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Abstract: 
The anodic corrosion behavior of 50 Å thick single-crystalline IrO2(110) films supported on 
slightly bulk-reduced TiO2(110) single crystals is studied during acidic water splitting by a 
unique combination of operando techniques, namely, synchrotron-based high-energy x-ray 
reflectivity (XRR) and surface x-ray diffraction (SXRD) together with highly-sensitive inductively 
coupled plasma mass spectrometry (ICP-MS). Corrosion-induced structural and morphological 
changes of the IrO2(110) model electrode can be followed on the atomic scale by operando 
XRR and SXRD that is supplemented with ex situ scanning tunneling microscopy (STM) and 
x-ray photoelectron spectroscopy (XPS), whereas with ICP-MS the corrosion rate can be 
quantified down to 1 pg·cm‒2·s‒1 with a time resolution on the second scale. The operando 
synchrotron-based x-ray scattering techniques are surprisingly sensitive to Ir corrosion of 
about 0.10 ML IrO2(110) in ≈26 h, i.e. 0.4 pg·cm‒2·s‒1. The present study demonstrates that 
single-crystalline IrO2(110) films are much more stable than hitherto expected. Although the 
dissolution rate is very small, ICP-MS experiments reveal a significantly higher dissolution rate 
than the operando high energy XRR/SXRD experiments. These differences in dissolution rate 
are suggested to be due to the different modi operandi encountered in ICP-MS (dynamic) and 
operando XRR/SXRD experiments (steady state), a fact that may need to be considered when 
hydrogen production is coupled to intermittent energy sources such as renewables.  
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1. Introduction 

A major challenge for renewable energy sources such as wind, solar, and tidal is their 
intermittent availability and the requirement to store excess energy in periods of high supply in 
chemical energy. In this context, water electrolysis is expected to become a cornerstone for 
sustainable energy conversion from electric renewable energies to molecular hydrogen.1,2 
Hydrogen can either be employed directly as a basic chemical in several large-scale industrial 
processes including steel production and ammonia synthesis, or hydrogen can serve as a 
central energy carrier where energy conversion devices such as fuel cells transform the energy 
stored in the hydrogen bond back into electric energy.  

Currently, two technologies of water electrolysis are in operation, working either in alkaline or 
in acidic environments.3 Alkaline electrolyzers are technically and economically mature for 
operation under steady state conditions, but unfortunately are not able to cope with the 
fluctuating energy supply of renewable sources. Acidic water electrolyzers with polymer 
electrolyte membrane (PEM) offer several advantages over alkaline electrolyzers, including 
high current densities, high efficiency for the hydrogen evolution reaction (HER), and most 
importantly can run under dynamic operation conditions.4 The HER takes place at the cathode 
(consisting of well-dispersed Pt particles) with high efficiency, while severe efficiency losses in 
these devices are traced to the sluggish counter reaction at the anode, that is the oxygen 
evolution reaction (OER).5 Besides high activity of an OER electrocatalyst, long-term stability 
over the whole lifetime of the electrolyzer is a major concern, not only because the anode 
operates at oxidizing potentials, but also as a result of the acidic electrolyte of PEM 
electrolyzers. Most investigated OER electrocatalysts have been found to undergo substantial 
corrosion during acidic OER.6 At present, only the precious metal oxides based on IrO2 and 
RuO2 show reasonable activity and stability under the harsh reaction conditions,7 and currently 
there are no adequate substitutes in sight.8 Since IrO2 is much more stable than RuO2, IrO2 is 
currently employed in PEM water electrolyzers.9 Nevertheless, IrO2 corrodes, albeit slowly, 
under such harsh reaction conditions.  

Over the past decade, atomistic insight into the OER over transition metal oxides has advanced 
thanks to ab initio theory10,11 and dedicated model experiments.12-14 With universal scaling 
relations in theory15 it is possible to rationally screen for improved OER catalysts in terms of 
activity. A similar level of atomic-scale understanding of the anodic corrosion and dissolution 
has yet to be developed. Missing are clear-cut experiments based on suitable model systems 
that would advance theoretical modeling.16 Fundamental studies based on single-crystalline 
model electrodes can help us understand such processes on the nanoscale and may pave the 
way for a rational search to substitute scarce and expensive iridium.  

Microscopic studies of corrosion processes are just emerging: Most studies quantify the 
amount of metals dissolved either by microbalance17 or by highly-sensitive inductively coupled 
plasma mass spectrometry (ICP-MS)18. With these studies the dissolution rate can be 
quantified, important information indeed. However, these studies cannot provide information 
on the chemical nature of the dissolving species nor microscopic insights into the corrosion 
process at the anode. Recently, Zagalskaya and Alexandrov19 presented a first attempt 
towards molecular understanding of the dissolution process at the IrO2(110) surface. Under 
OER conditions the surface-bound IrO2OH species was found to be thermodynamically quite 
stable and to undergo transformation to IrO3 that was identified with the dissolution product of 
a polycrystalline IrO2 film.20  
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Weber et al.21,22 employed single-crystalline model electrodes for stability studies under acidic 
OER conditions. This work studied the corrosion of ultrathin single-crystalline IrO2(110) films 
(100 Å thick) coated on RuO2(110)/Ru(0001). It was shown that IrO2(110) served as a 
protecting layer for the underlying RuO2(110)/Ru(0001) substrate that is much less stable 
against corrosion than the covering IrO2(110) film. Therefore, at anodic potentials of 1.48 V vs. 
the standard hydrogen electrode (SHE) potential-induced pitting corrosion was observed and 
dominated the corrosion behavior.  

In this report a ultrathin single-crystalline IrO2(110) film is supported on an inert TiO2(110) 
substrate in order to avoid pitting corrosion and to follow corrosion-induced structural and 
morphological changes of the IrO2(110) layer on the atomic scale by employing a unique and 
powerful combination of operando techniques. The thickness of the IrO2(110) film is chosen to 
be about 50 Å so that even subtle structural and morphological changes can be identified with 
operando x-ray reflectivity (XRR) and high-energy surface x-ray diffraction (HESXRD) as well 
as with ex situ high fidelity imaging techniques such as scanning tunneling microscopy (STM). 
The corrosion rate of single-crystalline IrO2(110)-TiO2(110) is quantified with complementary 
highly-sensitive scanning flow cell-inductively coupled plasma mass spectrometry (SFC-ICP-
MS).  

 

2. Experimental Section 
2.1 Sample preparation and characterization 
The IrO2(110)-TiO2(110) model electrodes were prepared under ultrahigh-vacuum (UHV) 
conditions by depositing single-crystalline IrO2(110) ultrathin films onto TiO2(110) single 
crystals (hat-shaped disks, 4.7 mm diameter; MaTecK, Jülich, Germany), as described 
previously.23 To ensure a sufficiently high electronic conductivity of the samples, the TiO2(110) 
single crystal was reduced by thermal annealing under UHV conditions. Subsequently, the 
bulk-reduced TiO2‒x(110) sample was cleaned by repeated cycles of Ar+ ion sputtering (p(Ar) 
= 10‒6 mbar, U = 1.0 - 1.5 kV, Iemission = 20 mA) and subsequent annealing in an oxygen 
atmosphere (T = 950 K, p(O2) = 10‒7 mbar). Thereafter, the sample surface was mildly re-
oxidized in an oxygen atmosphere of 5·10‒6 mbar at 950 K for 1 min, resulting in a TiO2(110) 
surface while preserving the degree of reduction in the bulk material. On this TiO2(110)/TiO2‒

x(110) sample, iridium was deposited and oxidized stepwise in an oxygen atmosphere of 10‒

6 mbar at 700 K via physical vapor deposition (PVD) employing a well-outgassed electron 
beam evaporator (EFM 3, Omicron). For convenience, these IrO2(110)-TiO2(110)/TiO2‒x(110) 
samples are referred to as IrO2(110)-TiO2(110) model electrodes throughout the manuscript. 
After preparation, the model electrode surfaces were characterized by x-ray photoelectron 
spectroscopy (XPS) and scanning tunneling microscopy (STM). XPS experiments were 
conducted with a photon energy of 1253.6 eV (Mg Kα line) and a hemispherical analyzer (PSP 
Vacuum Technology) while for STM experiments a VT-STM (Omicron) was utilized.  
Reactively sputtered IrO2 oxide was deposited at 100 W (BESTEC GmbH, Berlin, Germany) 
in a mixture of O2 and Ar as the sputter gas and the chamber pressure was adjusted to 0.5 Pa 
at room temperature. The resulting thickness of the obtained coating was approximately 100 
nm. To prepare films with a minimal surface roughness, on the smooth substrates of single 
crystalline Si(100) wafers with a 1.5 μm thermal SiO2 diffusion and reaction barrier layer were 
used. The Ø3 inch target of Ir (99.9%, Evochem, Germany) was pre-cleaned by sputtering 
prior to deposition.  
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2.2 Operando electrochemical dissolution measurements 
IrO2(110)-TiO2(110) model electrodes were subject to SFC-ICP-MS experiments,24 where the 
SFC setup was operated with a LabVIEW controlled Gamry Reference 600 potentiostat 
(Gamry, USA) and coupled downstream to a Perkin Elmer NexION 300x ICP-MS. Prior to 
electrochemical experimentation, the ICP-MS was calibrated with freshly prepared standard 
solutions containing defined amounts of elemental Ir and Ti (0.5 to 5 μg L-1, Merck Certipur) 
along with 10 µg·L−1 187Re and 45Sc as internal standards. The V-shaped scanning flow cell, 
manufactured from a polycarbonate block (CAM 4-02 Impression Gold, vhf camfacture AG, 
Germany), presented an oval-shaped cross-section of 0.033 cm2 which acted as the working 
electrode area. Besides the SFC, the three-electrode electrochemical setup comprised a 
double-junction Ag/AgCl reference electrode compartment (Metrohm, Switzerland; 0.1 M 
HClO4 filling in outer junction, 3 M KCl electrolyte filling in inner junction) and a graphite rod 
counter electrode compartment (6 mm diameter, 99.995 %, Sigma-Aldrich). The 0.1 M HClO4 
electrolyte employed (70 %, Suprapur grade, Merck; pH = 1), freshly prepared with ultrapure 
water (MilliQ IQ 7000, Merck), was pumped through the SFC setup with Tygon tubing (ID = 
380 μm) flowing downstream towards the ICP-MS peristaltic pump at a flow rate of 203 
µL·min−1. 
Before and after the SFC-ICP-MS experiments, the model electrodes were characterized via 
scanning electron microscopy (SEM) and XPS. For the XPS characterization, a PHI 
VersaProbe II instrument was employed which due to an x-ray spot size of ≈200 µm allows to 
discriminate between the electrochemically treated and non-treated areas of the electrode 
surface. The measurements were conducted with a photon energy of 1486.6 eV (Al Kα line). 
SEM experiments were conducted within a Merlin apparatus (Zeiss) using an acceleration 
voltage of 2 kV and a probe current of 115 pA. 

 
2.3 Synchrotron-based operando x-ray diffraction and scattering studies 
Operando HESXRD and XRR experiments were carried out at the Swedish Materials Science 
beamline P21.2 at PETRA III, DESY, Hamburg, Germany. High-energy x-rays allow for 
penetrating chamber walls and non-ambient sample surroundings, like in this case a liquid 
electrolyte. In addition, the relatively small diffraction angles in combination with large area 
detectors enable us to record large portions of reciprocal space in relatively short time 
spans.25,26 Here, two large flat panel x-ray detectors were employed, which resulted in the 
recording up to relatively high-indexed Bragg reflections, like (333), which are very sensitive 
to any structural changes on the atomic scale. In addition, this measurement scheme provides 
crystal truncation rods (CTRs), which contain atomic scale crystallographic information from 
the interfaces. All these diffraction signals combined allow us to follow the electrode’s stability 
on the atomic scale. A monochromatic, microfocused beam was used with an x-ray energy of 
67.15 keV (λ = 18.46 pm) and dimensions of 7×2 µm2 (horizontally×vertically). The distance 
between the sample and two Varex 4343CT flat panel detectors was 2.414 m. A standard LaB6 
powder was used for calibration of several diffraction parameters, such as wavelength and 
sample-detector distance. The x-ray beam impinged the sample surface at a grazing angle of 
0.03 degrees, which is slightly below the critical angle for total external reflection. After 
alignment of the surface normal parallel to the main diffractometer axis, diffraction data are 
collected during a 180 degree rotation about this axis, which does not change the grazing 
incidence geometry. Individual IrO2(110) Bragg reflections were analyzed with a smaller region 
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of interest around them. Locally the background was determined to obtain background-
subtracted integrated intensities. In addition, the positions and widths of these Bragg peaks 
were analyzed in the q|| and q┴ directions, which give information about the crystal structure in 
the in- and out-of-plane directions, respectively. The full power of the operando high energy 
SXRD/XRR technique is only achieved in case of well-defined single-crystalline ultrathin films 
(5nm). With polycrystalline IrO2 films (prepared by reactive sputtering) we would not reach the 
required sensitivity due to a thickness of 100 nm and the required sample quality. The 
sputtered IrO2 coatings are not very flat and most notably, the film is polycrystalline so that 
diffraction will lead to powder rings. 
For the stability studies under OER conditions, a dedicated electrochemical flow cell setup was 
employed which consisted of a specifically constructed electrochemical cell27,28 connected to 
an electrolyte reservoir and a peristaltic pump to enable permanent flushing of the cell with 
new electrolyte solution. The IrO2(110)-TiO2(110) model electrode serving as working 
electrode is situated at the bottom of the electrochemical cell while the glassy carbon counter 
electrode is located at its top. The Ag/AgCl reference electrode is placed in between the 
working and counter electrodes. As electrolyte solution a 0.5 M H2SO4 solution (pH 0.4) was 
used, prepared from concentrated sulfuric acid (96 %, Suprapur grade; Merck, Darmstadt, 
Germany) and high-purity water. A PGSTAT204 instrument (Autolab-Metrohm) was employed 
as galvanostat. This kind of experimental set-up is now accessible for general users of PETRA 
III (request can be directed to NanoLab at PETRA III). 
First, HESXRD and XRR characterization of the IrO2(110)-TiO2(110) model electrode was 
conducted at open-circuit potential (OCP) in 0.5 M H2SO4 solution. The HESXRD data were 
collected via rotation of the sample by 180 degree around its surface normal in the x-ray beam. 
When this rotational scan was finished the flat panel detectors were translated out of the direct 
beam to allow the XRR scans via an automated procedure (≈ 1 min). After recording XRR data 
the detectors were moved back again. A rotational scan and a XRR scan took about 15 min 
each. Subsequently, the model electrode was subject to a galvanostatic hold at 50 mA·cm‒2 
during which operando HESXRD and XRR data were recorded occasionally in order to keep 
the photon exposure low.  
After the beamtime, the model electrode surface was post-characterized by STM and XPS 
employing the instruments and parameters as described in the Sample preparation and 
characterization section. The sample transfer from the beamtime to the STM/XPS chamber 
proceeded through ambient pressure.  
 

3. Experimental Results 
3.1 SFC-ICP-MS experiments on IrO2(110) dissolution 
The dissolution rate of Ir for the IrO2(110)-TiO2(110) model electrode was quantified via SFC-
ICP-MS. The electrochemical protocol (cf. Figure 1a) started with bringing the electrode 
surface into contact with the SFC followed by 6 min at OCP. Subsequently, seven consecutive 
galvanostatic holds (also termed OER pulses) at 5 mA·cm‒2 for 30 s each were applied, with 
the holds being separated by 4 min each at OCP; one monolayer of IrO2(110) corresponds to 
370 ng·cm‒2 of IrO2.The complete electrochemical protocol was carried out at the same SFC 
spot. The results of the SFC-ICP-MS measurements are summarized in Figure 1. The 
electrochemical protocol was applied also to a polycrystalline reactively-sputtered IrO2 
electrode similar to that used in refs.18,20. With a comparison of single-crystalline versus 
polycrystalline IrO2 the effect of polycrystallinity on the corrosion rate can be estimated.  
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Figure 1: Summary of the SFC-ICP-MS experiments on IrO2(110)-TiO2(110) and sputtered IrO2. (a) 
Electrochemical protocol of consecutive galvanostatic holds (OER pulses), (b) monitored Ir dissolution rate at 
the ICP-MS, and (c) total amount of Ir dissolution depending on the OER pulse number. The asterisk in (b) 
indicates the dissolution peak of the sputtered IrO2 electrode upon contact with the electrolyte. The dissolution 
rate and the total dissolution of the second and higher OER pulse in (b) and (c), respectively, are displayed on a 
different scale (cf. dashed red line and red arrows).  

 

Figure 1a displays the electrochemical protocol employed, while in Figure 1b the resulting Ir 
dissolution rates are shown for IrO2(110)-TiO2(110) and polycrystalline sputtered IrO2. After 
the SFC has been brought into contact with the electrode surface, a small dissolution peak 
emerges in case of the sputtered IrO2 (cf. Figure 1b, blue asterisk), indicating dissolution of 
intrinsically unstable surface defects or native oxides29, while for IrO2(110)-TiO2(110) (cf. 
Figure 1b, cyan line) no such dissolution peak is discernible, compatible with the defect-free 
nature of the IrO2(110) film. When applying the first and second OER pulse at 5 mA·cm‒2 the 
total amount of Ir dissolution detected is, respectively, two-fold (2.3 ± 1 vs. 0.95 ± 0.09 ng·cm‒

2) and 1.5-fold (0.6 ± 0.2 vs. 0.44 ± 0.05 ng·cm‒2) higher for IrO2(110)-TiO2(110) than for 
sputtered IrO2. This difference is due most likely to residual metallic Ir on the surface.30 From 
photoelectron spectroscopy we can estimate that about 1 % of a monolayer of Ir is present on 
the surface; this amount to about 3.7 ng/cm2. From ICP-MS the total amount of the first three 
pulses adds up to 3.2 ng/cm2 which is in agreement with the photoelectron spectroscopy study. 
However, for the third OER pulse the amount of Ir dissolution becomes virtually identical for 
both electrodes while above the fourth pulse the IrO2(110)-TiO2(110) model electrode is 
significantly more stable than the sputtered IrO2 electrode: at the fourth pulse, the total amount 
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of Ir dissolution of the IrO2(110)-TiO2(110) electrode (0.18 ± 0.02 ng·cm‒2) is less than for the 
sputtered IrO2 (0.23 ± 0.02 ng·cm‒2, cf. Figure 1c). A trend of stabilization, i.e., the decrease 
of total amount of Ir dissolution with increasing number of consecutive OER pulses, is clearly 
visible for both electrodes. For the IrO2(110)-TiO2(110) model electrode, dissolution decreases 
by almost two orders of magnitude from 2.3 ± 1 ng·cm‒2 after the first OER pulse to 0.06 ± 
0.02 ng·cm‒2 after the seventh pulse, while in case of the sputtered IrO2 electrode the decrease 
is one order of magnitude from 0.95 ± 0.09 ng·cm‒2 to 0.14 ± 0.01 ng·cm‒2.  
After the SFC-ICP-MS experiments, the electrochemically treated areas of the model electrode 
surface were characterized by means of SEM and XPS (cf. Section 1 of the SI). No corrosion-
induced changes are discernible. 
 
3.2 Operando HESXRD and XRR studies 
The diffraction of x-rays by surfaces results in diffraction patterns consisting of Bragg peaks 
and streaks of intensity, so-called crystal truncation rods (CTRs), connecting these peaks. 
Discrete Bragg peaks arise from the single-crystalline materials in the beam (the TiO2(110) 
substrate and the covering IrO2(110) ultrathin film). Since it has been shown previously that 
the lattice parameters of the (110)-oriented TiO2 unit cell (a = c = 6.496 Å, b = 2.959 Å, and α 
= β = γ = 90°) are not completely adopted by the IrO2(110) film, i.e. the film exhibits a non-
pseudomorphous growth (a = c = 6.44 Å, b = 3.05 Å, and α = β = γ = 90°),31 the TiO2(110) and 
IrO2(110) Bragg peaks and CTRs can be discriminated. The lattice parameters of IrO2(110) do 
not vary with the film thickness. Experiments on the IrO2(110)-TiO2(110) model electrode 
surface mainly show CTRs from the TiO2(110) substrate, the CTRs arising from the IrO2(110) 
film are more diffuse and weaker due to the anisotropic ultrathin film microstructure. It is 
beneficial for the signal-to-noise ratio to use a geometry in which the incoming x-ray beam 
impinges at a grazing angle onto the surface. Here, the x-rays transit the ambient liquid 
electrolyte, and when the incidence angle is close to the angle for total external reflection, the 
penetration into the TiO2(110) substrate is minimized. This enables unwanted background 
scattering from the substrate (for example, thermal diffuse scattering) to be minimized. 
However, the diffraction pattern is still dominated by the very strong TiO2(110) Bragg 
reflections which need to be locally shielded as the detector has only a limited dynamic range. 
In this way it is possible to observe the much weaker CTR signals and IrO2(110) Bragg 
reflections on the detector. Despite this nuisance, the use of multiple large area detectors 
allows for sampling a large part of reciprocal space, including the very weak CTRs, in a 
relatively short time span (~15 minutes).25 
Diffraction patterns were collected as a function of time during a galvanostatic hold at 
50 mA·cm-2 (operando HESXRD). A typical diffraction pattern and a corresponding in-plane 
diffraction map can be found in Section 2 of the SI (cf. Figure S3). To assess the stability of 
the IrO2(110)-TiO2(110) model electrode under OER conditions, the intensities, positions, and 
widths of several IrO2(110) Bragg reflections were recorded and evaluated as a function of 
time. Additionally, operando XRR measurements were conducted at regular intervals to 
monitor the thickness of the IrO2(110) film as a function of time. In the context of the present 
study, (HE)SXRD and XRR are complementary methods: XRR allows us to follow a 
“homogeneous” dissolution of the IrO2(110) film, i.e. layer-by-layer dissolution, while with the 
intensity of the diffraction spots in (HE)SXRD allows “heterogeneous” dissolution to be 
followed. Combining (HE)SXRD and XRR therefore enables us to obtain a more complete 
picture of possible structural changes of the model electrode during OER.  
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All recorded XRR scans can be found in Figure S4 in the SI. A basic evaluation of the XRR 
data is based on the oscillation period Δq between two consecutive maxima or minima in the 

XRR scan: the film thickness d is given by d = 
2π

∆q
, with q being the momentum transfer q = 

4π

λ
sin θ, θ being half the scattering angle, and λ being the wavelength of the x-rays. At OCP in 

0.5 M H2SO4 (cf. Figure S4; OCP ≈ 0.67 V vs. the reversible hydrogen electrode (RHE)), a 
film thickness of 50 ± 1 Å can be derived which does not vary throughout the galvanostatic 
hold at 50 mA·cm‒2 over ≈26 h since the position of the maxima and minima of the oscillations 
are preserved. In addition, all XRR scans were fitted employing the software package GenX32 
(v. 2.4.10) within a simple one-layer model31 and exemplified in Figure 2a for XRR scans at 
OCP and after ≈26 h of the galvanostatic hold. In Figure 2b the IrO2(110) film thickness is 
shown as a function of time within the galvanostatic hold that is derived from simulations of the 
complete set of XRR scans. Further details on the fitting parameters and procedure can be 
found in Table S2. 

  
Figure 2: (a) Comparison of experimental (black hollow circles) and fitted (red line) XRR data at OCP and after 
≈26 h of the galvanostatic hold at 50 mA·cm‒2. The inset in (a) schematically depicts the one-layer model 
employed to fit the XRR data. (b) Film thickness as derived by fitting of the XRR data (blue-colored circles) and 
applied current density (red line) as a function of polarization time. The black dotted line displays the average 
value of the film thickness. The light gray area indicates the data recorded at OCP. Time zero is referenced to 
the start of the galvanostatic hold.  

 

The fitting reveals the thickness of the IrO2(110) film to be 49.5 Å both at OCP and after ≈26 h 
of oxygen evolution at 50 mA·cm‒2, only the roughness of the film seems to have increased 
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slightly from 3.0 Å to 3.9 Å, respectively (cf. Table S2). This value for the roughness is in very 
good agreement with previous studies31 and shows the excellent structural quality of the 
electrode preparation to be highly reproducible. Therefore, we infer that the thickness of the 
IrO2(110) film has not been altered after oxygen evolution for ≈26 h at a current density of 
50 mA·cm‒2. A linear regression of thickness data in Figure 2b evidences that the thickness 
of the IrO2(110) layer is preserved within an uncertainty of ±0.1 Å: 49.6 ± 0.1 Å.  
Since XRR is not sensitive to the crystallinity of a film and rather insensitive to “heterogeneous” 
dissolution phenomena (like potential-induced pitting corrosion21), the integrated intensities, 
peak positions, and FWHM (full width at half maximum) values of IrO2(110) Bragg reflections 
in the HESXRD experiments were monitored throughout the galvanostatic hold (cf. Figure 3). 
Further plots for additional reflections can be found in the SI (cf. Figure S5). The integrated 
intensity of a reflection scales with the number of unit cells. So, as soon as the number of 
scatterers decreases or disorder in the film increases, due to anodic corrosion, the integrated 
intensity will decline. As can be seen from Figure 3a-c the intensities of the (022), (113), and 
(224) reflections from the IrO2(110) ultrathin film do not significantly differ from their values at 
OCP during the ≈26 h galvanostatic hold. This must mean that the number of unit cells does 
not change and therefore the crystallinity of the IrO2(110) film remains intact. The intensity 
variation during polarization was less than 2% of the integrated intensity with no clear trend; 
we attribute the scattering in the intensities to slight variations of the sample alignment in the 
beam. This translates to a variation in the IrO2(110) film thickness of less than 0.3 monolayers 
(ML). In addition, the position of the (022), (113), and (224) reflections in 2θ and their FWHM 
values (degree 2θ) are plotted as a function of time in Figure 3d-i. Both the position in 2θ and 
the FWHM values in-plane (ip) and out-of-plane (oop) of the reflection are fairly constant over 
time within the galvanostatic hold, indicating that the lattice constants and crystallite sizes in 
the IrO2(110) film are not affected by the electrochemical treatment.  

 
Figure 3: (a)-(c) Integrated intensities, (d)-(f) shift in peak position Δ2θ, and (g)-(i) FWHM values of the IrO2(110) 
(022), (113), and (224) reflections as a function of time for the galvanostatic hold of 50 mA·cm‒2. The FWHM 
values are given for the in-plane (ip) and out-of-plane (oop) directions by hollow and filled circles, respectively. 
The grey area indicates the data recorded at OCP, time zero is referenced to the start of the galvanostatic hold. 
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Recent characterization of a IrO2(110)-TiO2(110) model electrode under cathodic conditions in 
the HER potential region31 revealed so-called Laue oscillations in the CTRs. Similar Laue 
fringes can be observed here, for instance, for the (2,0) CTR which is depicted in Figure 4 for 
various polarization times indicated. In addition, the (0,2) CTR is shown in Figure S6. 

 

 
Figure 4: Crystal truncation rods at (hk) = (20) for varying conditions: OCP (dark blue), ≈7 h at 50 mA·cm‒2 
(blue), and ≈26 h at 50 mA·cm‒2 (light blue). The CTRs are offset by three units for clarity. The grey areas indicate 
the position of the beam stops used to protect the detectors from the high-intensity Bragg reflections of the 
TiO2(110) substrate. The dashed and dotted lines around the (200) reflection indicate the positions of the minima 
and maxima of the Laue oscillations, respectively. Negative l values denote the diffraction signals which have 
been recorded after transmission through the TiO2(110) substrate. 

 

The oscillation period in the Laue fringes is inversely proportional to the thickness of the 
IrO2(110) film, which can be determined to be 49.8 ± 1.6 Å both at OCP and after ≈26 h of 
oxygen evolution at 50 mA·cm‒2. Since the Laue oscillations arise due to a crystalline finite 
stack of coherently diffracting unit cells, we conclude that the crystallinity and also the degree 
of roughness of the IrO2(110) film has virtually not changed upon the galvanostatic hold.  
Before and after the operando synchrotron-based studies the IrO2(110)-TiO2(110) model 
electrode was characterized by STM and XPS. After the operando studies the characterization 
was conducted twice: directly after introducing the model electrode into the UHV system (cf. 
Figure 5d-f) and after a flash to 670 K in an oxygen atmosphere of 10‒4 mbar (cf. Figure 5g-
i). The latter was conducted in order to remove carbon and water contaminations from the 
surface (clusters visible in Figure 5f; also see the XP spectra shown in Figure S7). The fitting 
parameters of the XP spectra are compiled in Table S3. 
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Figure 5: XP spectra and STM images of the IrO2(110)-TiO2(110) model electrode (a)-(c) before and (d)-(i) after 
the synchrotron-based operando studies. XP spectra and STM images after the beamtime were obtained (d)-(f) 
directly after transfer to the UHV system and (g)-(i) after flashing the model electrode to 670 K in an oxygen 
atmosphere of 10‒4 mbar. The legend gives the components included into the fits of the XPS data. Since there 
is only one component present in the O 1s spectrum before the beamtime (b) a sum spectrum is not shown here. 
The white double arrows in (c), (f), and (i) indicate the [001] direction. 

 

The Ir 4f spectrum recorded before the operando studies reveals a doublet at binding energies 
of 61.7 eV and 64.7 eV (cf. Figure 5a) which correspond to the Ir 4f7/2 and Ir 4f5/2 signals of IrIV 
in IrO2, respectively.30,31,33,34 In the O 1s spectrum one component is visible at 530.0 eV (cf. 
Figure 5b) which is assigned to bulk oxide OII‒ of IrO2.30,31,34 The STM image (cf. Figure 5c) 
reveals a flat and smooth IrO2(110) surface with its typical elongated terraces along the [001] 
direction. Directly after the operando study (≈26 h at 50 mA·cm‒2) the intensities of the XP 
spectra recorded (cf. Figure 5d,e) are damped compared to the ones recorded before the 
operando studies. However, the Ir 4f spectrum indicates that only IrIV of IrO2 is present (cf. 
Figure 5d) while in the O 1s spectrum in addition to OII‒ at 530.0 eV a component at a binding 
energy of 531.5 eV is visible (cf. Figure 5e), which is assigned to OH.31 In the STM image (cf. 
Figure 5f) the elongated terraces are still clearly visible, although the model electrode surface 
is covered by small clusters due most likely to contamination of the surface with carbon and 
water (cf. Figure S7, middle). To remove these contaminations and improve the resolution of 
the IrO2(110) terraces the model electrode was flashed to 670 K in an oxygen atmosphere of 
10‒4 mbar. As a result, the carbon peak in the XP spectrum has vanished (cf. Figure S7, 
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bottom) and the XP spectra gained significantly in intensity (cf. Figure 5g,h). In the STM image 
the clusters disappeared (cf. Figure 5i), and the IrO2(110) surface now looks virtually identical 
to that taken before the operando studies after preparation (cf. Figure 5c). Again, in the Ir 4f 
spectrum the only species present is IrIV of IrO2 (cf. Figure 5g) while the O 1s spectrum 
indicates still low concentration of OH (cf. Figure 5h). 
 

4. Discussion 

The IrO2(110)-TiO2(110)23 model electrode system enables corrosion studies in the OER 
potential region without facing potential-induced pitting corrosion21,22 which was recently found 
to be the major degradation process in case of the IrO2(110)-RuO2(110)/Ru(0001) model 
electrode system. The IrO2(110)-TiO2(110) model system is close to practical coatings of 
nanostructured thin films used in PEM electrolyzer technology9 as TiO2-supported IrO2 
coatings are typically employed (e. g. Elyst Ir75 0480, Umicore, Germany) and the (110) 
orientation is assumed to be the prevailing orientation.35 Therefore, any conclusions arising 
from the study here may be adapted to improve TiO2-supported OER catalysts. The stability 
of the IrO2(110)-TiO2(110) model electrode was investigated by employing two complementary 
kinds of operando techniques, thus providing a full picture of the corrosion process. On the 
one hand, a highly-sensitive SFC-ICP-MS technique is used to quantify Ir dissolution, and 
therefore provides insights on the anodic corrosion process from the product side. On the other 
hand, operando synchrotron-based high-energy x-ray scattering techniques (HESXRD, XRR) 
were employed to follow structural and morphological changes at the atomic scale during 
anodic polarization. Since the IrO2(110) film is only 50 Å thick, even subtle structural variations 
in the film will significantly affect x-ray diffraction and reflectivity, thus making these techniques 
remarkably sensitive. In addition, techniques such as ex situ STM enabled us to study 
corrosion-induced morphological changes to the IrO2(110) film. We should note that the SFC-
ICP-MS experiments run at a much lower current density (5 mA·cm‒2) than the operando x-ray 
scattering studies (50 mA·cm‒2), hence direct comparison of SFC-ICP-MS and x-ray scattering 
results may not be straightforward.   
In SFC-ICP-MS we observe a transient behavior of the corrosion process of IrO2(110), in that 
the corrosion rate declines with the number of galvanostatic holds (5 mA·cm‒2) and reaches 
steady state after the sixth OER pulse (Figure 1b,c). It is noteworthy to remember that the 
corrosion experiments are performed in a dynamic way, in that the galvanostatic hold of 30 s 
are separated by 4 min each at OCP. This dynamic operation mode is required to avoid 
clogging of the V-shaped channel of the SFC by bubble formation during the OER. A direct 
comparison of SCF-ICP-MS experiments for the IrO2(110)-TiO2(110) model electrode with 
measurement of a polycrystalline sputtered IrO2 films reveals that Ir corrosion during the 30 s 
OER pulse of single-crystalline IrO2(110) (0.06 ± 0.01 ng·cm‒2) is significantly lower than that 
of the polycrystalline IrO2 film (0.14 ± 0.01 ng·cm‒2). This is not surprising and emphasizes that 
defects in the polycrystalline IrO2 film, such as grain boundaries, are locations where enhanced 
corrosion occurs. The importance of crystallinity for the corrosion process was recognized and 
discussed previously.36,37 
Using the operando synchrotron-based techniques (HESXRD and XRR) the structural and 
morphological stability of a single-crystalline IrO2(110)-TiO2(110) model electrode was studied 
during anodic polarization at 50 mA·cm‒2 for ≈26 h (cf. Figure 2). These experiments, in 
contrast to SFC-ICP-MS, represent a steady state OER operation. Operando XRR indicates 
the thickness of the IrO2(110) ultrathin film to be preserved to 49.6 ± 0.1 Å. Therefore, we can 
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exclude significant uniform thinning of the supported IrO2(110) film to occur during the 
corrosion experiment. In HESXRD the integrated intensities of the reflections scatter by less 
than 2% (with no systematic trend to lower intensity) during the galvanostatic hold (cf. 
Figure 3a-c), so that the IrO2(110) crystallinity is shown to be preserved. This means in 
particular that the thickness of the single-crystalline IrO2(110) film varies by less than 1 Å, 
consistent with the Laue oscillations on the (2,0) CTR (cf. Figure 4) that are also preserved. 
Based on these findings, we can exclude a considerable disordering of the crystalline structure 
along the entire film thickness ([110] direction) as well as local dissolution of the single-
crystalline IrO2(110) film. This conclusion is corroborated by ex situ STM experiments before 
and after the operando studies (cf. Figure 5). The STM image recorded after a short flash to 
670 K reveals the IrO2(110) surface to still be uniformly flat and smooth on the atomic scale, 
and to be practically identical to that of the as-prepared sample (compare Figure 5c,i). Neither 
have the terraces’ lateral dimensions changed nor are their plane areas attacked by “pitting 
corrosion” or localized corrosion. Altogether, these steady state experiments provide clear 
evidence that significant corrosion has not occurred during ≈26 h of galvanostatic hold at 50 
mA·cm‒2. From the evaluation of the XRR and the Laue oscillation data and the Ir 4f XP spectra 
we infer an upper limit for the corrosion of 0.10 monolayers (ML) of IrO2(110) that corresponds 
to 37 ng·cm‒2 of Ir. How does this estimate compare with dissolution rate determined by SFC-
ICP-MS?   
It has previously been recognized that there is a linear correlation between current density and 
dissolution rate of IrO2, i.e., the higher the current density during a galvanostatic hold the higher 
is the amount of IrO2 dissolved.20 By the seventh galvanostatic hold (30 s) at 5 mA·cm‒2 about 
0.06 ng·cm‒2 of IrO2(110) is dissolved. Assuming a linear correlation of dissolution with current 
density and time,20 one could have expected dissolution of 1800 ng·cm‒2 that corresponds to 
about 5 monolayer equivalents of IrO2(110) during ≈26 h at a current density of 50 mA·cm‒2. 
However, this value conflicts with the x-ray scattering data which places an upper limit of 0.10 
ML equivalent corrosion of IrO2(110). In the most conservative extrapolation scheme, we 
assume that dissolution is independent of the current density and depends only on the 
polarization time. Then extrapolation of the corrosion rate of SFC ICP-MS at 5 mA·cm‒2 (cf. 
Figure 1c: 60 pg·cm‒2 in 30 s) to 26 h results in a total corrosion of 187 ng·cm2, that 
corresponds to 0.50 ML equivalent of IrO2. This value is still five times higher than the upper 
limit of 0.10 ML as determined by XRR and HESXRD experiments. Therefore, we favor an 
alternative interpretation, namely that corrosion depends critically on the operation conditions, 
meaning that under dynamic operation (as encountered with SFC-ICP-MS) the corrosion rate 
is significantly higher than under steady state conditions (as encountered in the XRR, HESXRD 
experiments). Here further operando XRR and SXRD experiments are required, where steady 
state and dynamic operation are directly compared. 
Binninger et al.38 proposed from basic thermodynamic considerations that “any metal oxide 
must become unstable under oxygen evolution conditions irrespective of the pH value” due to 
the lattice oxygen evolution reaction (LOER) 2O2‒  O2 + 4e‒. Since virtually no corrosion is 
observed in the long-term operando synchrotron-based experiments, the proposed LOER over 
IrO2(110) is likely to be suppressed for kinetics reasons, consistent with oxygen isotope 
labeling experiments39,40 where only surface oxygen of IrO2 has shown to participate in the 
OER reaction. A recent ab initio thermodynamics and kinetics study has shown that the lattice 
oxygen mechanism can outperform the conventional mechanism when many Ir vacancies are 
present on the IrO2(110) surface.41   
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IrO2(110) films supported on TiO2(110) have shown extraordinary stability under strong 
cathodic conditions as well.31 It was shown that at cathodic potentials as low as ‒1.2 V vs. RHE 
the IrO2(110) layer does neither lose crystallinity nor does the layer swell due to proton 
incorporation.31 After cathodic polarization down to ‒1.2 V vs. RHE, ex situ XPS indicated that 
Ir remains exclusively in the +IV oxidation state. Therefore, the extraordinary cathodic stability 
of ultrathin IrO2(110) film needs to be traced to kinetic reasons that are not controllable by the 
electrode potential. One could anticipate that anodic and cathodic stability might share a 
common reason such as purely chemically steps that are rate-determining in the reaction 
mechanisms. This hypothesis deserves further attention in particular from the theoretical side 
and could perhaps provide key to understanding the extraordinary stability of IrO2(110) films 
under harsh electrochemical reaction conditions. A recent first principles study19 predicted that 
a surface-bound IrO2OH species is an important reaction intermediate in the corrosion process 
of IrO2(110). Actually, the first step to produce this intermediate is a pure chemical step which 
is characterized by a high activation barrier of 1.7 eV. This could be the rate-determining 
chemical step mentioned above. The high barrier of 1.7 eV is also in agreement with the 
extraordinarily low corrosion rate of single-crystalline IrO2(110) film observed in the present 
experiments. In the same theory study some rationale for the accelerated dissolution under 
dynamic operation conditions can be found. While for high electrode potentials IrO2OH turns 
out to be the most important reaction intermediate in the dissolution process, at lower electrode 
potential the Ir(OH)3 intermediate is dominating the corrosion process. This switch in prevailing 
reaction intermediate may explain the observed higher dissolution rate under dynamic reaction 
conditions, although further theoretical calculations are required.   
The operando synchrotron-based x-ray scattering techniques are surprisingly sensitive to Ir 
corrosion of about 0.10 ML IrO2(110) in ≈26 h, i.e. 0.4 pg·cm‒2·s‒1. This high sensitivity is 
accomplished by the long polarization time period of ≈26 h, at the expense of a lower time 
resolution where kinetic information can hardly be derived. However, these operando 
synchrotron-based x-ray scattering techniques allow the identification of structural and 
morphological changes upon anodic polarization with a resolution of 0.10 ML of IrO2(110). 
Quite in contrast, SFC-ICP-MS is very sensitive, with a time resolution on the second scale. 
With this unique technique, the corrosion rate can be followed as function of time, providing 
kinetic data that can be modeled by microkinetics, if the reaction mechanism is known. Here, 
the results from synchrotron-based operando x-ray scattering techniques might provide a 
promising starting point towards a mechanistic understanding of anodic corrosion.     

 

5. Conclusions 

We introduced a powerful and unique combination of operando techniques, namely SCF-ICP-
MS and synchrotron-based high-energy x-ray scattering techniques, to follow both the 
corrosion rate and structural changes occurring during the anodic corrosion of model 
electrodes: a 50 Å thick single-crystalline IrO2(110) films supported on slightly bulk-reduced 
TiO2(110) single crystal. Both methods are very sensitive to anodic corrosion: while by SFC-
ICP-MS the corrosion rate can be determined with a time resolution on the second scale, thus 
providing high quality kinetic data, with high-energy XRR and SXRD the structural changes 
can be followed with a spatial resolution on the atomic scale. This combination of techniques 
together with dedicated single-crystalline model electrodes is capable of pushing our atomistic 
understanding of anodic corrosion. We have shown that the IrO2(110) film supported on 
TiO2(110) single crystal remains practically intact on the atomic scale upon a galvanostatic 
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hold (50 mA·cm‒2) for ≈ 26 h. Together with the extraordinary stability of the IrO2(110)-
TiO2(110) model electrode under strongly reducing cathodic potentials of ‒1.2 V vs. RHE, we 
conclude that the Ir-O bonds can hardly be attacked by protons cathodically nor by water 
anodically. The anodic dissolution rate (although very small) seems to depend on the operation 
conditions: under dynamic conditions, as encountered in the SFC-ICP-MS experiments, the 
corrosion rate is significantly higher than under steady state conditions as encountered in XRR 
and SXRD experiments. This finding should be considered for future design of IrO2-based 
electrocatalysts, when employed for the production of green hydrogen from intermittent 
renewable sources such as solar and wind. We expect studies of single-crystalline model 
electrodes employing operando high energy x-ray scattering and diffraction techniques 
together with operando ICP-MS to hold promise for pushing our microscopic understanding of 
anodic corrosion processes.    
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