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Chapter 3

In situ Determination of the Oxidation State of
an Iridium Water Oxidation Catalyst

Robust Ir@ITO electrodes are prepared by depositing a chemically oxidized
molecular precursor. The iridium species shows a well-defined oxidation
event at 0.7 V vs NHE and performs water oxidation at 1.4 V vs NHE at a
current density of 0.5 mA cm-2 at pH 2.3. According to operando X-ray
absorption spectroscopy, iridium is in oxidation state four irrespective of
the potential applied. We propose a redox active substrate/ligand
mechanism, which does not affect the formal oxidation state of the iridium
center.

Joeri Hessels, Remko J. Detz, David J. Martin, Jacobus M. Koelewijn, Moniek Tromp and Joost
N. H. Reek, Manuscript in preparation

71

Chapter 3

3.0 Abstract
Iridium-based catalysts are currently state-of-the-art anode components in
proton-exchange-membrane electrolyzers. In this work we deposit a
chemically oxidized molecular iridium precursor on indium doped tin oxide
electrodes resulting in robust Ir@ITO anodes. Electrochemical experiments
reveal that the electrodes exhibit a chemically reversible oxidation wave at
0.7 V vs NHE. The Ir@ITO electrodes show electrochromic behavior, being
colorless up to a potential of 0.7 V and turning blue after the oxidation wave
at 0.7 V. During catalysis, the electrode again turns colorless. The Ir@ITO
electrodes, with an iridium loading of 12 nmol cm-2, oxidize water with a
current density of 0.5 mA cm-2 at a potential of 1.4 V vs NHE at pH 2.3. X-ray
absorption spectroscopy indicates an iridium(IV) species both before the
oxidation wave at 0.7 V vs NHE and during catalytic conditions. These
observations suggest that the resting state of the catalyst also involves an
iridium(IV) species and not, as often assumed, an iridium(III) complex. We
propose a redox active substrate/ligand mechanism, which does not affect
the formal oxidation state of the iridium center. Our findings are of
importance for the development of improved iridium-based water
oxidation catalysts.
3.1 Introduction
Water oxidation catalysis is likely to play a role in the energy transition to a
society that runs on renewable energy sources. This is mainly because
water is an abundant and cheap source of electrons, which can be used in
the desired proton, CO2, or dinitrogen reduction reactions that produce
fuels.1 Although many metals have been reported as active water oxidation
catalysts,2,3 iridium is probably the most efficient in terms of activity and
stability, especially under acidic conditions.4 In state-of-the-art protonexchange-membrane (PEM) electrolyzers, iridium, in the form of IrO2, is the
preferred catalyst at the anode.5 A severe drawback of using iridium is its
low abundancy and high cost. If more information is obtained about the
active iridium species it might be possible to adjust the surroundings of the
iridium metal to optimize its performance and lower the required amount
of expensive metal. Many reports have appeared showing that organic
ligands are capable of improving the catalytic activity (See Chapter 1.3.2 for
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more information).6-9 An increased activity allows less use of iridium while
preserving the catalytic performance in electrolysis.10 Single atom and diatom catalysts, prepared from molecular species, could also aid in this
development.11,12 As water oxidation requires two water molecules to form
an oxygen-oxygen bond, while losing four protons and four electrons,
complicated mechanisms arise (see Chapter 2 for more information on
mechanisms in water oxidation).13-15 Generally the O-O bond forming step
is assumed as rate-determining. As four electrons are transferred in water
oxidation, any suitable catalyst needs to be effective at mediating different
redox states. Achieving a deeper understanding of the nature of the active
species, for example the oxidation state of the metal during catalysis, can
facilitate the development of more efficient water oxidation catalysts
(WOCs).
In situ spectroscopy can give insight in catalytic mechanisms and
rate determining steps.16 X-ray absorption spectroscopy (XAS) specifically
can offer valuable information on the oxidation state of a metal center and
its immediate surroundings.17 The X-ray absorption near edge structure
(XANES) provides information on the oxidation state of the metal and the
extended X-ray absorption fine structure (EXAFS) on the direct
surroundings.18,19 Several recent publications discuss the utilization of this
technique for the characterization of iridium WOCs in solution and of those
immobilized on electrode surfaces.20-22 Yang et al. recently postulated a
solution structure of a dimeric iridium species with a single µ-oxo bridge
after activation on the basis of DFT calculations and XAS measurements
(Figure 3.1).20 In contrast to this work, Bartlett et al. reported the formation
of a tetrameric cubane structure upon activation of the Ir-Pyalk catalyst
with NaIO4.23 In another study, Blakemore et al. characterized an
electrodeposited ‘blue layer’ by XAS measurements on 2 µm thick samples
of amorphous iridium oxide containing a carbon admixture (see Figure 3.1
for precursor complex).21 Their data shows that the iridium has six
neighboring oxygen atoms of which three are terminal and three are
bridging to a second iridium atom at a distance of 3.04 Å. These findings
suggest the existence of a dimeric iridium structure on the electrode
surface. Hetterscheid and co-workers also performed ex situ XAS
measurements on an electrodeposited Ir-NHC hydroxy complex on graphite
foil electrodes (Figure 3.1).22 They applied varying potentials to their
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electrodes, showing with higher applied potentials a decrease in the amount
of carbon and an increase in the amount of oxygen in the first coordination
sphere of the deposited iridium.

Figure 3.1. Structures of studied precursors and the proposed dimeric iridium structure
after activation with chemical oxidants.20-22,43

The studies described above show that XAS can provide valuable
information either before or after catalysis on the structure of (molecular)
iridium WOCs in solution or deposited on a surface. However, no structural
information is obtained during catalysis. Performing in situ XAS
experiments would provide additional information on the oxidation state of
the active species, aiding rational design.2,17 Only a few operando XAS
studies about electrocatalytic water oxidation have been reported.17
Examples include studies on manganese oxide,24,25 cobalt oxide,26-28 cobalt
phosphate,29 nickel borate,30,31 and mixed first row transition metal
WOCs.32-34 In addition, three papers by Schmidt and co-workers and two
papers by the group of Savinova and the group of Liu examined iridium
oxide WOCs during catalysis.35-39 They performed in situ XAS measurements
on 45-60 µm thick samples (containing approximately 10-15 µmol cm-2
iridium). In these relatively thick layers, most of the iridium is not involved
in catalysis but this share does dominate the XAS signal. Pedersen et al.
solved this issue by investigating a monolayer of IrOx on a RuOx layer on a
gold electrode.40 They reported that the oxidation state of iridium is
influenced by the potential of the electrode, while no structural
rearrangements took place. Interestingly, Frevel et al. showed on the basis
of in situ XAS measurements that on solid iridium oxide catalysts a protoncoupled oxidation of Ir(IV)-OH to Ir(IV)-O. takes place, with no change in
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formal oxidation state of iridium.41
Emboldened by these studies, we perform in situ XAS studies during
water oxidation with an pre-activated, immobilized molecular iridium
complex. Previous work from our group showed that a molecular Nheterocyclic carbene (NHC) Ir-pentamethylcyclopentadienyl (Cp*)
dichloride complex is an active water oxidation catalyst (Figure 3.1).7
Kinetic analysis using stop-flow spectroscopy revealed that the NHC-ligand
plays a role during the activation and catalytic process.42 These experiments
indicate that, upon activation, dimeric species are formed, which are the
most active catalytic species. Hetterscheid et al. reported about the
activation and characterization of the Ir-NHC complex, which was
electrodeposited on graphite foil and gold electrodes.22 Application of a
positive potential results in the desorption of the deposited material from
the surface. A different deposition technique was reported by Sheehan et al.
and others.43-45 They anchored an Ir-based WOC on metal oxide surfaces
after chemical oxidation of a molecular Ir-Pyalk complex. In their approach,
the water-dissolved iridium species is treated with sodium periodate
(NaIO4), which oxidizes the Cp*-ligand. This reaction creates vacant sites,
which allow for both catalyst dimerization and immobilization on the metal
oxide surface.46 The solution structure was recently elucidated by a
combination of XAS measurements and DFT calculations by Yang et al.
(Figure 3.1).20 This dimeric species appears active and stable in water
oxidation at low overpotential (Figure 3.1).43 In our research we apply a
similar immobilization approach to anchor an activated Ir-NHC complex on
indium doped-tin oxide (ITO) and perform in situ XAS measurements to
obtain information on the oxidation state of the catalyst during catalysis.
3.2 Results & discussion
First, we record XAS measurements on the Ir-NHC precursor complex and
an iridium(III)chloride reference. In Figure 3.2 the EXAFS and XANES
spectra are depicted of IrCl3, and the Ir-NHC complex both as a pellet and
dissolved in MilliQ water. The XANES of Ir-NHC in solid state and in solution
have a similar white line position as iridium(III) chloride. These
measurements confirm that all species are in the iridium(III) oxidation
state. The EXAFS data of the Ir-NHC species in solid form was fitted based
on the crystal structure (Figure 3.2).7 In R-space it can be observed that the
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dissolved complex has bond contributions at slightly shorter distances,
indicating displacement of the chlorides by either water or hydroxy groups
(Figure 3.2). For IrCl3 the increase at a radial distance of ~4 Å is an
indication of Ir-Ir interactions, revealing the crystalline structure of the
material.

Figure 3.2. XAS (top left) and XANES (top right) spectra and R-space (bottom left) plot of IrNHC dissolved in MilliQ (orange), Ir-NHC in the solid state (blue) and an IrCl3 standard (grey)
and a fit of the solid Ir-NHC species (bottom right). The K-space is reported in Supporting
Information Figure S3.5.

Next, we activate the Ir-NHC precursor by the addition of sodium
periodate and followed the absorption profile in time with UV-vis
spectroscopy (Figure 3.3). Immediately upon addition of 50 equivalents of
NaIO4, the initially yellow solution colors brown and in time turns bright
blue (See Supporting Information Figure S3.1 for a photo). In UV-vis this is
reflected by an increase in absorption at ~400 nm, which is followed by a
shift of the absorption maxima from ~400 nm to ~600 nm after 10 minutes.
Beyond 10 minutes the absorption increases slightly, but no shift in
absorption maxima is observed. Therefore we conclude that the blue
species is stable in solution for at least 2 hours. Hintermair et al. showed
that a similar iridium precursor (Ir-PyAlk) forms dimeric iridium structures
linked by oxygen atoms. These species have an absorption maximum at
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~600 nm.46 Therefore, we interpret the appearance of an absorption at
~600 nm as the formation of iridium dimers bridged by oxygen atoms.

Figure 3.3. UV-vis data on the activation of Ir-NHC species by NaIO4.

Then, we perform XAS measurements of the Ir L3-edge on the
activated Ir-NHC complex in solution. 50 equivalents of sodium periodate
are added to a 2.0 mM catalyst solution, after which the solution is left to
equilibrate for 30 minutes. Then, XAS spectra are recorded to obtain data of
the activated iridium complex in solution. The normalized XANES data of
the non-activated complex in solution and the activated complex are
presented in Figure 3.4. The increase in white line absorption, along with
the shift of the absorption maximum from 11219.5 eV to 11220.0 eV is a
clear indication of an increase in oxidation state. Under the oxidative
conditions, an oxidation event at the metal center likely results in the
formation of an iridium(IV) species, in line with the observations of
Hintermair et al. on Ir-PyAlk activation.46 The R-space is depicted in Figure
3.4, where, among changes in the first coordination sphere, a contribution
of (at least) one relatively heavy atom arises at a distance of approximately
3 Å. This signal could stem from another iridium atom in close proximity
which implies the formation of a dimeric (or multimeric) species. Yang et al.
observed similar contributions in the activation of the Ir-PyAlk complex and
ascribed this to the formation of dimeric iridium species.20 In a later
publication by Bartlett et al. the XAS data was assigned to a tetrameric
species.23 Unfortunately, our EXAFS data was not of sufficient quality to
propose a precise structure. Likely the Ir-NHC catalyst forms an undefined
mixture of species upon activation, similar to the ‘blue dimer’ species as
reported by Blakemore et al.21

77

Chapter 3

Figure 3.4. XANES (left) spectra and R-space (right) plot of Ir-NHC dissolved in MilliQ water
(orange) and the Ir-NHC complex activated with 50 equivalents of NaIO4 (blue). The full XAS
spectrum and the K-space are reported in Supporting Information Figure S3.6.

Inspired by Sheehan et al.43 and based on our UV-vis and XAS data
establishing the increase in oxidation state by activation of the Ir-NHC
species, we arrive at the following immobilization protocol to fabricate
electrodes with deposited Ir species. A 2.0 mM solution of Ir-NHC complex
is treated with 50 equivalents of NaIO4. The solution is allowed to stand for
30 minutes, ensuring full conversion to the ‘activated’ species.43 A FTO
substrate coated with nano-ITO is introduced to immobilize the activated
Ir-NHC species (see Supporting Information for preparation of nano-ITO
slides). After two hours the Ir@ITO slide is removed from the solution and
thoroughly rinsed with MilliQ water, resulting in an ITO layer with a blue
color (Figure 3.5).

Figure 3.5. Photograph of a freshly prepared nano-ITO slide (left) and a nano-ITO slide with
chemically deposited activated Ir-NHC, Ir@ITO (right).

Scanning electron microscope (SEM) images of the nano-ITO slides
taken before and after immobilization are rather similar, with only a slightly
roughened surface in the latter (Figure 3.6). This indicates a deposition
process of an iridium species without considerable changes in electrode
structure due to the oxidative environment. Energy-dispersive X-ray (EDX)
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spectroscopy revealed the presence of iridium (Figure 3.6). An EDX
mapping experiment shows a homogenous distribution of iridium species
on the surface and no formation of large clusters or aggregates (Figure 3.6,
inset). This suggests that a uniform thin layer of the activated molecular
catalyst is attached to the surface, in line with SEM data. Deposition of a thin
layer is important because only than the majority of the iridium can take
part in catalysis. Spectroscopic analysis in this case mainly detects the active
Ir species instead of bulk IrOx material in the case of 45-60 µm thick
samples.

Figure 3.6. SEM of ITO before (top) and after (bottom left) deposition of iridium, with inset
displaying electrode thickness. EDX signal (bottom right) of Ir@ITO after deposition, with
inset of EDX mapping.

To investigate the electronic properties of the Ir@ITO catalyst, we
perform cyclic voltammetry (CV) measurements in a 0.1 M potassium
nitrate buffer at a pH of 2.3. A single chemically reversible oxidation wave
at 0.7 V vs NHE is observed (Figure 3.7), followed by water oxidation
catalysis with an onset potential of 1.3 V vs NHE. Interestingly, the Ir@ITO
electrode has electrochromic behavior. At a potential below the redox wave
at 0.7 V the layer it colorless, becomes blue after oxidation and is nearly
colorless at 1.3 V when the catalytic water oxidation starts. The iridium
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loading is determined at approximately 12 nmol cm-2 (or around 2 µg cm-2)
by scan speed dependent voltammograms of the redox wave at 0.7 V vs NHE
(Figure 3.7, Supporting Information Figure S3.2). This loading
approximates a monolayer on a high surface area electrode.16 A scan rate
dependent peak separation is also observed, which is indicative of a slow
electron transfer process. Likely the slow transfer arises from the relatively
thick mesoporous nano-ITO layer of about 3 µm (Figure 3.6). Next,
controlled current electrolysis (CCE) at 0.5 mA cm-2 reveals that the Ir@ITO
electrode performs water oxidation for prolonged time without loss of
activity at a potential of 1.4 V vs NHE (Figure 3.7). Oxygen formation was
confirmed with a fluorescence probe immediately after a steady potential of
1.4 V vs NHE was reached (Figure 3.7), and from this experiment a faradaic
efficiency of ~93% was calculated. This indicates that the Ir@ITO electrode
is stable at highly oxidative conditions and a potent WOC, performing water
oxidation at a 0.5 mA cm-2 at an overpotential of roughly ~300 mV. The
stability of this system makes it suitable for in situ XAS studies.
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Figure 3.7. Cyclic voltammogram of Ir@ITO catalyst at 10 mV/s (top left). The arrows
indicate the potentials at which XAS studies are performed (vide infra). Scan speed
dependent cyclic voltammetry scans along the redox wave at 0.7 V vs NHE (top right).
Controlled current electrolysis at 0.5 mA cm-2 for 2200s (bottom left) and oxygen formation
during the controlled current electrolysis (bottom right). Recorded in 0.1 M pH 2.3
potassium nitrate buffer using an Ir@ITO working electrode.

For operando fluorescence XAS measurements a homemade
electrochemistry cell was designed with inlets for the Ir@ITO electrode, a
Pt-wire counter electrode and an Ag/AgCl reference electrode and a Kapton
foil window (Supporting Information Figure S3.3). During operando XAS
measurements, the cell was filled with electrolyte, having roughly a 2 mm
space between the Ir@ITO electrode and the Kapton foil window to
minimize X-ray photon losses, while still allowing electrolyte to pass
through. For XAS measurements, the current density was set at a constant
0.5 mA cm-2 to ensure catalytic activity, while preventing excessive bubble
formation. Bubbles in the X-ray beam can significantly disturb the XAS
measurement and on occasion XAS scans had to be restarted. XAS
measurements were started as soon as the potential reached a steady state
value. The potential to attain the desired current density over the course of
the measurement remained constant, which indicates stable catalytic
functioning. In Figure 3.8 the XAS spectrum of the Ir@ITO electrode is
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depicted during catalysis (blue line). We also perform similar operando
measurements at 0.2 V vs NHE, with the electrode in a colorless, inactive
state. Interestingly, the white line in the XANES spectrum of the iridium
species on the surface is near identical under non-catalytic and catalytic
conditions. This suggests that the iridium center is in the same oxidation
state at 0.2 V vs NHE as during catalysis. The XANES data of the Ir@ITO
electrode at both 0.2 V vs NHE and catalytic potential have a nearly identical
white line absorption. The activated iridium(IV) species in solution also has
a nearly identical white line absorption (see Supporting Information Figure
S3.4 for overlay), thus we assign an iridium(IV) oxidation state to the
catalyst both at 0.2 V vs NHE and during water oxidation catalysis. This
implies that the formal oxidation state of iridium does not change with
varying potential, and that any oxidations are substrate or ligand based,
similar to the proposed mechanism by Frevel et al.41 Slight differences are
observed in K/R-space for the Ir@ITO electrode at different potentials,
suggesting that the surrounding ligands are not identical (Figure 3.8,
Supporting Information Figure S3.7). Unfortunately, the data of the EXAFS
region of the spectra is not of sufficient quality for a reliable fit, likely
because of the existence of multiple species (vide supra) and the low loading
of iridium at the electrode (~12 nmol cm-2).

Figure 3.8. XANES spectrum of Ir@ITO at catalytic conditions (0.5 mA cm-2, ~1.4 V vs NHE,
blue) and the Ir@ITO electrode at 0.2 V vs NHE (grey). The full XAS spectrum and the K-space
are reported in Supporting Information Figure S3.7.

UV-vis data from Sheehan et al. also shows remarkably similar
electrochromic behavior as the Ir@ITO species.43 Similar absorption
spectra are observed at low potential (0.5 V vs NHE) and during catalysis
(1.4 V vs NHE), while a distinctly different species with an absorption
maximum at 575 nm is observed at 0.9 V vs NHE for the IrPyAlk@ITO WOC
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(Figure 3.9). However, they postulate that these are iridium(III), iridium(IV)
and iridium(V) species, at 0.5 V, 0.9 V and 1.4 V vs NHE respectively.
Contrary, our XAS data on Ir@ITO would suggest that in the case of Ir-NHC
deposition, iridium is in oxidation state four both during catalysis and
before the oxidation wave at 0.7 V vs NHE.

Figure 3.9. UV-vis data at 0.5 V (black), 0.9 V (red) and 1.4 V (purple) vs NHE of het-woc as
reported by Sheehan et al.43

3.3 Conclusion
In conclusion, robust Ir@ITO electrodes were prepared by chemically
depositing a molecular Ir-NHC precursor that was subjected to chemical
oxidation prior to immobilization. SEM and EDX data reveal a uniform
distribution of the iridium species over the mesoporous nano-ITO surface.
The electrodes perform water oxidation catalysis at an overpotential of 300
mV at 0.5 mA cm-2 with an iridium loading of 12 nmol cm-2. Operando XAS
measurements provide insight in the oxidation state of the Ir@ITO catalyst.
Interestingly, our measurements show that, iridium is in oxidation state
four at both 0.2 V vs NHE and during catalysis at 1.4 V vs NHE. These
observations suggest that the resting state of the catalyst is an iridium(IV)
species and not, as often assumed, an iridium(III) complex. We propose a
redox active substrate/ligand mechanism, were an iridium(IV) hydroxy
species gets oxidized to an iridium(IV) oxo-radical species (Ir(IV)-OH to
Ir(IV)-O.) in which the formal oxidation state of the iridium center is not
affected. With this work we hope to inspire further work in the field of
iridium-based water oxidation catalysis.
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3.5 Supporting Information
Materials and methods
All reagents were purchased from commercial suppliers and used without further
purification. Milli-Q Ultrapure grade water (> 18.2 MΩ cm resistivity) was used for
all experiments and for the preparation of aqueous buffer solutions. Ir-NHC was
prepared according to literature procedures and spectroscopic analysis was in line
with the reported values.1 SEM images and SEM-EDX data were taken on a Fei-xl30
Scanning Electron Microscope (TLD detector, 10.0 kV, 150000x magnification).
Dissolved oxygen was detected using a fiber-optic oxygen meter (FireStingO2 from
PyroScience with Oxygen Logger software (https://www.pyroscience.com/)).
Preparation of nano-ITO slides
FTO electrodes (1 cm x 5 cm) were cleaned by sonication in a 5% Deconex solution
for 20 minutes and then rinsed with H2O and EtOH. After drying, the FTO electrodes
were cleaned in an UV-ozone cleaner for at least 20 minutes. A nano-ITO suspension
was prepared by grinding 654 mg nano-ITO (Sigma Aldrich, <50 nm particles) for
5 minutes in 1.0 mL acetic acid. Then the suspension was diluted with 4.0 mL
ethanol. The suspension was sonicated for at least 10 minutes prior to use. NanoITO electrodes were prepared by spin coating (B.L.E spin coater Delta 10) 40 µL of
the ITO nanoparticle suspension onto a masked section of the FTO slides (1 cm x
1.5 cm) at 1000 rpm for 40 s. After spincoating, the solvent was evaporated by
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heating to 200 °C for 10 minutes. For thicker layers, a second layer of spincoating
was applied and the solvent evaporated. Then, the electrodes were heated at 500 °C
in air for 1 hour, and then heated in a 4% H2 in N2 atmosphere for 1 hour.2
Ir@ITO preparation
A stock solution of Ir-NHC (final concentration 2 mM) was treated with a stock
solution of NaIO4 (final concentration 100 mM) for 30 minutes. Then, the nano-ITO
electrodes were immersed in the solution and removed after 2 hours, and
thoroughly rinsed with H2O.
Electrochemistry
Electrochemistry was performed on a PGSTAT 10 potentiostat (Autolab) using
GPES software. An Ir@ITO working electrode, platinum wire auxiliary electrode
and a Ag/AgCl (sat. KCl) reference electrode were used. To convert the potential
values of Ag0/+ reference into NHE a correction factor of +0.197 V was used. A 0.1 M
pH 2.3 potassium nitrate buffer was used as a supporting electrolyte.
X-ray absorption spectroscopy
Ir L3-edge XAS measurements were performed at I18 (Diamond) in Didcot. All
measurements were done in fluorescence mode, unless otherwise stated.
Measurements at Diamond were performed with a Si(111) double crystal
monochromator in combination with a 9 element Ge Solid State detector. A typical
measurement required around 30 minutes; around 8 scans were required to obtain
good signal-to-noise in the data. All acquired spectra were calibrated to a Pt foil.
XAS data processing was performed in Athena and EXAFS analysis was performed
in Artemis.3 The amplitude reduction factor was determined using the Pt foil.

Supporting Information Figure S3.1. Photograph of the activated Ir-NHC complex.
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Supporting Information Figure S3.2. The normalized peak current at the redox wave at 0.7
V vs NHE plotted versus the scan speed for the Ir@ITO species. Iridium loading determined
by using: (4 RT / n2F2A) Slope = 12 nmol cm-2.

Supporting Information Figure S3.3. The spectroelectrochemistry cell used for XAS
measurements.
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Supporting Information Figure S3.4. XANES overlay of the activated iridium species
(orange), Ir@ITO during catalysis (blue) and Ir@ITO at 0.2 V vs NHE (grey).

Supporting Information Figure S3.5. K-space of Ir-NHC dissolved in MilliQ (orange), IrNHC in the solid state (blue) and an IrCl3 standard (grey).

Supporting Information Figure S3.6. XAS spectra (left) and K-space (right) of Ir-NHC
dissolved in MilliQ water (orange) and the Ir-NHC complex activated with 50 equivalents of
NaIO4 (blue).
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Supporting Information Figure S3.7. XAS spectra (left) and K-space (right) of Ir@ITO at
catalytic conditions (0.5 mA cm-2, ~1.4 V, blue) and the Ir@ITO electrode at 0.2 V vs NHE
(grey).
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