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Reactive Electrophilic O'~ Species Evidenced in High-
Performance Iridium Oxohydroxide Water Oxidation

Electrocatalysts

Cyriac Massué,™ ! Verena Pfeifer,™ 9 Maurice van Gastel,’ Johannes Noack,®
Gerardo Algara-Siller,” Sébastien Cap,*® and Robert Schlégl® ®!

Although quasi-amorphous iridium oxohydroxides have been
identified repeatedly as superior electrocatalysts for the
oxygen evolution reaction (OER), an exact description of the
performance-relevant species has remained a challenge. In this
context, we report the characterization of hydrothermally pre-
pared iridium(lll/IV) oxohydroxides that exhibit exceptional
OER performances. Holes in the O 2p states of the iridium(lll/1V)
oxohydroxides result in reactive O'" species, which are identi-
fied by characteristic near-edge X-ray absorption fine structure
(NEXAFS) features. A prototypical titration reaction with CO as
a probe molecule shows that these O species are highly sus-

Introduction

There is a growing consensus that, under acidic conditions, Ir-
based oxygen evolution reaction (OER) catalysts are the most
suitable candidates in terms of their activities and stabilities.”
The current debate is focused on the understanding of the
structure and chemical nature of such Ir structures to target
the species with the highest intrinsic OER performance. To
date, rutile-type IrO, has often been suggested to be the most
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ceptible to nucleophilic attack at room temperature. Similarly
to the preactivated oxygen involved in the biological OER in
photosystem Il, the electrophilic O'~ species evidenced in the
iridium(l1l/1V) oxohydroxides are suggested to be precursors to
species involved in the O—O bond formation during the elec-
trocatalytic OER. The CO titration also highlights a link be-
tween the OER performance and the surface/subsurface mobi-
lity of the O species. Thus, the superior electrocatalytic prop-
erties of the iridium (lll/IV) oxohydroxides are explained by
their ability to accommodate preactivated electrophilic O'
species that can migrate within the lattice.

suitable candidate owing to its stable OER activity under acidic
conditions.™? However, there is growing evidence that quasi-
amorphous or nanocrystalline Ir phases, which are more elu-
sive to characterize, play a key role in acidic OER catalysis. Early
electrochemical studies suggested that highly hydrated iridium
oxide/hydroxides were formed during the oxidative activation
of metallic iridium through electrochemical cycling® or reac-
tive sputtering.” Vukovi¢ et al. noted that the mild thermal
treatment of an anodically grown iridium oxide film (AIROF) at
200°C improved the catalyst stability, whereas higher calcina-
tion temperatures led to the formation of crystalline IrO, and,
consequently, a strong loss of OER activity.*™ A similar evolu-
tion of the OER performance was reported recently by Reier
et al., who observed superior OER performance for hydrous iri-
dium oxide/hydroxides obtained through the calcination of iri-
dium acetates at 250°C.”! Further calcination led again to the
formation of IrO, and a sharp decrease in OER activity. Thus,
the evolution of OER performance with the preparation condi-
tions shows how crucial the nature of the prepared Ir phase is
to the OER performance. The exact identification of the species
responsible for the superior intrinsic activity of iridium oxide/
hydroxide structures would allow the rational design of an op-
timized catalyst precursor; however, a large knowledge gap
exists between molecular and crystalline Ir structures.

Recent efforts have been devoted to closing this gap.”” The
blue quasi-amorphous Ir phase often formed electrochemically
was modeled for p-oxo-bridged Ir'¥ oligomers, which produced
good agreement with the experimentally observed UV/Vis and
Raman spectra.® However, on the basis of EPR spectroscopy
measurements of similar systems, Zhao et al. suggested that a

4786 © 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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significant part of the OER-active Ir compound was in the Ir"

state.”) The relevance of mixed oxidation states in iridium
oxide/hydroxides in the OER was further highlighted by Min-
guzzi et al., who performed in situ X-ray absorption spectros-
copy (XAS) on Ir films during the OER.®

These results reveal that the description of the electronic
structure of iridium oxide/hydroxides is crucial for understand-
ing their superior OER performances. X-ray photoemission spec-
troscopy (XPS) has been used in some studies, and the Ir oxida-
tion states were assigned on the basis of the binding-energy
(BE) shifts.”? However, it is essential to point out that the analysis
of the XPS and XAS spectra of oxidic Ir compounds is by no
means trivial, as the structure of the electron-hole pair excita-
tion spectra has to be taken into account for the consideration
of the core levels. To address the ongoing debate on Ir specia-
tion, Pfeifer etal. recently developed a reliable model of the
electronic structure of iridium oxides. This model showed that
the Ir4f peak obtained in the XPS spectrum for rutile-type IrO,
cannot be fitted with the standard Doniach-Sunjic line shape
that is usually applicable to metallic conductors."” This model
was adapted for a quasi-amorphous iridium oxohydroxide
benchmark, and the presence of an additional species, namely
I, was revealed. Counterintuitively, the I component shows
up at higher binding energies than the I component; there-
fore, the Ir speciation for iridium oxides should not be assigned
solely from the binding-energy shifts. The authors also assigned
a characteristic pre-edge feature in the near-edge X-ray absorp-
tion fine structure (NEXAFS) spectrum of the O K-edge of iridiu-
m(lll/IV) oxohydroxide to O2p hole states, which result in for-
mally O'~ species that emerge in conjunction with Ir'" species. In-
terestingly, such potentially highly electrophilic O species have
been debated in the context of the biological OER in Photosys-
temll, in which the formation of such preactivated O sites
would enable nucleophilic attack and subsequent O—O bond
formation."" Pfeifer etal. suggested that the ability of iridiu-
m(lll/IV) oxohydroxides to accommodate reactive electrophilic
O~ species could explain their superior electrocatalytic perform-
ances through a similar mechanism.?

To test this hypothesis and study the functional relationship
between the electronic structure of iridium(lll/IV) oxohydrox-
ides and their OER performances, we prepared a family of iridi-
um oxohydroxides through an innovative microwave-support-
ed (MW-supported) hydrothermal synthesis."™® The base/Ir ratio
in the initial precursor solution was identified as a key parame-
ter to tune the structural properties and OER performance. The
systematic variation of this parameter yielded a family of iridi-
um oxohydroxides and provided an opportunity to uncover
correlations between the structural features and OER per-
formance to establish functional links."® A moderate excess of
base led to highly nanostructured, nanocrystalline, Ir'"-rich oxo-
hydroxides with outstanding OER performances. Higher
amounts of base led to the formation of core-shell structures
with metallic Ir cores embedded deeply into an oxidic Ir shell
approaching the IrO, stoichiometry. Such compounds featured
higher K contents, which could be linked to changes in the
nanocrystalline structure of the iridium oxohydroxides, and re-
sulted in lower OER performances.
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In the present study, we have aimed to relate the electronic
structures of the iridium oxohydroxides to their electrocatalytic
performances in the OER. For this purpose, the MW-prepared
iridium oxohydroxides were analyzed through a series of com-
plementary characterization techniques to obtain a thorough
description of the present compounds. First, a careful TEM in-
vestigation and the interpretation of the Raman spectra
through DFT-calculated models were used to establish the dis-
tinction of the materials from microcrystalline IrO,. Further-
more, the theoretical model of the electronic structure of iridi-
um oxides established by Pfeifer et al."” was used to analyze
the synchrotron-based X-ray photoemission and absorption
spectra of the iridium oxohydroxides. The XPS spectra were an-
alyzed to determine which Ir species were present. NEXAFS
was used to identify reactive oxygen species such as the
formal O™ species reported by Pfeifer et al. for a similar com-
pound."® To quantify the amount and electrophilicity of such
reactive O species, we used reactive CO titrations, as proposed
by Wang et al."® ' Quantitative trends were compared to OER
performance indicators to identify OER-relevant features. The
identification of such features paves the way towards the tar-
geted design of synthesis strategies for efficient Ir-based OER-
electrocatalyst precursors for industrially relevant applications.

Results and Discussion

In the following paragraphs, we compare the structural and
chemical variations within the family of MW-produced com-
pounds and the corresponding evolution of the OER per-
formance to establish functional links. For rapid identification,
the samples prepared through the MW-supported hydrother-
mal synthesis strategy are identified as “MW_X", and X identi-
fies the varied synthesis parameter, that is, the base/iridium
ratio (KOH/Ir=X:1; see the Supporting Information, Table S1).

OER performance

The classical indicators of OER activity and stability (summar-
ized in Figure 1) were used to compare the electrocatalytic
performances of the MW-produced iridium oxohydroxides and

[

Lifetime at
j=15 mA cm? (h)
=]

J

o

Figure 1. The OER activity reflected by the current density j at 350 mV over-
potential (blue bars) and OER stability indicated by stable operation at

15 mAcm 2 (red bars) tend to worsen for the MW samples as the base/Ir
ratio increases. The performances are compared with those of two commer-
cial benchmarks (right).
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Ir benchmarks. Within the MW-produced sample batch, the
OER performance was best for a low initial KOH/Ir ratio, which
resulted in a combination of high current densities (j) at
350 mV and long lifetimes in the chronopotentiometric (CP)
tests.

The samples prepared with KOH/Ir=4:1 and 5:1 exhibited
the best OER performances, and an optimal synthesis yield was
obtained for KOH/Ir=5:1."" In contrast, at KOH/Ir>7:1, the
performance decreased rapidly. Through H, temperature-
programmed reduction (TPR), we showed that the average oxi-
dation state increases gradually from 43.2 for KOH/Ir=1:1 to
+3.8 for KOH/Ir=50:1. However, despite its similar structural
features (average oxidation state, TPR profile, chemisorbed
water fingerprint), the iridium oxohydroxide benchmark AA-
IrO, showed the worst performance by far of the nanocrystal-
line iridium oxohydroxide compounds, and this provided us
with an incentive to search for distinctive features beyond the
mixed Ir oxidation state in our MW-produced iridium oxohydr-
oxides.

TEM investigation of beam-sensitive iridium oxohydroxide

In our previous report on the MW-supported hydrothermal
synthesis of iridium oxohydroxides, we mentioned the great
difficulty of studying such compounds through electron mi-
croscopy owing to the rapid transformation of the nanocrystal-
line oxidic Ir phase into metallic iridium."® As a strategy to
avoid radiation damage, we chose to encapsulate the MW-
produced iridium oxohydroxide between graphene sheets."
We chose the best catalyst, MW_5, which is also the purest
compound produced in terms of contamination with Cl and
metallic Ir traces.”™ However, no significant improvement
against radiation damage was observed during the high-reso-
lution transmission electron microscopy (HRTEM) imaging with
electron dose rates greater than 10° enm~2s~'. Nevertheless,
details of the intrinsic structure of MW_5 were obtained
through the electron diffraction (ED) technique. Through the
comparison of an ED pattern with an electron dose rate of
80 enm~2s™" (Figure 2a) and an ED pattern with a high elec-
tron dose rate (Figure 2b) of 10° enm™s7", it was possible to
observe the structural transformation caused to the sample by

Figure 2. The selected-area electron diffraction (SAED) patterns and radial
profiles for MW 5 (a) under low electron dose and (b) with high electron
dose show the complete transformation of the initial iridium oxohydroxide
to metallic iridium after beam irradiation.
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electron irradiation. The diffraction patterns were analyzed
with the profile-analysis tool PASAD.!®

The corresponding radial profiles and diffraction patterns are
shown in Figure 2. The contributions shown in green corre-
spond to the d=2.13, 1.23, and 1.07 A graphene spacings. The
analysis of the recorded ED pattern exposed to an intense
electron beam (Figure 2b) reveals intensity rings (blue arcs)
that are attributed to the d-spacings of the (111), (200), (220),
and (113) planes of cubic metallic iridium (see ICSD 87-715);
therefore, most of the iridium was reduced under the influence
of the high dose beam. On the other hand, the radial profile
obtained from the low-dose ED pattern (Figure 2a) exhibits a
very distinct shape with two broad contributions at spacings
corresponding to d=2.69 and 1.63 A (red arcs). The d-spacings
observed initially for MW_5 confirm that the distribution of ele-
ments inside the nanocrystalline iridium oxohydroxide is very
distinct from that in crystalline IrO,. The reflections for IrO,
would be expected at d=3.18, 2.58, 1.70, and 1.59 A, which
correspond to the (110), (101), (211), and (220) planes, respec-
tively, of IrO,. This in line with the discrepancy between the Ir/
O ratio of 1:2 expected for IrO, and the bulk Ir/O stoichiometry
determined through H,-TPR for the iridium oxohydroxides.
These results confirm that the nanocrystalline iridium oxohydr-
oxides are not simply small highly distorted IrO, crystallites
and instead constitute a distinct phase.

Raman spectroscopy of iridium oxohydroxides

To identify the key structural features of the quasi-amorphous
OER-active Ir compounds, Raman spectroscopy was used re-
cently by Hintermair et al.®*® The authors attributed signals at
7#=560 and 730 cm™' to the vibrational Raman-active modes
of a planar bis-p-oxo IV dimer formed under OER potential.
The observed modes were distinct from the well-known contri-
butions of rutile Ir0,."” The present batch of iridium oxohydr-
oxides provide an opportunity to relate changes in the record-
ed Raman spectra to structural variations between the sam-
ples.

The Raman spectra for five MW-prepared samples are shown
in Figure 3. A qualitative five-component Gaussian fit was per-
formed (see Figure S2) and resulted in two weak contributions
at 7=320-340 (l) and 675-720 cm™' (V). Three major contribu-
tions were identified at 7#=420-465 (Il), 510-520 (Ill), and 565-
600 cm™" (IV). The fitting parameters show that the modes
identified by component Il clearly gain in importance for in-
creasing KOH/Ir ratios; these modes represent 22 % of the inte-
grated signal for MW_4 compared with 64 % for MW_100.

To interpret the observed spectra, we established a theoreti-
cal model based on the experimental evidence. Considering
that the average oxidation state determined through H,-TPR
for the oxidic phase approaches IV with increasing KOH/Ir
ratio and that the compounds are highly hydrated,"® we chose
hydrous Ir" oligomers as a starting point to find a model struc-
ture for the synthesized compounds. Owing to the suspected
oligomeric nature of our compounds, we chose bis-p-oxo units
to link the Ir atoms, in accordance with the structure suggest-
ed by Hintermair et al®®® The optimized structure obtained

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. The Raman spectra of the MW-prepared iridium oxohydroxides
show distinctive features in the #=300-750 cm™' range. The average bulk
oxidation states indicated on the right were quantified through H,-TPR.

through DFT for a formally IV trimer involving proxo bridges,
coordinated water molecules, and hydroxy terminations is
shown in Figure 4. The calculated Raman spectrum shows that
contributions | and V correspond to vibrations localized mostly
on the hydroxy groups and surrounding water molecules,
albeit with calculated frequencies that are systematically too
high, as expected for a small trimeric unit. On the other hand,
the calculated Raman modes between 7=480 and 645 cm’
involve the bridging p-oxo groups, which produce a series of
concerted asymmetrical stretching, rocking, and bending
modes.

ﬂg
Figure 4. DFT-calculated structure of a bis-p-oxo Ir'Y trimer. Blue H, red O,
and purple Ir.

To model the presence of Ir'" species in the iridium oxohydr-

oxides, the calculated trimeric I'V structure was reduced to a
formally IrV—Ir"—Ir"V trimer. The DFT-based optimization of the
structure results in a rearrangement of the protons such that
two of the p-oxo-bridging species become bridging hydroxy
groups (Figure 5).

The resulting calculated Raman-active modes do not include
concerted motions, such as the rocking of all four bridging
oxygen atoms, as predicted at #=553 cm~' for the Ir" trimer.
In general, the incorporation of Ir'" species diminishes the
number of concerted Raman-active vibrations of the bridging

ChemSusChem 2017, 10, 4786 - 4798 www.chemsuschem.org
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Figure 5. DFT-calculated structure of a reduced I'"" trimer. Blue H, red O,
and purple Ir.

oxygen species, and this could explain the lower intensity of
the modes contributing to component lll. The spectrum is do-
minated by p-oxo vibrations. These vibrations are more local-
ized than those of the oxidized trimer and, therefore, shifted
to higher frequencies. The dominant Raman-active modes are
shown in Figures S3 and S4. The spontaneous protonation of
two oxo bridges upon the reduction of the trimeric cluster in
silico indicates that I species may disrupt the bis(u-0%")
bridging motif, and this in turn may lead to an increased amor-
phicity and a concomitant decrease in the intensity of the oxo-
related modes in the Raman spectrum (see Figure S5). Thus,
our simple DFT-based model provides a first interpretation of
the complex Raman contributions of iridium oxohydroxides
and highlights the importance of bis(u-O”") bridging motifs.

X-ray photoemission spectroscopy

In our report on the synthesis of the present batch of pure iri-
dium oxohydroxides, we highlighted the low-temperature
reduction features of the compounds and suggested a mixed
IV oxidation state.® The observed trends in the average oxi-
dation state seemed to indicate that the OER performance im-
proved for lower Ir'/Ir" ratios (Figure 1).

To confirm the IV nature near the surfaces of the com-
pounds, XPS measurements were performed for MW_5,
MW_10, MW_50, and MW_100. First, the electron densities
measured at the Fermi edge for all samples are in line with
those observed by Reier et al.*® and confirm the quasimetallic
conductivity of the iridium oxohydroxide phase (see Figure S6).
Furthermore, the analysis of the Ir4f line shape confirms that
the samples are in a mixed IV state, and there is a general
trend towards higher IrV/I'" ratios for higher KOH/Ir ratios
(Figure 6). The presence of metallic Ir in the surface region can
be excluded, as no contributions were detected at BE=60.9 eV
(Figures 6 and 57).%*'® This is in line with the core—shell struc-
ture with a metallic Ir° core embedded in a thick oxidic over-
layer observed through SEM energy-dispersive X-ray spectros-
copy (SEM-EDX) for higher KOH/Ir ratios."® According to the fit
model described in the introduction,™ Ir'" species contribute
with an Ir4f,,, binding energy of 62.4 eV, whereas Ir'V species
are found at a lower binding energy of 61.8 eV. The Ir4f peaks
recorded at photoelectron kinetic energies of 130 and 450 eV
and fitted to this model show a similar picture (see Figure S7),
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Figure 6. The XPS spectra of (@) MW_5 and (b) MW_100 in the Ir4f region
for 450 eV kinetic energy show the contributions from Ir" and Ir'V species.
The average oxidation state calculated from the fit is indicated in the top-
right corner.

which indicates that Ir'" species are present not only at the sur-

face but also deeper inside the bulk. This finding is also in line
with the large fraction of Ir'" species suggested by the average
oxidation state determined through H,-TPR (Figure 1) and sug-
gests a homogenous distribution of I and IV species
throughout the oxidic Ir phase. The concomitant decrease in
OER performance and Ir'"/IrV ratio observed with increasing
KOH/Ir ratio indicates the relevance of I'" species to the OER
performance. It is important to highlight our finding of a possi-
ble link between Ir'" species and OER performance. The unam-
biguous description of the electronic structure of active Ir-
based OER catalysts has remained a challenge so far, although
a few studies have highlighted the possible role of mixed Ir ox-
idation states.® %

X-ray absorption spectroscopy

Recent studies, such as that conducted by Fierro et al.,"” have
highlighted that part of the oxygen evolved during the Ir-
catalyzed OER originates from the iridium oxide itself. Conse-
quently, oxygen species from the Ir lattice are involved in the
catalytic process. Hence, in addition to an understanding of
the active metal centers, the description of the O species pres-
ent in the surface region is of prime importance to under-
standing the OER reactivity. For this purpose, Reier et al. ana-
lyzed the O1s spectra of their mixed Ni/lr electrocatalysts
before and after the reaction and found a possible link be-
tween OER reactivity and the coverage with reactive surface
hydroxy groups.”?” We generally observed a higher XPS intensi-
ty at BE&531.1 eV for the more active samples (see Figure S7),
and this peak compares to the contribution at BE=531.4 eV at-
tributed by Reier etal. to reactive surface hydroxy groups.
However an unambiguous deconvolution of the O1s peak is
rendered difficult by the manifold contributions to the O1s
spectra from water, hydroxy groups, lattice oxygen atoms, and
other possible O-containing functional groups. Therefore, we
decided to probe the density of the unoccupied O2p states

ChemSusChem 2017, 10, 4786 - 4798 www.chemsuschem.org
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through the NEXAFS analysis of the O K-edge. Pfeifer et al.
used this technique to observe characteristic features in the O
K-edge of commercially available iridium oxohydroxides. On
the basis of theoretical calculations, they could assign these
features to electronic defects in the anionic framework."”

To test whether such electronic defects are also present in
our MW-produced iridium oxohydroxides, we measured the O
K-edges of samples MW_5, MW_10, MW_50, and MW_100. The
NEXAFS spectra of the MW-produced iridium oxohydroxides
are show in Figure 7 together with those of the reference sam-

Norm. TEY intensity

T T T T T
525 530 535 540 545 550 555
Excitation energy (eV)

Figure 7. NEXAFS spectra for the MW-prepared iridium(l1l/1V) oxohydroxides
and the reference samples SA-IrO, and AA-IrO,.

ples AA-IrO, and SA-IrO, for comparison. The main resonances
of the rutile-type reference sample SA-IrO, are found at excita-
tion energies of 530 and 533 eV. The pre-edge feature ob-
served for AA-IrO, at 529 eV was attributed previously to O2p
hole states additionally present in the iridium oxohydroxide
reference sample."” The authors suspected that these electro-
philic 0" species played a key role in the OER reactivity, as the
AA-IrO, containing such species is vastly superior in terms of
OER performance compared with O'"-free SA-IrO,. Furthermore,
the model established a direct link between the presence of
such O'~ species and Ir".[1%!

A comparison of the O K-edge spectra of the MW-produced
iridium oxohydroxides from the present study shows that the
ratio of the features at 529 and 530 eV changes continuously
with increasing KOH/Ir ratio; MW_5 exhibits the strongest peak
at 529 eV and, thus, the highest amount of suspected formally
0"~ species. As MW_5 also shows the best OER performance,
we suggest a direct link between a higher amount of Ir'-stabi-
lized O'~ species and improved OER performance for our batch
of MW-produced iridium oxohydroxides. The suspected OER
reactivity of these peculiar O species and the fact that their
chemical environment seems to stabilize them in the exsitu
catalyst takes us a step closer to an understanding of why the
MW-produced iridium(lll/IV) oxohydroxides are such excellent
precursors for OER electrocatalysis. Nonetheless, AA-IrO, also
exhibits a strong feature at an excitation energy of 529 eV de-
spite its much weaker OER performance than those of our
MW-produced iridium oxohydroxides. This observation implies
that the trend observed within the MW sample batch cannot

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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be taken as an absolute indicator of OER performance and that
other factors must play a key role. These findings were an
incentive to investigate the chemistry of the observed O spe-
cies through a reactive probe technique.

CO titration of reactive oxygen species

The low-temperature oxidation of CO is used commonly as a
prototypical reaction for the study of heterogeneous catalyst
systems.['% 2" Typical systems consist of noble-metal nanoparti-
cles such as Pd,”" Pt,? or Ir'*® supported on partially reducible
oxides. The noble metal is usually described as a preferential
adsorption site for CO, whereas the oxide support is thought
to gather activated O, from the feed for the oxidation of CO
to CO.,. In the absence of O, in the feed, reactive oxygen pools
hosted by the catalyst lattice can react with CO. Recently, Lin
et al. described the preferential oxidation of CO (PROX) by an
Ir/Fe(OH), system.”? They showed that CO reacted with OH
species adsorbed on the Fe support with much lower activa-
tion energies than that for the reaction with adsorbed O,, and
complete CO oxidation was observed at room temperature
(RT). In a similar approach, Wang et al. used such CO titrations
at RT to quantify reactive oxygen species (designated as O*) in
Co;0, catalysts, which were identified as O,~ and O~ anions
through O,-TPD.'¥ In the context of a stoichiometric reaction,
CO is used as a probe molecule to titrate O*. Inspired by these
results, we decided to assess the reactivity of the observed O™
species through such a CO-titration approach at RT. To obtain
a quantitative insight into the amount of available O*, includ-
ing the suspected O' species, the Ir samples were exposed to
a 1% CO/He flow at RT. The detected CO, is assigned to the
stoichiometric reaction of CO with the O* present in the Ir
compounds [Eq. (1)].

Ir0,—0"* 4 CO — Ir0, +CO, +ne” (1)

The AA-IrO, reference compound, which consists of a similar
iridium (Ill/IV) oxohydroxide material,"” also produced CO,
under the same conditions. Only the crystalline SA-IrO,
showed no CO, evolution during the CO titration (Figure S9).
We conclude that CO oxidation at RT in an inert carrier gas is
specific to iridium (lll/IV) oxohydroxide compounds and ena-
bles the titration of O* present in these compounds.

To verify whether the O* pool could be replenished, in a
separate experiment, MW_5 was subjected to a water-saturat-
ed He stream for 1 h at RT after the first CO titration. During a
subsequent switch to 1% CO/He, no sign of a second CO,
emission could be detected. This shows that the O* source
could not be regenerated from H,O at RT, unlike the reactive
hydroxy groups evidenced by Li et al. for PROX with the Ir/
Fe(OH), system.” In a similar experiment, we also showed
that the O* could not be replenished in a 1% O,/He stream at
RT. These results indicate that the O* species evidenced in iridi-
um oxohydroxides are not reactive hydroxy groups or pread-
sorbed activated O,.

To identify the nature of the O* species, in a parallel study,
Pfeifer et al. performed a synchrotron-based quasi in situ study
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of the CO-titration procedure with AA-Ir0.'? The AA-IrO,
benchmark was exposed to CO in a near-ambient-pressure XPS
(NAP-XPS) reactor.

As for the RT experiment discussed above, CO, evolution
was detected for dosing with pure CO. No changes to the Ir4f
XPS signal could be detected. However, a clear loss in the
NEXAFS pre-edge resonance of the O~ species at 529 eV indi-
cated that these are the species that were consumed during
the oxidation of CO to CO, at RT. From this, we conclude that
the O* species titrated in the RT CO experiment are identical
to some of the O~ species evidenced in the NEXAFS analysis
of the O K-edge. Owing to the similar nature of AA-IrO,"% and
our MW-produced iridium oxohydroxide, we propose that the
electrophilic reactivity of O'~ species with CO at RT is a general
feature of iridium oxohydroxides [Eq. (2)].

Ir0,—0" +CO — Ir0O, + CO, + e~ (2)

Despite their similar electronic structures (Figure 7), AA-IrO,
and the MW-produced compounds exhibited very different
OER performances. In this regard, the analysis of the CO,-
evolution curves shows that the samples can be distinguished
by the availability and reactivity of the titrated O'~ species.
First, the quantification of the total amount of CO, evolved for
each sample (Figure 8b) shows that up to 0.32 CO, molecules
are evolved per Ir site for MW_5. If only surface O'~ species
were titrated, this would amount to a surface concentration of
one O species per 13 A% as calculated from the specific sur-
face area of MW_5. Such a high surface concentration of O'~
species is unlikely and suggests that the titration of O'~ is not
limited to the surface and involves O'~ located deeper in the
bulk. Such a hypothesis is in line with the sluggish CO, evolu-
tion, which proceeds for hours for the compounds richest in
0" (1:1<KOH/Ir<10:1). The involvement of subsurface O
species indicates that the O'~ species can migrate to the surfa-
ces of the iridium oxohydroxides during the CO titration at RT.
A sharp decrease in the total evolved CO, is observed for sam-
ples MW_50 and MW_100 as well as AA-IrO,; therefore, fewer
0'" species were accessible to CO for these three sample (Fig-
ure 8b). A decreasing amount of available O'~ with increasing
KOH/Ir ratio is in line with the diminution of the NEXAFS reso-
nance at 529 eV (Figure 7). However, the NEXAFS spectrum of
AA-IrO, also showed a higher O'"/0"" ratio than that of MW_5.
This is in contrast with the relatively low amount of titrated
0"~ species. Therefore, although a relatively high amount of
0"~ species was detected through the subsurface-sensitive
NEXAFS technique, only a relatively low amount of these spe-
cies was available for reaction with CO. We conclude that the
observed trends in evolved CO, also reflect to an important
extent the ability of subsurface O'~ species to migrate to the
sample surface to react with CO. For AA-IrO,, this mobility is
less pronounced than that for the MW-produced samples. The
factors controlling O'~ mobility are still be identified.

To study the OER relevance of the titrated electrophilic O"
species, the Ir-specific OER mass activities of the iridium oxo-
hydroxides were compared to the amounts of titrated 0" spe-
cies. As shown in Figure 8¢, a loose linear correlation was ob-
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Figure 8. (a) The gas-stream composition for the test of one of our best OER catalysts, MW_5. During the initial switch from 100% He to 1% CO/He

(100 mLmin™"), a clear transient CO, signal was observed, and this indicates that CO was oxidized by a finite oxygen source originating from the iridium oxo-
hydroxide. Once no more CO, evolution was detected, the reactor was purged with He, and the sample was again subjected to a 1% CO/He stream. During
this second titration, no CO, evolution was detected (blue CO, signal, Figure 8 a), and this result confirms the stoichiometric nature of the reaction. The proce-
dure was repeated for every compound (see Figure S9). For each sample, we confirmed the irreversible nature of the reaction observed as transient CO, evo-

lution during the initial switch to 1% CO/He.

served between the amount of titrated O'~ species and the
OER activity for the MW compounds. Therefore, the best OER
catalysts also apparently contained the highest amount of 0"
species, whereas the samples with weaker OER performances
(higher KOH/Ir ratios) evolved only little CO,, that is, they ex-
hibited fewer available O~ species. We conclude that the titrat-
ed O" species are involved directly in the superior OER per-
formance of the MW-produced iridium oxohydroxides. This
suggests that the amount of available electrophilic 0"~ species
detected through CO titration could act as an indicator of the
OER performance of the MW-produced iridium oxohydroxides.

However, the comparison of the MW-produced samples and
the AA-IrO, benchmark suggests that the OER performance in-
volves a more complex set of parameters. The AA-IrO, sample
evolved a significantly higher amount of CO, than the MW_50
and MW_100 samples, which suggests that it contains more
accessible O*. Nonetheless, it is by far the iridium oxohydrox-
ide with the worst OER performance (Figure 1), which places it
outside the trend observed for the MW-produced compounds
(Figure 8¢). This shows that isolated descriptors such as the
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amount of accessible O" species should only be used for a
batch of samples prepared under the same conditions, such as
the MW-prepared iridium oxohydroxides.

A closer look at the CO,-evolution curves (Figure S9) shows
that the CO, evolution for AA-IrO, was initially very fast but
levelled off rapidly after 1 h, whereas the MW-produced iridium
oxohydroxides evolved CO, for several hours. This indicates
different O'" reactivities between the iridium oxohydroxides
and the AA-IrO, benchmark. In this regard, the initial CO, evo-
lution rate can be seen as a useful descriptor as it yields infor-
mation about the reactivity of the first O'" species to react
with CO, which are probably mostly located at the surface. The
initial Ir-mass-specific CO, evolution rate for the MW com-
pounds as a function of the specific surface area (Sgep) is shown
in Figure 8d. If it is assumed that the initial rate reflects only
the titration of surface species, one would expect a linear in-
crease with Sger Instead, the result is a volcano-type plot,
which shows the prominent nature of MW_5 as it exhibits the
highest initial CO, evolution rate of the MW compounds. On
the other hand, MW_4 exhibits a significantly lower initial rate
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despite its similar OER performance. This suggests that the
OER performance does not depend solely on the reactivity of
surface O'~ species.

The observed differences in the initial evolution rates and
the total amount of evolved CO, lead us to suggest the follow-
ing scenario: The surface O'~ species present in AA-IrO, exhibit
a higher electrophilic reactivity towards CO than those in the
MW compounds. However, the rapid arrival of evolved CO, in
the plateau region (Figure S9) suggests that, once the surface
0" species have been consumed, the O~ species located
deeper in the bulk do not participate in the reaction to the
same extent as those in the MW compounds.

These observations indicate clearly that a complex set of pa-
rameters govern the O'" titration mechanism. The ability of O™
species located in the bulk to migrate to the surface seems to
play a key role. Thus, the environment of the O species,
namely, the hydroxy groups such as those highlighted by Reier
et al. as possible descriptors of OER reactivity,"®?” are proba-
bly highly involved in this process. The mechanical flexibility of
the p-oxo-linked oligomeric chains evidenced through Raman
spectroscopy might also be crucial to the O'~ mobility.

In summary, the link observed between the amount of avail-
able O species and OER performance for the MW compounds
indicates that the CO-titration methodology enables a quanti-
tative estimation of OER-relevant O'~ species. However, the
comparison with AA-IrO, highlights the need to use additional
descriptors for predictions of OER performance, such as the ca-
pacity of the samples to exchange surface and subsurface O™
species. The structure-directing effect of the K* cations present
in the MW iridium oxohydroxides (Table S1) and absent from
AA-IrO, is suggested to be a possible factor that influences the
mobility of the O'~ species within the microcrystalline environ-
ment of the iridium (Ill/IV) oxohydroxides. An analogy can be
seen with the OER-relevant effect of structure-influencing cat-
ions in MnO, electrocatalysts reported recently by Gao et al.*!
In a scenario in which reactive lattice O is involved in the Ir-cat-
alyzed OER, as suggested by Fierro et al.,"? efficient exchange
mechanisms of O' species play an essential role in the OER re-
activity and explain the superior performances of the MW-pro-
duced compounds compared with that of AA-IrO,. This also
suggests a three-dimensional aspect of OER catalysis with iridi-
um oxohydroxides, in which subsurface O" species take part
in the catalytic OER.

Low-temperature CO adsorption

Diffuse reflectance infrared spectroscopy (DRIFTS) was used to
study the adsorbate structures and intermediates involved in
the oxidation of CO on iridium(lll/IV) oxohydroxides. However,
the quasimetallic properties of iridium oxides constitute a
major challenge to the use of IR spectroscopy. For example,
IrO, was described as a reflector for radiation below its plasma
frequency located in the near-IR region.”” As a result, the re-
flectance of iridium oxides increases strongly for smaller wave-
numbers and inhibits the detection of diffusely scattered light.
Conversely, the samples absorb strongly at higher frequencies;
therefore, nonlinear backgrounds and noisy spectra are ob-
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tained. Hence, only a few studies of the IR spectra of IrO, or
quasi-amorphous iridium oxide films have been reported.?®

The present DRIFTS study was performed with the Cl-free
MW_5. After the physisorbed water was removed, the sample
was characterized mostly by broad IR bands in the 7=3700-
2800 cm™' region (see Figure S10). Broad contributions in the
7#=3700-3450 cm™' region are attributed to isolated OH
groups, and contributions in the #=3450-3000cm™' region
can be identified as the stretching frequencies of H-bonded
OH groups. The great variety of hydroxy groups is in line with
the iridium oxohydroxide nature of the samples, which was
confirmed by the high hydroxy fraction detected through ther-
mogravimetric analysis."® The calculated I'"" trimers (Figures 4
and 5) also showed that hydroxy groups appear in place of the
p-oxo-bridging species as a result of the reduction of Ir" to Ir",
and this supports the appearance of bulk hydroxy groups in
the nanocrystalline iridium oxohydroxide environment.

The contributions observed at #=3000-2800 cm™' were at-
tributed by other authors to H-bonded hydroxy groups.”*”
However, this is unlikely at such low wavenumbers, and one
should instead consider contamination with C from the atmos-
phere. Owing to their highly hydrous and hydroxylated surfa-
ces, the iridium oxohydroxides are probably prone to the ad-
sorption of atmospheric contaminants. However, no changes
to these spectral contributions were observed during the ex-
periment (Figure S12a); thus, the effect of these C contami-
nants was assumed to be negligible and irrelevant to CO, evo-
lution.

The stepwise adsorption of CO on MW_5 was attempted at
liquid-nitrogen temperature to inhibit reactive mechanisms.
During the stepwise addition to P, co=10 mbar, only minor
changes could be observed in the DRIFTS spectra in the 7=
2000-2150 cm™' region in which the CO vibration is expected
(Figure S11). The absence of a strong signal indicates that no
stable Ir—-CO complex was formed at low temperature. Weak
adsorption and broad peaks are to be expected as Ir is in an
IV state, which limits backbonding into the CO m* orbitals. In
keeping with this, CO adsorption studies have mostly been
performed with metallic Ir samples®” or isolated Ir" sites.”®
The adsorption of CO on Ir'" is thought to be unstable and was
only reported through a reactive process to form iridium(l) car-
bonyl complexes at higher temperatures.”® As a result and in
line with our findings, no significant IR signals corresponding
to CO adsorbates on iridium(lll/IV) oxohydroxides are to be ex-
pected between liquid-nitrogen temperature and RT.

After low-temperature CO addition, MW_5 was allowed to
warm gradually to RT. The enlarged areas of the spectra re-
corded during the temperature increase show the appearance
of a sharp feature at #=2340cm™' at approximately —30°C
(Figure S12b). Such a signal corresponds to adsorbed CO, pro-
duced through the reaction shown in Equation (2). The asym-
metric stretching mode of gas-phase CO, only shows up at
higher temperatures as a broad feature centered at v=
2350 cm ', Additional sharper features in the #=2380-
2320 cm™' range probably correspond to other CO, adsorption
configurations. The remarkably low onset of CO oxidation at
—30°C confirms the low activation barriers highlighted by Pfei-
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Figure 9. The CO,-related peak appearing after CO adsorption on MW_5 during the warming procedure from liquid-nitrogen temperature to RT was fitted
and integrated with a Gaussian fit model (shown for the spectra obtained at 20°C in the inset). The determined CO, peak areas are reported as a function of

T for the first (black squares) and second temperature increases (red dots).

fer et al. for reaction with O™ species hosted by iridium(lll/IV)
oxides."” During the temperature increase, a general increase
in the intensity of the broad OH feature centered at v=
3250 cm™' was also observed (Figure 9a). We suggest that, in
conjunction with thermal effects, water present in the bulk
samples migrates slowly to the surface with increasing temper-
ature and forms more H bonds.

After the sample was degassed overnight, the CO adsorption
at RT was repeated. To compare the first and second tempera-
ture increases, the areas under the CO,-associated peaks were
fitted tentatively with a simple Gaussian fit (inset in Figure 9).
The integrated peak areas were plotted as a function of tem-
perature (Figure 9), and the plot shows that the second CO ad-
dition cycle also resulted in CO, evolution at the same onset
temperature of approximately —30°C but with much lower in-
tensity. The low CO pressure used could mean that all of 0"
species were not consumed during the first cycle; nonetheless,
the discrepancy between CO, peak areas confirms the irreversi-
bility of the reaction [Equation (2)]. The early onset for CO oxi-
dation on MW_5 at —30°C confirms the high electrophilicity of
the O species hosted by iridium(lll/IV) oxohydroxides, in line
with the reactivity outlined by Pfeifer et al."?

Raman spectra before and after the CO titration

To study the effect of the CO treatment on the structures of
the iridium oxohydroxides and possibly identify another spec-
troscopic signature of the O'~ species, MW_5 was placed inside
an air-tight cell designed for in situ Raman spectroscopy stud-
ies that could be connected to the CO reactor described earli-
er. The Raman spectra of MW_5 recorded before and after the
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CO treatment (see Figure S14) showed no significant changes
to the broad features attributed to the oxo-bridged iridium(lll/
IV) oxohydroxide structure. This indicates that the majority of
the p-oxo-bridging species that produce the Raman signals are
not consumed during the CO oxidation [Equation (2)]. Even
though the theoretical model predicts that the O™ species in
Ir"-rich compounds result in p-bridging O'~ species," this only
means that these species do not appear as Raman-active
modes in the spectrum of iridium(lll/IV) oxohydroxides. None-
theless, the understanding of the Raman spectra of these com-
pounds remains an important point, as O'~ species only seem
to be hosted within the particular matrix of iridium oxohydrox-
ides.

OER relevance of CO-titrated O'~ species

The suggested OER relevance of the electrophilic O spe-
cies"'? prompted us to assess the OER performance of
MW_5 before and after the consumption of these species
through CO treatment. As shown in Figure 10, the CO titration
of the O'" species had a dramatic effect on the OER per-
formance. In terms of OER activity (Figure 10a), the CO treat-
ment resulted in a loss of approximately 59% of j, =035V
The stability during CP at 10 mAcm 2 also decreased signifi-
cantly after the CO treatment, as significantly higher potentials
had to be reached at an earlier stage to maintain the anodic
current. This clear effect of the CO treatment on the OER per-
formance confirms that the O'~ species titrated in the CO ex-
periment play a prominent role in the OER performances of iri-
dium oxohydroxides. More precisely, such electrophilic species
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are suggested to be involved in the structures of the active-
site precursors.

The fact that MW_5 still exhibits relatively high OER reactivi-
ty indicates that some performance could be maintained or re-
stored under OER potential despite the strong impact of the
CO titration of O'~ species. One explanation is that fresh O'
species were exposed during the anode coating process,
which involves sonication. However, one should also bear in
mind that driving an electrocatalyst to OER potentials also con-
stitutes a preparative activation procedure. It seems likely that
OER-relevant species, such as the evidenced O'~ species, are re-
generated at such potentials. This is in line with the previous
observations that the effective preparation of AIROFs requires
Ir films to be driven to OER-onset potentials.**” The authors
reported the formation of quasi-amorphous iridium oxohydrox-
ides, which could potentially accommodate O species. In
such a scenario, as the coated MW_5 is driven to OER poten-
tials after CO treatment, some of the titrated O~ species could
reform, and this would explaining the observed residual OER
performance. However, the CO titration led to irreversible
damage to some of the active sites, and this suggests that O'~
species were not the only species consumed. More surface-
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sensitive methods such as surface-enhanced Raman spectros-
copy (SERS) might give access to additional changes caused by
the CO titration and help with the identification of other cru-
cial structural features of the active-site precursors.

Conclusions

The careful TEM analysis of the structure of microwave-
produced (MW-produced) iridium(lll/IV) oxohydroxides con-
firmed that the nanocrystalline iridium(lll/IV) oxohydroxide
phase is distinct from rutile IrO,. The Raman spectroscopy sig-
nature of iridium(lll/IV) oxohydroxides could be modeled with
trimeric Ir structures linked by p-oxo bridges. Unlike in the
rigid rutile lattice of IrO,, the Ir atoms in such a flexible oligo-
meric structure can move away from or closer to the O atoms.
We suggest that such mechanical flexibility could facilitate oxi-
dation state changes in iridium(lll/IV) oxohydroxides during the
oxygen evolution reaction (OER).

The p-oxo-bridging motifs can also be seen as molecular
equivalents to the Ir vacancies in the model used by Pfeifer
et al. for the electronic structure of iridium(lll/IV) oxides.'* The
suggested presence of OER-relevant reactive O'~ species in
such iridium(lll/IV) oxides!"®'? prompted us to investigate thor-
oughly the electronic structure of the MW-produced iridium
oxohydroxides. X-ray photoemission spectroscopy (XPS) con-
firmed their mixed Ir'"" oxidation state. Most importantly, char-
acteristic near-edge X-ray absorption fine structure (NEXAFS)
resonance features at the O K-edge at 529 eV revealed the
presence of formally O species. CO titrations demonstrated
the electrophilic character of these O'~ species, which reacted
with CO even below RT to form CO, [Equation (2)]. The result-
ing CO, evolution for the MW-produced iridium(lll/IV) oxohydr-
oxides further showed that higher amounts of evolved CO,
correlated with stronger NEXAFS O features and higher OER
performance.

Moreover, the results highlighted major differences in the
availability and initial reactivity of the O'~ species depending
on the initial synthesis conditions. Such differences are sug-
gested to be linked to the mobility of the O'~ species between
the surface and the subsurface of the compounds. Thus, our
results highlight the importance of a complementary CO-
probe methodology that reveals the availability and reactivity
of O" species detected in iridium(lll/IV) oxohydroxides through
X-ray absorption spectroscopy (XAS). This is especially the case
for comparisons of samples synthesized by different means, for
example, the MW-produced compounds and the AA-IrO,
benchmark.

The observations on the electronic structure of the oxygen
in the iridium(lll/IV) oxohydroxides led us to conclude that
electrophilic 0"~ species stabilized in a highly hydrated, Ir'"-rich
environment are probably involved in the structures of the
precursor sites for the OER catalysis, as suggested by Pfeifer
et all'%' Sych electrophilic O species have also been de-
scribed in the context of the biological OER in Photosystem
.M 1t was suggested that the formation of the O—O bond
during the OER could be facilitated through the nucleophilic
attack of preadsorbed water or hydroxy groups at the electro-
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philic O species accommodated by the Mn-based water oxida-
tion complex [WOC; Eq. (3)].

WOC—0 + H,0 — WOC—0—0—H + H' + e (3)

The easy change of oxidation state of the Mn centers in the
WOC was found to be key to the preparation of such electro-
philic O species. Such an OER scenario, with the electrophilic O
species prepared at a mixed-oxidation-state catalytic complex,
can be extrapolated to the iridium(lll/IV) oxohydroxide electro-
catalysts,"®'? in line with the OER-involvement of lattice O
atoms in Ir electrocatalysts reported by Fierro etal. on the
basis of '®0O-labelling experiments."” These results contrast
with the more often reported data that support the “electro-
chemical oxide” pathway,?**® for which the OER mechanism is
suggested to involve lattice O species instead of only surface-
adsorbed intermediates.

On the basis of the electrophilic reactivity of the O'~ species
in iridium(lll/IV) oxohydroxides and the observed correlation
with the OER performance, we confirm the OER relevance of
electrophilic O'~ species. As suggested by Pfeifer etal.,"? we
propose that these species facilitate O—O bond formation
during the OER through the nucleophilic attack of water or
preadsorbed hydroxy groups by O, and the bottom arrow of
the cycle in Figure 11 represents the regeneration of the reac-

H,0 0,+2H"+ 3e

.0",
Fooirs IrIrs

H+e H,0

Figure 11. Our results suggest an OER scheme involving O—O bond forma-
tion through the nucleophilic attack of the catalytic O'~ species in the iridiu-
m(lll/IV) oxohydroxides under the OER potential.

tive O~ species under the OER potential. Our CO-titration
methodology allowed us to complete this picture by highlight-
ing the possible involvement of subsurface O'~ species that
can migrate to the surface. Hence, we suggest that a complete
OER catalysis model should involve the three-dimensional
structure of the iridium(lll/IV) oxohydroxides. We propose that
high O'" mobility within the iridium(lll/IV) oxohydroxide matrix
facilitates active-site regeneration under the OER potential.
Indeed, after the evolution of O,, electrophilic O'~ species need
to be regenerated under anodic potential. Otherwise, if the O'
pool was simply depleted stoichiometrically, our MW-produced
iridium oxohydroxides would not be able to maintain stable
OER performance.

In general, as several studies have highlighted the forma-
tion of quasi-amorphous iridium oxohydroxide-type struc-
tures®>®% ynder OER conditions, we suggest that the active
states of Ir-based OER catalysts involve the formation of O'-
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containing structures similar to those in our iridium(lll/IV) oxo-
hydroxides. Our MW-based synthesis constitutes a particularly
efficient strategy, as the synthesized compound is already
close in nature to the electrochemically activated state. The
result is a compound that accommodates high amounts of
precursor sites with a high mobility of reactive O'" species that
aids the facile regeneration of the active sites under the OER
potential. It remains to be clarified how the immediate envi-
ronment of the electrophilic O'~ species influences their reac-
tivity and mobility.

In conclusion, the synthesis of high-performance iridium(lIl/
IV) oxohydroxide electrocatalysts and the identification of OER-
relevant electrophilic O'~ species that are mobile within a flexi-
ble IV matrix constitute significant steps towards a better un-
derstanding of this little-studied class of extremely promising
OER electrocatalysts. The highlighted results will allow for a
more targeted approach towards the preparation of efficient
Ir-based OER electrocatalysts for the eventual aim of economi-
cally feasible chemical-energy storage through acidic water
splitting.

Experimental Section

Sample preparation: The Ir compounds were prepared through
the MW-assisted hydrothermal treatment of aqueous precursor sol-
utions containing dissolved potassium hexachloroiridate(lV) (K,IrCl,
Alfa Aesar, minimum 39% Ir) and KOH in predefined KOH/Ir ratios.
Seven samples were prepared from precursor solutions with initial
KOH/Ir ratios ranging from 1:1 to 100:1 for a constant initial Ir con-
centration of 102 molL"". Four precursor solutions (each 62 mL)
were heated in four polytetrafluoroethylene-lined (PTFE-lined) ves-
sels under continuous stirring with a ramp of 10 Kmin~" and main-
tained at 250°C and approximately 55 bar for 60 min in a MW-
supported hydrothermal synthesis reactor system (Anton Paar, Mul-
tiwave PRO). The vessels were then cooled to RT, and the resulting
black Ir compounds were collected by centrifugation at 8000 rpm
for 10 min, resuspended in milli-Q water [AppliChem, 18 MQ, total
organic carbon (TOC) < 3 ppb], sonicated for 5 min, and collected
again by centrifugation until the conductivity of the supernatant
was below 0.05 mScm™'. The powders were subsequently dried at
80°C for 12 h and ground in a mortar. The compositions, specific
surface areas (Sgp), and average Ir oxidation states listed in
Table S1 were determined by the methods described elsewhere.!"

Transmission electron microscopy: We used an aberration-
corrected TITAN 80-300 instrument operated at 80 kV. The dry
powder samples were dispersed in water, and the dispersions were
ultrasonicated for 5 min. The dispersions were drop-cast between
two graphene/quantifoil grids, left to dry, and inserted into the mi-
croscope.

Photoemission and absorption measurements: The measure-
ments were performed at the ISISS beamline at BESSYII/HZB
(Berlin, Germany).®"" The powders were pressed into self-support-
ing wafers (40 mg, 3t, =8 mm) and subsequently measured in
ultrahigh vacuum (UHV; =107 Pa). The binding-energy calibration
was performed after an evaluation of each corresponding Fermi
edge. For the NEXAFS measurements, the photon energy was
scaled continuously between 525 and 560 eV by moving the mon-
ochromator. The total electron yield (TEY) of the O K-edge was col-
lected with a Faraday cup with an applied accelerating voltage.
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The XPS spectra were fitted after the subtraction of a Shirley back-
ground with the commercially available CasaXPS software
(www.casaxps.com). In all fits, the peak separations and peak-area
ratios between the Ir4f,, and the Ir4f;, components were con-
strained to 3 eV and 4:3, respectively. Deviations in the peak-area
ratios of 5% were allowed to account for the inaccuracies in the
background subtraction and peak-area determination of asymmet-
ric peaks. The employed fit parameters for rutile IrO, and the
quasi-amorphous iridium(ll/IV) oxide are listed elsewhere."”

Raman spectroscopy: The Raman spectroscopy was performed at
532 nm excitation wavelength with a confocal microscope setup
(S& GmbH, Warstein, Germany) equipped with a PyLoN:2kBUV
CCD camera and a 750 mm focal-length monochromator (Prince-
ton Instruments). The laser-intensity density on the samples was
chosen to be low enough to preclude the decomposition of the iri-
dium oxohydroxide structure. At higher laser intensities, the ap-
pearance of sharp peaks corresponding to rutile modes indicated
the transformation of the iridium oxohydroxide into rutile IrO,
owing to local heating. The spectra were averaged over multiple
measurements at different spots of the sample.

DFT calculations of the Ir structures and Raman spectra: All cal-
culations were performed with the ORCA package.®? Structural
models of monomeric Ir(OH);> and dimeric (OH),(H,0),Ir(p-
0?7),Ir(OH),(H,0), up to pentameric units were constructed by
hand, and their geometries were subsequently optimized [B3LYP
functional,®® Def2-TZVP basis set" relativistic corrections by
zeroth order regular approximation (ZORA)®¥ dispersion correc-
tions according to Grimme et al.].®® The calculations of the Raman
spectra were performed by the method implemented in ORCA.
The Cartesian coordinates of each model are provided as Support-
ing Information.

Reference samples: We compared our results to those for two Ir
reference compounds previously used in our study on the elec-
tronic structure of iridium oxide:"® a nanocrystalline iridium oxo-
hydroxide close in nature to our samples (Premion, Alfa Aesar,
denoted AA-IrO,) and a crystalline rutile-type IrO, (Sigma-Aldrich,

denoted SA-IrO,).

Electrochemical tests: The electrode loadings were 20 ug,,cm™2 in
all cases. The OER activity was assessed through linear sweep vol-
tammetry (LSV) at a sweep rate of 5mVs™' from the open-circuit
potential (E,) to 1.8V versus the reversible hydrogen electrode
(RHE). The mass-specific current obtained at 350 mV overpotential
was used as an activity indicator for comparison. The stabilities
were assessed through CP experiments at 15 (accelerated testing
conditions) and 10 mAcm™2 The samples were considered deacti-
vated if the working-electrode potential (E,) reached 1.8 V versus
RHE to avoid oxidative damage to the glassy carbon (GC) electrode
support. The corresponding graphs are reported elsewhere.['® 3!

Room-temperature CO oxidation: The CO oxidation at RT was
used as a stoichiometric titration reaction of the reactive O species.
The Ir samples [25 mg of the catalyst, diluted by 250 mg of inert
SiC (particle diameter: 250-355 pm)] were exposed to a 1% CO/He
flow (100 mLmin™"). The samples were dried in He at RT for 1h
before the experiments. The switch from inert He to a 1% CO/He
stream (both 100 mLmin™") was performed with a six-port switch-
ing valve (Valco, Vici) that excluded dead volumes. For the reactiva-
tion test of fresh MW_5 after the first CO treatment, the He was sa-
turated with water through a gas-tight H,O bubbler connected to
the He line through a bypass.
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DRIFTS of low-temperature CO adsorption: The DRIFTS spectra
were recorded with a mercury cadmium telluride (MCT) detector at
a resolution of 4 cm™'; 1024 scans were accumulated with a Pray-
ing MantisTM reaction chamber (ZnSe window) placed in a Bruker
IFS 66 spectrometer controlled by the OPUS software. The in situ
cell was equipped with a liquid-nitrogen cooling system and con-
nected to a vacuum pump. A background spectrum of pure KBr
was recorded at RT. MW_5 was degassed under vacuum at 40°C
overnight before the measurements. After the samples cooled to
77 K, CO (Westfalen, >99.99% purity) was added stepwise until a
pressure of 10 mbar was reached. The sample was then left to
warm gradually to RT and left in CO overnight. After evacuation
under vacuum, this cycle was repeated a second time.
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