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Electron deficient oxygen species in highly OER
active iridium anodes characterized by X-ray
absorption and emission spectroscopy†
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Water splitting is a promising technology for storing energy, yet it is challenged by the lack of stable

anode materials that can overcome the sluggishness of the oxygen evolution reaction (OER). Iridium

oxides are among the most active and stable OER catalysts, however how these materials achieve their

performance remains under discussion. The activity of iridium based materials has been attributed to

both high metal oxidation states and the appearance of O 2p holes. Herein we employ a combination of

techniques—X-ray absorption at the Ir LII,III-edge, X-ray absorption and emission at the O K-edge, along

with ab initio methods—to identify and characterize ligand holes present in highly OER-active X-ray

amorphous oxides. We find, in agreement with the original proposition based on X-ray absorption

measurement at the O K-edge, that O 2p holes are present in these materials and can be associated

with the increased activity during OER.

Introduction

Electrocatalytic generation of high-purity hydrogen via water
splitting represents an attractive means of storing excess energy
from intermittent sources.1 While electrolyzer systems based
on proton-exchange-membranes (PEMs) can operate under
varying power inputs (i.e., wind and solar sources), their acidic
working environment requires the use of corrosion-resistant
catalysts with high activity.2,3 However, only iridium oxide-based
materials are known to combine stability in the harsh acidic
environment with activity in the oxygen evolution reaction
(OER)2 making them indispensable for PEM electrolyzers.

Understanding the uniqueness of iridium oxide-based mate-
rials and finding ways to further increase their electrocatalytic

Ir-mass based activity remains a challenge. The electronic
structure and mechanistic aspects of iridium oxide catalysts
have been extensively investigated through, for instance, oper-
ando X-ray absorption spectroscopy (XAS) at the Ir LIII-edge.4–8

These studies have provided insights into the oxidation states
of Ir under reaction conditions and the dynamic changes
occurring during the OER. XAS studies at the oxygen K-edge
have helped highlight the importance of metal–ligand cova-
lency as essential for understanding catalytic properties.8–11

Recent studies have shown that amorphous and nanostruc-
tured iridium oxides (IrOx) exhibit significantly higher OER
activity compared to their rutile-type counterparts2,12,13 and
that alloying strategies can increase water splitting activity.3,12–14

Interestingly, alloys containing a non-noble metal, such as IrOx/
SrIrO3

13 and Ni-Ir mixed oxides,3 have shown significant OER
enhancement after intentional leaching of the non-noble metal.

Oxygen-rich stoichiometries, or so-called hole-doped
oxides,15 have been studied for their roles in the OER mecha-
nism on iridium electrodes.3,5,6,9,15–17 O K-edge XAS studies on
highly-OER-active amorphous-IrOx have revealed a low excita-
tion energy resonance (529 eV), attributed to electron-deficient
oxygen species, originally denoted as an OI� species,5,9

although such species are characterized by strong covalency,
which could make IrIV+d–O(I+d)� a more correct description, see
ref. 11 and 18. This will be discussed later, however we retain
the OI� nomenclature to be consistent with previous work and
highlight the redox active nature of this oxygen. The OI� species
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are also present in Ni-leached NiIr oxides3 but nearly absent
from rutile-type IrO2.5,9 It has been argued that OI� could be
responsible for the high activity of oxygen-rich amorphous-
IrOx

5,6,15 (x 4 2) and Ni-leached IrNi oxides.15 A key argument
for the involvement of OI� species in the OER is their electro-
philic nature,17 which facilitates O–O bond formation during
the reaction.6,17 In situ XAS reveals that oxygen species exhibiting
the same spectral resonance appear on sputtered iridium films
before the OER onset and their concentration scales with catalytic
activity.6 Together, these observations suggest that a (partially)
ligand-centered oxidation from OII� to OI� takes place on iridium-
based electrodes before the OER onset,6 as opposed to the oxida-
tion of IrIV to IrV proposed by other authors,4,14,19–21 making OI�,
and the local atomic environments that can stabilize it,22

potentially critical for the OER on iridium.6,7,15,22,23

This proposed ligand-centered oxidation closely parallels
insights gained from oxygen evolution in Photosystem II (PSII),
where an oxyl radical has long been hypothesized as a key
intermediate of the catalytic cycle, with experimental studies of
oxygen-evolving complex offering structural and spectroscopic
evidence supporting the formation of an oxyl radical in the
Mn4CaO5 cluster embedded within PSII.24–26 Additionally, com-
putational studies reinforce the theoretical feasibility of an oxyl
intermediate in biological water oxidation.27,28 The similarities
between PSII and iridium-based electrocatalysts suggest that
OII�- OI� oxidation may be a general feature of efficient OER
catalysts.

Herein, we test the hypothesis that electron-deficient oxygen
species are present in highly OER-active amorphous-IrOx and
absent from rutile-type IrO2, by examining both the occupied
and unoccupied states using synchrotron-based spectroscopy
and ab initio calculations. We found that average oxidation
state of iridium in amorphous-IrOx is only slightly higher than
the formal IV+ in rutile-type IrO2 (but less than V+). O K-edge
X-ray emission (XE) and XA spectra show that the amorphous-
IrOx has a significant reduction in occupied O 2p states near
the Fermi energy (EF) as compared to the rutile-type oxide. Our
findings confirm the potential role of high-valent iridium in the
OER with oxidation states greater than IV+, observed in oxygen-
rich stoichiometries relative to IrOx (x 4 2) and complement
the extensive literature on iridium oxide electrocatalysis.5,8,11,16

Materials and methods

Commercial rutile-type IrO2 and amorphous-IrOx were employed
in all experiments. Sample preparation and characterization
followed the approach outlined in ref. 5 and 9 to ensure
accurate direct comparison. Specifically, a hydrated, X-ray
amorphous powder, IrOx, was obtained from AlfaAesar and
the rutile-type IrO2 used in this work was purchased from
Sigma Aldrich (99.9% purity) and was calcined at 1073 K in
1 bar O2 before use. For the Ir LII,III-edge measurements iridium
metal and a formally IrIII+ oxyhydroxide were also employed
to allow an accurate conversion of the relative number the d
holes in the amorphous compound into an absolute number.

The IrOOH standard, a high-performance OER catalyst,29 was
synthesized following ref. 30.

XAS measurements at the Ir LII,III-edges were performed at
the BL17C1 beamline in Hsinchu (Taiwan).31 Photons were
supplied from a 25 poles wiggler (W20) with 20 cm period
length and a 2 mm� 6 mm spot size. All spectra were measured
in transmission mode using an ionization chamber detector.
XES was measured at the TPS 45A Beamline in Hsinchu
(Taiwan).32

DFT calculations were performed with the Quantum
ESPRESSO package33 using norm-conserving pseudopotentials
with a kinetic energy cutoff of 160 Ry. We used the Perdew
and Wang’s local density approximation (LDA)34 in this work,
as it has been demonstrated, both the generalized gradient
approximation5,9,35 and local density approximation17 can
faithfully capture the nonmagnetic ground state of rutile-type
IrO2.36,37

Rutile-type IrO2 was modelled with the 24-atom cell as in ref.
5 and 9 (see Fig. 1). The Brillouin zone was sampled with a
(10 � 10 � 10) Monkhorst–Pack k-point grid. Methfessel–
Paxton smearing38 was used with a width of 0.005 Ry.
We tested the effect of onsite repulsion between two electrons
in the same orbital on Ir using a simplified LDA+U functional at
a fixed geometry. A Hubbard-like interaction term parameter-
ized by the F0, F2, and F4 Slater integrals was used to explicitly
account for the onsite dd Coulomb interaction.39–44 As expected
for a 5d transition metal oxide, results comparable with experi-
ment can only be obtained for small values of Ueff. Thus, in this
work we report XA and XE spectra with Ueff = 0 eV. Similar to
previous work,35 we found the non-magnetic solution to be the
lowest energy in the 8-formula unit-cell of rutile-type IrO2.

Further oxidation, or the addition of electron holes–hole-
doping—of the rutile-type IrO2 was accomplished by removing
one iridium atom from the 24-atom cell and allowing full
relaxation. Ground state calculations were performed with
200 Kohn–Sham states, which were used to compute the pro-
jected density of states (PDOS). A one-electron Fermi’s golden
rule expression was used to compute the Ir LIII-edge both in the
absence and presence of a static core-hole within the frame-
work of projector augmented wave method.45–47 Two projectors
were included for the l = 1 and l = 2 channels. The spectra were
broadened to account for the finite lifetime of the final-
state using a Lorentzian with a constant width of 5.0 eV,
which is approximately the natural width of the Ir LIII-edge.48

Fig. 1 The IrO2 (left) and Ir7O16 (right) super-cells used to model rutile-
type IrO2. Iridium atoms are shown by way of grey spheres and oxygen red.
Note the Ir vacancy in the centre of the Ir7O16 cell.
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The assumption of constant lifetime broadening is expected to
be a reasonable approximation for the LIII-edge white lines, for
which we wish to compare to experiment, though it will lead to
discrepancies at higher excitation energies. The edges were
aligned to experiment.

To compute the XA and non-resonant XE spectra at the
O K-edge, DFT wavefunctions were used with the NIST core-
level Bethe–Salpeter equation solver (NBSE)49,50 through the
OCEAN package.51,52 This approach captures the screened core-
hole potential, which allows accurate ab initio calculations of
the XA and XE spectra at the O K-edge. Screening calculations
were converged with 700 bands. Absolute alignment of the
spectra was accomplished with DSCF calculations using
rutile-type IrO2 as a reference. Spectral broadening was used
with an excitation/emission energy dependent line width, G(E),
where G increases linearly with the energy, that is, for XAS
G(E) = 0.2 eV + 0.1 (E� EF) eV. The initial broadening of 0.2 eV is
the approximate natural linewidth of oxygen53 and the slope of
0.1 was chosen following ref. 5 and 9 while Gaussian broad-
ening was ignored.

Results
Ir LIII,II-Edges

The first aspect of the electronic structure of rutile-type IrO2

and amorphous-IrOx to consider is the average number of 5d
holes in the materials, hndi. The number of 5d electrons is
defined as 10 � hndi, where 10 is the total number of possible
5d electrons. Then, the formal oxidation state of the iridium
centers can be defined as hnsi + hndi � 3, where hnsi is the
number of 6s holes, which will be 2 for iridium oxides. While
core level XPS has been used to gain some insight into
the oxidation state of iridium in its oxides and oxyhydroxides,
their tendency to display reverse core level shifts makes such
an analysis challenging.5,9,30 Thus, we turned to XAS at the Ir
LIII- and LII-edges, where the absorption coefficient reflects the
probability for electronic transition from the 2p3/2 and 2p1/2

core levels to unoccupied states, respectively, and can be used
to quantify hndi.

At the LIII,II-edge the electric dipole selection rule governing
XAS allows transitions from the core Ir 2p to empty 5d and 6s
states, giving rise to the sharp white-line, step-edge, and addi-
tional fine structure seen in Fig. 2. (Note the X-ray attenuation
coefficient has been normalized to 1 at the LIII-edge (top)—and
1
2 at the LII-edge (bottom) to reflect the number of initial core
electrons available.) While the step-edge is due to excitation
into the continuum, the white-lines centered at ca. 11.22 keV in
the LIII- and 12.827 keV in the LII-edge measurements are due to
2p - 5d transitions; other features near the absorption edge
are from 2p - 6s transitions.54

For comparison purposes, we will consider the compounds
with known formal oxidation states: iridium metal, IrOOH, and
rutile-type IrO2, which contain formally Ir0, IrIII, and IrIV,
respectively. Inspection of Fig. 2 reveals that the intensity of
the LIII- and LII-edge white-lines, ILIII

and ILII
, increase through

this series. This increase reflects an L-edge sum rule: the
number of d holes, hndi, is proportional to the integral intensity
of the LIII- and LII-edge white-lines55–59 that is: hndip(ILIII

+ ILII
).

The use of the sum of the integrals reflects the fact that the
white-line intensities need not follow the 2 : 1 statistical branch-
ing ratio.60,61 Instead, the dipole selection rule requires the
change in total angular momentum, DJ, to be 0 or �1, which
allows transition of the 2p1/2 electrons to only 5d3/2; the 2p3/2

electrons probe both the empty 5d3/2 and 5d5/2. When spin–
orbit coupling is small the J = 5/2 and J = 3/2 multiplets are
degenerate and the ILIII

: ILII
branching ratio will reflect the

number of initial core electrons available for the transitions,
that is, 2 : 1. Spin–orbit effects will alter the distribution of
5d5/2 : 5d3/2 character at the Fermi level; and, as the d3/2 lie
lower in energy, ILIII

: ILII
will tend to exceed 2 : 1. This non-

statistical branching is particularly apparent in 5d
compounds,54,59–62 though the hndi sum rule continues to hold
in iridium based materials.58 Application of the sum rule,
however, requires the continuum jump and contributions from
the 2p - 6s transitions to be removed.

To quantitatively analyze the LIII- and LII-edge white-lines, the
continuum jump was modeled as an arctangent centered at the
inflection point of the white-line, following the approach used in
ref. 59, see Fig. 3. The integral white-line intensity was then defined
as the intensity above this edge-jump up to the point where the
X-ray attenuation coefficient first intersects the arctangent, the
shaded region of the figure. As shown below, this approach also
effectively removes contributions from 2p - 6s transitions.

The results of these integrations are shown in Fig. 4 and
Table 1, where ILIII

and ILII
have Ir with known formal oxidation

Fig. 2 Measured LIII-edges (top) and LII-edges (bottom) of three com-
pounds with known oxidation states, Ir metal (gray), IrOOH (red), and
rutile-type-IrO2 (black) along with that of amorphous-IrOx (blue). The
dashed red lines show the normalized X-ray attenuation coefficients.
The inset in LII-edges shows the white line maxima.
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state, the expected linear relationship between ILIII
+ ILII

and hndi
is found—black filled circles in Fig. 4. Performing the same
analysis with only ILIII

yields a similar relationship, albeit with a
steeper slope—blue filled circles. The discrepancy between the
two approaches lies in the aforementioned change in branch-
ing ratio with increased spin–orbit expectation value. This can
be seen in Table 1, which summarizes the numerical values of
normalized ILIII

+ ILII
along with the ILIII

/ILII
branching ratio and

spin–orbit expectation value computed from it, hL�Si.60,63,64

Our values for the ILIII
/ILII

branching ratios of the standards
agree with previous experiments. For metallic iridium the
branching ratio of 3.1 lies between the previously reported 2.4

and 3.6,59 whereas we find both the IrIII in IrOOH and IrIV

in rutile-type IrO2 have ILIII
/ILII

B 4. The branching ratio for
rutile-type IrO2 is 4.3 which falls within the range of previously
reported values B2.75–3.554 but is lower than the 6.9 reported
in ref. 59. It is unclear why the results in ref. 59 differ from ours
and those in ref. 54. It is also worth noting that previous
measurements of IrCl3 also show the IrIII halide has a branch-
ing ratio approximately equal to that of rutile-type IrO2, sug-
gesting the combination of charge transfer and crystal field
effects thought to lead to the increase in branching ratio upon
oxidation of iridium54 are similar for the IrIII and IrIV com-
pounds. Of all the materials, at 4.8, the amorphous-IrOx has the
most extreme branching ratio and hL�Si. Thus, for the reference
compounds the ratio of unoccupied 5d5/2 : 5d3/2 character tends
to increase with formal oxidation state.

With the relationship between hndi and ILIII
+ ILII

defined
using a linear fit to the standard materials it is also possible to
estimate the average formal oxidation state of iridium in the
amorphous-IrOx sample. Note that IrOOH may contain a mix
of IrIIIIrIV see ref. 65, which would alter the quantitative assign-
ment of the average oxidation state, but we prefer to use the
oxyhydroxide as reference over a halide to compare only oxide/
oxyhydroxide materials. When both ILIII

and ILII
are used to

define hndi a value of 5.1 electron holes is found for iridium in
amorphous-IrOx, corresponding to an average formal iridium
oxidation state of +4.1, see the empty black circle in Fig. 4. And
though the ILIII

/ILII
branching ratio of the IrOx compound is

higher than that of IrO2, performing the analysis with only ILIII

yields an average iridium formal oxidation state of +4.2, see the
empty blue circle in Fig. 4. It appears, however, that ignoring
the LII-edge has a minor impact on the average number of
d holes found through an L-edge analysis; including or exclud-
ing ILII

leads to the conclusion the iridium in amorphous-IrOx

has an average oxidation state marginally higher than the
formally IV+ found in rutile-type IrO2 but significantly less than
V+. The amorphous powder contains an estimated 2.4 wt%
metallic iridium, thought to lie in the cores of the particles.9

Since the iridium L-edge XAS/XES is bulk sensitive, this metallic
iridium will tend to reduce the white-line intensity found for
the amorphous-IrOx, simple analysis of ILIII

+ ILII
shows this

small amount of metal will alter hndi by less than 0.1 electron
hole. It should also be noted that the average iridium oxidation
state found in this work, Ir(4.1), through integration of the Ir
LIII,II-edges is in reasonable agreement with the iridium oxida-
tion state of 3.9 found in ref. 16 through analysis of the LIII edge
position. Both values are, however, larger than the iridium
oxidation state of 3.6 found for the oxidized part of IrOx in

Fig. 3 The arctangent (black) used to model the continuum jump as
described in the text shown using the rutile-type IrO2 LIII-edge (top) and
LII-edge (bottom). The shaded region represents the contribution from the
white-line. The inset in LII-edge shows the white line maximum.

Fig. 4 Relationship between formal number of d holes, hndi, and integral
white-line intensity for the three standard compounds, Ir0 metal, IrIIIOOH,
IrIVO2, are shown by the filled circles (right). Note that IrOOH may contain
a mix of IrIIIIrIV (ref. 65). The number of d holes for the amorphous-IrOx

(empty circles) is computed using a linear fit to the standards. The black
points show the sum ILIII

+ ILII
. The blue points show ILIII

alone.

Table 1 White-line intensities, branching ratios, and spin–orbit expecta-
tion values derived from the measured LII,III-edges

System ILIII
+ ILII

ILIII
/ILII

hL�Si[h�2]

Ir 1.00 3.1 �0.8
IrOOH 1.30 3.9 �1.6
Rutile-type IrO2 1.62 4.3 �2.2
Amorphous-IrOx 1.64 4.8 �2.4
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ref. 5 through temperature programmed reduction. It is unclear
why the chemical measurement results in a lower measured
oxidation state than analysis of the Ir L-edges.

Since spin–orbit effects play a minor role on the average
number of 5d holes determined by analysis of the Ir L-edges,
it is interesting to further consider these effects on the electro-
nic structure. This was done by computing the PDOSs with and
without the inclusions of spin–orbit coupling on the valence.
Comparison of the 5d PDOSs computed with and without spin–
orbit coupling shows near quantitative agreement (see the
black lines in Fig. 5). Both results agree with previous results
based on the Perdew–Burke–Ernzerhof (PBE) functional,3,35,66

and its revision for solids (PBEsol).67,68 Thus, spin–orbit cou-
pling can safely be ignored when considering properties linked
to the low-energy region of the PDOS. One such property is the
bonding nature of the 5d electrons.

Investigation of the low-energy region of the PDOS allows
the nature of the Ir 5d states to be assigned. To do so we can
consider the geometry around the single IrO6 octahedron
shown in Fig. 5. In this representation the dz2 and dxy are
s-like (anti-)bonding states; the dxz and dyz are p-like
(anti-)bonding states; the dx2�y2 are primarily non-bonding.
With this in mind, the narrow band at �8 eV relative to the
Fermi energy can be assigned to 5d s-like bonding states,
whereas p-like bonding states are centered at B5 eV below
EF. At B2 eV a narrow non-bonding 5d band can be seen, which
contains some p* – like anti-bonding character, though a
majority of the p* – like character is centered at EF. These
p* – like antibonding states are then expected be the first to
respond to small changes in the oxidation state of iridium.

As it was determined that spin–orbit effects are minor, the
computed PDOS and the average number of 5d holes found by
an analysis of the measured Ir L-edge, we can expect the
calculation of the Ir LIII-edge within an independent electron
approximation47 will yield reliable results when neglecting the
spin–orbit coupling on the valence states. Doing so offers
the advantage of a direct connection between the Ir-PDOSs
and LIII-edge. The uncertainty in this regard is the treatment of
the core-hole. While the modifications to the PDOS due to the
core-hole are governed by the final-state rule69—core-hole
effects are expected in XAS due to the core-hole in the final
state—a priori it is difficult to correctly recover the screened
core–valence interaction within a single particle approxima-
tion.47,70,71 Thus, we have taken the pragmatic approach of
computing the spectra with and without a full 2p core hole on
the absorbing iridium. In both cases the Ir LIII-edge of rutile-type
IrO2 was computed using the 24-atom rutile-type cell described
in the Methods Section. The tendency for hole localization on
iridium upon oxidation was then investigated by introducing
a neutral iridium vacancy into the super-cell shown in Fig. 1.
Introduction of the vacancy leads to the formal appearance of
four electron holes, resulting in the Ir7O16 model identical to
that previously used to recover the O K-edge of amorphous-
IrOx.5,9 Here, however, we will focus on the Ir LIII-edge’s response
to the additional holes.

Comparing the computed Ir LIII-edge of rutile-type IrO2

(solid black line in Fig. 6) with the Ir7O16 (solid blue line in
Fig. 6) reveals oxidation of the rutile-type IrO2 leads to changes
consistent with the measurement of amorphous-IrOx. Inspec-
tion of the figure reveals the iridium in the oxidized model has
an increased white-line intensity compared to rutile-type IrO2,
regardless of the assumed strength of the core-hole. Furthermore,
both sets of results show the 6s contribution to the white-line
(dashed lines in Fig. 6) is negligible, demonstrating the earlier
assertion that the white-line is almost exclusively due to dipole
allowed 2p - 5d transitions. The single particle results then
demonstrate the Ir7O16 model recovers the electronic structure of
the iridium centers in the highly-OER-active amorphous-IrOx

material, indicating the iridium centers of IrO2 display only a
slight loss of 5d p* – like character upon oxidation.

In summary, analysis of the Ir LII,III-edges reveals the iridium
in amorphous-IrOx has a marginally higher average oxidation
state in the bulk than iridium in rutile-type IrO2—4.1 compared
to 4—which can also be seen by analysis of the LIII-edge alone.
Calculations of the Ir LIII-edge show an oxidized rutile-type
model, Ir7O16, can recover the observed changes. However, as
we will see in the next section, the electron deficiency of the
iridium in this model structure cannot completely account for
the changes in formal oxidation state with respect IrO2.
Instead, as it will be shown below, oxidation if the dioxide
leads to a significant increase in oxygen hole character.

XES and XAS at the O K-edge

To test for hole character on oxygen in amorphous-IrOx we turned
to XES and XAS at the O K-edge. At small momentum transfer
the O K-edge XE spectra is subject to the same selection rule as

Fig. 5 PDOS of rutile-type IrO2 computed with (top) and without (bottom)
spin–orbit coupling. In the scalar relativistic results, the 5d states are decom-
posed into s – like (ds), p – like (dp), and non-bonding (dnb) states. The
geometry around a single IrO6 octahedron is also shown (top).
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O K-edge XAS, that is, transitions between s and p states.
As with XAS, because the O 1s core hole is nearly static and
structureless,17,72 XES measures O 2p states. In the case of
emission, only occupied states are probed, making it the
natural complement to the unoccupied O 2p measured with
XAS. The modifications to the PDOS due to the core-hole are
governed by the final-state rule.69 Such effects are then negli-
gible during emission because the final-state has no core-hole,
whereas the core-hole has been shown to be well-screened in XA
spectra of iridium oxides.3,5 Thus, we can view both the XE and
XA spectra as accurate measures of the occupied and unoccu-
pied O 2p states, respectively.

The O K-edge XE and XA spectra of rutile-type IrO2 and the
Ir7O16 model were computed using the same super-cells as for
the Ir LIII-edge. Now, however, our focus is on hole localization
on oxygen upon hole-doping. The resultant O K-edge XE and XA
spectra of rutile-type IrO2 are shown in Fig. 7 (black lines),
along with those of the Ir7O16 model (blue lines).

The computed O K-edge XE spectrum of rutile-type IrO2

shows the typical features expected for the filled O 2p states
of the conducting oxide. The center of the O 2p band can be
seen to be at B525 eV, which is B5 eV below EF. The oxygen
contribution to the Ir-O s-like bonding states appear as a broad
shoulder B3 eV below this band center, labeled I in Fig. 7
(one can also compare it to Fig. 5). There are also two features
at lower excitation energies labeled II and III. The oxygen
contribution at II can be attributed to oxygen weakly hybridized

with the narrow band of iridium non-bonding states seen
in Fig. 5, while that at III is associated with the partially filled
p* – like Ir–O anti-bonding states. Computed O K-edge XA
spectrum also shows the expected features for unoccupied O
2p states. The oxygen contribution to the nominally p* anti-
bonding states in the computed XA spectrum can be seen to
give a sharp resonance at B530 eV, labeled IV. The O 2p
contribution to the s* anti-bonding states gives a resonance
at B534 eV, labeled V. These features have previously been
described in detail, and we refer the reader to those works for a
more detailed discussion.3,5

Oxidation of rutile-type IrO2 can be seen to lead to slight
changes of the computed O K-edge XE spectrum at low excita-
tion energies and significant changes near the Fermi energy.
Inspection of the O K-edge XE spectrum computed for the
Ir7O16 model, blue line in Fig. 7, reveals oxidation leads to a
slight reduction in the intensity of the O 2p contribution to the
s bonding states at I and a small shift in the center of O 2p
band towards higher excitation energies. Moreover, oxidation
results in a significant reduction in the number of the oxygen
states at III.

The reason for the loss of intensity at III in Fig. 7 for Ir7O16

relative to rutile-type IrO2 can be seen by examining the OI�

contribution alone (dotted blue line). Doing so we see there are
no OI� states at III and the O 2p states that were present at II for
an OII� species have shifted to 0.5 eV higher excitation energy.
The residual intensity at I in the calculation of the Ir7O16 model
is then mainly due to the remaining OII�. The disappearance of

Fig. 6 Computed Ir LIII-edge without (top) and with (bottom) a 2p core-
hole on the absorbing atom. The solid black curve shows the result for
rutile-type IrO2, and the blue curve shows the electron deficient iridium in
the oxidized model compound Ir7O16, see methods. The two dashed line
show the 6s contribution to each spectrum. See Fig. 1 for structural
models.

Fig. 7 Computed XE (top) and XA (bottom) O K-edge spectra of rutile-
type IrO2 (black) and the oxidized model considered in ref. 5, Ir7O16 (blue).
The dotted blue line in the Ir7O16 model shows the contribution from the
electron-deficient oxygen referred to as OI�. See Fig. 1 for structural
models.
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the states at I upon hole-doping can be further clarified by
turning to the unoccupied states probed by XAS.

In the absorption spectra, further oxidation of rutile-type
IrO2 leads to the appearance of a new resonance in the
O K-edge.6 This new resonance, labeled III in Fig. 7 (right), is
at the same excitation energy as that lost from the occupied
part of the XE spectrum upon oxidation of OII� to OI�. In other
words, the higher energy occupied O 2p states appearing in
the O K-edge XES for the OII� species are emptied when OII�

is oxidized to OI� and then appear as unoccupied states in
O K-edge XAS. Thus, together, the computed XE and XA spectra
predict that the oxidation of IrO2 tends to create O 2p holes,
and if IrOx contains such holes it should be apparent in both
the O K-edge XE and XA spectra.

The experimental results confirm these theoretical predic-
tions. Fig. 8 shows the measured O K-edge XE and XA spectra of
rutile-type IrO2 (black lines) and the X-ray amorphous-IrOx

sample (blue lines). We also note that simulations on Ir7O16

predict a higher fraction of OI� than is observed in experiment;
to match the measured pre-peak intensities through linear
combinations of the computed OII� and OI� contributions,
we would need to assume ca. 33% OI� is present in the IrOx

sample. See Fig. S1 (ESI†) for higher resolution XA spectra.
For rutile-type IrO2 the O K-edge XE spectrum confirms the

low energy branch of the O 2p band is at B525 eV with the
oxygen s-bonding states giving a broad shoulder at B522 eV.
The experimental resolution is also sufficient to confirm the
presence of the high energy oxygen states labeled II and III.
In particular, the rutile-type oxide has a strong oxygen contribu-
tion at 529 eV, labeled III, which agrees with computational

findings. The measured absorption spectrum of rutile-type IrO2

is also consistent with the calculations and previous results.
It shows the p* – and s* – antibonding states at 530 and 533 eV,
respectively,3,5 but no resonance at 529 eV.

Evaluation of the measured O K-edge XE spectrum of the
X-ray amorphous-IrOx sample confirms the loss of O 2p states
at 529 eV compared to the rutile-type oxide (labeled III) in
Fig. 8(top). Instead, the 529 eV resonance appears in the
O K-edge XA spectrum of IrOx (labeled III), see also Fig. S1
(ESI†) for higher resolution XA spectra of the same materials.
The XA resonance at B529 eV was previously assigned to a
formally OI� species in the amorphous powder, while the
530 eV resonance was attributed to remaining OII�, see ref. 5
though as we have seen, there is a high degree of covalency in
IrIV–OI�, making it IrIV+d–O(I+d)�. The measured XE spectrum
confirms this assertion by demonstrating that the amorphous
powder shows the loss in occupied O 2p states relative to rutile-
type IrO2 expected if ground state oxygen holes are present in
amorphous-IrOx. Thus, when considering both the O K- and
Ir LII,III-edges it appears that holes introduced upon oxidation
of an IV+ iridium oxide reside, in a zero-order approximation,
on oxygen.

Conclusions

The proposed ability of iridium-based materials to form a
formally OI� species5,9 that is thought to be linked to their
high OER activity3,6,7,15,17 has been tested using a variety of
experimental and computational methods. Analysis of the
Ir LII,III-edges of a highly-OER-active X-ray amorphous-IrOx

powder shows the iridium centers are, on average, slightly
more oxidized than in rutile-type IrO2. The latter was confirmed
by XAS calculations on a Ir7O16 model, where this trend was
recovered, though hole-character is also found in the O 2p band
leading to the appearance of an OI� species, or more correctly
IrIV+d–O(I+d)�. A comparison of the measured and computed
O K-edge XAS/XES confirms the appearance of the OI� species
in the amorphous-IrOx powder and their absence from rutile-
type IrO2. In this case occupied oxygen states seen in XES of the
rutile-type oxide are found to become unoccupied upon further
oxidation of the rutile-type oxide and appear in the XAS of the
amorphous IrOx. DFT and BSE simulations support the assign-
ment of the OI� in the amorphous oxide.

Data availability

The data supporting this article have been included as part of
the ESI.†
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Fig. 8 Measured XE and XA O K-edge spectra of rutile-type IrO2 (top) and
X-ray amorphous-IrOx (bottom), see also Fig. S1 (ESI†) for higher resolution
XA spectra. See Fig. 1 for structural models.
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G. A. Sawatzky, Density-functional theory and NiO photo-
emission spectra, Phys. Rev. B: Condens. Matter Mater. Phys.,
1993, 48, 16929–16934.

42 S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J. Humphreys
and A. P. Sutton, Electron-energy-loss spectra and the
structural stability of nickel oxide: an LSDA + U study, Phys.
Rev. B: Condens. Matter Mater. Phys., 1998, 57, 1505–1509.

43 B. Himmetoglu, R. M. Wentzcovitch and M. Cococcioni,
First-principles study of electronic and structural properties
of CuO, Phys. Rev. B: Condens. Matter Mater. Phys., 2011, 84,
115108.

44 M. Cococcioni, in Correlated Electrons: From Models to
Materials Modeling and Simulation, ed. E. Pavarini, E. Koch,
F. Anders and M. Jarrell, Forschungszentrum Jülich, 2012, vol. 2,
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J.-P. Rueff, S. Agrestini, Y. Utsumi, K. D. Tsuei, Y. F. Liao,
F. Borgatti, G. Panaccione, A. Regoutz, R. G. Egdell, B. J.
Morgan, D. O. Scanlon and D. J. Payne, Understanding the
electronic structure of IrO2 using hard-X-ray photoelectron
spectroscopy and density-functional theory, Phys. Rev. Lett.,
2014, 112, 117601.

69 G. D. Mahan, Final-state potential in X-ray spectra, Phys.
Rev. B: Condens. Matter Mater. Phys., 1980, 21, 1421–1431.

70 T. E. Jones, T. C. R. Rocha, A. Knop-Gericke, C. Stampfl,
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