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ABSTRACT: Creating active and stable electrodes is an essential
step toward efficient and durable electrolyzers. To achieve this
goal, understanding what aspects of the electrode structure dictate
activity and catalyst dissolution is key. Here, we investigate these
aspects by studying trends in the activity, stability, and operando
structure of iridium oxides during the oxygen evolution reaction.
Using operando X-ray photoelectron and X-ray absorption
spectroscopy, we determined the near-surface structure of oxides
ranging from amorphous to crystalline during the reaction. We
show that applying oxygen evolution potentials universally yields
deprotonated μ2-O moieties and a μ1-O/μ1-OH mixture, with
universal deprotonation energetics but in different amounts. This
quantitative difference mainly results from variations in deprotonation depth: surface deprotonation for crystalline IrO2 versus near-
surface deprotonation for semicrystalline and amorphous IrOx. We argue that both surface deprotonation and subsurface
deprotonation modify the barrier for the oxygen evolution and Ir dissolution reactions, thus playing an important role in catalyst
performance.
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■ INTRODUCTION

The production of hydrogen through water electrolysis is one
of the cornerstones in sustainable chemistry, providing a
storage medium for intermittent solar and wind power and a
vital building block for the production of chemicals. Since the
invention of electrolysis in 1789,1,2 noble metal-based
electrodes remain the state-of-the-art in acid electrolysis. For
the oxygen evolution reaction (OER) side of the process, only
iridium oxide offers the combination of high catalytic activity
and decent stability. Unfortunately, iridium is one of the
scarcest elements on Earth.3 Hence, to enable large-scale
implementation, it either needs to be used at low loading or it
should be replaced.
To guide the search for improved acid OER catalysts, the

question that arises is what properties determine their activity
and stability. From the wide range of oxides that have been
investigated, it is clear that the elemental composition of the
electrode plays an important role.4−6 The crystal structure of
the oxides also has a big impact, with hydrous/amorphous
oxides being reported as more active but less stable than their
crystalline counterparts.4,5,7−9 What remains unclear is through
what mechanism these properties influence the oxygen
evolution and electrode dissolution reactions. However, it
has been established that catalyst dissolution accelerates at the
OER onset potential,4,5,8 suggesting that the two reactions

share one or more intermediates. Hence, knowledge of the
species present on OER catalysts under reaction conditions is
essential in understanding the origins of both activity and
stability.
A wide range of operando methods have been employed to

reveal the (electronic) structure of electrodes and their
dynamics under acid OER conditions, such as X-ray-based
techniques,10−18 isotope labeling,8,19−23 and Raman spectros-
copy.12,21,24,25 They revealed that noble-metal electrodes are
oxidized and deprotonated at OER potentials.10−17,21,25−28

This oxidation is essential for creating an electrophilic
character in the oxygen atoms on the surface, making them
reactive for O−O coupling with water.26,27 Indeed, it was
shown that as the surface of IrO2(110) is increasingly oxidized,
the barrier for the OER is lowered.26 During the oxidation
process, there is a clear change in the Ir-oxidation
state.10,12,13,15,26−28 However, the oxidation need not only be
centered on the cations. For example, the oxidative
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deprotonation of μ2-OH groups on amorphous IrOx is at least
partially oxygen-centered,10,11 directly aiding in creating the
electrophilic character needed for the OER.
While some of the key ingredients for the OER have thus

been identified, they have yet to be linked to the observed
trends in activity and stability. To establish this link, it is
essential to investigate trends in the surface structure of OER
catalysts under reaction conditions. However, the challenges in
operando characterization have so far largely prevented such
systematic studies. Using our recently developed confined
electrolyte approach for in situ X-ray photoelectron spectros-
copy (XPS) and X-ray absorption spectroscopy (XAS)10,17,29

(see Figure 1a), we are now able to thoroughly characterize a
range of catalysts in an acceptable time frame. With this
methodology, we unravel the operando structure−activity−
stability relationship for iridium oxides ranging from highly
hydrated, amorphous, to crystalline structures. We use O K-
edge and Ir 4f spectra of a series of well-defined oxide films to
obtain a quantitative comparison of the oxygen and Ir species
in the oxides, allowing us to establish which structural features
are universal and which correlate with activity and stability.
Based on this comparison, we put forward a model in which
both surface and subsurface deprotonation play a central role
in determining the barrier for the OER and Ir dissolution.

■ METHODS

Spectroscopy. The operando XAS and XPS measurements
were performed at the ISISS beamline at BESSY II
synchrotron, Berlin, Germany, using the confined electrolyte
approach recently developed by our group.10,17,29 As depicted
in Figure 1a, the catalyst layer is sandwiched between a Nafion
117 proton exchange membrane and a graphene layer. The
backside of the membrane is in contact with an electrolyte flow
channel, which houses the saturated Ag/AgCl reference
electrode and Pt wire counter electrode. While the Nafion
membrane enables water and proton transport to and from the
working electrode, the graphene layer minimizes the
evaporation into the near-ambient pressure XPS chamber.
We have recently shown that this leads to the formation of a
thin film of a liquid electrolyte around the working electrode,
enabling XPS and XAS measurements under operando
conditions.10,17 More details on the cell geometry and
beamline can be found in section S1 of the Supporting

Information. To prevent beam damage effects,17,29 each
spectrum was recorded on a fresh spot on the sample and
measurement times were minimized. The appropriate measure-
ment time was established by comparing consecutive scans to
find beam-induced effects, such as the reduction of μ1-O and
μ2-O groups. In order to obtain good-quality spectra even with
the minimized measurement time, which is particularly
challenging for XPS, measurements from multiple spots and/
or samples were averaged.
The electrochemical performance of the spectroscopy cell is

demonstrated in Figure 1b. The cyclic voltammogram of
electrochemically oxidized Ir recorded in the spectroscopy cell
is compared to that of electrochemically oxidized IrOx on
highly oriented pyrolytic graphite in a beaker of 0.1 M H2SO4.
Clearly, the position and relative proportion of the CV features
are reproduced in the spectroscopy cell, confirming its realistic
performance. With a solution resistance of 40−70 Ω, ohmic
losses are modest even well in the OER regime (currents of up
to 1 mA at 1.65 VRHE). Note that all potentials were converted
from the Ag/AgCl scale to the reversible hydrogen electrode
(RHE) scale without ohmic drop correction.

Dissolution Measurements. The concentration of 193Ir
dissolved in 0.1 M argon-purged H2SO4 during the OER was
measured online in an electrochemical scanning flow cell
(SFC) directly coupled to an inductively coupled plasma mass
spectrometer (Perkin Elmer NexION 300X spectrometer).30 A
carbon rod placed in the electrolyte inlet channel of the cell
was used as the counter electrode. Saturated Ag/AgCl placed
in the electrolyte outlet channel served as the reference
electrode. The inductively coupled plasma mass spectrometry
(ICP−MS) signal of Ir was normalized by the intensity of the
187Re isotope, which was added to the solution as an internal
standard downstream of the SFC. Calibration of the ICP−MS
response was performed on each day of measurement.
Normalization of the measured currents and dissolution rates
was performed using the geometric contact area of the working
electrode, which was 1 mm2.

Sample Preparation. The semicrystalline and crystalline
iridium oxide layers for spectroscopy and transmission electron
microscopy (TEM) were prepared by sputter deposition of
roughly 2 nm metallic Ir onto Na2SO4 crystals and subsequent
calcination in air at 400 °C for 2 h (semicrystalline IrOx) or
550 °C for 3 h (crystalline IrO2). After cooling, the oxide layers

Figure 1. (a) Schematic representation of the confined electrolyte approach10,17,29 (details in the Method section and Supporting Information
section S1). (b) Comparison of the cyclic voltammogram of electrochemically oxidized Ir particles in the spectroscopy cell and in a beaker.
Recorded in 0.1 M H2SO4 at 50 mV/s. The current density was calculated by normalization of the current to the integrated charge between 0.7
VRHE and 1.4 VRHE.
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were covered with a formvar stabilization layer and the Na2SO4
substrates were dissolved in ultrapure water, leaving the
catalyst/formvar layers floating on the surface. The catalyst
layers were scooped onto Nafion substrates for spectroscopy or
onto Quantifoil grids for TEM measurements. After drying,
formvar was removed using baths of chloroform, acetone,
ethanol, and water. In the final step, the catalyst layer was
covered with graphene. This method yields the highly
homogeneous samples needed for the XPS and XAS
measurements. More details can be found in Supporting
Information sections S2 and S3.
To create an electrochemically oxidized IrOx sample, Ir was

sputtered directly onto Nafion. Subsequently, the samples were
covered with graphene, either with or without an oxidation
treatment in 3% H2O2 prior to applying the graphene layer.
The sample was (further) oxidized in situ in the spectroscopy
cell at 1.55 VRHE for 2 h, followed by 30 CV’s between 0 VRHE
and 1.55 VRHE.
For dissolution measurements, a pinhole-free catalyst layer is

necessary. Therefore, the working electrodes were prepared
using a more gentle sputtering procedure. To create a film with
low roughness, the Si/SiO2 wafer substrate was first coated
with a 10 nm Ti adhesion layer using e-beam evaporation of a
Ti source (EvoChem, 99.999%). Subsequently, a 100 nm Ir
film was deposited by magneton sputtering of a 3 in. Ir target
(EvoChem, 99.999%) in Ar plasma, applying 100 W at 5 ×
10−3 mbar. The base vacuum before sputtering was 2 × 10−8

mbar. The wafer was diced and subjected to the same
oxidation treatments as the spectroscopy samples.
DFT Calculations. In order to interpret the experimental O

K-edge spectra, we made use of the extensive set of simulated
O K-edge spectra that was generated by our group for oxygen
species on rutile IrO2 surfaces

31 and extended them to include
bulk anatase and hollandite IrO2. We employed the Quantum
ESPRESSO package version 6.1.32 Ground-state calculations
were performed using the PBE functional33 with projector-
augmented wave datasets taken from the PS Library34 and a
kinetic energy (charge density) cutoff of 30 Ry (300 Ry). The
surface models contained at least five layers of IrO2, of which
all except the central two layers were allowed to relax. A k-
point mesh equivalent to at least (8 × 8) for the (1 × 1) (001)
rutile surface unit cell was used in conjunction with cold
smearing35 (smearing parameter 0.02 Ry). To compute the O
K-edge spectra, we used a one-electron Fermi’s golden-rule
expression implemented in XSpectra.36,37 We employed the
same k-point mesh as that used for the ground-state
calculations and did not make use of a core hole potential.
ΔSCF calculations were used to determine the relative edge

positions.38 Subsequently, the absolute excitation energy scale
of the computed spectra was set using the white-line energy of
bulk rutile IrO2, which is located at 530.0 eV. The calculations
on the anatase and hollandite structures were performed on a
bulk unit cell. To generate μ2-O species within this unit cell, an
Ir vacancy was introduced.
For the IrO2(110) surface, we also assessed the energetics of

various levels of surface protonation using the same approach
as described above. However, in this case, a 1 × 2 super cell
was used to include coverage effects. From the total energies
obtained in the DFT calculations, a free-energy diagram was
constructed by applying thermodynamic corrections to the
DFT reaction energies to account for the applied potential and
pH (computational hydrogen electrode approach). For the
molecular dynamics (MD) data in Figure 6, we made use of
previous MD simulations.26

■ RESULTS

To create a series of iridium oxides with a different degree of
crystallinity, we subjected metallic Ir films to three oxidation
treatments: electrochemical oxidation, calcination at 400 °C,
and calcination at 550 °C (see the Methods section for
details). Electrochemical oxidation is known to result in an
amorphous, highly hydrated oxide.10,39−41 Indeed, the cyclic
voltammogram of the electrochemically oxidized sample in
Figure 1b reproduces the features reported in the literature for
hydrous iridium oxide.8,39 Calcination at 400 °C results in an
intermediate level of order, as indicated by the diffuse rings in
the electron diffraction pattern in Figure 2b. Further analysis
(Figure 2a and Supporting Information section S3) indicates
that a closed film is formed, consisting of small crystallites in a
rather amorphous embedding. Full (rutile) crystallinity is
reached for the sample calcined at 550 °C, as shown by its
sharp diffraction pattern in Figure 2d. The film contains larger
grains (Figure 2c) than its semicrystalline counterpart
produced at 400 °C. However, the surface-to-bulk ratio
remains similar because the sintering and growth of the
crystallites opens up holes in the film, creating a porous
structure. All three types of films are ultrathin, consisting of a
single layer of nanometric grains. This well-defined film
structure is important as it enables a quantitative comparison
of the spectroscopic data of the different structures. In
addition, the small grain size and excellent accessibility for
the electrolyte closely recreate the conditions in the Ir black or
IrO2-based membrane-electrode-assemblies used in industrial
applications.42 Further sample characterization can be found in
Supporting Information section S3.

Figure 2. TEM characterization of IrOx films transferred onto Quantifoil grids. (a,b) Semicrystalline film calcined at 400 °C for 2 h. (c,d)
Crystalline (rutile) film calcined at 550 °C for 3 h.
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Figure 3. Activity and stability of iridium oxides. (a) Cyclic voltammograms of graphene-covered IrOx films on Nafion, measured in the
spectroscopy chamber at 50 mV/s with 0.1 M H2SO4. (b) Stability numbers (O2 molecules generated per dissolved Ir atom) for IrOx films on Si in
0.1 M H2SO4, calculated from the potential holding data at 1.65 VRHE and LSV from 1.2 VRHE to 5 mA/cm2 at 10 mV/s (see Supporting
Information section S4).

Figure 4. In situ O K-edge spectra of graphene-covered IrOx films on Nafion during stepwise anodization. (a−c) Experimental spectra of
amorphous, semicrystalline, and crystalline films, respectively, normalized to the edge jump at 550 eV. The spectra were recorded in 0.1 M H2SO4
using the total electron yield (TEY) detection mode, which has a probing depth of ∼5 nm (see Supporting Information section S5). The main
contributing O(H) species in the spectra are indicated. (d) Theoretical analysis based on O K-edge simulations for various rutile IrO2 surface
structures (see Supporting Information section S6 for details). EWL denotes the white-line energy (first peak in the spectrum), and Rel. Int.
designates the relative peak intensity of the white line, again normalized to the edge jump.
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The activity and stability of the amorphous, semicrystalline,
and crystalline oxide were investigated using cyclic voltamme-
try and ICP−MS. In agreement with the literature,4,5,8,9 the
OER activity of the samples decreases with increasing degree
of crystallinity, as shown by the cyclic voltammograms
recorded in the X-ray spectroscopy setup (Figure 3a, see
Supporting Information Figure S10 for ex situ measurements).
The stability of the samples was studied by quantifying the
dissolved Ir concentration during linear sweep voltammetry
(LSV) (10 mV/s) and potential holding at 1.65 VRHE (see
Supporting Information Figure S11). In the former, one is
predominantly sensitive to transient dissolution, which is less
important in the latter. Based on these measurements, stability
numbers8 (O2 molecules generated per dissolved Ir atom)
were calculated for the amorphous, semicrystalline, and
crystalline oxide. As shown in Figure 3b, the stability of the
samples follows the opposite trend as the activity: the stability
number increases with increasing degree of crystallinity. This
trend is observed both for the predominantly transient
dissolution during the linear potential sweep and during
potential holding at 1.65 VRHE.
To explain the activity and stability trends, we will now

analyze the near-surface structure and energetics of the iridium
oxides under electrochemical conditions. In particular, we will
determine which aspects are similar and which show a trend
that correlates with the activity/stability. First, we will describe
the oxygen and iridium species that are formed when the
potential is increased up to the OER range. To probe the
oxygen species in IrOx electrodes at anodic potentials, we
recorded in situ O K-edge XAS spectra (Figure 4). The white-
line resonances (peaks) in the range of 528−531 eV allow for a
detailed speciation of the near-surface O(H) species.10,31 For
peak assignments, we use the extensive set of theoretical O K-
edge spectra calculated by our group for surface species on
rutile IrO2

31 (Figure 4d and Supporting Information section
S6). The various oxygen species are designated using the μ-
notation here, which is more unambiguous than the CUS/
bridge/bulk O(H) notation that is also commonly used. For
clarity, μ1-O corresponds to the coordinatively unsaturated site
(CUS) O, μ2-O to bridge O, and μ3-O is associated with bulk
O (but can exist at the surface as well). The universality of the
O K-edge peak assignments for Ir oxides with different crystal
structures was confirmed by calculations on anatase and
hollandite structures (see Supporting Information Figure S14)
and experimental spectra of reference compounds (see
Supporting Information Figure S16).
In general, the theoretical analysis shows that OH species

have a very low resonance intensity per atom. Hence, the weak
shoulder observed for amorphous IrOx at 0.25 VRHE indicates
that the sample is strongly hydroxylated at low potentials. In
contrast, crystalline IrO2 shows a strong contribution of μ3-O
at 530 eV, which is the only oxygen species in the bulk of rutile
IrO2.

43 The semicrystalline sample also shows a clear μ3-O
peak but with a lower intensity, consistent with the
intermediate level of connectivity in the film.
Increasing the electrode potential results in the rise of a new

peak at roughly 529 eV for all samples, which we assign to the
formation of μ2-O species during the oxidative deprotonation
of the IrOx films (reaction 1).

Note that the formation of μ1-OH (reaction 2) could also
have a small contribution to the peak rise.

However, the relative peak intensity of μ1-OH species is
significantly smaller than that of μ2-O, and the peak is typically
found at a higher excitation energy (∼529.5 eV). As a result,
we expect that μ1-OH formation is hardly visible in the O K-
edge spectra. This does not mean that reaction 2 does not
occur. In fact, the cyclic voltammograms in Figures 1 and S9
show surface redox currents well before the 529 eV peak starts
to rise at ∼0.85 VRHE, suggesting that a process invisible to O
K-edge spectroscopy occurs in this potential window. In
agreement with this, our DFT calculations suggest that
reaction 2 occurs at ∼0.5 VRHE (see Supporting Information
section S8).
Starting at about 1.25 VRHE, a broadening of the 529 eV peak

toward lower excitation energy is observed, again universally
for all samples. This broadening results from the rise of a peak
at roughly 528.5 eV, which originates from μ1-O species that
are formed through the deprotonation of μ1-OH (reaction
3).10

Note that reactions 1−3 are reversible, bringing the Ir oxides
back to a protonated state when the potential is lowered (see
Supporting Information Figure S19). More generally, the O K-
edge spectra show no indication of irreversible changes in the
oxide structure. For the amorphous oxide, one could imagine a
thickening of the oxide shell to occur under OER conditions.
However, no sign of further thickening of the oxide is observed
after the initial oxidation treatment. For the semicrystalline and
crystalline oxides, we also observe fully reversible behavior.
Amorphization of the oxide, which is a common phenomenon
for OER electrodes,44−47 would result in a loss of μ3-O. Figures
4 and S19 show that this is not the case here, consistent with
the relatively high stability of Ir oxide electrodes.
Complementing the analysis of the oxygen species, we

analyzed the Ir-oxidation states present in the samples using Ir
4f XPS spectra (Figure 5). Again, we observe that the
differences in sample preparation are clearly reflected in the Ir
4f spectra of the catalysts. The spectra can be interpreted using
Figure 5d, which shows that Ir0 can be identified based on its
peak position, whereas Ir3+ and Ir4+ can only be distinguished
based on their Ir 4f peak asymmetry due to final-state
effects.43,48,49 Comparing the reference spectra in Figure 5d to
those in Figure 5a, we see that the Ir 4f doublet of amorphous
IrOx is broad and lies between Ir0 and Ir3+/4+. This implies that
the electrochemical oxidation procedure did not fully oxidize
the sample. Rather, it contains a mixture of oxidation states,
likely in the form of an oxide shell and a metallic core. In
contrast, the semicrystalline IrOx is deeply oxidized (Ir 4f7/2 at
61.8 eV), with only a small shoulder at 61 eV, hinting at some
Ir0 remnants. At 0.25 VRHE, a rather symmetric doublet is
observed (Figure 5b), which is typical for Ir oxides with a large
fraction of Ir3+10,27,49,50 (compare to Figure 5d). For the
crystalline IrO2, an Ir4+ oxidation state is expected in the bulk
and an Ir3+/Ir4+ mix at the surface at low potentials. Indeed, we
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observe the asymmetric Ir 4f doublet (Ir 4f7/2 at 61.8 eV) also
reported in the literature for conducting Ir4+ oxides18,27,43,48,50

(compare to Figure 5d).
Increasing the potential induces changes in the Ir 4f spectra.

For semicrystalline IrOx, the symmetric line shape observed at
0.25 VRHE changes into an asymmetric shape during oxygen
evolution at 1.65 VRHE. The degree of Ir 4f asymmetry,
quantified by integrating the Ir 4f difference spectrum, follows
the potential dependence of the μ1-O and μ2-O peaks (see
Figure 5e). This implies that the chemical state of Ir is affected
by the oxidative deprotonation reactions 1−3. An obvious
explanation is that Ir is oxidized in this process. Indeed, one
may expect that Ir3+ will be oxidized to Ir4+.

However, the deprotonation of all μ2-OH sites alone would
already require further oxidation of the material. Recent work
suggests that this would lead to oxygen-centered oxidation.11,18

Hence, the changes in the Ir 4f spectrum may be caused by a
combination of Ir-oxidation and modified Ir−O hybridization
due to O-centered oxidation. This interpretation also holds for
crystalline IrO2, which shows a small increase in the Ir 4f
asymmetry as well due to the oxidation of the surface. For

amorphous IrOx, we were unable to perform the analysis due
to a lack of uniformity in the oxide thickness. However, in
previous work on fully oxidized IrOx nanoparticles, we showed
that symmetry changes are even stronger for completely
amorphous IrOx than for the semicrystalline material.10,27

The data in Figures 4 and 5 make clear that similar
deprotonation and oxidation phenomena occur on amorphous,
semicrystalline, and crystalline iridium oxide. To investigate
the similarities on a more quantitative level, we compared the
potential dependence of the μ2-O and μ1-O signals, obtained
from the O K-edge spectra in Figure 4. As shown in Figure 6,
this analysis reveals similar deprotonation potentials for all Ir
oxides. This indicates that not only the type of surface species
formed at anodic potentials but also their energetics are fairly
independent of the IrOx crystal structure. This is further
underpinned by the good agreement between the experimental
data and MD simulations that we recently performed on the
rutile IrO2(110) surface,26 which show that even a simple
model system can capture the universal behavior of the Ir
oxides rather well.
The S-curve observed in Figure 6a implies that the

deprotonation of μ2-OH to μ2-O is completed under OER
conditions. This is not the case for μ1-OH deprotonation,
which does not reach a plateau. This is particularly evident if
one takes into account the ohmic drop for the data point at
1.85 VRHE (real potential ∼1.6 VRHE). Incomplete μ1-OH
deprotonation is also implied by the ratio of the μ1-O and μ2-O
signals in Figure 4, which is lower than that expected for

Figure 5. In situ Ir 4f XPS analysis of graphene-covered IrOx films on Nafion during stepwise anodization. Electrolyte: 0.1 M H2SO4. The spectra
were (Shirley) background-subtracted and normalized to the Ir 4f7/2 peak. The μ1-O + μ2-O signal was obtained by integration of the O K-edge
spectra between 528 and 529 eV, following background subtraction and normalization to the μ3-O intensity at 530 eV. The reference line shapes
were derived from fits used in the literature for metallic Ir (Ir0),43 IrOOH nanosheets (Ir3+),49 and rutile IrO2 (Ir

4+),43 see Supporting Information
section S10 for more details. The Ir 4f difference integrals were calculated from the difference in peak-normalized, background-subtracted spectra.
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complete deprotonation. If we consider the case of rutile IrO2,
we note that nearly all possible surface terminations have more
μ1-sites than μ2-sites. Taking into account the relative
resonance intensity for μ1-O and μ2-O species (8.8 vs 4.4,
see Figure 4d), one would expect a μ1-O/μ2-O intensity ratio
of at least 2, which is clearly not observed in the experiment.
Overall, our analysis shows that μ1-OH, μ1-O, and μ2-O are
universally present on the oxides under OER conditions. In the
case of semicrystalline and rutile oxides, the structure is
completed by inert μ3-O species.
So far, the analysis of our in situ spectroscopy data does not

provide any explanation for the differences in activity and
stability observed for the Ir oxides of varying crystallinity: we
find that similar surface species are formed with similar
formation energetics. However, Figures 4 and 5 show one
notable difference between the samples: the magnitude of the
deprotonation effects. Both the intensity of the μ1-/μ2-O
signals and the change in Ir 4f symmetry increase for more
amorphous materials, thus correlating with the activity and Ir
dissolution rate.
To understand this correlation, one should understand

where the trend in the deprotonation effects comes from. On a
very general level, the explanation is straightforward: more
amorphous oxides contain more undercoordinated oxygen
atoms. In other words, they contain more μ1- and μ2-sites that
can be (de)protonated and less inert μ3-O. It appears that this
increased number of μ1- and μ2-sites enhances both the OER
and Ir dissolution rate. This can occur as a result of a higher
number of active sites or due to a higher OER/dissolution rate
per active site.
We will first analyze the possibility of an increased number

of active sites. At first sight, this explanation seems plausible
because μ1-/μ2-sites are universally involved in the OER
mechanisms proposed in the literature.8,51 Hence, our
observation that there is a higher number of μ1- and μ2-sites
in more amorphous oxides likely means that they contain a
higher number of active sites. However, the trend in the OER
and dissolution rate spans several orders of magnitude (see
Figure 3 and Supporting Information Figures S10 and S11). If
this were due solely to a variation in the number of active sites,
then the number of active sites should also vary by several

orders of magnitude. As shown in Figure 7, the variation in the
μ1-O and μ2-O signals under OER conditions is much smaller.

Based on the analysis above, it seems unlikely that the trend
in the OER and dissolution rate can be explained solely by the
number of active sites. Hence, the OER and dissolution rate
per active site must (also) be affected by the number of μ1-/μ2-
sites in the electrode. In line with this, it was recently shown
that the presence of μ1-O and μ2-O groups around the active
sites promotes the OER on iridium oxide.26 More specifically,
deprotonating nearby μ1-OH and μ2-OH groups to μ1-O/μ2-O
creates an electrophilic character in the active site, lowering the

Figure 6. Potential dependence of the μ2-O and μ1-O signals from the data in Figure 4. (a) μ2-O signal at 529 eV. (b) μ1-O signal obtained from
integration between 528 and 528.35 eV. The experimental μ1-O and μ2-O signals were background-subtracted using the spectra at 0.25 VRHE,
normalized to the μ3-O intensity at 530 eV for the semicrystalline and crystalline samples, and finally normalized to one at 1.65 VRHE. The solid
lines show the theoretical coverage curves (also normalized at 1.65 VRHE) extracted from MD simulations in ref 26.

Figure 7. Comparison of the O K-edge signal from deprotonated
species at 1.65 VRHE. (a) μ2-O signal at 529 eV. (b) μ1-O signal
obtained from integration between 528 and 528.35 eV. Both signals
were obtained from spectra that were normalized to the overall edge
jump at 550 eV. They are shown relative to the value found for
crystalline IrO2. The dashed lines indicate the signal intensity one
could obtain from pure surface deprotonation with the highest μ1-/μ2-
site density possible, relative to crystalline IrO2 with a perfectly
equilibrated surface. Details and assumptions of the analysis can be
found in Supporting Information Sections S11 and S12.
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barrier for the rate-limiting O−O coupling step. From our
analysis here, it appears that having a higher density of μ1-/μ2-
sites makes this activation effect stronger.
We can rationalize the promoting effect of a high density of

μ1-O/μ2-O groups by considering the oxidation states in the
material. In both crystalline and amorphous Ir oxides, Ir is
octahedrally coordinated by O atoms. If all O atoms are μ3-O
groups, then each Ir atom formally has to compensate for a
charge of 6 × 1/3 × −2 = −4 from its surrounding O atoms. If
we would replace the μ3-O groups by μ2-O groups, then the
formal oxidation state of Ir would be 6 × 1/2 × 2 = 6. As this
example shows, introducing (deprotonated) μ1-O/μ2-O groups
makes the material more oxidized. As discussed earlier, the
oxidation will be centered not only on the Ir atoms but also on
the oxygen atoms.11,18,27 Hence, highly oxidized Ir oxides
containing a high density of μ1-O/μ2-O groups will have a
strong electrophilic character in the active μ1-O sites, which
ensures a low OER barrier26 (as schematically depicted in
Figure 8). Important to note is that any change in the OER
barrier will have an exponential effect on the catalytic activity.
Hence, even though the density of μ1-O and μ2-O groups only
varies by factors of 7.1 and 5.0, respectively, this may cause
orders-of-magnitude variation in the OER activity.
Since the promoting effect of the μ1-O and μ2-O groups

around the active sites is purely electronic, both surface and
subsurface μ1-/μ2-O groups can contribute to lowering the
OER barrier. By analyzing the data in Figure 7, we can estimate
the importance of the subsurface contribution. To this end, we
consider the range of μ1- and μ2-site densities in all chemically
reasonable IrO2 surface structures. The μ2-site density at the
surface can only vary from 11.2 to 14.0 nm−2, and for μ1-sites,
the density lies between 4.17 and 14.0 nm−2 (see Supporting
Information section S12 for details). In other words, the
surface μ2-site density can only vary by a factor of 1.25 and the
surface μ1-site density by a factor of 3.35. This factor is
indicated by the dashed lines in Figure 7. Comparing it to the
much larger variations in the O K-edge signals, one can
conclude that the majority of the μ1-O and μ2-O groups in
semicrystalline and amorphous IrOx are located in the
subsurface region. Hence, under OER conditions, OH groups
are deprotonated not only at the surface but also in the
subsurface region. The catalyst oxidation that is associated with
this may play a vital role in lowering the barrier for the OER.
Although the presence of μ1-/μ2-sites and their deprotona-

tion under OER conditions favors high catalytic activity, they
also appear to increase catalyst dissolution. We can rationalize

this based on two factors. First, it is believed that the OER and
steady-state Ir dissolution share one or more intermediates.9,52

Hence, lowering the barrier for the OER can simultaneously
lower the barrier for Ir dissolution. Similar to the case of the
catalytic activity, the dissolution rate has an exponential
dependence on the reaction barrier. In this way, the variation
in μ1-/μ2-site density by a factor of 7.1/5.0 can cause observed
orders-of-magnitude variation in the dissolution rate. A second
factor affecting dissolution is that introducing μ1-/μ2-sites into
the oxide lowers the connectivity in the lattice. As a result,
fewer Ir−O bonds need to be broken per dissolution event.
Thus, the oxygen coordination and protonation state of both
surface and subsurface are vital for determining the kinetics of
both oxygen evolution and catalyst dissolution under OER
conditions.

■ CONCLUSIONS
By combining electrochemical characterization, Ir dissolution
measurements, operando XAS, and XPS, we have shed light on
the relation between the operando (OER) structure, activity
and stability of iridium oxides ranging from amorphous to
crystalline. Our work highlights the importance of oxide
deprotonation reactions in determining the performance of the
catalysts. Raising the potential into the OER regime universally
results in μ2-OH deprotonation and (limited) μ1-OH
deprotonation, with deprotonation potentials that are largely
independent of the oxide’s crystallinity. These deprotonation
reactions oxidize the material, which is reflected in both the O
and Ir atoms, as shown by operando O K-edge and Ir 4f spectra.
Such oxidation creates an electrophilic character in the μ1-O
atoms on the surface, which makes them reactive for O−O
coupling.11,26,53 A key aspect we find here is that the
deprotonation that activates the material for OER is not
limited to the topmost surface layer but proceeds deeper into
the material for semicrystalline and amorphous Ir oxides. Such
subsurface deprotonation could lower the barrier for the OER
through an electronic doping effect in the same way as recently
established for surface deprotonation.26 Thus, the subsurface
deprotonation observed for amorphous and semicrystalline
IrOx can explain the high activity observed for these materials.
However, the subsurface deprotonation might also lower the
barrier for the dissolution of Ir species. Together with the
lower oxygen connectivity that we found for less crystalline
oxides, this could explain the correlation observed between
crystallinity and stability. Thus, our results indicate that
increasing the amount of μ2-OH and μ1-OH sites is a double-

Figure 8. Schematic representation of the proposed operando structure−activity−stability relation.
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edged sword, with a positive impact on activity but a negative
effect on stability. Our detailed insights into this effect provide
handles for the tuning of iridium oxides for the oxygen
evolution reaction and may serve as an inspiration for
strategies to break the inverse correlation between activity
and stability generally observed for the most active materials in
the acid OER.
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