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Optimized Oxidation Temperature Enhances OER
Performance of IrO,-Loaded SnO, Nanofibers — Role of
Charge Carrier Percolation Pathways

Melisande Kost, Jean Felix Dushimineza, Knut Miiller-Caspary, and Thomas Bein*

The potential for reducing iridium content in large-scale proton-exchange
membrane (PEM) electrolysis is examined using a fibrous support
morphology to enhance electron percolation. Focusing on high activity,
stability, and conductivity, ultra-small, interconnected IrO, /IrO, nanoparticles

anchored to electrospun SnO, nanofibers (IrO, /IrO, @Sn0O,) are investigated,

with particular attention to the crystallinity of the iridium phase. Scanning
transmission electron microscopy (STEM), conducted both before and after
use as an electrocatalyst for the oxygen evolution reaction (OER), reveals how
the oxidation temperature impacts the crystallinity and stability of the iridium
oxide phase. The results suggest that further reductions in iridium content
may be achieved by optimizing synthesis parameters. Here, the highest
iridium utilization is achieved at an oxidation temperature of 375 °C, with
improved conductivity and electrochemical activity. Transmission electron
microscopy (TEM) indicates that higher oxidation temperatures result in
fragmentation of conduction pathways, negatively affecting catalyst
performance. Furthermore, TEM reveals the onset of IrO, crystallization
between 365 and 375 °C, with cyclic voltammetry (CVA) emphasizing the
critical role of conductivity in ensuring efficient charge carrier transport to
active sites. This study not only deepens the understanding of iridium-based
catalysts but also identifies practical strategies to enhance cost-effectiveness

efficiency, achieving current densities
above 2 A cm~2, which supports high
hydrogen output pressures. It also fea-
tures low gas crossover and a com-
pact design, making it highly suitable
for large-scale hydrogen generation.?3

However, this promising approach is
hindered by its dependence on rare com-
ponents, particularly the catalyst for the
anodic oxygen evolution reaction (OER),
which is limited by sluggish kinetics.[*]
IrO, remains the state-of-the-art OER cat-
alyst, due to its exceptional activity and
stability. This valuable compound is de-
rived from metallic iridium, which can
only be extracted as a scarce byprod-
uct of mining operations,®! underscor-
ing the critical need to reduce irid-
ium usage while maintaining catalytic
performance. Achieving this balance re-
quires maximizing charge carrier trans-
port to active sites through intercon-
nected IrO, clusters or ultra-thin IrO,
layers, thereby ensuring adequate con-

and efficiency in PEM electrolysis technologies.

1. Introduction

In the renewable energy landscape, water electrolysis has
emerged as a key pathway for clean hydrogen fuel production.!!]
Among the various electrolysis methods, proton-exchange mem-
brane (PEM) electrolysis stands out due to its exceptional
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ductivity derived from percolation paths
through the metallic IrO, phase.*?®!
To tackle these challenges, various
possibilities for mnanostructuring of
electrocatalysts are being examined. This includes selecting
corrosion-stable substrate material, employing doping to in-
crease conductivity,”*13 tailoring the morphology of the sub-
strate and the active component to maximize the active
surface area,>®!* 1%l gselecting a suitable catalytically active
compound,['-22] and optimizing the deposition method for the
active component on the substrate.l>?*-2°] The morphology, oxi-
dation state, lattice distortion, and crystallinity of the active ma-
terial are particularly critical for improving performance.!®-3l
Here, we present a straightforward approach that integrates
electrospun SnO, nanofilaments as support structures for irid-
ium nanoclusters, deposited via a wet-chemical process. The irid-
ium oxide nanoclusters were oxidized at different temperatures
to optimize percolation pathways, thereby minimizing iridium
content while exposing a maximum of catalytically active sites.[>!]
A sufficient oxidation temperature provides optimal energy input
to promote phase transition of amorphous to crystalline iridium
oxide nanoparticles on the nanofilament surface.[3?! An oxidation
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Scheme 1. Crystallization processes of the iridium oxide phase occurring with increasing oxidation temperature on supporting SnO, nanofibers. At
insufficient oxidation temperature, the IrO, phase remains amorphous (a). An increase in oxidation temperature leads to crystallization of an evenly
distributed IrO, layer (b). Even higher temperatures lead to crystal growth and fragmentation of the 1rO, layer, generating isolated nanocrystals (c).

temperature that exceeds the optimal temperature window leads
to formation of isolated nanocrystals as presented in Scheme 1.
The characterization of the IrO, nanoparticles is facilitated by
employing advanced techniques, including high-resolution TEM
coupled with electrochemical studies. We investigate the poten-
tial rearrangement and clustering of iridium oxide nanoparticles
during oxidation and electrochemical processes, thereby provid-
ing insights into structural changes and their impact on perfor-
mance. By correlating structural and electronic features with cat-
alytic activity, our comprehensive approach advances both funda-
mental understanding and possible practical solutions for devel-
oping efficient (and cost-effective) PEM electrolysis catalysts.

2. Results and Discussion

To prepare the catalyst support material, SnO, nanofibers were
fabricated by electrospinning as shown in step I in Scheme 2. The
uniform deposition of poorly-conducting amorphous polymer-
containing filaments on the collector roll was carried out in an
electrospinning setup with a multinozzle tip, to increase the pro-
duction rate. A spinning solution based on a tin alkoxide was
electrospun to obtain a fibrous mat. After oxidation, the final
crystalline support structure of SnO, filaments was obtained.
The second critical step was the slow hydrolysis of aqueous irid-
ium(III) chloride solution at elevated pH values in the presence
of the SnO, fibers, which led to the deposition of nanoparticulate
amorphous IrO(OH), clusters on the filament surface (referred
to as IrO(OH), @ Sn0O,). Due to the instability of the amorphous
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IrO(OH), species under PEM conditions,®?! this phase was ini-
tially converted to the dehydrated form IrO,, by an oxidation pro-
cess. This phase is characterized by its improved stability. At suf-
ficiently high temperatures, the amorphous IrO, phase crystal-
lizes to form rutile IrO,.1**! In a previous study, we found that
due to similar lattice constants, IrO, can be grown epitaxially
on (nanoparticulate) SnO,, leading to strongly enhanced stabil-
ity under electrocatalytic operating conditions.**!

The morphology and composition of the catalyst were exam-
ined using scanning electron microscopy (SEM) as presented in
Figure 1. The spinning process yields fibers with a thickness
of 100-500 nm. In addition to the formation of fibers, the pro-
cess also leads to the production of bead-like structures, which
is a common occurrence in multi-nozzle spinning due to the in-
teraction between like charges from nearby jets. It was also re-
ported that several perturbation phenomena due to the use of a
non-conducting material placed on the collector lead to defects
of the fibers formed, including beaded fibers and droplets.l*]
Upon iridium-loading and oxidation using the processes de-
scribed above, mechanical stress arising from stirring somewhat
shortens the long, brittle filaments.

The crystallinity of the loaded filaments was examined
with powder X-ray diffraction (PXRD). Resulting patterns of
IrO, /IrO, @SnO, with a nominal Ir loading of 35 wt.%, af-
ter oxidation at various temperatures in air, are presented in
Figure 2. The phase composition of the SnO, filamentous sup-
port is a mixture of small crystals of predominantly cassiterite
(c-Sn0O,) and a small fraction of the meta-stable scrutinyite

I Oxidation of IrO(OH), phase
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—
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Scheme 2. The workflow for catalyst synthesis consists of three essential steps. First the electrospinning and oxidation of the SnO, nanofibers is
performed. This is followed by coating of the fibers with the hydrous IrO(OH), phase, which is oxidized in the last step to yield the final product.
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Figure 1. Secondary electron images of electrospun nanofibers acquired in an SEM. (a) Pure SnO, filaments after oxidation at 500 °C for 3 h, after
loading with 35 wt.% Ir nominal and oxidation at (b) 375 °C, (c) 385 °C, and (d) 400 °C for 1 h, respectively.

(s-Sn0O,) and becomes clearly identifiable with very long acquisi-
tion times (Figure S1, Supporting Information). The PXRD pat-
terns of IrO, /IrO, @ SnO, exhibit an anisotropic tail of the first
reflection at 27° 20 (Cu K,,) that we attribute to the iridium oxide
phase.?*] The PXRD patterns of IrO, /IrO, @SnO, samples ap-
pear to show only reflections of orthorhombic scrutinyite as well
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Figure 2. PXRD data of specimens calcined for 1 h at different tempera-
tures with an acquisition time of 1.5 h, between 20° and 40° 26.
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as cassiterite SnO,, which is isostructural with rutile. Upon closer
examination, cassiterite-SnO, reflections show tails that coincide
with the reflection positions of crystalline IrO,. This is due to
the very similar lattice parameters of iridium oxide and tin oxide,
both of which crystallize in the rutile structure.?* The reflections
of the s-SnO, become less distinct after oxidation at higher tem-
peratures, indicating phase transition to the rutile polymorph.
Energy dispersive X-ray spectroscopy (EDX) data indicate that
the nominal loading amount of 35 wt.% was nearly matched
with the resulting 33 wt.% of iridium content (see Figure S2,
Supporting Information), indicating an efficient loading process.
The nanoparticulate iridium oxide phase is evenly distributed
throughout the sample on a micrometer scale. (Table S1 and
Figure S2, Supporting Information). Particle sizes observed by
STEM are 1-2 nm. Significant changes in the STEM data were
observed starting from 375 °C, over 385 °C, to particularly 400 °C.
At 375 °C, uniform coverage of the SnO, substrate with iridium
oxide is observed, with no clear evidence of individual crystal-
lites but rather interconnected iridium oxide. This is derived from
high-resolution HAADF-STEM data (Figure 3a). In addition, the
data indicate that the iridium oxide layer structure undergoes a
gradual coarsening process after oxidation at 385 °C. This is at-
tributed to the initial growth of isolated IrO,, which could lead
to a reduction in interconnectivity (Figure 3b). Upon oxidation at
400 °C, the formation of distinct nanocrystals on the surface of
the SnO, support is observed. These mostly isolated nanocrys-
tals of IrO, eventually lead to the disruption of the intercon-
nected electrical percolation pathways (Figure 3c). The three sam-
ples show comparable electron diffraction patterns (Figure 3d—f).
The diffuse diffraction rings confirm the fine polycrystalline na-
ture of the samples (Figure 3d—f). Occasional stronger reflec-
tions within those diffuse rings stem from comparably larger
crystallites (Figure 3d—f). We note that additional reflections may
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Figure 3. TEM HAADF images (a—c) and diffraction data (d—f) of samples loaded with 35 wt.% nominal iridium after oxidation for 1 h in air at 375 °C
(a and d), 385 °C (b and e), and 400 °C (c and f). As the temperature increases, the degree of fragmentation rises, thereby disrupting the conduction

pathways.

appear at scattering angles below twice the Bragg angle of low-
order reflections corresponding to low-index zone axes <110>
due to double-diffraction. They arise from multiple scattering in
the TEM due to differently oriented grains along the beam path.
See supporting information for data of specimens calcined at 350
and 365 °C (Figure S3, Supporting Information).

Furthermore, comparative in situ STEM-HAADF measure-
ments were conducted, in which nanowires were transferred
to a chip of an in situ TEM heating holder and heated in a
high-vacuum environment inside the TEM. Figure 4 compiles
STEM Z-contrast images of one wire-edge region taken dur-
ing the course of increasing temperatures. As indicated on the
right, each close-up view contains the projection through both

the SnO,-substrate and the IrO,-film at the bottom, followed by
the transition into the pristine IrO -film, finally ending in the vac-
uum region at the top (see Figure S4, Supporting Information for
wider FOV).

The most obvious effect of heating is a gradual shrinking of
the Ir-film thickness with increasing temperature at a rate of
21nm/100 °C (Figure S5, Supporting Information). Recalling that
Z-contrast imaging provides a measure of the local mass den-
sity, Figure 4 reveals that the Ir-oxide film is rather homogeneous
at room temperature, whereas its shrinking upon heating is ac-
companied by gradual granulation as indicated by the concen-
tration of mass in local grains starting at ~300 °C. Also, within
the substrate region, the contrast between bright and dark areas

g
=
=
(5]
<
>

o,
film

SnO, substrate

Figure 4. STEM-HAADF images of an IrOx@SnO,-fiber edge successively heated from 23 °C up to 500 °C inside the TEM. At each indicated temperature

step, a STEM-HAADF image of the same region has been acquired.
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Figure 5. STEM-HAADF image of IrOx@SnO, wires heated to 800 °C in-

side the TEM. Within the colored tile, an EDX-map overlay shows the spa-
tial distribution of the elements Sn (purple) and Ir (green).

increases, indicating segregation of the Ir-oxide film to form IrO,
crystallites.

In Figure 5 we demonstrate that the thermal treatment drives
the system to a state of complete IrO, segregation, which ef-
fectively breaks the electronic percolation pathways through the
conducting Ir-oxide phase. In this case, the specimen has been
heated up to 800 °C inside the TEM to drive the crystallite for-
mation. The EDX map clearly reveals the homogeneous Sn dis-
tribution (purple) and the separated IrO, crystallites (green). Al-
though the TEM study sheds light on the thermally-induced pro-
cesses, we note that the conditions inside the TEM, including the
heating series in Figure 4, differ from those under typical pro-
cessing conditions. While we assume that the structural changes
observed by TEM are representative and that they reveal the over-
all trends, they might occur at different temperatures in different
atmospheres.

In addition to the observed structural differences, differences
in electrical conductivity, electrochemical activity, and stability of
catalysts oxidized at various temperatures were also identified.
The electrical conductivity has a significant impact on the effi-
ciency and voltage losses in industrial electrolyzers operating at
high current densities. The reference nanofibrous SnO, support
exhibits a low conductivity of 1.6 x 10~ mS cm™~! (Figure 6a) mea-
sured in a home-built DC conductivity cell in two-plate configu-
ration with an estimated pressure of 1 MPa. As anticipated, the
conductivity of the samples increased following coating with the
conductive IrO,, layer. However, the extent of this increase varied
depending on the oxidation temperature. At a nominal loading
of 35 wt.% Ir, low conductivities of 0.2 and 5 mS cm~! were ob-
served for a dried catalyst and after oxidation at 350 °C, indicating
that the crystalline structure of the amorphous dehydrated IrO,
did not undergo significant changes. At 365 °C, a conductivity of
682 mS cm™! was obtained for IrO, @SnO,, representing a sig-
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nificant increase within a small temperature window. Crystalline
IrO, exhibits higher electrical conductivity than the amorphous
phase, 3%l suggesting that at 365 °C the crystallization of amor-
phous IrO, is initiated. The sample calcined at 375 °C exhibited
a slightly higher electrical conductivity, reaching a maximum of
1 S cm™'. The relatively narrow temperature range of only 10 °C
is sufficient to initiate the optimum crystallization of the amor-
phous IrO,, phase into IrO,, which is expected to strongly impact
the efficiency of the catalyst in an electrolyzer. Notably, further el-
evated oxidation temperatures of 385 and 400 °C were observed
to result in a reduction in conductivity, with measured values of 5
and 2mS cm™!, respectively. These observations can be attributed
to the growth of isolated separate IrO, crystals, which impede the
conductive percolation pathways for charge carriers. These obser-
vations are in accordance with the differences in structure and
morphology of the IrO,/IrO, @SnO, catalysts described in the
preceding TEM section. While the initially present amorphous
IrO, displays a relatively continuous morphology on the SnO,
surface, this phase generally exhibits a lower conductivity than
the crystalline IrO,.

In addition to the differences in conductivity as a result of
different oxidation temperatures, the electrochemical activity of
the IrO, /IrO, @SnO, catalysts on the stationary FTO electrode
also differs significantly (Figure 6b—d). All of the investigated
IrO,/IrO, @ SnO, catalysts exhibited a relatively low onset poten-
tial of 1.45 V versus RHE (dried at 80 °C) and 1.47 V versus RHE
(365 and 375 °C) at a defined current density of 1 mA cm™2 of
OER. Onset potentials of 1.52 V versus RHE for 350 °C as well as
1.53 V versus RHE (385 and 400 °C) were obtained (Figure 6b).
These observations can be attributed to the initial presence of par-
tially hydrated amorphous IrO,, at lower oxidation temperatures,
which is one of the most electrocatalytically active compounds.[*’]
However, this phase is known to degrade rapidly upon repeated
cycling, as evidenced by the significant decline in mass-specific
activity after only 20 cycles (Figure 6d; for further data after 20
cycles see Figure S6, Supporting Information).

Samples subjected to oxidation temperatures below
365 °C demonstrated comparable activities and cycling stabili-
ties, as evidenced by the results of electrocatalytic measurements
(Figure 6¢,d). At a defined potential of 1.53 V versus RHE, the
mass-based activity of specimens dried at 80 °C exhibited a
maximum of 61.4 A g; ~!. At a higher oxidation temperature of
350 °C, the activity decreased to a maximum value of 33.7 A
g, '. The highest observable activities were found for samples
oxidized at 365 and 375 °C, with a maximum mass-based activity
of 163.5 A g,,~! for the sample calcined at 375 °C, and slightly
lower activity of 140.6 A g;,~! for the specimen calcined at 365
°C. Oxidation temperatures of 385 and 400 °C resulted in lower
activities, being within a similar range as samples oxidized
below 365 °C, with activities 0f 26.2 and 23.2 A g, ™', respectively.
We attribute the notable activity observed for IrO, /IrO, @SnO,
oxidized at 365 and 375 °C, as illustrated in Figure 6¢,d, to
the growth of a most favorable overall morphology for elec-
trocatalysis, comprising interconnected highly conducting
crystalline IrO, nanoparticles (that may be interconnected by
an amorphous IrO, phase), which provides optimal conductive
percolation networks for charge carriers as well as a high con-
centration of catalytically active sites. These results corroborate
those obtained from the acquired conductivity and STEM data,
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Figure 6. Conductivity and cyclic voltammetry (CVA) data of samples after calcination at different temperatures. Two-plate electrical conductivity mea-
surements of samples oxidized at different temperatures (a) (the entry “SnO,” shows the conductivity of the pristine uncoated fibrous SnO, support).
JV curves of IrO, /IrO, @SnO, also show the onset potentials at 1 mA cm~2 during CVA measurements on the stationary FTO electrode at the 2" cycle
(b). Electrochemical characterization on stationary FTO electrodes with only anodic scans shown, with current normalized to the total weight of Ir in the
electrode layer, between 1.4 and 1.8 V versus RHE (2" scan) (c) (b has the same color scheme as that used in c). Extracted mass-based activities at 2

and 20t cycle at an overpotential of 300 mV (1.53 mV vs RHE) (d).

thereby underscoring the crucial importance of optimizing the
oxidation temperature for the purpose of catalyst optimization
and enhancing catalytic activity.

STEM imaging was used to detect potential structural changes
within the catalysts after electrochemical operation. Data of sam-
ples oxidized between 375 and 400 °C indicate the presence of a
stable iridium oxide phase that appears to be firmly anchored to
the substrate, as shown in Figure 7. See supporting information
for further data with different magnifications and lower oxidation
temperatures of 350 and 365 °C (Figures S7 and S8, Supporting
Information). The images obtained are strikingly similar to those
of the catalyst prior to electrocatalysis, illustrating morphological
stability. The interconnectivity of the IrO, domains is still evident
in the sample oxidized at 375 °C. There is no evidence of a signif-
icant detachment or dissolution of the catalytically active compo-
nents. Moreover, no appreciable coarsening of the nanocrystals
is observed. The sample oxidized at 385 °C features an incipi-
ent coarsening into larger, more isolated nanocrystallites, being

Adv. Mater. Interfaces 2025, 12, €00997 €00997 (6 of 9)

consistent with the above electrochemical experiments. Overall,
the STEM images illustrate that the iridium oxide phases exhibit
minimal alteration in comparison to their state prior to electro-
chemical experimentation. This confirms that the crystalline IrO,
phase remains stable within the highly acidic and oxidizing an-
odic environment of the electrochemical water splitting reaction.
The stability of the crystalline specimen was exemplarily mea-
sured post-CV for the sample oxidized at 375 °C and showed no
significant changes in crystallinity, which confirms structural sta-
bility during cycling (Figure S9, Supporting Information).

3. Conclusion and Outlook

This study examines the impact of oxidation temperature on the
crystallinity, conductivity, and OER activity of supported IrO,, cat-
alysts. Optimizing the oxidation temperature window for the fi-
brous SnO, support and its active components enables the con-
trolled growth of interconnected IrO, nanocrystals with tailored
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Figure 7. STEM imaging after 20 cycles between 1and 1.8 V versus RHE of samples oxidized for 1 h at 375 °C (a), 385 °C (b), and 400 °C (c).

crystal structures and surface coverage. The resulting crystalline
IrO, phase, firmly anchored and interconnected, achieves elec-
tronic conductivity and good OER activity at low overpotentials
and current densities, even with an Ir content of only 35 wt.%.
This is significantly lower than for a conventional catalyst such as
Elyst Ir75 by Umicore, which contains 75 wt.% iridium, demon-
strating improved materials efficiency.®®! Further tuning of cat-
alyst coverage, thickness, and dominant facets through chemi-
cal deposition parameters and temperature control holds great
promise for performance optimization.

A key advantage of this new route is that it eliminates the need
for SnCl,, thereby avoiding chlorine usage. When combined with
a chlorine-free iridium precursor, the competing chlorine evolu-
tion reaction can be entirely excluded, enhancing the suitabil-
ity of these materials for PEM electrolysis applications. The fi-
brous filament morphology supports efficient current conduc-
tion and shows potential for MEA integration. Moreover, there
are prospects for a more compact core-shell synthesis process via
direct co-spinning of iridium oxide phases, reducing mechani-
cal and thermal stress on the filaments. Overall, this approach
enables lower iridium usage while maintaining comparable cat-
alytic activity, paving the way towards cost-effective and efficient
solutions in hydrogen generation.

4. Experimental Section

Electrospinning and Oxidation of SnO, Fibers:  For a typical preparation,
440 mg of Sn(OEt), (Thermo Fischer) was placed in a round-bottom flask
with a magnetic stirrer and stirred at 100 rpm. Subsequently, 0.8 ml of
bi-distilled water was added dropwise, followed immediately by the ad-
dition of 4.2 ml of acetic acid (100%). The solution should be stirred at
50 °C until it becomes transparent. Subsequently, 10 ml of an ethano-
lic polyvinylpyrrolidine solution (10 wt.%, Sigma Aldrich, Mw = 150 kDa)
heated to 50 °C was added. Subsequently, the resulting solution was stirred
for 1h at 50 °C and then drawn into a syringe and transferred to the elec-
trospinning apparatus. The electrospinning process was conducted at a
voltage of 13 kV, with a flow rate of 5 ml h~! and a drum roll speed of
400 rpm. The distance between the needle tip and the drum roll collector
was 12.5 centimeters. The resulting fiber mat was then carefully removed
with a razor blade and transferred to an aluminum oxide dish for oxida-
tion. The target temperature of 500 °C was reached with a heating ramp
of 2 °C min~! and maintained for a period of 3 h.

Loading of IrO(OH), Nanoparticles and Oxidation to IrO, on SnO, Fibers:
In order to achieve the iridium coating of the nanofilament SnO, support,
a wet chemical synthesis previously described in detail (EP3764443B1;
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EP4019666A1) was adapted to prepare the amorphous IrO(OH), @SnO,
catalyst precursor phase with a nominal content of 35 wt.% Ir for SnO,
supported IrO(OH),. To this end, the nominal amount of IrCl;-xH,0O was
dissolved in bi-distilled water at 80 °C, yielding a brown-yellow transparent
solution. Following the dissolution of the iridium precursor, the respec-
tive amounts of SnO, filaments were added to the solution and stirred for
1h. In atypical reaction for 35 wt.% Ir loading on SnO,, 626 mg IrCl;-xH,O
(43 wt.% Ir according to ICP-OES) was dissolved in 100 ml of bi-distilled
water, and 500 mg of SnO, was added. Following the dispersion of the
supports, the pH of the compound solution was adjusted to 11.5 with 1 m
NaOH for a period of 2 h. The mixture was then left to stir for a further 2 d
at 80 °C, with the pH maintained between 11and 11.5 as the color changed
to dark blue. Subsequently, the product was subjected to four wash cycles
with bi-distilled water, followed by centrifugation at 25000 rcf for 20 min.

Two-Plate Conductivity Measurements: Conductivity measurements
of IrO,@SnO, were conducted using an in-house constructed DC-
conductivity measurement cell at an estimated moderate pressure of
1 MPa (to avoid crushing the tin oxide filaments). The measurements were
recorded as |-V curves between —1 and +1V with an AUTOLAB 302N po-
tentiostat/galvanostat (METROHM AUTOLAB B.V.). While the conductiv-
ity measurements were conducted on moderately compressed materials,
the results allow for a reliable relative comparison of transport properties.

Powder X-Ray Diffraction (PXRD): PXRD experiments were conducted
using a Ge (111) monochromated (Cu Ka1) STOE Stadi P diffractome-
ter in transmission geometry with a solid-state strip detector (Dectris
Mythen 1k). The XRD patterns of the samples were collected using
an omega-20 scan in the 20 range from 20° to 80°, with a step size
of 1° and a fixed integration time of 60 s per step, at a resolution
of 0.05°.

Transmission Electron Microscopy (TEM): TEM and scanning TEM
(STEM) measurements were performed at an FEI Titan Themis 80-300
(S)TEM, operated at 300 kV, equipped with an XFEG field emission gun
and the chemiSTEM SuperX detection system for energy-dispersive X-ray
(EDX) spectroscopy. The specimens were prepared on carbon TEM-grids
via dry application from powder or from the FTO WE with catalyst powder
post electro-catalysis. In situ heating experiments were performed with a
DENSsolutions Lightning HB+ holder, for which nanowires were trans-
ferred to electron-transparent SiN-membranes of MEMS chips. Selected-
area TEM diffraction patterns were recorded on a CCD-camera model
CETA-M (Thermo Scientific). High-angle annular dark field (HAADF)
STEM images were acquired using a semi-convergence angle of the scan-
ning probe of 23.3 mrad and a Fischione Model 3000 ring detector cov-
ering scattering angles of 35-200 mrad at the used camera length of
195 mm.

Scanning Electron Microscopy (SEM): Scanning electron microscopy
(SEM) images were recorded with an FEI Helios Nanolab G3 UC scan-
ning electron microscope, equipped with a field emission gun, and op-
erated at an accelerating voltage of 2-5 kV. The specimens were prepared
from powders deposited on carbon-based Leit tabs adhered to a stainless-
steel sample holder. Energy-dispersive X-ray spectroscopy (EDX) measure-
ments were recorded at an operating voltage of 20 kV with an X-MaxN
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Silicon Drift Detector, which has an 80 mm? detector area, and AZTec
acquisition software, both of which are manufactured by Oxford Instru-
ments. To quantify the iridium content via EDX in the SEM, the iridium
content resulting from four measurements, each covering an area of be-
tween 40 and 100 um?, was averaged.

Electrochemical ~ Characterization: Electrochemical characterization
was conducted with a three-electrode configuration within a quartz
cell at ambient temperature. The cell was filled with 20 ml of 0.5 M
H,SO, (SIGMA-ALDRICH, Titripur volumetric standard) electrolyte. A
PGSTAT302N potentiostat/galvanostat (Metrohm Autolab B.V.) equipped
with an FRA32 M impedance analyzer was connected to a hydroflex
reversible hydrogen electrode (Gaskatel Gesellschaft fiir Gassysteme
durch Katalyse und Elektrochemie mbH) electrode for cyclic voltammetry
and galvanostatic (chronopotentiometry) measurements, respectively.

To prepare the catalyst layers on FTO substrates, the volume of a dis-
persion of catalyst powders with different Ir loadings was calculated to de-
posit 10 pg Ir-content on a masked area of 0.196 cm™2 on each electrode.
The iridium content, as determined by EDX, was employed to calculate
the nominal loading values of Ir in the electrode layers. Cyclic voltamme-
try (CVA) measurements were conducted with iR correction (95%) in a
potential window of 1.0-1.8 V versus RHE with a scan rate of 20 mV s~ ' in
20 scans. Prior to each CVA measurement, impedance spectroscopy was
conducted at 0.5 V versus RHE to ascertain the corresponding electrolyte
resistance from the high-frequency region (R;).
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Supporting Information is available from the Wiley Online Library or from
the author.
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