
Catalysis
Science &
Technology

PAPER

Cite this: Catal. Sci. Technol., 2024,

14, 572

Received 24th July 2023,
Accepted 26th November 2023

DOI: 10.1039/d3cy01026k

rsc.li/catalysis
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Water splitting is a promising technology in the path towards complete renewable energy within the

hydrogen economy but overcoming the sluggishness of the oxygen evolution reaction (OER) is a major

challenge. Iridium-based oxides remain the most attractive materials for the OER under acidic conditions

since they offer the combination of activity and stability. Gaining knowledge about how these materials

have such an ability is of great interest to develop improved electrocatalysts for the OER. Among the

different iridium-based oxides the materials with high concentrations of electron deficient oxygen (OI−)

have been shown to have higher OER activity, however, they also have high dissolution rates, seemingly

due to the presence or formation of IrIII species. In contrast, rutile-type IrO2, which does not contain IrIII

species, has high dissolution resistance but the OER activity remains comparatively low as only low

coverages of OI− species are formed under OER. The apparent link between OI− and IrIII species that comes

from these observations has yet to be proven. In this work, using ab initio thermodynamics and in situ

X-ray photoelectron and absorption spectroscopy we show that the same electrophilic OI− species that

appear on Ir-based oxides under OER can be formed on IrIV+δ by mild thermal oxidation of rutile-type IrO2,

without the presence IrIII species.

Introduction

The oxygen evolution reaction (OER) is a kinetic bottleneck in
water electrolysis, requiring high-performance catalysts to
achieve low overpotentials. This problem is especially acute
for the anodes of proton exchange membrane (PEM) based
electrolyzers. An apparent inverse relationship between
stability and activity,1,2 results in only Ir-based materials
providing the required combination of stability and activity.3,4

This has made Ir-based materials the subject of intense
scrutiny as highlighted in a number recent review.5–9

Electrochemical studies of Ir-based catalysts have shown that,
while the thermodynamically stable rutile-type IrO2 shows the
higher dissolution resistance,2,10 hydrated X-ray amorphous

oxyhydroxides (IrOx) show improved activity with respect to
their crystalline counterparts at the expense of stability. For
instance, a unique oxygen ligand environment facilitates
water oxidation in hole-doped IrNiOx core–shell
electrocatalysts.11–14 The improved activity of amorphous IrOx

was attributed to the presence of electron deficient oxygen, or
OI−, based on studies combining X-ray absorption
spectroscopy (XAS) at the O K-edge combined with density
functional theory calculations (DFT,)12,15–17 where the OI−

species gives a characteristic resonance at ca. 529 eV in the O
K-edge spectrum. The reduced stability of amorphous
materials may be attributable to the presence of IrIII

species.10,18,19 It is then important to understand if there is a
link between OI− and IrIII. Unfortunately, the X-ray amorphous
nature of IrOx makes further structural characterization of the
observed OI− difficult in XAS studies. And while TEM
investigations of amorphous materials have helped to identify
key structural features related to activity,20,21 there is still a
pressing need to understand whether there is a difference in
active species on amorphous and rutile-type Ir-oxides in order
to improve catalyst performance while minimizing stability
losses.

The original assignment of OI− in IrOx to
undercoordinated μ2-O species (O bound to two rather than
three Ir-atoms, see Fig. S1†)12,15,17 has proven to be
successful in describing a range of operando XAS results at
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both the O K-edge and Ir L2,3-edges.
10,11,13,14,18,22–26 This

species does not require the presence of IrIII, and could
therefore be formed without the deleterious stability effects
associated with reduced Ir species. If this assignment is
correct, μ2-O should form on rutile-type IrO2 under gas-phase
conditions; μ2-O is expected to be stable on rutile-type IrO2

under vacuum conditions,27–30 though, to the best of our
knowledge, it has not been spectroscopically observed at
room temperature or on crystalline powder
catalysts.12,15,17,29,30 Here we address this apparent
discrepancy in the assignment of OI− and its possible
relationship with IrIII through in situ X-ray photoelectron
spectroscopy, in situ O K-edge XAS, and chemical testing of
well-calcined rutile-type IrO2 combined with DFT
calculations. In agreement with its assignment to μ2-O, we
find that the electron deficient-O species can be formed on
rutile-type IrO2 by mild-oxidation (conditions), albeit with a
coverage that is less than that observed for IrOx.

Methodology
Sample preparation

A crystalline rutile IrO2 (Sigma Aldrich, 99.9%) powder,
known to have little OER activity,15 was calcined at 1073 K
for 50 hours under 1 bar O2 to ensure rutile-type phase
purity.10,16 For some experiments (specified in the figures),
an amorphous IrOx (Alfa Aesar) powder was calcined at 1123
K to ensure crystallization and rutile-type phase purity.10,16

Characterization of both types of powders before and after
calcination has been previously published by our group.15,16

Unless stated otherwise, (calcined) IrO2 Sigma Aldrich
(99.9%) has been used. For the near ambient pressure (NAP)
XPS/XAS measurements, 5 mm diameter pellets where
prepared by pressing 50 mg of material under 2 tons for 2
minutes. The samples were placed in a sapphire sample
holder between two stainless-steel plates (the front facing
plate contained an opening for measurements). Heating was
done with an IR laser on the backside stainless-steel plate
that was directly in contact with the sample. The sample
temperature was measured with a K-type thermocouple
placed on top of the sample pellet and held between the
sample and the front stainless-steel plate. The temperature
was controlled by adjusting the laser power using a PID
feedback loop.

For NAP XPS/XAS measurements the samples were kept in
UHV, then treated in 0.25 mbar O2 at 573 K and finally
exposed to 0.25 mbar CO. For the CO treatment, the sample
was first cooled to 473 K under 0.25 mbar O2 and then cooled
to 313 K under UHV. The sample was then kept in the load
lock (base pressure 10−7 mbar). The main chamber was filled
with 0.25 mbar CO, and after stabilization of the pressure,
the load lock valve was open to expose the sample to the 0.25
mbar CO. This methodology has been shown to be a reliable
way of testing CO oxidation in the NAP-XPS setup.17 For all
experiments 99.9999% O2 and 99.97% CO from Westfalen
were used.

X-ray absorption and X-ray photoelectron spectroscopy

Measurements were done at the UE56/2-PGM beamline at the
BESSY II synchrotron radiation light source in Berlin,
Germany (in low alpha mode). The details of the beamline
can be found elsewhere.31

For the XP difference spectrum, a Shirley background with
a 10% offset on the high binding energy side was subtracted
from the spectra, which were normalized afterwards. The Ir
4f core-level was measured with a photon energy of 150 eV,
which is ca. 85–90 eV kinetic energy (KE). This gives an
estimated inelastic mean free path (IMPF) of approximately
0.4 nm;32 note the lattice spacing in the (110) direction is 0.3
nm,33 making the 150 eV photons surface sensitive. The XA
spectra were measured by Auger electron yield (AEY) using
electrons at a fixed KE of 514 eV (and pass energy of 50 eV).
The probing depth of this measurement is approximately 2–3
nm,17 or ca. 6–10 atomic layers in the (110) direction. XPS
and XAS were measured using a Phoibos 150 hemispherical
analyzer from SPECS GmbH.

On-line quadrupole mass spectrometry

A quadrupole mass spectrometer (QMS) from Pfeiffer (directly
connected to the main reaction XPS/XAS chamber through a
leak valve) was used on-line as a means of detecting CO2

produced from CO oxidation. Ions with m/z = 44, 28, 32, 18
were recorded to follow CO2, CO, O2 and H2O, respectively.

Computational details

Spin polarized density functional theory calculations were
performed using the Quantum ESPRESSO package.34,35 All
calculations employed the PBE exchange and correlation
potential36 using PAW datasets from the PSLibrary37 with a
kinetic energy (charge density) cutoff of 60 Ry (600 Ry).
Rutile-type IrO2 surfaces were modeled using 8-layer
symmetric slabs with (110) surface termination with the
central 4-layer fixed during geometry optimizations. The (110)
surface was chosen as it is the lowest energy surface and has
been observed to be the dominant facet for rutile IrO2

subjected to high temperature treatments.38–40 Since this
surface has only in an oxidation state above III, to explore
lower oxidation state Ir, we have included surfaces with
oxygen vacancies together with bulk heterogenite-type IrOOH
and corundum-type Ir2O3 (Fig. S7†). Other facets and the
effect of Ir vacancies have been previously studied by our
group.10,15,17,18 These do not affect the outcome of this
publication. For the surfaces, periodic images were separated
by ca. 15 Å of vacuum. A k-point mesh equivalent to (6 × 3)
for the (1 × 1) surface unit cell was employed with cold
smearing using a smearing parameter of 0.01 Ry.41 For bulk
Ir2O3 and IrOOH, (6 × 6 × 2) and (8 × 8 × 8) k-point meshes
were employed, respectively. O K-edge spectra were computed
using the single particle approach implemented in the
XSpectra package.42 Following previous publications,15 O
K-edge spectra were computed in the absence of a core hole.
Core level binding energies were computed by the ΔSCF
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method43 using (2 × 4) surfaces, and (2 × 2 × 2) supercells for
the bulk structures. These were aligned to experiment using
a ΔSCF calculation on a (4 × 4 × 4) supercell of bulk rutile-
type IrO2, where the ΔSCF shift was aligned to experiment
following the procedure outlined in a previous publication.44

All computed spectra of the surface species were then aligned
using this bulk IrO2 reference. The Ir 4f spectra were
computed using a Hopfield model wherein the final state
contained an Ir 4f corehole.18

The surface phase diagrams were computed by way of ab
initio atomistic thermodynamics.45,46 To avoid the well-
known over binding of O2,gas predicted by the PBE exchange
and correlation potential, the oxygen reference energy was
taken from bulk rutile-type IrO2 as: EO2

= EIrO2
− EIr − ΔHf,IrO2

,
where EO2

is the total energy of O2, EIrO2
is the computed total

energy bulk rutile-type IrO2; EIr is the computed total energy
of bulk fcc Ir; ΔHf,IrO2

is the experimental heat of formation
of the rutile-type oxide.47 The enthalpic and entropic
corrections for the gas-phase oxygen chemical potential were
taken from the NIST JANAF tables,48 allowing us to express
the oxygen chemical potential as: μO2

(T, pO2
) = EO2

+ O2
(T, p0)

+ kBT ln(pO2
/p0), where p0 is standard pressure. Here, O2

(T,
p0) is the tabulated enthalpic and entropic contributions for
gas-phase O2 at standard pressure. The final term
accounts for pressure variations of the ideal-gas reservoir.
We assume water will be the major hydrogen source in
air or under NAP-XPS conditions, which allows us to write
the hydrogen chemical potential as: μH2

(T, pO2
, pH2O) =

μH2O(T, pH2O) − 1/2μO2
(T, pO2

), where μH2O(T, pH2O) = EH2O +
H2O(T, p0) + kBT ln(pH2O/p0).

43 In this case, the energy of
the gas-phase water molecule, EH2O, was computed at the
Γ-point in (20 × 20 × 20) Å3 box and the enthalpic and
entropic contributions, H2O(T, p0), were again taken from
the NIST JANAF tables. This choice of μH2

can be seen to
be conservative as compared to hydrocarbon sources that
may be present in air or under typical NAP-XPS
conditions, since the employed definition involves the heat
of formation of water. The predicted stability of OH
structures is then expected to be a lower bound for what
is found experimentally. In all cases the entropic
contributions from the adsorbates have been ignored.
From previous work we anticipate this will lead to an
underestimation of the thermal stability of adsorbed
species by about 100–150 K,44 which will not change the
results presented herein.

Results and discussion

Highly electrochemically active amorphous IrOx contains
electron deficient oxygen species, or OI−, assigned to doubly
coordinated oxygen atoms (μ2-O) (see structure in Fig. S1†)
that have not been observed on rutile-type IrO2 powder under
UHV15–17 and are present only in small amounts under OER
conditions.10 It is expected that such species could form
under gas-phase oxygen. To test the conditions under which
this will occur, we turn to ab initio thermodynamics. We find

that at room temperature rutile-type IrO2 is predicted to be
covered by μ1-OH/μ2-OH species (see structures in Fig. S1†)
under 0.25 mbar O2,gas even when only trace (10−8 mbar) H2-
Ogas is present (Fig. 1), however, μ2-O is predicted to form at
higher temperatures under these partial pressures due to the
entropic cost of hydrogen adsorption. And critically, for the
(110) surface terminated IrO2, these μ2-O form in the absence
of IrIII. This predicted presence of μ2-O in the absence of IrIII

can be tested experimentally by way of NAP-XPS since these
are realizably characterized by NAP-XPS.

This finding is consistent with previous publications on
IrO2 thin layers grown on single crystals that have shown that
surface species were observed to mainly consist of protonated
O (–OH) species, that form rapidly due to background H2

content, unless the thin film is kept at higher temperatures.30

Here, unlike the μ2-OH sites, the μ1-OH sites are not expected
to be oxidized to μ1-O under mbar gas-phase conditions when
trace water (or other H sources) is present (Fig. 1). Under
experimentally accessible conditions at mbar O2 pressures
(Fig. 1), the μ1-O phase is only metastable (below ca. 700 K)
owing to the strong O–H bond of μ1-OH. Furthermore, the
(hydro)peroxo species argued to participate in OER and
postulated as possibly present in IrOx (ref. 49 and 50) appear
at higher energies and are unstable at temperatures above ca.
350 K under gas-phase conditions with mbar pressures and
should therefore not be observed. Thus, NAP-XPS offers an
ideal means of testing the assignment of OI− and its
relationship with IrIII. We investigated this experimentally by
means of NAP-XPS and XAS.

The Ir 4f spectrum of the IrO2 pellet (Fig. 2a) shows the
typical line shape and binding energy (BE) for rutile-type
IrO2.

15,16,29,30 The O-K edge spectrum of rutile-type IrO2

(Fig. 2b) shows a sharp resonance at ca. 530 eV, characteristic
of the lattice μ3-O.

16,17 Computed Ir 4f and O-K edge spectra
for the different species are shown in Fig. 2c and d (and S2†).

Fig. 1 Calculated surface phase diagram for the surface species on
rutile IrO2 (110) under 0.25 mbar O2 and 10−8 mbar H2O, where the
zero of energy is the bare (110) surface.
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As OH species have a very low resonance intensity per atom
at the O K-edge,10,23 the μ1-OH and μ2-OH species — which
are predicted to cover the surface and have resonances at ca.
529.5 and 530.5 eV (Fig. S2†) — will have very low intensity
compared to the major bulk contribution of μ3-O. A clear
resonance from μ1-OH and μ2-OH species is then not
expected, nor is it seen. No resonance at ca. 529 eV
(characteristic of μ2-O species on iridium oxides) is observed
at room temperature under UHV (see also Fig. S3†), in
agreement with our ab initio thermodynamics predictions
(Fig. 1) and previous findings.16

At elevated temperatures the surface phase of the rutile-
type oxide is predicted to transform from μ2-OH to μ2-O
(Fig. 1). From the computed spectra, this phase transition is
predicted to introduce a higher binding energy component
and additional asymmetry in the Ir 4f spectrum (Fig. 2c), and
a ca. 529 eV resonance in the O K-edge spectrum (Fig. 2d and
S2†). As predicted, the Ir 4f XP spectrum of the rutile-type
IrO2 shows a slight broadening upon heating to 573 K under

0.25 mbar O2. This broadening can be assigned to the IrIV+δ

formed upon dehydrogenation of the μ2-OH sites to form an
electron deficient O-species, O(I+δ)−, which also yields IrIV+δ

due to the covalency of the Ir–O bond (in agreement with
earlier observations).10,23,30 For simplicity, we call this
electron deficient O-species OI− throughout this manuscript
(as named in the literature).12,13,15–17,50 The change becomes
more apparent when we analyze the difference spectrum
(Fig. 2a), which resembles computed spectra for Ir bound to
μ2-O (Fig. 2c). At the O-K edge, a resonance at ca. 529 eV can
also be seen to develop when heating the sample under O2

(Fig. 2b, see also S4 and S5†). The species formed by mild
thermal oxidation has the same spectroscopic characteristics
as the species found in amorphous IrOx (under UHV) and
iridium oxyhydr(oxides) under OER.10,15–17,23

The surface phase transition from μ1-OH/μ2-OH to μ1-OH/
μ2-O is also predicted to show changes in the projected
density of states (pDOS) on the rutile-type IrO2 (Fig. 3). The O
2p pDOS (Fig. 3a) shows an increased intensity at ca. 0.2, 2

Fig. 2 (a) Ir 4f of rutile IrO2 in UHV at RT, under 0.25 mbar O2 at 573 K, and difference spectrum. (b) AEY O K-edge of rutile IrO2 in UHV at RT and
under 0.25 mbar O2 at 573 K. Vertical lines indicate the corresponding species giving rise to each resonance. (c) Computed Ir 4f spectra for bulk-
IrIV in rutile-type IrO2, surface Ir–μ2-OH and surface Ir–μ2-O. Inset shows a zoom in to the Ir 4f7/2. (d) Computed O K-edges for μ3-O (bulk-O), μ2-
OH and μ2-O species.
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and 3 eV below the Fermi energy for the surface with μ2-O
species. At the same time, Ir shows a loss of 5d states at
about 1.3 eV below the Fermi energy for the Ir–μ2-O species
(Fig. 3b) due to its oxidation. The computed pDOS can be
compared to valence band (VB) measurements of the rutile-
type IrO2. These have been taken under UHV and under 0.25
mbar O2 at 573 K, as shown in Fig. 3c and d, respectively.
The VB were measured at two different photon energies, 150
eV and 420 eV. The first one (150 eV) is near the Cooper
minimum of iridium, thus maximizing the sensitivity to
oxygen species due to the comparatively high O 2p cross-
section; the O 2p cross-section is ca. 3 times that of the Ir 5d
at this energy.51 For the VB measured at 420 eV the Ir cross
section is ca. 5 times larger than that of the O 2p, and the
spectra are dominated by the Ir 5d contribution.51 The VB
measured at 150 eV under oxygen at 573 K (Fig. 3c) shows an
increased intensity between 0–4 eV when compared to the VB
measured under UHV at RT. At the same time, the VB
measured at 420 eV (Fig. 3d) under oxygen at 573 K shows a
slight loss of intensity at ca. 1.5 eV when compared to the VB
measured under UHV at RT. These changes although small,
are reproducible (see Fig. S6†) and consistent with the
predicted changes in the pDOS for the phase transition from
μ2-OH to μ2-O, and agree well with the XPS and XAS results
(Fig. 2). Computed O K-edge spectra, pDOS and the
calculated BE for bulk IrIII compounds and rutile IrO2

surfaces containing IrIII and IrIII+δ (for both μ1-OH/μ2-OH and
μ1-OH/μ2-O surfaces) can be found in the ESI† (see Fig. S7–
S9, and Table S1). All these species have a BE equal or lower
than the IrIV bulk component for the Ir 4f, and most present
little or no t2g (ca. 529 eV) resonance in the O K-edge. The

pDOS shows that for μ2-O formation on IrIII a loss in the O
2p intensity is expected (Fig. S9†), opposite to the observed
gain in intensity observed experimentally (Fig. 3c and d) and
predicted for μ2-O on IrIV+δ (Fig. 3a and b). The combined
observed changes in Ir 4f, O K-edge and VB for the rutile type
IrO2 under O2 are entirely consistent solely with the
computed Ir 4f and O K-edge spectra and pDOS for μ2-O on
IrIV+δ, thus supporting the assignment of the formed species
to μ2-O formed in the absence of IrIII.

As noted above, the computed surface phase diagram
(Fig. 1) predicts μ1-OH remains stable across the entire range
of oxygen chemical potentials accessible under NAP-XPS
conditions and the experiments show no sign of the 528 eV
resonance associated with the formation of μ1-O (ref. 10 and
23) (see Fig. S2†) argued to be active in electrochemical water
oxidation. Moreover, the VB measurements also show no sign
of the formation of μ1-O (see Fig. S10†). Thus, we can then
expect that μ2-O can be formed by thermal oxidation in
addition to electrochemical oxidation, whereas μ1-O
formation requires more oxidizing conditions than those
accessible in this work, in good agreement with the
computed surface phase diagram.

To verify the μ2-O formed on rutile-type IrO2 in the
absence of IrIII has the chemical behavior associated with OI−

we can also explore its reactivity with CO. The μ2-O species
linked to the high OER activity on amorphous IrOx have been
shown to have an electrophilic nature and to be active in
room temperature CO oxidation,17,50 without any pre-
treatment. Moreover, iridium oxyhydroxides with high
concentration of μ2-O species were shown to lose OER activity
after partial titration of the μ2-O species with CO, showing

Fig. 3 DOS for O 2p (a) and Ir 5d (b) states for different O surface species on rutile-type IrO2. VB measured at 150 eV (c) and 420 eV (d) for rutile-
type IrO2 in UHV and RT and under 0.25 mbar O2 at 573 K.
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μ2-O plays a prominent role in the OER performances of
iridium based (oxyhydr)oxides,50 In contrast, rutile-type IrO2

without any pre-treatment is not active in CO oxidation at
room temperature.17 With this in mind, we turn to testing
the chemistry of the thermally produced species on rutile-
type IrO2.

After producing μ2-O on rutile-type IrO2 through O2

treatment at 573 K, the sample was cooled to room
temperature and placed under vacuum. It was then exposed

to 0.25 mbar CO at room temperature and the O K-edge was
monitored. Upon CO exposure CO2 was produced (Fig. 4a). At
the same time, the resonance developed at ca. 529 eV at the
O-K edge for the O2-treated rutile-type IrO2 can be seen to
disappear, indicating the loss of μ2-O (Fig. 4b and S11†). The
Ir 4f spectrum can be seen to lose the previously gained high-
energy broadening (Fig. 4c) and a similar difference-
spectrum (from that in Fig. 2a) is obtained when comparing
the rutile-type IrO2 treated under O2 and the same sample

Fig. 4 Here: (a) CO2 signal (m/z = 44) from on-line QMS for rutile-type IrO2 exposed to 0.25 mbar of CO at RT, before and after O2 treatment at
573 K. (b) O K-edge of rutile-type IrO2 under 0.25 mbar O2 at 573 K and in UHV after CO at RT. (c and d) Ir 4f of rutile-type IrO2 under 0.25 mbar
O2 at 573 K, in UHV after CO at RT and in UHV as loaded. The difference spectra are also shown. (e and f) VB of rutile-type IrO2 measured at 150
eV (e) and 420 eV (f) under 0.25 mbar O2 at 573 K and in UHV after CO at RT.
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after exposure to CO (Fig. 4c). A difference spectrum between
the Ir 4f spectra of the rutile-type IrO2 before the O2

treatment and after exposure to CO confirms that the
spectrum of the rutile-type IrO2 after CO exposure is the same
as before the O2 treatment (Fig. 4d). That is, the μ2-O formed
on IrIV+δ by the thermal oxygen treatment was titrated by CO.
Moreover, the VB (Fig. 4e) measured at 150 eV (sensitive to
the O 2p) shows the loss of intensity related to the μ2-O
species (compare Fig. 4e to 3c), and the VB (Fig. 4f) measured
at 420 eV (dominated by the Ir 5d) shows a slight increase of
intensity related to the loss of IrIV+δ (compare Fig. 4f to 3b).
The changes are seen to be again (although small)
reproducible (Fig. S12 and S13†). With all the above we
confirm that the species produced on rutile-type IrO2 by
(mild) thermal oxidation has the same chemical nature as
the OI− present on/in highly active amorphous iridium
oxides. Thus, we have successfully produced electron
deficient (electrophilic) oxygen species on rutile-type IrO2 by
thermal oxidation of μ2-OH species (accompanied by
oxidation of IrIV to IrIV+δ) without the need of IrIII species.
Depth profiling (Fig. S14†) reveals that the species produced
under the O2 treatment are located in the (near) surface of
the IrO2. This is in agreement with μ2-OH deprotonation on
rutile-type IrO2 under OER occurring mainly on the surface,10

rendering only low concentrations of OI− on the less active
rutile-type IrO2.

To address why μ2-O species have not been
spectroscopically observed on rutile-type IrO2 at room
temperature previously we return to ab initio
thermodynamics. Even at O2 partial pressure as high as ca.
210 mbar and H2O partial pressure as low as 10−12 mbar, μ2-
OH is the thermodynamically preferred species at room
temperature (Fig. S15†). This means that when rutile-type
IrO2 is exposed to any water traces, or other hydrogen
sources, μ2-OH will form at room temperature. In our
experiments we found that during the cooling ramp after the
O2 treatment of the rutile-type IrO2, the resonance at 529 eV
(which corresponds to μ2-O) decreased with time (even under
O2 which contains a maximum of 0.5 ppm H2O, i.e. on the
order of 10−7 mbar H2O in the 0.25 mbar O2). With the
chosen protocol (see Methodology section) the μ2-O species
remained on the surface long enough to probe their
chemistry by exposing the sample to CO, as we have shown
above.

This observation and the ab initio atomistic
thermodynamics results agree with the strong dissociative
adsorption of H2O (ref. 27 and 52) and the previously
observed fast protonation of oxygen surface species under
UHV by background H2 (ref. 30) reported on IrO2 surfaces.
Thus, any rutile-type IrO2 in the presence of small (≥0.5
ppm) amounts of water will have a hydroxylated surface with
protonated μ2-OH and μ1-OH species. And while we have
developed a protocol to prepare μ2-O via thermal oxidation,
the stronger O–H bond of μ1-OH makes preparation of μ1-O
more challenging and we were unable to produce this species
under gas-phase NAP-XPS conditions. Experiments as

described here verify the reactive oxyl species is only formed
under higher oxygen chemical potential.

Under these controlled preparation conditions, it becomes
possible to address an unresolved aspect of electron deficient
oxygen or OI−. The electron deficient μ2-O species has been
described in hydrated amorphous IrOx to be formed in a
matrix of mixed IrIII/IV oxide, though no direct link between
IrIII and OI− was established.15,16 And although IrIII might be
present under OER conditions, and a wide variety of defects
and iridium oxidation states present in amorphous materials
may facilitate lattice oxidation and Ir dissolution,53–55 here
we have shown that under O2 at 573 K the electron deficient
μ2-O species appearing on crystalline IrO2 are formed on
IrIV+δ without the need for IrIII. It thus appears that the IrIII

present in amorphous IrOx is unrelated to OI−, which has
important consequences for Ir-based OER catalysts as IrIII is
unstable.19

Our work shows increasing the OI− coverage through
doping11 or variation in local atomic structure20,21 need not
introduce IrIII. This may then offer a route to higher-
performance stable OER catalysts. Here, designing complex
oxides with stable basic-coordination sites acting as proton-
acceptors next to the reactive Ir species could be a good
approach to better OER catalysts.

Conclusions

Using ab initio atomistic thermodynamics, we have predicted
the surface phase diagram of rutile-type IrO2 under gas phase
O2 and trace amounts of water. We computed the
spectroscopic properties of these surface phases and
confirmed the ab initio atomistic thermodynamics
predictions by means of XPS and XAS. We found mild
thermal oxidation of rutile-IrO2 is sufficient to form an
electron deficient O-species, μ2-O bound to IrIV+δ sites. This
species is not present at room temperature over rutile-type
IrO2 due to the high hydrogen affinity of μ2-O, which
becomes hydroxylated even at extremely low (10−12 mbar)
water (and high O2) partial pressure. With CO titration
experiments we confirmed the chemical nature of the
produced species, allowing us to show μ2-O has the same
spectroscopic and chemical properties associated with the
OI− species whose coverage is related to OER activity of Ir-
based materials. By preparing this OI− under controlled
conditions, however, we were able to show its presence does
not require IrIII, which could offer a route to higher-
performance stable OER catalysts.
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