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ABSTRACT: The structure of IrO2 during the oxygen evolution
reaction (OER) was studied by operando X-ray absorption
spectroscopy (XAS) at the Ir L3-edge to gain insight into the
processes that occur during the electrocatalytic reaction at the
anode during water electrolysis. For this purpose, calcined and
uncalcined IrO2 nanoparticles were tested in an operando
spectroelectrochemical cell. In situ XAS under different applied
potentials uncovered strong structural changes when changing the
potential. Modulation excitation spectroscopy combined with XAS
enhanced the information on the dynamic changes significantly.
Principal component analysis (PCA) of the resulting spectra as well
as FEFF9 calculations uncovered that both the Ir L3-edge energy
and the white line intensity changed due to the formation of
oxygen vacancies and lower oxidation state of iridium at higher potentials, respectively. The deconvoluted spectra and their
components lead to two different OER modes. It was observed that at higher OER potentials, the well-known OER mechanisms
need to be modified, which is also associated with the stabilization of the catalyst, as confirmed by in situ inductively coupled plasma
mass spectrometry (ICP-MS). At these elevated OER potentials above 1.5 V, stronger Ir−Ir interactions were observed. They were
more dominant in the calcined IrO2 samples than in the uncalcined ones. The stronger Ir−Ir interaction upon vacancy formation is
also supported by theoretical studies. We propose that this may be a crucial factor in the increased dissolution stability of the IrO2
catalyst after calcination. The results presented here provide additional insights into the OER in acid media and demonstrate a
powerful technique for quantifying the differences in mechanisms on different OER electrocatalysts. Furthermore, insights into the
OER at a fundamental level are provided, which will contribute to further understanding of the reaction mechanisms in water
electrolysis.

KEYWORDS: oxygen evolution reaction, in situ XAS, water splitting, iridium oxide, dissolution stability,
modulation excitation spectroscopy, flame spray pyrolysis

■ INTRODUCTION

Green hydrogen from electrocatalytic water splitting is
regarded as one of the most promising energy carriers to
balance the intermittent nature of renewable energies.
Although considerable research activities have already been
undertaken in the development and optimization of electro-
catalysts, their catalytic processes and surface properties during
hydrogen production are still not fully understood.1 This is
especially true under the dynamic conditions inherent to
renewable electricity, which poses a challenge when competing
with conventional power sources.2 Electrochemical water
electrolysis consists of the hydrogen evolution reaction
(HER) at the cathode and the oxygen evolution reaction
(OER) at the anode. Compared to the readily occurring HER,

sluggish kinetics and high overpotentials hamper the OER.
Due to its high-current density and relatively low-temperature
requirements, proton exchange membrane (PEM) water
electrolysis is one of the preferred electrolysis technologies.3

However, in the acidic environment prevalent in such setups,
very few materials are stable and exhibit reasonable electro-
catalytic efficiency.4 Materials commonly used to catalyze the
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OER in PEM water electrolyzers (PEMWEs) are Ir- and Ru-
oxides,5 which are increasingly scarce and expensive. Ir-based
materials have higher electrochemical stability, but they are less
active, whereas Ru-based catalysts present higher performances
but also lower stability and thus higher dissolution rates.5 One
factor that strongly influences the dissolution stability and
performance of Ir- and Ru-based OER catalysts is the
calcination process. After calcination, the dissolution stability
of the catalyst increases at the expense of the OER
performances.6−8 The increased stability and lower OER
performance were initially attributed to a higher crystalline
structure but are not yet fully understood.9

The OER in the acidic electrolyte is suggested to proceed
according to the two different reaction mechanisms regarding
the origin of oxygen, the adsorbate evolution mechanism
(AEM) and the lattice oxygen mechanism (LOM). In the
AEM, water molecules are absorbed at the surface and lose
protons to form hydroxides, oxyhydroxides, and hydro-
peroxides until molecular oxygen is released.10,11 While the
AEM is well understood, the LOM is more complex.12 There
are several hypotheses, but they all have in common the
participation of lattice oxygen, in which the evolved oxygen is
formed partly from the electrolyte and partly from the oxide
structure.9,12−14 On the one hand, this leads to a faster OER,
but, on the other hand, it reduces the catalyst stability, as
formed oxygen vacancies destabilize the electrocatalyst
structure.15

X-ray absorption spectroscopy (XAS) is a suitable technique
to investigate catalytic reactions due to its ability to resolve
structural changes and oxidation states. However, the
sensitivity of XAS with respect to minority species is usually
comparatively weak, as it is a bulk-sensitive method. Higher
sensitivity has been achieved using a high dispersion16,17 of the
element of interest or by selectively placing atoms on the
surface.18,19 In addition, the application of transient experi-
ments that increase the response of some spectroscopic signals
has proven to be a suitable method to detect the structure of
the catalytically active species. For instance, modulation
excitation spectroscopy (MES)20 is one such method, where
the system under investigation is excited by periodically
changing the selected conditions (e.g., potential, pH,
concentration, temperature, type of reactants), while the
measurements proceed continuously. Due to the increased
information gain, MES is used in a variety of time-resolved
spectroscopic techniques such as XAS, X-ray diffraction
(XRD), IR, and Raman spectroscopy.21−28 One way to analyze
the spectroscopic data from a modulation excitation experi-
ment is to use phase-sensitive detection (PSD). The resulting
phase-resolved spectra obtained from PSD analysis provide
signals from those species that respond with the same
frequency as that at which the externally applied stimulus is
varied. This makes it possible to extract signals from highly
dynamic short-lived or low abundant species that are otherwise
difficult to observe. In this respect, quick-XAS (also called
QEXAFS) is an advanced X-ray absorption spectroscopy
method that makes it possible to acquire XAS spectra at a high
rate (1 s/spectrum or faster) for data acquisition.29 With this
technique, one can either observe phenomena that occur on a
very fast scale or eliminate noise in the measurements by
averaging over a large number of spectra. The high-quality
quick-XAS spectra are key to the further analysis of the XAS
data, as shown in the present work.

Prior XAS investigations on IrO2 OER catalysts have been
performed at lower OER potentials, below 1.5 V vs reversible
hydrogen electrode (RHE), given the strong bubble evolution
occurring at higher OER potentials, which complicates in situ
XAS investigations above this potential.30−33 All of these
studies show a change of the IrO2 electrocatalyst to higher
oxidation states with increasing potential. Ex situ measure-
ments by Abbott et al.32 show reduction of the electrocatalyst
after electrochemical cycling up to a higher potential of 1.6 V.
This was hypothesized to be related to an increased number of
Ir3+. Recently, by investigating the Tafel slopes on various
IrOx-based OER catalysts, it was found that above 1.5 V, a
change in kinetic behavior is observed,34 which is not fully
understood.
Despite intensive research to further understand the OER

mechanism, many processes occurring on the catalyst surface
during reaction conditions remain unclear. In addition, the role
of calcination in determining which mechanism is taking place,
which ultimately affects both dissolution stability and OER
activity, is still not fully understood and poses an important
scientific question to the electrocatalyst synthesis community.
In this study, we aimed to gain a better understanding of the

electrocatalytic OER mechanism of the Ir-based catalysts at
both low as well as high OER potentials. For this purpose, we
used nanocrystalline Ir-based catalysts prepared by flame spray
pyrolysis (FSP) in an as-prepared and calcined state. Operando
XAS was used to investigate the IrO2 electrocatalysts during
the OER under steady-state conditions with varying potentials
and then under a modulating potential. The latter resulted in
modulation excitation XAS, which is more sensitive to the
dynamic species in the catalyst.35 Principal component analysis
(PCA) was performed to deconvolute the spectra into different
sets of components for monitoring the changes that occurred.
The analysis and assignment of the principal components were
conducted by calculating model spectra using the FEFF9
code36 and supported by density functional theory (DFT)
calculations. Complementary to PCA, these results were
deepened by difference spectra and multivariate curve
resolution-alternating least square (MCR-ALS) analysis. Addi-
tionally, the behavior at alternating potentials between pre-
OER and OER conditions was elucidated by MES. In situ
measurements with inductively coupled plasma mass spec-
trometry (ICP-MS) coupled to an electrochemical scanning
flow cell (SFC) setup were performed to gain insight into the
stabilization of the catalyst when switching between the
alternating pre-OER and OER potential conditions, analogous
to the MES protocol. The goal was to gain a more
comprehensive insight into the OER mechanisms in an acidic
medium as a function of different reaction conditions and
catalyst structures and in this way to contribute to the
understanding and optimization of the OER process both in
steady as well as dynamic operating conditions.

■ EXPERIMENTAL SECTION
Materials and Ex Situ OER Performance. The IrO2

nanoparticle electrocatalysts were synthesized by flame spray
pyrolysis (FSP).37,38 In brief, flame spray pyrolysis (FSP) is a
synthesis method in which a metal salt precursor dissolved in
an organic liquid is sprayed into a flame, combusted, and
collected on filter paper using back pressure created by a
vacuum system.39 In this study, 1 g of metal salt precursor,
namely, iridium acetylacetonate, was dissolved in a mixture of
50 mL of equal parts of acetic acid and methanol.
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Subsequently, the solution was ultrasonicated for 1 h to ensure
complete dissolution of the metal salt. The solutions were filled
in 50 mL syringes and placed in a syringe pump (Legato 210,
KD Scientific Inc.). At a flow of 5 mL min−1, the solutions
were fed to the FSP nozzle and released through a 0.413 mm
diameter steel capillary (Hamilton syringes, KF6, gauge 22)
and dispersed with 5 NL min−1 oxygen gas flow at 3 bar back
pressure. The dispersed solution was ignited by a supporting
flame of 0.75 NL min−1 methane and 1.6 NL min−1 oxygen
flow. The product particles were collected on a glass fiber filter
(Whatman GF6, GE) in a cylindrical filter holder 80 cm over
the flame, which was connected to a vacuum pump (R5,
Busch). The nozzle and the glass fiber filter were water-cooled.
Finally, the solid powder was collected by scraping it off the
filters. The as-prepared catalyst will be denoted “IrO2
uncalcined” hereafter. In addition, the freshly FSP-prepared
IrO2 catalyst was placed in a calcination furnace and heated to
600 °C for 2 h in air (heating ramp of 2 °C min−1), referred to
in this study as “IrO2 calcined”.
Cyclic voltammetry measurements were carried out on a

Gamry 600+ and a Gamry 3000 potentiostat (Gamry
Instruments) using a Teflon cell and an MSR electrode rotator
(Pine Research) equipped with a glassy carbon working
electrode (⌀ 5.0 mm) coated with an IrO2 catalyst and a
platinum wire counter electrode. The potentials were
normalized to a RHE reference electrode (Hydroflex, Gaskatel
GmbH). A 0.1 M aqueous acidic H2SO4 electrolyte was used
for all electrochemical experiments. Before each measurement,
the solution was purged with argon (99.999%, Air Liquide).
Freshly polished glassy carbon working electrodes were used

for drop-casting the IrO2 ink. The IrO2-containing ink was
prepared as follows: 2.5 mg of IrO2 nanoparticles, 8.58 μL of
Nafion 5% in H2O/isopropanol (w/w) (D520, VWR), and 1.2
μL of 1 M KOH (pH adjustment to ca. 11) were dispersed in
250 μL of isopropanol and 750 μL of deionized H2O (>16.2
MΩ). The mixture was sonicated for 10 min and another 5
min before each drop-casting. Subsequently, 5 μL of ink were
drop-casted onto the electrode and dried at 60 °C for at least
30 min. This procedure was repeated to achieve a final drop-
casted ink volume of 10 μL per tested electrode, yielding a
catalyst loading of 127 μgcatalyst cmgeom

−2.
Cyclic voltammetry experiments were carried out at ambient

temperature. The potential window ranged from 0.05 to 1.6 V
vs RHE. Measurements were performed sequentially at scan
rates of 200, 100, 50, 25, and 200 mV s−1, with three cyclic
voltammograms per scan rate.
Characterization of Materials. Catalyst particle size and

morphology were studied using an FEI Titan 80−300
transmission electron microscope (TEM) operated at a 300
kV acceleration voltage in a high-angle annular dark-field
scanning mode. X-ray diffraction (XRD) patterns were
acquired using a Bruker D8 Advance diffractometer using Cu
Kα radiation (λ = 1.54 Å, an accelerating electron voltage of 40
kV, an anode current of 35 mA). The intensity of scattered X-
rays was measured in a 2θ-range of 20−90°, a step width of
0.0164°, 1 step s−1.
Electrochemical Dissolution Testing. For investigations

of the dissolution stability, the electrochemical tests with the
scanning flow cell (SFC) were performed with a LabVIEW-
controlled Gamry Reference 600+ potentiostat (Gamry),
consisting of a graphite rod counter electrode compartment
(6 mm diameter, 99.995%, Sigma-Aldrich) and a double-
junction Ag/AgCl reference electrode compartment (Met-

rohm, Switzerland; an outer compartment filled with 0.1 M
HClO4, an inner compartment with the standard 3 M KCl
electrolyte). Both compartments were connected to the main
cell body with Tygon tubing (internal diameter: 1.02 mm).
The V-shaped polycarbonate SFC was CNC machined in-
house (CAM 4-02 Impression Gold, vhf camfacture AG,
Germany), presenting an elliptical-shaped opening at the flow
channels intersect, providing a working electrode area of 0.033
cm2. Catalyst testing with the SFC system was carried out by
drop-casting IrO2 nanoparticle inks onto a mirror-polished
glassy carbon plate (50 × 50 × 3 mm2, HTW, Sigradur). IrO2
inks were prepared by dispersing 1.775 mg of IrO2 FSP
nanopowdered catalysts in a mixed aqueous solution
containing an 87.5/12.5 volume-to-volume ratio of ultrapure
DI water (Merck, Milli-Q IQ 7000, 18.2 MΩ cm) and
isopropanol (Merck, Emsure). Then, 10.15 μL of a Nafion
solution (5 wt %, Sigma-Aldrich) was added to obtain a
catalyst-to-ionomer ratio of 4:1, yielding an IrO2 ink
concentration of 0.663 mgIr mL−1. All inks were sonicated
for 10 min (4/2 s on/off pulse intervals) with an ultra-
sonication horn (Branson, SFX 150) in an ice bath and further
drop-casted using 0.2 μL per catalyst spot (⌀ ca. 1.3 mm) to
yield Ir catalyst loadings of ca. 10 μgIr cm−2. For electro-
chemical testing, the SFC opening was vertically aligned to the
catalyst spots by means of a top-view camera.
Real-time Ir dissolution data from the FSP-synthesized

electrocatalysts were obtained by pumping a freshly prepared
0.1 M H2SO4 electrolyte (96%, Suprapur, Merck) from an Ar-
saturated reservoir, downstream via the V-shaped SFC
channels, toward a PerkinElmer NexION 350× inductively
coupled plasma mass spectrometer (ICP-MS) connected with
poly(tetrafluoroethylene) (PTFE) tubing (internal diameter:
300 μm) at a constant flow rate of ca. 202 μL min−1. The ICP-
MS instrument was calibrated against a four-point calibration
curve obtained from standard solutions (0, 0.5, 1, and 5 μg
L−1) containing intentional amounts of Ir (Merck Certipur),
using 10 μg L−1 187Re as an internal standard. For additional
information regarding the custom setup employed, we refer to
previous publications.7,40

X-ray Absorption Spectroscopy (XAS). X-ray absorption
near-edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS) spectra were collected at the SuperXAS
beamline29 of the Swiss Light Source (SLS) (PSI, Villigen,
Switzerland). The SLS operates under a top-up mode at 2.4
GeV electron energy and a current of 400 mA. The incident
beam was collimated by an Rh-coated mirror at 2.5 mrad and
monochromatized using a channel-cut Si(111) monochroma-
tor. The beam was focused with an Rh-coated toroidal mirror
down to 100 × 100 μm2 at the sample position. The beamline
energy was calibrated with Pt reference foil to the Pt L3-edge
position at 11 564 eV. Ionization chambers filled with 2 bar of
N2 were used for XAS detection in a transmission mode with
an Ir reference foil measured simultaneously between the
second and third ionization chambers.

Cell Preparation and Operando XAS Measurements.
For the in situ XAS cell, catalyst ink suspensions for the
working electrodes were prepared by dispersing the respective
IrO2 powders in a mixture of ultrapure water (18.2 MΩ cm,
ELGA Purelabs Ultra), isopropanol (99.9% Chromasolv Plus
for high-performance liquid chromatography (HPLC), Sigma-
Aldrich), and polymer binder (E5% Nafion 117 solution,
Sigma-Aldrich or 5% Nafion D520 solution, Alfa Aesar). The
resulting mixtures were placed in an ultrasonication bath for 15
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min to fully disperse the catalyst and Nafion ionomer. The ink
composition employed for flow cell measurements consisted of
80 mg of catalyst, 0.64 mL of water, 0.48 mL of isopropanol,
and 0.32 mL of Nafion 117 solution (for an ionomer-to-
catalyst mass ratio of ≈0.2). The catalyst layers for these flow
cell measurements were subsequently deposited by spray
coating onto a gold-sputtered, pre-cut piece of conductive
Kapton foil (DuPont Kapton 200RS100) with a circular, gold-
free area of 4 mm in diameter. The final electrodes featured
catalyst loadings of ≈3000 to ≈5000 μgIrOx

cmgeom
−2 (i.e., ≈30-

to ≈50-fold larger than those used in the ring-disk electrode
(RDE)-tests, vide supra), which were considered necessary to
record high-quality XAS spectra in the transmission acquisition
mode concomitant to these measurements (see ref 42 and the
Experimental Section details below). The weighing and
determination of the catalyst loading were performed
according to a previous study using the same setup.41

Moreover, the flow cell is equipped with carbon-based counter
electrodes made with equivalent procedures based on the ink
of Nafion and Black Pearls 2000 carbon. An ink consisting of
100 mg of Black Pearls 2000 carbon (Cabot Corp.), 1 mL of
ionomer solution (≈5% Nafion 117 solution, Sigma-Aldrich
resulting in an ionomer-to-carbon mass ratio of ≈0.4), 6 mL of
ultrapure water (18.2 MΩ cm, ELGA Purelab Ultra), and 2 mL
of isopropanol (99.9% Chromasolv Plus for HPLC, Sigma-
Aldrich) was prepared by ultrasonication. Using a mask placed
on a hot plate at 100 °C, this carbon-based ink was spray-
coated on two 4 mm diameter areas of a gold-sputtered, pre-
cut piece of conductive Kapton foil (DuPont Kapton
200RS100), to yield a loading of 1.6 mgC cm−2. These two
coated spots are located at the sides of a nonsputtered area of
the same diameter that is upon electrochemical cell assembly
aligned to the working electrode area to minimize any
undesired beam absorption. As with the IrOx-based working
electrodes, these counter electrodes were weighed using a
microbalance (Mettler Toledo XPE206DR).
For the operando XAS measurements, we employed the

electrochemical flow cell setup of Binninger et al.42 (see Figure
S1). The cell consisted of polyetheretherketone (PEEK) and
was equipped with the working electrode drop-cast coated with
the catalyst under study, a counter electrode coated with
carbon, and a reference Ag/AgCl electrode upstream of the
electrolyte flow. The electrolyte consisted of aqueous 0.1 M
H2SO4 saturated with O2 and drawn through the cell by a
syringe pump at 50 μL/min. With no membrane to separate
the working and the counter electrodes, both the evolved
oxygen and hydrogen were mixed downstream of the cell. The
potentials were applied to the electrodes via a Biologic SP-300
potentiostat. The electrochemical potentials for the experi-
ments were chosen to drive the OER at the measurable
reaction threshold (low OER potential) and 0.1 V higher (high
OER potential) but low enough to avoid vigorous gas
evolution, which could compromise the XAS measurements.
Three experimental modes were used: (i) sequential 10 min

potentiostatic holds at open-circuit potential (OCP), 1.2 V,
low OER potential, high OER potential, low OER potential,
1.2 V and OCP (designated as stable potential measurements);
(ii) symmetrical potentiostatic staircase between 1.2 V (lower
potential limit) and the high OER potential (higher potential
limit) with 0.04 V increments, dwelling for 2 min per each
potential step; and (iii) periodical potentiostatic steps between
1.2 Vlow OER and 1.2 Vhigh OER for 15 periods,

dwelling 2 min per step. The last electrochemical protocol was
at the same time as modulation excitation XAS (MES)
experiment, which was analyzed by demodulation to detect
spectral features that changed in response to the periodic
modulation. The experimental scheme with these three
experimental modes is further illustrated in Scheme S1 in the
Supporting Information (SI).

■ RESULTS

Uncalcined and Calcined IrO2 Nanoparticle Catalysts.
The freshly synthesized IrO2 nanoparticles prepared by flame
spray pyrolysis (FSP), referred to here as “IrO2 uncalcined”,
were received as a dark gray powder. To increase dissolution
stability toward the OER, these particles were further calcined
(T = 600 °C) to yield the dark black IrO2 sample designated as
“IrO2 calcined”. For surface-driven processes such as electro-
chemical water splitting, catalyst particle size is a crucial factor
since smaller sizes give larger surface areas and can ultimately
reduce the amount of the precious catalyst loadings. Moreover,
synthesizing particles with a high surface area benefits XAS
measurements, as XAS is not a surface-sensitive method. In
fact, the uncalcined IrO2 presented a highly porous structure
consisting of small particle crystallites with an average size of
about 2 nm (for more details, see Figure S2, SI). After
calcination, highly crystalline nanoparticles with particle
dimensions between 20 and 30 nm were obtained. XRD
(Figure S2C) confirmed the structure of rutile IrO2 for the
calcined sample. For the uncalcined sample, the rutile IrO2
reflections are strongly broadened beyond resolution due to
the small particle sizes, which explain the absence of well-
resolved diffraction patterns. Hence, the strong modification in
the XRD patterns corroborates the crystallization of the IrO2
nanoparticles after calcination. The small reflections observable
in the uncalcined sample relate to metallic Ir. This metallic Ir
occurs commonly during the synthesis of rutile IrO2.

31,43−45

After calcination, these reflections are still observable, but
comparison with the rutile IrO2 diffraction peaks shows that
metallic Ir is only present in traces. Also, the Fourier-transform
EXAFS spectra of IrO2 calcined and uncalcined at OCP (see
later) show backscattering due to a metallic as well as an oxidic
Ir−Ir shell, which further supports that both phases are present
at the beginning of the measurement. This is also in agreement
with previous studies32 (in which measured IrO2 showed a
similar pattern in k-space as our samples, see Figure S3). The
particles were characterized by cyclic voltammetry at different
scan rates (Figures S4 and S5). IrO2 uncalcined shows a strong
current in the pre-OER region, most likely due to different
oxidation reactions (also see ref 57). These currents are much
smaller in the calcined sample, which can be attributed to the
increased particle size and the resulting reduced active surface
area. Both samples show no OER performance until about 1.4
V vs RHE. For IrO2 uncalcined, O2 evolution starts at about
1.45 V, and strong O2 evolution can be observed at 1.55 V vs
RHE. For IrO2 calcined, oxygen evolution begins at higher
potential values. Low oxygen evolution can be observed at
about 1.5 V, while strong oxygen evolution appears at 1.6 V.
Consequently, the two samples are an ideal selection for
operando spectroscopic studies and these values (the marked
lines in Figures S4 and S5 in the SI) indicate the potentials for
the two samples, where the low and high OER are measured by
operando XAS, highlighted in Table 1, and used throughout
this study.
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Operando XAS on IrO2 during the OER. Operando XAS
electrochemical experiments were performed using an electro-
chemical flow cell setup by Binninger et al.42 (schematic view
in Figure S1). Figure 1A,D presents the recorded electro-
chemical currents during the operando experiments for each
catalyst after sequential 10 min potentiostatic hold phases in a
symmetric pyramid shape. The duration of the holding allows
the system to equilibrate in between the steps and
consequently reach steady-state conditions at pre-OER and
OER potentials. For IrO2 calcined, applied potentials were
changed from OCP ∼0.7 to 1.2, 1.5, and 1.6 V and were
subsequently symmetrically decreased back to OCP. In the
case of uncalcined IrO2, potentials were applied from OCP to
1.2, 1.45, and 1.55 V and were symmetrically reduced, similar
to the calcined sample. The catalyst loadings and applied OER

potentials were optimized according to the activity differences
between the calcined and uncalcined IrO2, listed in Table 1.
High OER bubble formation would otherwise create
disturbances during XAS spectra acquisition, compromising
data quality.
As expected, higher applied potentials result in higher OER

currents, with the highest performance obtained at 1.6 and
1.55 V for the calcined and uncalcined samples, respectively.
For full E/I graphs, see Figures S6 and S7. For the calcined
sample, an increase in the OER current is seen during the
initial and final potentiostatic holds at 1.5 V, which would
tentatively indicate an activation of the catalyst. For the
uncalcined sample, a small drop in current is already observed
at 1.45 V, which can be attributed to the dissolution of the
catalyst. This agrees with previous investigations,9,46−48 which
showed much higher dissolution stability for the calcined
sample. For both samples, a decrease in current is observed
during the applied highest OER potentials (1.6 and 1.55 V,
respectively), which is attributed to bubble accumulation on
the electrode.
Figure 1B,E shows the XANES spectra of IrO2 calcined and

IrO2 uncalcined (additional data of these measurements are
shown in Figures S8 and S9). Despite the careful choice of
electrochemical potentials, the higher OER potential holding
steps caused strong bubble formation, which temporarily
distorted the XAS signal. Nevertheless, due to the high number
of spectra taken (averaged over 600 spectra for each graph in
Figure 1A,D), it was possible to gain a clear signal that
averaged out all disturbances arising from bubble evolution. In

Table 1. Two OER Catalysts and Their Characteristics Used
in This Study (More Information in the ESI) as Well as
OER Potentials vs RHE Employed in Operando XAS
Electrochemical Experimentsa

OER
catalyst synthesis

particle
size
(nm)

OCP
(V)b

sub-
OER
(V)

low
OER
(V)

high
OER
(V)

IrO2
calcined

FSP and
calcined at
600 °C

20−30 ∼1.2 1.2 1.50 1.60

IrO2
uncalcined

FSP and as-
prepared

∼2 ∼1.2 1.2 1.45 1.55

aOpen-circuit potential was determined experimentally for each
sample. bOpen-circuit potential.

Figure 1. Electrochemical and XANES of IrO2 calcined (A−C) and uncalcined (D−F). First column: current vs measurement time of IrO2
calcined (A) and IrO2 uncalcined (D) at different potentials. Second column: averaged Ir L3-edge XANES spectra of IrO2 calcined (B) and IrO2
uncalcined (E). The inset of (B) and (E): the magnified scale of the white line peak region. Third column: the white line position (WLP) as a
function of time and applied potential for IrO2 calcined (C) and IrO2 uncalcined (F). Additional measurements with smaller potential step
increments of about 20 mV (Figure S10) show that the observed change of the WLP is a continuous process and related to modifications of the
applied potential.
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this respect, the use of quick-XAS was crucial; the advantage
over conventional XAS during the OER at high potentials is
shown in Scheme S2. The insets in Figure 1B,E show a
magnification of the white line peak position. During the
change from low to high potential, a decrease in the white line
height as well as a shift in the white line position can be
observed. This shift is partially reversible and returns to its
initial state after the working potential was decreased. Such a
trend in the white line position was found for both samples,
which strongly suggests that this trend is caused by a
phenomenon unrelated to the degree of calcination of the
sample.
For further understanding, Figure 1C,F shows the peak

position of the working potential-dependent white line for
calcined and uncalcined IrO2, respectively. For IrO2 calcined,
an upward shift to more positive values is observable when
changing the potential from OCP over 1.2 to 1.5 V. This is
attributed to the oxidation of the catalyst due to the oxidative
current as well as coverage of the surface with oxygen.14

However, at 1.6 V (IrO2 calcined) and 1.55 V (IrO2
uncalcined), a significant shift of the white line position to
lower energies was observed. This shift reversed when the
potential was decreased again to 1.5 and 1.2 V for the calcined
and uncalcined samples, respectively. The shift of the white
line to lower energies can be traced back to an increase in the
electronic density of Ir and/or reduction. This redox change at
higher potentials is important to note since mostly an increase
of the Ir oxidation state at applied OER potentials was
observed, which are also highly oxidizing conditions.30−33,49

However, the applied potentials used here are also higher than
in these previous studies.

Besides a shift in the white line position, we observed a
change in the white line height, which seemed to change
independently of the former, Figure 1B,E. To check whether
two independent spectral changes and thus two distinct
chemical variations were taking place, we applied principal
component analysis (PCA), which is a common method for
the analysis of XAS data sets50−52 to mathematically separate
these components for further identification. (For a further
description of the concept of PCA, refer to the ESI or the
pertinent literature.)
Using principal component analysis, we extracted three

components, which relate to two unique spectral changes in
the structure of the IrO2 upon change of the potential. Three
dominant principal components (PCs) were identified as
representative of the experimental XANES spectra; the
remaining components were assigned to noise and, therefore,
neglected. PCA was applied to the XAS data sets of Figure
1B,E for IrO2 calcined and IrO2 uncalcined; i.e., the spectra
recorded at stable potentials (potential steps at OCP, 1.2 V as
well as at the low and high OER with holding the voltage for
10 min). We focus on the first three components, Figure 2A,D.
The first principal component of the two data sets of the two
samples represents the strongest contribution, which can be
ascribed to the unchanging background common to each
sample in the stack. This is mostly related to the nonsurface
atoms of the particles and, therefore, represents a nonchanging
component. The second and third principal components
contribute (lower part of both figures) with much lower
intensity. For better visibility, these smaller contributions are
shown in Figure 2B,E. Component 3 of IrO2 calcined as well as
component 2 of IrO2 uncalcined clearly resemble the same

Figure 2. Principal component analysis of the data sets of IrO2 calcined (A−C) and IrO2 uncalcined (D−F) during stable potentials. The single
graphs show the different components at different magnifications of IrO2 calcined (A−C) and IrO2 uncalcined (D−F), and the contribution of
these components at different potentials (C, F).
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pattern. When comparing the raw XANES spectra at different
potentials, the profile modifications coincide with the shifts in
the white line peak positions (Figure 1C); therefore, we assign
this characteristic shape as a “white line position shift”
(WLPS). Analogously, component 2 of IrO2 calcined and
component 3 of IrO2 uncalcined present a similar shape, which
suggests that they are of a similar origin for both catalysts. In
the raw XANES spectra, these components were matched with
the change in the height of the white line at different
potentials. Therefore, we assign this component as a “white
line height decrease” (WLHD). Figure 2C,F shows the relative
contribution or vector intensity, respectively, of these three
components at the applied potentials tested. While component
1 remained unchanged throughout the whole measurements,
components 2 and 3 changed distinctively across the potential
profiles employed, reaching a peak in intensity at the highest
potential values. This clearly correlates with the increased
contribution of these components to modifications in the
catalyst structure under OER potential conditions.
Since PCA only provides us the number and type of spectral

variations, additionally, difference spectra were calculated
(Figure S11A,B). The resulting shapes show a striking
similarity to the calculated PCs. We note that the components
appear in the difference spectra as a superposition and that it is
not possible to separate them as in PCA. Therefore, to further
confirm our interpretation, multivariate curve resolution-
alternating least square (MCR-ALS) analysis was performed
(Figure S11C−F). Here, a combined spectrum was calculated
by averaging the three pure spectra, which were calculated by
MCR-ALS. By subtracting the pure spectra from the related
combined spectra, difference spectra were calculated (Figure
S11D,F), which indicate the spectral changes. The shapes of
these spectra are similar to the shape of the PCA components.
Since MCR-ALS was bound to be bigger than zero, some
components appear double and mirrored. These calculations

further confirm that the PCA components in this case can
obviously be related to real existing chemical species.
For a qualitative interpretation of the obtained PCs, we

simulated XANES spectra using the FEFF9 code on known Ir
surface species active for the OER (details, cf. SI). PCs 2 and 3
represent the changes in the spectra as exerted potentials are
modified, i.e., they can be expressed as differences between the
XANES at the respective potentials. The WLPS represents a
shift in the white line without changing its intensity, which is
observed when the effective surface Ir charge is modified in the
presence of surface ligands without changing the overall
crystalline structure of IrO2. We therefore used DFT-optimized
structures of IrCUS (coordinately unsaturated sites) intermedi-
ates during the AEM from ref 11 as an input for simulating
XANES spectra relevant to describe the WLPS: IrCUS
(coordinated unsaturated site) without ligands, IrCUS−O,
IrCUS−OH, IrCUS−OOH, and IrCUS−OH2 (Figure 3A).
Comparison of the experimentally determined WLPS
component to the calculated XANES in Figure 3B,C confirmed
that this component was due to functionalization of the IrO2
surface with either of the ligands acting as intermediates in the
OER. Since all of the ligands cause the white line shift, it was
not possible to identify exactly which of the ligands was
present. However, all of these components (IrCUS−O, IrCUS−
OH, IrCUS−OOH, and IrCUS−OH2) are proposed intermedi-
ates of the AEM,10,11 which indicates that the WLPS is likely
related to the formation of oxygen by an adsorbate evolution
mechanism.
The WLHD includes both a change in the white line

intensity and the appearance of spectral features at higher
energies. These are ascribed here to a transformation of IrO2 to
the one containing a stronger Ir−Ir interaction (e.g., typical for
Ir metallic), as supported by EXAFS spectra analysis (vide
infra). In the first approximation, we have expressed the
WLHD as the difference spectra between IrO2 and face-

Figure 3. (A) Models of IrCUS sites on IrO2(110) with ligands, optimized by DFT, from ref 11. (B) XANES calculations of structures from (A)
using FEFF9, as well as difference spectra (C) between the native oxo species and the others: aqua, peroxo, hydroperoxo, and hydroxo species.
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centered cubic (fcc)-Ir, see Figure 4A. However, to achieve
more representative surfaces, we employed DFT to optimize
an IrO2(110) surface geometry after consequent removing of
1−3 OCUS−Olat couples. This resulted in direct Ir−Ir
interactions with interatomic distances corresponding to
those of metal-like Ir, Figure 4B.
Comparison of the WLHD component with calculated

XANES suggests that oxidized IrO2 was partially reduced to
domains where direct Ir−Ir bonding occurred. It is noteworthy
that a reduction of only a small fraction of Ir within an IrO2

matrix occurred, characterized by a decrease of the white line
intensity but no shift of the white line position (the shift
belongs strictly to the other principal component). This is seen

in a continuous onset of the main maximum of the difference-
XANES (Figure 4B), followed by a broad negative feature. If
the reduction had caused the formation of bulk fcc-Ir, a
simultaneous shift to lower energies would have been observed
in the XANES, and the main maximum in the difference-
XANES would have been preceded by a sharp minimum, see
the difference between IrO2 and fcc-Ir in Figure S11G. We
conclude that the observed metallization occurred locally in
the IrO2 particles due to the stronger Ir−Ir interaction and is
not a separate metallic phase.
The Fourier-transform EXAFS spectra of calcined and

uncalcined IrO2 during the stable potential measurements,
which are presented in Figure 1, are shown in Figure 5. As

Figure 4. (A) Models of IrCUS and IrBRI sites on IrO2(110), native oxidized and metalized after the removal of surface oxygen, additionally
functionalized by aqua and hydroxo ligands, optimized by DFT. Pink squares indicate oxygen vacancies and dashed lines indicate broken Ir−O
bonds. (B) XANES calculations of structures from (A) using FEFF9, as well as difference spectra between the native oxo species and the metalized,
as well as the metalized with and without aqua and hydroxo ligands.

Figure 5. Fourier-transform EXAFS spectra of IrO2 calcined and IrO2 uncalcined during stable potential measurements.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.1c02074
ACS Catal. 2021, 11, 10043−10057

10050

https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02074/suppl_file/cs1c02074_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02074?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02074?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02074?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02074?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02074?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02074?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02074?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02074?fig=fig5&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c02074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


mentioned earlier, three main backscattering contributions are
observable: an oxygen shell at about 1.8 Å, a metal-like Ir−Ir
shell contribution (Ir−Ir distance along the c-axis) at 2.5 Å,
and an oxidic Ir−Ir contribution at about 3.2 Å (distance
between the body center Ir and the tetrahedral vertex Ir).53 A
strong decrease of the oxygen shell contribution is observed for
the calcined IrO2 sample. A similar decrease in intensity is seen
for the longer oxidic Ir−Ir shell, while the shorter Ir−Ir
contribution increases. This indicates a strong rearrangement
within the structure during the electrochemical processes. In
contrast, only minor changes can be observed in the IrO2
uncalcined sample (Figure 3B). This is surprising since it is
widely accepted that uncalcined IrO2 is less stable compared to
calcined IrO2 and should therefore undergo greater changes.
However, this might indicate that the stability of IrO2 calcined
is actually related to a rearrangement during the OER, which
could be associated with higher dissolution stability.
Modulation Excitation Spectroscopy. Modulation ex-

citation spectroscopy (MES) measurements were performed to
further investigate the changes seen above during the OER.
MES is a powerful method to resolve reversible dynamic
species; for example, in the case of a two-step reaction X → Y
→ Z, the characteristic signals of the different species will have
maximum amplitudes at different phase angles, and a thorough
analysis can provide differentiation of pathways and lifetimes of
the active species during the modulation period.27 In MES,
alternating OER potential conditions are employed to fully
resolve the observed surface rearrangements within the IrO2
structures. Since PCA represents a purely mathematical
method, this allows comparing the above-observed results
with experimental data. Therefore, here, the pre-OER and
OER potentials of 1.2 and 1.6 V (1.55 V for the uncalcined
sample) were applied alternately, with each potential held for 2

min. After 15 cycles, the OER potential was increased and
repeated for 15 cycles (see Table 1 for values). The resulting
time-resolved spectra show no discernible differences (Figures
S12 and S13).
After demodulation of the spectra, however, the phase-

resolved graphs (Figure 6) show clear changes depending on
the phase angle. To clarify the directions of the phase change,
the spectra for each measurement can be found in the SI
(Figures S14−S16). For instance, in the time-resolved spectra
of uncalcined IrO2 (Figure S13), only small changes between
the different spectra can be seen. However, after demodulation
(MES1, Figure S15), changes in the spectra became visible.
These changes manifest in a pattern of two peaks whose
intensity changes symmetrically to the phase angle (from 0 to
360°). After increasing the applied potential (MES2, Figure
S15), the pattern changed to only one peak. Again, the
intensity changes in relation to the phase angle. Figure 6B,C
shows the time phase-resolved spectra of uncalcined IrO2,
separately for the first 15 cycles and the second 15 cycles.
Figure 6E−H shows the time-resolved spectra of calcined IrO2,
also divided into different batch cycles, indicated by the green
arrow. For comparison, the spectra of the two PCA
components in Figure 6A,D were added.
XAS shows a change for the uncalcined IrO2 from a shape

similar to the WLPS component to a shape more similar to the
WLHD component when the potential is changed from 1.45 to
1.55 V, Figure 6B,C. We attributed this to a change in the
mechanism caused by the increased potential, as further
discussed below. The same change in the mechanism was
observed for the calcined samples, as shown in Figure 6E−H.
To further illustrate this gradual change, the spectra of the
second set of 15 MES cycles for IrO2 calcined were split into
three separate plots: from the 16th to the 19th cycle (Figure

Figure 6. Changes of the catalysts during MES. Phase-resolved spectra of IrO2 uncalcined (B, C, red) and calcined (E−H, green). The
measurement consisted of 15 cycles of 2 min at 1.2 V and 2 min at 1.6 V (1.55 V for IrO2 uncalcined). For comparison, PCA components were
added (A, D, blue). The arrows indicate the measurement cycles out of which the MES was generated. The gray lines present the phase-resolved
spectra, with one line per graph highlighted in green or red to emphasize the shape.
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6F), then from the 20th to the 27th cycle (Figure 6G), and
from the 28th to the 30th cycle (Figure 6H). At the pre-OER
and at lower OER potentials (1.5 V), the phase-resolved MES
show the distinct WLPS component. Note that one has to be
careful with the interpretation of spectra, Figure 6F−H, as the
structure changes and is not reversible. Nevertheless, it clearly
illustrates how the structure evolves. After applying a higher
potential (1.6 V), a slow change in the mechanism is observed.
As already mentioned, PCA is only a mathematical method.
However, the fact that the same components also appear in the
demodulated spectra and the comparison with MCR-ALS in
the previous section suggests that these mathematical
components are equivalent in this experiment and both
represent spectral changes assigned to the same chemical
transformations.
Electrochemical Behavior during the MES Protocol.

To investigate the electrochemical stability during these
changes in MES, electrochemical dissolution measurements
were performed on pristine calcined IrO2 and uncalcined
samples using on-line ICP-MS (Figure 7) for the MES

protocol alternating pre-OER potentials of 1.2 V to higher
OER potentials for seven cycles (IrO2 calcined: 1.6 V, IrO2
calcined: 1.55 V). The recorded dissolution rates showed a
selective Ir dissolution under OER potentials, where integrated
Ir dissolution values per OER potential hold were 3 orders of
magnitude higher for uncalcined than for calcined IrO2 FSP
catalysts. This is in good agreement with previous reports that
correlated higher stabilities under OER operation for IrOx-
based materials with higher crystallinities induced by thermal
treatment.48,54,55 Interestingly, a steady-state in the Ir
dissolution rates after the fifth MES cycle was found, regardless
of the degree of calcination, which can be further understood
by our recently proposed dissolution stability benchmarking

metric: the stability number (S-number, details in ref 9, cf. also
Figure S17).

Effect of Catalyst Aging in the MES Phase-Resolved
Spectra. In the case of the operando XAS, PCA analysis was
performed again on the XANES spectra of the now MES-aged
IrO2 calcined and uncalcined samples under “steady-state”
potentiostatic hold conditions (Figure 8), for the same
electrochemical protocol as above, Figure 1. Surprisingly,
both the WLHD component and the WLPS component are
still present during these measurements, as can be seen in
Figure 8B, for the aged calcined IrO2 as well as in Figure 8E for
the aged uncalcined IrO2. This indicates that the observed
stabilization with the gradual disappearance of the WLPS
component occurs not only under the experimental conditions
found during MES but also after MES measurements recorded
under stable potentials.
To further evaluate the impact of electrochemical prehistory

in the XAS spectral features, Figure 9 shows the EXAFS spectra
of fresh IrO2 calcined and IrO2 uncalcined during an OCP and
after several different measurement steps. To simplify the
comparison, the experimental spectra of fcc-Ir have been added
to each figure (labeled in blue). Figure 9A shows fresh IrO2
calcined and IrO2 uncalcined without electrochemical
prehistory. The fcc-Ir crystal structure of densely packed Ir
atoms, with an average Ir−Ir distance of about 2.7 Å, shows a
peak at this distance in the blue spectra. Since the Ir−Ir
distance in Iridium oxide is longer (3.2 Å), there is only a small
contribution at 2.7 Å in the fresh calcined and uncalcined IrO2
samples in Figure 9A, consistent with XRD.
In Figure 9B, calcined and uncalcined IrO2 are shown after

undergoing electrochemical aging under MES conditions. In
contrast to the previous graph, both samples show metal-like
Ir−Ir scattering (2.7 Å) as in fcc-Ir, shown for comparison.
This might indicate a partially irreversible increased Ir−Ir
interaction. Since it was shown that during the second MES
(1.2/1.55 V for uncalcined and 1.2/1.6 V for calcined), the
WLHD component dominantly described the changes in the
XANES spectra; the corresponding increase in the direct Ir−Ir
binding interactions was most likely caused by a mechanism
that promotes the formation of oxygen-deficient metal-like
sites. Surprisingly, these contributions appear to become
weaker after the aged samples pass through the measurements
at stable potentials (Figure 9C), showing that the surface
oxidation state of Ir−Ir was partly reversed.
In summary, the WLHD component and the direct Ir−Ir

interaction were dominant when immediately changing
between 1.2 V and the high OER potentials as in the second
MES. On the other hand, the WLPS component was present in
the first MES when changing from 1.2 V and low OER
potentials as in the stable potential protocol, reversing the
surface changes at the same time. The relationship between
these observations is addressed in the Discussion.

■ DISCUSSION
Chemical Assignment of XANES Features. By compar-

ing the FEFF9 with the PCA results, the WLHD component
cannot be unambiguously assigned to a specific phenomenon,
as there are several components that would fit the observed
spectral shape. Among them, the calculated spectra that would
fit are the adsorption of O, OH, and OOH species onto an
IrO2 surface. Given the nature of the OER operating under the
AEM, one would expect most of these components to be
present as reaction intermediates. Therefore, it is most likely

Figure 7. Online Ir dissolution data obtained during the MES
potentiostatic pre-OER/“high OER” on/off protocol. Short-dotted
lines in the E−t and j−t graphs represent the potential profile and
resulting geometric current densities obtained for the IrO2 uncalcined
sample.
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that the resulting spectra present a contribution of various of
these components, which could therefore be assigned to the
AEM. There are several possible explanations for the WLPS.
Since FEFF9 calculations and EXAFS results suggest an
increased Ir−Ir interaction, the corresponding mechanism
would have to involve removal of oxygen from the lattice
between two Ir atoms. On the one hand, this could indicate a
lattice oxygen mechanism (LOM), i.e., lattice oxygen takes
place in the reaction. The observation in the MES could then
be explained by a change of the mechanism from LOM/AEM
to LOM only, by increasing the applied potential above 1.5 V,
and the increased Ir−Ir contribution as a resulting effect of the
removal of lattice oxygen. The LOM and the AEM are thought
to have different activation energies. Given that PCA
calculations showed that both components occur simulta-

neously at lower OER potentials, another explanation could be
a modified AEM, which we propose in Figure 10.
The conventional AEM involves four proton-coupled

electron transfer steps (2)−(5).60 Since DFT results
consistently assume a stable oxygen saturated bridging (BRI)
site configuration during the OER, the reactions take place at
the coordinately unsaturated (CUS) site.56−59 In these
considerations, it is assumed that the water adsorption in
reaction step (1) is coupled with that of the OER in step (5).
However, we propose here that this additional water
adsorption step has to be considered separately, as it is a
purely chemical and, therefore, a potential independent step
with a relevant impact on the reaction kinetics.60 Furthermore,
DFT studies identified reaction step (4) as the electrochemi-
cally limiting step.15,56,57,59 Based on these assumptions, the
formation of oxygen vacancies can occur via reaction step (6)

Figure 8. PCA analysis of aged IrO2 calcined (A−C) and aged IrO2 uncalcined (D−F) during stable potentials after MES measurements. The
single graphs show the different components in different magnifications of IrO2 calcined (A, B) and IrO2 uncalcined (D, E), and the contribution of
these components at different potentials (C, F).

Figure 9. Increased metal-like Ir−Ir contribution. EXAFS spectra of IrO2 calcined and IrO2 uncalcined during OCP of fresh samples (A), after
MES (B), and after MES and stable potentials (C).
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alongside the saturation of the IrCUS and via step (7) during
irreversible oxygen evolution. Both reactions lead to a vacancy
in the lattice, which may result in a closer interaction of IrCUS
and IrBRI, as reflected in the EXAFS spectra. Filling up the
vacancies in the lattice is not necessarily needed to let the circle
run again, as shown in the mechanistic scheme in Figure 10.
Both formation pathways are assumed to proceed kinetically
slow in comparison to the OER mechanism. Thus, the
prolonged availability of species (I) and (IV) increases the
kinetic rates for oxygen vacancy formation, regardless of
whether the products are thermodynamically less preferred.
This is particularly the case at high OER potentials, where
large amounts of oxygen are produced and a greater number of
species (I) and (IV) are available.
Metal-Like Ir−Ir Interaction and Catalyst Stabiliza-

tion. As mentioned earlier, it is noteworthy that this increased
Ir−Ir interaction appears stronger in calcined IrO2. This might
be caused by the more ordered structure of calcined IrO2,
where the regular Ir−O−Ir structure benefits the formation of
Ir−Ir after oxygen removal. Furthermore, this could also
indicate that this increased Ir−Ir interaction stabilizes the
catalyst, which may be the reason for the increased dissolution
stability in calcined OER electrocatalysts.
Since the current density during the measurement was

approximately the same for both electrocatalysts, we exclude
the possibility that the stronger Ir−Ir interaction in calcined
IrO2 compared to uncalcined IrO2 is caused by the higher
applied potential (1.6 V for IrO2 calcined, 1.55 V for IrO2
uncalcined). The change of the XANES components from the
WLPS to WLHD shortly after the start of the second MES at
high potential, together with a strong stabilization of both
catalysts confirmed by ICP-MS, indicates that most catalytic

centers, which otherwise tend to dissolve, are stabilized by the
formation of Ir−Ir interactions.
It is surprising that stabilization by the direct Ir−Ir

interaction was not observed earlier, as it seems to be a
fundamental characteristic of IrO2 catalysts. As mentioned
above, we attribute this to the absence of in situ XAS during
the OER measurements at higher potentials. For instance,
Siracusano et al.61 stated that oxygen is released from the
catalyst lattice at high applied potentials, but this was not
further investigated by in situ measurements. Other previous
XAS investigations only observed oxidation of the cata-
lyst,31−33,42 which is related to the lower OER potentials
applied. Probably, mostly lower potentials were applied to
avoid the interference of bubble formation at high OER
potentials. As mentioned above, our solution here was to use
quick-XAS and average out the random bubble evolution.
Nevertheless, it would be rewarding to study its influence on
the spectra in detail. Interestingly, Abbott et al.32 observed a
reduction of IrO2 after cycling between 1.0 and 1.6 V with ex
situ measurements. Without further investigation, they
attributed this to a decrease of Ir4+ and an increase in Ir3+

species. We explain this phenomenon by the formation of the
increased Ir−Ir interaction due to the removal of oxygen from
the lattice, and not all oxygen vacancies are filled up under
these conditions.
Apparently, the increase in the Ir−Ir interaction appears to

be much stronger during the MES than during stable potential
measurements, although the same highest potential values (1.6
and 1.55 V) are reached. Considering our observations above
that reduction is only observed at high potentials, while
oxidation at lower OER potentials, the MES protocol that only
alternates between the high and no OER without applying low
OER potentials could be prone to the reduction of the catalyst.
In addition, the steps without oxygen evolution in the MES
protocol might facilitate the formation of oxygen vacancies on
the catalyst. In the EXAFS spectra in Figure 3A, the increased
Ir−Ir interaction is seen only when changing from 1.6 back to
1.5 V. Likewise, there is a greater increase in the uncalcined
sample from 1.55 to 1.45 V, while there is no change at 1.55 V
compared to prior 1.45 V. Again, this trend is clearer in the
calcined sample. This could be due to a structural change in
the Ir−O−Ir structure that takes place at the higher OER
potentials in the structure, releasing oxygen from the lattice.
The formation of the Ir−Ir interaction then only proceeds after
the reaction rate decreases and the lattice vacancy is not refilled
with oxygen fast enough. Nevertheless, this vacancy formation
leads to a more stable IrO2 catalyst. Oxygen labeling was used
previously to investigate the electrochemical behavior of IrO2
during the OER.62,63 The results showed that an increased
number of oxygen is released from the lattice with increasing
potentials, although only for hydrous Ir oxide.62 However, due
to the dynamicity of our measurement protocol, it is not
possible to completely transfer the observations to our results
and might vary depending on the operation conditions.
Further O labeling investigations under a similar dynamic
test protocol applied here could give deeper insights into these
investigations in the future.

■ CONCLUSIONS
Conventional operando and ME-XAS measurements com-
bined with in situ studies of Ir dissolution by ICP-MS and
detailed analysis by PCA analysis, theoretical calculation of
XANES spectra, and DFT calculation have been conducted on

Figure 10. Proposed scheme for the AEM is motivated from ref 60
and extended by two steps containing the removal of O from the
lattice (step 7) to explain the observed behaviors.
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IrO2-catalyzed oxygen evolution to better understand the
different mechanisms that occur during the OER at the various
potentials. Operando XAS spectroscopy was utilized to study
the OER under different protocols on calcined and uncalcined
IrO2 on the Ir L3-edge. This combination of several techniques
presents a valuable approach for the thorough investigation of
catalysts under dynamic working conditions. First, we
measured the electrocatalysts under stable conditions with
varying potentials. Using an optimized flow cell and rapid XAS
measurements with signal averaging, the influence of bubble
formation could be minimized. Principal component analysis
allowed us to separate the spectra into different representative
contributions and to quantify them as substantiated by MCR-
ALS analysis. Difference spectra as well as FEFF9 calculations
then enabled us to assign the various components to two
different OER modes. Both modes were shown to take place in
the uncalcined as well as in the calcined samples, and the
difference in performance and dissolution stability stems from
which mechanism is dominant in the electrocatalyst. In situ
ICP-MS measurements showed a rapid stabilization of the
catalyst when alternating switching between pre-OER and
OER conditions. In combination with modulation excitation
spectroscopy XAS, these could be assigned to a modification in
the role of oxygen vacancies in the mechanism when switching
from low to high OER potentials. This work has particular
relevance for understanding the stabilization of OER catalysts
under dynamic operation, as changes appearing under these
conditionsespecially changes in Ir−Ir distancesare more
dominant.
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