1.47 V vs RHE. Different conditions of galvanic displacement were applied (referred to in the legends): (a) Shows the influence of
different loadings of Co. The insets show the colours of the beads after displacement of different Co loadings. The black arrow indicates the appearance of the gold
reduction peak. (b) Galvanic displacement at 90 °C and at different times for Ni displacement. The inset shows the colour on the bead after 60 min immersion. (c)
Comparison between two catalysts with galvanically displaced Co (GDR at RT and for 12 min) and Ni (GDR at 90 °C and for 60 min).

(dashed lines) show prominent features between 0.0 V and 0.35 V vs
RHE, which correspond to the adsorption/desorption of hydrogen, or
hydrogen underpotential deposition (HUPD), on Ir [20,42,43]. These
peaks are more intense as more Co is replaced, showing a correlation
between the amount of Co and the amount of Ir displacing the Co. To
estimate the electroactive surface area (ECSA) we integrated the charge
under the HUPD voltammetric region as explained in the experimental
section. We used the ECSA and GA of the beads to determine the
roughness factors, Ry, of the samples (S.I. section S1). We could not
estimate the ECSA of the derived Ir oxide films (IrO5) films since
hydrogen adsorption only occurs on the metallic surface [40,41,44].
Thus, we have assumed that the differences in real surface area of the
respective IrO, layers are relative to the differences in active surface
area of the metallic Ir phase and can be compared.

The ECSA of Ir prepared with Co deposited at circulated charges
between —10 mC and —15 mC was similar. Its determination was
difficult due to the low intensity of the recorded Ir voltammetric peaks
(Fig. 2a, light blue line). We obtained roughness factors around 1 for the

deposits prepared with deposited Co at charges between —10 mC and
—15 mC. In contrast, Ir films prepared from Co deposits at —25 mC
(Fig. 2a, dark blue dashed line) presented high roughness factors of 6.0
+ 1.3, showing that —25 mC is the optimal deposition charge for effi-
cient GDR of Co. We also performed GDR of a —25 mC deposited Co film
for 90 min (Figures S3a and b) and we do not observe a significant in-
crease in current of the HUPD features, concluding that at 12 min the
GDR of Co by Ir has been mostly completed. The formation of the cor-
responding IrO; prepared from GDR of Co is shown in the right side in
Fig. 2a (blue solid lines). After electrochemical conditioning, the
hydrogen adsorption and desorption peaks have disappeared (solid
lines). We would like to note that the HUPD areas of the metallic sur-
faces in the right panel have already been reduced in relation to the left
panels. The CVs in the right panel are recorded by going to the higher
potential limit of 1.47 V vs RHE, where the metal is already oxidised
before recording the hydrogen adsorption. Furthermore, the Ir(III)/Ir
(IV) redox peaks at about 0.85 V vs RHE and the Ir(IV)/Ir(V) peaks at
1.2 V vs RHE become more prominent during the oxidising step. As
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occurred with the voltammetric features of metallic Ir (dashed lines), the
IrO5 redox peaks are visible and more prominent for higher integrated
charges (—25 mC of Co circulated charge). The capacitive current is thus
shown to be correlated with the circulated charge of Co. The black arrow
on the right-side panel indicates the gold reduction peak, which is
visible in the CVs from GDR of Co with lower charges. The appearance of
this peak is due to a low coverage of Ir on the gold surface, i.e., at —10
mC and —15 mC the gold surface remains partially uncovered. There-
fore, the threshold for the circulated charge, when we deposited either
Co or Ni, was chosen to be —25 mC.

We have highlighted the influence of temperature and time on the
GDR of Ni in Figure S3c. We found the GDR at RT and 5 min immersion
(Figure S3c, yellow line) to be very inefficient, and the blank CV of IrO,
shows only faint IrO, redox peaks as well as the presence of the gold
reduction peak at 1.2 V vs RHE. With further increased temperature, the
efficiency of the galvanic displacement of Ni increased as seen when
comparing the 60 min immersion at 65 °C (Figure S3c, orange line), at
75 °C (Figure S3c, pink line) and at 90 °C (Figure S3c, red line). Fig. 2b
shows two different CVs for metallic Ir prepared by GDR of Ni (dashed
lines) and IrO, after electrochemical oxidation prepared by GDR of Ni
(solid lines). When the temperature of the IrCl solution is 90 °C, and the
GDR is performed with 30-60 min immersion, we observed the forma-
tion of metallic Ir (Fig. 2b, left), with prominent voltammetric features
of similar intensity between 0.0 V and 0.4 V vs RHE. This result confirms
that, under the selected GDR conditions, Ir from IrCl4 replaces Ni and
forms a metallic thin film. The derived IrO, from GDR of Ni appears in
Fig. 2b, right panel (solid lines). The IrO5 prepared at 30 min (yellow
line) is slightly more intense than the one prepared at 60 min (red line),
a fact that we ascribe to a small difference in area of the employed bead-
substrates, as we melt a gold wire to grow the bead geometry (see
experimental section). We conclude that the formation of IrO5 films
prepared by GDR of Ni, in the time window between 30 and 60 min, is
optimal. We calculated an Ry of 15.7 + 5.5 for Ir—Nj, i.e., about 2-3
times higher than the Ir films prepared by GDR of Co. Fig. 2c compares
the cyclic voltammograms of the metallic and oxide Ir catalysts prepared
by GDR of Co and Ni deposited at —25 mC between 0.00 and 1.47 V vs
RHE. The CV in the HUPD region of the metallic Ir catalyst prepared by
GDR of Ni during 60 min immersion at 90 °C has more pronounced
hydrogen adsorption/desorption peaks than the metallic Ir catalyst

Electrodeposits from DES

From Co
deposits

From Ni
deposits

IrO, from GDR on Si/Ti/Au sheets

Electrochimica Acta 467 (2023) 143058

prepared by GDR of Co during 12 min at RT. Similarly, the corre-
sponding IrO prepared from Ni has more pronounced redox peaks,
clearly showing that GDR of Ni at 90 °C and 60 min generates Ir catalysts
with higher active surface area and higher capacitive current.

To further investigate the nature of the IrO, catalysts and determine
which parameters influence the catalyst surface structure, we examined
the morphologies of the surfaces with SEM. We assessed the morphology
of the electrodeposited Co and Ni films, as well as the derived IrO; films
prepared by GDR, by depositing Co and Ni on the Si/Ti/Au surfaces, and
subsequent electrochemical oxidising. Fig. 3a and b compare the Co and
Ni deposits before GDR prepared by deposition in DES. The Co deposit in
Fig. 3a, obtained at —0.75 V vs Ag and under 155 mC / cm? circulated
charge, is comparable to the results of Landa-Castro et al on poly-
crystalline gold [30,45], and shows an interwoven morphology. In
contrast, the Ni deposit (Fig. 3b), prepared at —0.65 V vs Ag and under
155 mC/cm? circulated charge, show small rounded nanoparticles,
similar to previous results obtained on glassy carbon and platinum
substrates [31]. We also observe the formation of big clusters in Fig. 3b,
which could indicate that the Ni nanoparticles diffuse on the gold sur-
face and agglomerate. The EDX analysis in Figure S4a and b confirmed
the presence of Ni and Co on the gold substrates.

Fig. 3c and d compare the prepared IrO, surfaces after GDR of Co and
Ni, leaching and subsequent electrochemical conditioning of the
metallic Ir. Fig. 3¢ shows the SEM images of an IrO, catalyst prepared
from GDR of Co and Fig. 3d shows the SEM images of an IrO, catalyst
prepared from GDR of Ni on the Si/Ti/Au surfaces. The morphology of
the derived IrO, deposits is different from the morphology of the Co and
Ni metallic deposits. Fig. 3¢ shows that the interwoven Co morphology
has disappeared and rounded nanoparticles of IrO, are formed. Fig. 3d
highlights some additional features in the IrO, prepared by galvanic
displacement of Ni at 90 °C. Although IrO, derived from Ni similarly
develops nanoparticles, it additionally exhibits some holes and a more
porous structure. We have also observed that the Ir—Si/Ti/Au, after
galvanic displacement of Ni had a grey colour and was distinctly darker
than the red-golden colour after displacement of Co (insets in Fig. 3c and
d). The morphological features on the IrO; surface prepared by GD of Ni
can possibly be attributed to the additional step of heating during the
galvanic displacement. In combination with SEM imaging, we investi-
gated the composition of the surfaces with EDX analysis, which is shown

IrO, from GDR on poly Au beads
(e) :

Fig. 3. Morphological analysis with field emission scanning electron microscopy. Insets show pictures of the surfaces with deposits. (a) Co electrodeposited on a Si/
Ti/Au sheet in deep eutectic solvent at —0.75 V and 155 mC/cm? circulated charge, (b) Ni electrodeposited on a Si/Ti/Au sheet in deep eutectic solvent at —0.65 V
and 155 mGC/cm? circulated charge, (c) IrO, catalyst prepared by galvanic displacement of Co deposit on a polycrystalline gold bead by Ir via immersion in IrCl, for
12 min at RT and subsequent electrochemical oxidizing,(d) IrO, catalyst prepared by galvanic displacement of Ni deposit on a polycrystalline gold bead by Ir via
immersion in IrCly for 30 min at 90 °C and subsequent electrochemical oxidizing, (e) IrO, catalyst prepared by galvanic displacement of Co deposit on a Si/Ti/Au
sheet by Ir via immersion in IrCl, for 12 min at RT and subsequent electrochemical oxidizing and (f) IrO, catalyst prepared by galvanic displacement of Ni deposit on
a Si/Ti/Au sheet by Ir via immersion in IrCly for 30 min at 90 °C and subsequent electrochemical oxidizing. All images were taken at 2 keV.
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in Figure S4. The metallic Co and Ni typically dissolves when exposed to
acidic media [46,47]. EDX results show that most of the Co and Ni has
been eliminated during the GDR and acid leaching steps as only small or
no traces of Ni and Co were detected in the EDX (Figure S4c and e).
However, we observed a higher amount of Ni than Co in some spots even
after leaching (Figure S4e). Therefore, we suspect that some Ni which
was not displaced by Ir was left under the Ir surface after galvanic
displacement and thus was not leached even during the long stability
measurement. There was no presence of Ni in the ICP-MS analysis.

Fig. 3e and f show the SEM images of IrO; deposits prepared by GD of
Co or Ni deposited on a gold bead. Fig. 3e shows rounded nanoparticles,
similar to the morphology of IrO, from Co observed on the sheet. Fig. 3f
shows that the morphology of IrO, prepared by GD of Ni contains fea-
tures, which are more visible on the gold bead substrate than on the
planar Si/Ti/Au sheets. The morphology of IrO, from Ni shows more
porosity or roughness than the morphology of IrO5 from Co composed of
uniformly distributed rounded nanoparticles. It is worth commenting
that the SEM images in Fig. 3e and f lose a bit of resolution, compared to
Fig. 3c and d, likely because the curvature of the gold bead affects the
SEM measurement. As in Fig. 3d, we ascribe the morphological change
and the scratched surface on IrO3 from Ni to the heating step in the GDR.
We cannot discard that the different geometry or surface structure of the
gold bead, can also influence the morphology of IrO; from Ni, compared
to the Si/Ti/Au sheets, as the electrodeposition is structure sensitive.
Overall, we show that our methodology allows for the preparation of
IrO, thin films on substrates with different shape and structure, by
carrying out Co and Ni electrodeposition followed by GDR by Ir(IV).

We performed ICP-MS measurements of the digested Ir catalysts after
electrochemical tests to evaluate the GDR efficiency when either Co or
Ni were replaced by Ir(IV) since the presence of oxidized surface Ni and
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Co can affect the replacement yield of Co and Ni. The average of the
mass of Ir calculated from ICP-MS for the IrO5 samples prepared with a
circulated charge of Co of —25 mC was 10.6 + 2 pg. This value is lower
than the calculated value of 12.4 pg for a 100% efficient GDR process, i.
e., the efficiency of the Co displacement is around 85%. The average
mass of Ir from the IrO5 samples prepared with Ni deposits of —25 mC
was 16.4 + 3 pg, slightly higher than the expected value of 12.4 pg. We
ascribe the excess amount of Ir on the Ni-displaced catalysts to the
formation of a small IrO, precipitate during the GDR at an increased
temperature that then adheres to the surface. To check this hypothesis,
we performed experiments where we immersed a blank gold bead in
IrCly solution at 90 °C for 30 to 60 min to evaluate the formation of the
precipitate and its influence on the electrochemical measurements.
Section S5 and Figure S5 show the electrochemical investigation of the
precipitate. Figure S5a shows the blank CV of the blank gold bead after
immersion for 60 min (first cycle) compared to the IrO; catalyst where
the Ir has replaced electrodeposited Ni (after electrochemical oxidizing).
The absence of the hydrogen peaks suggests that the precipitate is not
metallic in nature. Furthermore, the peaks are less pronounced for the
precipitate in relation to the Ir oxide formed by galvanic displacement
and electrochemical conditioning. No traces of Co and Ni were detected
in the ICP-MS analysis after sample dissolution, supporting that most of
the Co or Ni is GDR replaced and/or leached out.

3.2. Activity of the IrO; catalysts

To evaluate the catalyst performance of the nanostructured IrO;
catalysts towards the OER under acidic conditions we carried out cyclic
voltammetry between 1.2 and 1.6 V vs RHE in 0.1 M HCIO4 at a scan rate
of 10 mV/s (Fig. 4). We selected the 0.1 M HClO4 electrolyte for the
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Fig. 4. IrO, catalyst activities at the OER. (a) Cyclic voltammogram at the OER for IrO, prepared by galvanic displacement of Co from different mass loadings of Co
determined by the charge of —15 mC and —25 mC, respectively. (b) Cyclic voltammogram at the OER for IrO, prepared by galvanic displacement of Ni for different
times of 30 and 60 min during galvanic displacement. (c) Cyclic voltammogram at the OER for IrO, at Co circulated charge of —25 mC and IrO, (from Ni) after 60
min galvanic displacement. All CVs were recorded at v =10 mV/s in 0.1 M HClO4. Mass activities were calculated based on the Ir mass from ICP-MS analysis after Ir
dissolution. (d) Comparison of the mass activity as well as current density at 1.55 V vs RHE between the catalysts.
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analysis of the OER performance, as this electrolyte does not block the
surface actives sites for the OER reaction. Recently, Arminio et al. re-
ported on the electrolyte effect on the OER performance on Ir black
nanoparticles, finding that sulfuric acid considerably inhibited the OER
due to surface poisoning by the electrolyte [48].

We prepared our catalysts and performed OER on gold beads for the
following reasons: i) Au is more resistant to corrosion under anodic
potentials compared to carbon supports [49-51], ii) the interconnection
of Ir and Au as well as lower passivation than other supports could in-
crease the OER stability according to previous works [51] and iii) the
bead geometry facilitated the dispersion of the formed oxygen bubbles
at the surface as observed during the experiments. In the long term, gold
is not sustainable to use as support because of its high cost. However, it is
desirable for fast screening of the electrocatalyst performance by means
of cyclic voltammetry at a lab scale due to the above reasons. The sta-
bility and corrosion of the substrate are especially important to consider
when applying a high potential in acid media. Previous reports on the
dissolution of Ir nanoparticles during OER in relation to different sub-
strates found that a material such as glassy carbon passivates easily on
the surface, which influences the stability measurements so that the
stability of the actual catalyst is difficult to determine [51]. Gold sup-
ports have previously been shown to enhance activity in alkaline media
by interacting with the catalyst and changing the electronic structure
and thereby the catalytic performance at active sites [52-54]. However,
we observed i) that the activity of gold contributed very little to the
activity of the catalysts in comparison to the activity of Ir as seen in
Figure S6, and ii) that the roughness factor of the prepared Ir on gold
beads was much higher than for pure gold with a roughness factor of 1.
In this work, our aim is to compare OER activity and stability of the
different nanostructured catalysts (rather than to investigate the effect
of Au), which we prepare on Au beads due to the above reasons.

Fig. 4 reports the averages between the anodic and cathodic curves of
the OER cyclic voltammograms from the same catalysts as shown in
Fig. 2. Fig. 4a shows the Ir mass activity (Agg;}) for OER of IrO, catalysts
with two different circulated charges during Co deposition (—15 mC and
—25 mC, respectively). The mass activities were calculated from the
mass of Ir determined by the ICP-MS. An increase in integrated charge
during the deposition results in an increase in mass activity. The increase
in mass activity is related to the differences in the electroactive surface
area of the Ir films deposited at different GDR conditions as seen in
Fig. 2a. Figure S7a shows the OER activity of the two IrOz prepared at
different circulated charges of Co normalized by the geometric area of
the gold substrate. The IrO, nanoparticles from GD of deposited Co
prepared from —25 mC have an OER geometric activity which is similar
to Ir black [48]. Figs. 4b and S7b show the Ir mass activity (Ag) and
geometric activity for OER, respectively, of the IrO, catalysts prepared
from GDR of Ni with immersion times of 30 min and 60 min. They are
very similar in activity. This result supports that times between 30 and
60 min are optimal to prepare active IrO catalysts for OER from GD of
Ni. Figs. 4c and S7c show the OER activities of the IrO5 catalyst prepared
by GDR of Co (—25 mC, 12 min, RT) and of the IrO5 catalyst prepared by
GDR of Ni (—25 mC, 60 min., 90 °C). The geometric activity of the IrO,
prepared by GD of Ni clearly surpasses the geometric activity of the IrO,
catalyst prepared by GD of Co. Comparing the two catalyst types, the
mass activities are shown to be more similar due to the increased mass of
Ir oxide on the IrO; catalysts prepared by GD of Ni. As mentioned, the
GDR efficiency found from ICP-MS was around 85% for the Co
displacement but seemed to be more than 100% for the Ni displacement
due to Ir precipitating on the surface during the heating step
(Figure S5b). The ECSA normalised activities are shown in Figure S7d
and appear to be more similar than the geometric and mass activities.
The similarity indicates that the intrinsic activity is essentially the same
for the two catalysts but due to the increased roughness of the catalysts
prepared by GD of Ni, the geometric activity and mass activity are not
the same. The fact that all the IrO, thin films show similar current
densities normalized by ECSA (figure S7d) would support that neither
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Co or Ni are present or contribute to the intrinsic OER performance.

In Fig. 4d, the catalyst mass and geometric activities at 1.55 V vs RHE
are reported for both IrO; prepared by GD of Co and Ni. The mass ac-
tivity is shown as the grey boxes on the left side and the geometric ac-
tivity is shown as the green boxes on the right side. IrO, catalyst
prepared from a circulated charge of Co of —25 mC has a mass activity of
237 + 14 Agi;! (and geometric activity of 18.1 + 1.5 mAem ) at 1.55 V
vs RHE. Our IrO; catalyst prepared by GD of Ni shows a mass activity of
265 + 38 Agj;* and enhanced geometric activity of 29.4 + 2 mA cm ™2 at
1.55 V vs RHE. We ascribe the enhancement of geometric activity to an
increase of the surface area of the IrO; prepared by GDR of Ni due to a
change in the surface morphology, induced by the different time and
heating conditions during GDR (Figs. 2 and 3). Alia et al. found that their
Ir—Ni nanowires prepared by GD of Ni by Ir had higher activity towards
the OER than the similarly prepared Ir—Co nanowires, a fact that they
attributed to differences in the Ni and Co morphology or presence of
oxides on Ni that affected the GDR displacement rates [24].

3.3. Stability of the IrO catalysts

The stability of the prepared catalysts under OER conditions were
tested under both chronoamperometric and chronopotentiometric con-
ditions. Establishing a standardized protocol to evaluate OER stability
continues to be a detailed point of discussion in the field [51,55].
Different factors can affect OER stability including; i) catalyst degra-
dation and dissolution over time, ii) weak interactions of the IrO; layer
with the substrate, or corrosion and passivation of the substrate which
can conceal the real degradation of the catalyst as described by Geiger et
al [51] and iii) blockage of the active sites due to formation of oxygen
micro bubbles, which increases the applied potential and accelerates the
dissolution of the catalyst [55,56]. To investigate the stability of our
prepared IrO, catalysts we performed the stability tests, i.e. chro-
noamperometry and chronopotentiometry measurements, at similar
conditions to what has been reported in previous works [20,48].

We carried out the chronoamperometric (CA) tests for 14 h at a
constant potential of 1.6 V vs RHE, with the coated gold beads immersed
in the electrolyte, and without using rotating disk electrode. Previous
reports have performed CA tests between 1.55 V and 1.6 V vs RHE [20,
23]. Our aim is to assess how applied constant potential affects the
catalyst degradability at current densities ca. of 11-14 mA cm ™2, Fig. 5a
shows the chronoamperometry transients at 1.6 V recorded for IrO,
catalysts from GD of Co and Ni deposits of —25 mC, respectively. The
chronoamperometric transients recorded for the two catalysts present
similar profiles. During the first minutes, the activity shows a fast
decrease of about 50% of the initial current density. After that, the ac-
tivity decays slowly, although a current plateau is not reached after 14 h.
The difference in activity between the catalysts prepared from Ni and Co
deposits remains constant, with IrO; prepared from GD of Ni being more
active (Fig. 5a, red line), in agreement with the results shown in Fig. 4c.
The chronoamperometric transients show analogous behaviour to other
transients recorded on planar electrodes in rotating disk electrode con-
figurations previously reported [48]. Fig. 5b shows the OER activities of
the IrO, catalysts at 10 mV/s, before and after the 14 h chro-
noamperometric tests at 1.6 V. We observe that the loss in activity is
similar for both IrO, catalysts prepared from Ni and Co. For clarity, in
Fig. 5c¢ the mass activities are plotted for both catalysts at 1.55 V vs RHE
before and after the stability. The catalyst loss in activity after the
chronoamperometric test is similar on the Ni and Co displaced catalysts.
This result suggests that the degradation kinetics of both IrO5 structures
are dependant on the applied potential and independent on the replaced
metal (Co, Ni) during GDR.

We performed the chronopotentiometric (CP) tests by holding a
constant current density of 11-14 mAcm? until dissolution of the IrO,
catalyst. Fig. 6a shows the chronopotentiometric stability of the
following IrO, deposits: IrO, prepared by GDR of deposited Co with —10
mC circulated charge, with GD at room temperature during 6 min, IrOz
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Fig. 5. Chronoamperometric stability tests for IrO, catalysts. All stability tests were done in 0.1 M HCIO4. (a) Current density activities of IrO5 from GD of Co
(conditions during GDR: —25 mC Co, 12 min immersion, room temperature) and IrO, from GD of Ni (conditions during GDR: —25 mC Ni, 60 min immersion, 90 °C)
over 14 h of constant potential of 1.6 V. Performed at constant Ar flow. (b) OER current density activities before and after the chronoamperometric stability tests. (c)
Mass activities determined from the dissolution of Ir before and after the chronoamperometric stability tests.

(=10 mC, 6 min, RT); IrO, prepared by GDR of deposited Co with —25
mC circulated charge, with GD at room temperature during 12 min, IrO,
(—25mC, 12 min, RT); and IrO, prepared by GDR of deposited Ni with
circulated charge of —25 mC, with GD at 90 °C and during 60 min, IrO,
(—25 mC, 60 min, 90 °C). All profiles follow the same trend: The over-
potential increases slowly until reaching a critical potential around 1.65
V vs RHE, at which time the rate of dissolution rapidly increases
reaching the threshold potential of 2.1 V vs RHE. This potential corre-
sponds to OER on the gold substrate, i.e., when all Ir catalyst has dis-
solved. The increase in the degradation kinetics as the overpotential
increases can be seen as a “snowball effect” [48]. The IrO, catalyst with
a circulated charge of Co at —10 mC and Ir loading of 33 pg/cm? dis-
solves after approximately 6 h (light blue line), whereas the IrO, catalyst
with a circulated charge of Co at —25 mC and mass loading of 75 pg/cm?
dissolves after approximately 26.5 h (dark blue line). Interestingly, even
though both catalysts prepared from GD of Co and Ni show high chro-
nopotentiometric stability, the IrO, catalyst with a circulated charge of
Ni at —25 mC and mass loading of 102 ug/cm? is considerably more
stable (red line), and did not dissolve completely after 138 h, as shown in
the inset of Fig. 6a. Notably, Fig. 6a also shows that the IrO;prepared by
GD of Co (—10 mC) presents the higher initial potential, where the
plateau starts, (1.58 V vs RHE), followed by IrO, prepared by GD of Co
(—25 mC) (1.56 V vs RHE) and IrO; prepared by GD of Ni (1.54 V vs
RHE). The correlation between the stability of the catalysts and this
initial potential indicate, that the initial potential as well as the potential
plateau before the complete dissolution, could have an influence on the
dissolution rate of the catalyst.

Fig. 6b shows the CVs of the two catalysts prepared from —25 mC
deposits just before the stability test. We observed that the potential
difference between the samples, at currents between 11 and 14 mA cm 2
is consistent with the difference in initial potential in the chro-
nopotentiometry experiments. Fig. 6b also shows the CVs in the OER
region for each prepared catalyst after the stability test. The CV of IrO,

prepared from GD of Co do not show activity after the stability test and is
similar to that of polycrystalline gold, confirming the full dissolution of
the catalyst. In contrast, the CV of IrO, prepared from GD of Ni after the
stability test still shows OER activity indicating that the catalyst did not
fully dissolve after operating for 5 days, which is also evident by the lack
of potential jump in the curve in Fig. 6a. However, the activity has
considerably decreased as seen in the red dashed line in Fig. 6b. Inter-
estingly, the potential value in the CV at which 12.5 mAcm? is reached
after 138 h of testing (1.60 V vs RHE), is approaching the potential value
of the chronopotentiometry at this time (1.66 V vs RHE).

To assess the stability of our prepared samples under a constant OER
applied current, we have evaluated the total charge (Qogr) from the
applied current (Iapplied) and time of dissolution (tgis) during the CP
stability tests as a function of the Ir loading (my,) determined by ICP-MS.
We then approximately determined the stability number, S, introduced
by Geiger et al [57] as moles of generated oxygen per mole of Ir: ngy/ny,
using Faraday’s law so that:

S =np, / N = lypplied * tais * MIr/ nFmy,

Where My, is the molar mass of Ir (192 g/mol) and n is the number of
electrons transferred during OER. By coupling a scanning flow cell (SFC)
to an ICP-MS, Geiger et al. were able to determine the amount of dis-
solved Ir in situ. The detection of Ir was carried out during a short po-
tential sweep and at different constant currents for a given Ir loading.
Our S-numbers are affected by the fact that Ir dissolves over time,
changing the needed potential to maintain a constant current density,
which increases the mass activity and rate dissolution over time. For the
IrO; catalyst prepared from GD of Co, —10 mC in Fig. 6a, with a loading
of 33 pgr cm 2 the total OER charge was 50 C, i.e., the S-number was
0.5 x 10 For a loading of 72 pg;; cm ™2 in IrO,, prepared by circulated
charge of —25 mC Co, the S-number was 0.9 x 10* (charge of 191 C). For
a loading of 102 g, em 2 for IrO, prepared by Ni, —25 mC, the S-
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Fig. 6. Chronopotentiometric stability for IrO, catalysts at a constant current. All tests were done in 0.1 M HCIO,. (a) Potential (left axis) and overpotential (right
axis) of IrO,, prepared from GD of different loadings of Co (light and dark blue lines) with GD at room temperature and IrO, prepared from —25 mC circulated charge
of Ni by GD at 60 min and 90 °C (red line) during stability tests at constant current densities of 11-14 mA/cm?. (b) OER current density activity before (solid lines)
and after (dashed lines) the stability measurements of IrO, prepared from a —25 mC loading of Co with GD at room temperature (dark blue) and IrO, prepared from a
—25 mC loading of Ni with GD at 60 min immersion at 90 °C (red line). The loading of the samples, determined by ICP after fully dissolving the Ir, are: 33 gy, cm 2 in
IrO; from Co (—10 mQC), 75 g em 2 in IrO, from Co (—25 mC), and 102 U8 cm 2 in IrO, from Ni (—25 mC).

number was higher than 3 x 10* (charge higher than 994 C). The results
show that the IrO5 system prepared by GD of Ni is considerably more
stable than IrO, prepared by GD of Co at the same applied constant OER
current. The S-number of the highly stable IrO,—Ni is similar to that of
hydrous IrOy reported by Geiger et al. However, to fully compare the
values, an in situ study of our catalyst degradation would be preferred.
The increase in the S-numbers, in the order IrO;—Ni, —25 mC >
IrO—Co, —25mC > IrOs—Co, —10 mC, is too significant to be only
affected by differences in the Ir loading between samples. We ascribe
these results to the fact that IrO, prepared by GD of Ni has the highest
active surface area among our prepared catalysts, and therefore less
applied potential is needed to achieve the same current density (Fig. 6).
Thus, tuning the surface structure is key to decrease the onset potential,
perform OER at high rates and reduce the IrO; corrosion rate [48]. We
also observed that the Ir precipitate, which contributed to the increased
mass on the IrO, prepared by GD of Ni beads, did not show a high sta-
bility in relation to the Ir displaced from Ni. Figure S5c shows the sta-
bility during CP of a blank gold bead immersed in IrCly for 60 min,
which is negligible in relation to the high stability of the IrO, catalyst
prepared by GD of Ni seen in Fig. 6.

3.4. Discussion

IrO, anodes on proton exchange membrane electrolysers show two
to three orders of magnitude higher stability than that of our prepared
materials and can operate at high current densities for several years [57,
58] which means that the stability of our materials is likely to be
underestimated. The dissolution of a catalyst in an electrochemical cell
using a thin layer of catalyst differs from that of an industrial PEM
electrolyser. Thus, the stability measurements can mainly be compared
internally with other laboratory experiments in three-electrode cells and

under potential control conditions. Our measurements in a conventional
three-electrode cell are likely influenced by the formation of micro-
bubbles of oxygen that block active sites, increase the applied potential
and accelerate the degradation [59]. We do not discard that the more
porous IrO, morphology when preparing the catalysts from Ni GD, in
Fig. 2d can disperse the micro-oxygen bubbles better than the
morphology of the IrO; prepared from GD of Co and thereby increase the
catalyst stability [60,61].

Several groups have previously investigated the OER in acidic media
on Ir—based catalysts, some doped with other metals such as Ni or Co,
and reported mass activities between 600 and 2000 Agi;® at 1.55 V vs
RHE using the rotating disk electrode configuration [23,47,48,62-65].
Even though our IrO, catalysts show lower mass activities than previ-
ously reported Ir—based catalysts, we showed that they could reach a
current of 10 mA/cm? at a reduced overpotential of 295 + 3 V vs RHE
and operate for more than 130 h. It must be noted that leaching of the
non-noble metal (Co or Ni) considerably improves the activity and sta-
bility of the IrO, thin films, as reported in the works by Alia et al [24]
and Jensen et al [23] We want to highlight that direct comparison be-
tween catalysts is not always straightforward as electrochemical con-
ditions can vary between different works such as: the selected electrolyte
[48] and the type of method used to address the nanoparticles stability,
which highly depends on the applied potential or constant current
conditions; and the Ir mass loading and surface structure. In our work,
we aimed to evaluate how these different experimental parameters in-
fluence the OER stability of our electrodeposited films.

Other setups than the three-electrode liquid cells, such as gas diffu-
sion electrodes (GDE), are often used with the goal of simulating more
realistic conditions comparable to PEMWE. GDE setups solve the prob-
lem of mass transport limitations in conventional three-electrode cells to
reach high current densities for water splitting [66,67]. GDE have been
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used by e.g. the Arenz group to investigate the influence of different
parameters on the OER such as loadings, electrolyte temperature and
substrate [68-70]. The authors have prepared nanoporous IrCo of mixed
oxide with a 0.25 mg cm™2 loading of Ir, reaching an activity of 101.5
Agi;! at 1.50 V vs RHE, which is within the order of magnitude of our
prepared nanostructures [68]. We realise that, to test our catalysts in
more realistic devices, future steps should be taken towards imple-
menting our catalysts in a GDE setup through electrodeposition. Here,
we mainly address the fundamental aspects and feasibility of the method
to prepare IrO; films on conducive and extended surfaces with variable
shape, such as bead and planar electrodes.

It is also worth mentioning that several groups are now working with
dimensionally stable anodes (DSA), which are metal oxide catalysts
coated on a substrate that is scalable such as Ti, Sn [14] or Ta oxides.
These valve metal oxides are corrosion-resistant providing high stability
to the active metal oxide [71-73]. Additionally, high mass activities are
reached by using these systems. Touni et al. reported IrO/Ir—TiO5/Ti
anodes with activities of 560 Ag’1 at 1.60 V vs RHE [72,74]. Nanoscale
DSA-like electrodes were also investigated by Zheng et al [15], where
they reported mass-selected small Irg 1 Tag.9O2 45 catalysts down to 1-2
nm with mass activities of 1200 + 0.5 A g* at 1.55 V vs RHE. One
problem is that these metal oxides are typically semi-conductive or
non-conductive, which makes it necessary to increase the IrO per-
centage in the anode for active OER [75]. To improve the electronic
conductivity across the anode layer and reduce loadings of Ir, Millet and
co-workers used micro-sized metallic Ti particles coated by IrO, for OER
in PEM electrolysers [75,76]. The prepared IrO2/TiO2/Ti anodes had
increased electroactive surface area and showed activities of 1 A cm™2
for more than 6000 h. These works show that combining
corrosion-resistant substrates with enough electronic conductivity, and
large active surface areas of the IrO, catalyst are beneficial both for
active and stable OER, aligning with the fundamental findings of our
work on IrOg-coated gold substrates.

Here we have presented a method that combines electrodeposition in
deep eutectic solvent of Ni and Co, which are later replaced galvanically
by Ir. Deep eutectic solvents have the potential to prepare materials for
industry due to different benefits; they have a wide potential window,
allowing for the preparation of a variety of materials by electrodeposi-
tion of different elements, such as Co and Ni, and without the problem of
evolving hydrogen in aqueous solvents. Moreover, electrodeposition in
DES offers additional advantages such as a more homogeneous distri-
bution of particles with reduced amount of waste materials [34,77,78].
However, the method does present some drawbacks to overcome before
further scaling, since DES have high viscosity, leading to low rates of
deposition, and can degrade over time [79]. Additionally, GDR of Ni by
Ir is not straightforward as it is kinetically hindered (as we needed to
increase the temperature). These drawbacks may particularly limit the
application of our method for the modification of the diffuse layers of
GDE and MEA. Next steps should focus on implementing the use of DES
at first on GDE electrodes, for example by using DES/water mixtures
with reduced viscosity for better impregnation of the diffuse layer and
faster deposition kinetics. In the future, we also aim to assess how
modifying the parameters of the GDR, such as the amount of replaced Co
or Ni, might affect the mass activities of our IrO5 catalysts, with the aim
to reduce loadings of Ir.

4. Conclusions

In this work, we highlight the galvanic displacement reaction
method as a feasible method to fabricate thin nanostructured films of
IrO, from electrodeposited Co and Ni in choline chloride urea deep
eutectic solvent. We found that GDR of Ni by Ir at 90 °C for 60 min
generates films with higher active surface area and higher OER geo-
metric activity. Curiously, the IrO, catalysts prepared by GD of Ni show
a highly enhanced stability in relation to those prepared by GD of Co. We
highlight the simplicity and sustainability of this method to prepare the
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IrO, catalysts, which makes it worth pursuing. The electrodeposition
technique also offers the advantage of modifying conductive surfaces
with different shapes and geometries. We emphasise that the effect of
substrates of different geometry and nature, the structure and roughness
of the deposited IrO, thin films should be also considered in future
works. As deposition is a surface structure sensitive processes, different
substrates can influence morphology and performance of the deposited
IrO, films. Furthermore, electrodeposition in DES to create bi- and
multi-metallic structures has also been proven feasible in our recently
published reports [32,80], and opens pathways to develop more sus-
tainable routes to fabricate bimetallic Ir—based catalyst structures for
the OER [12,81-83]. With our IrO, catalysts prepared by GD of Ni we
were able to carry out OER at the same constant current density as for
IrO, prepared from Co, but for around 10 times longer. Both IrO; pre-
pared by GD of Co and Ni had the same degradation rate at constant
potential, showing that the type of metal does not influence the IrO,
dissolution mechanism for a given potential value. Differences in surface
morphology induced by the heating step during the GDR of Ni influ-
enced the active surface area and can be a reason for the enhanced
stability, at constant current, of the IrO, films prepared from GD of Ni.
The strategies presented in our work, can be relevant to tailor the surface
structure and reduce loadings of Ir, key aspects for the design of more
stable IrO5, catalysts capable of reaching high activities at low potentials.
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