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Kurzzusammenfassung 

Die saure Wasserelektrolyse unter der Verwendung von Polymerelektrolytmembran-

Elektrolyseuren (PEM-Elektrolyseuren) ist eine vielversprechende Möglichkeit überschüssige 

elektrische Energie aus diskontinuierlichen, erneuerbaren Quellen (Solarenergie, Windenergie) 

in der chemischen Bindung von molekularem Wasserstoff H2 zu speichern. Die 

Leistungsfähigkeit von PEM-Elektrolyseuren wird durch die Sauerstoffentwicklungsreaktion 

(OER) an der Anode, aufgrund der trägen Kinetik sowie (In)Stabilitätsproblemen, limitiert. 

Aufgrund der adäquaten Aktivität und Stabilität ist Iridiumoxid IrO2 nach aktuellem Stand der 

Elektrokatalysator für die OER unter sauren Bedingungen. Unter den stark oxidierenden 

Bedingungen an der Anode korrodiert IrO2 jedoch ebenfalls, wenn auch langsam. Eine Vielzahl 

an Studien untersucht IrO2-basierte Elektrokatalysatormaterialien und liefert nützliche 

Erkenntnisse zu deren Stabilität. Jedoch fehlen eindeutige Experimente, die ein Verständnis der 

Korrosions- und Auflösungsprozesse unter OER-Bedingungen auf atomarer Ebene zulassen 

würden. Aus diesem Grund ist das Hauptziel der vorliegenden Arbeit, auf mikroskopischer 

Ebene einen Einblick in diese Prozesse zu erhalten. Daher werden wohldefinierte, einkristalline 

IrO2(110)-Filme als Modellelektroden für Studien zur Stabilität unter OER-Bedingungen 

eingesetzt. Des Weiteren wird deren Stabilität unter kathodischen Bedingungen im 

Potentialbereich der Wasserstoffentwicklungsreaktion (HER) untersucht, da IrO2-basierte 

Elektroden aufgrund des diskontinuierlichen Betriebs in PEM-Elektrolyseuren kathodischen 

Bedingungen ausgesetzt sein können.  

Um ein Gesamtbild der Stabilität von IrO2(110) zu erhalten, wird ein experimenteller Ansatz 

bestehend aus in-situ- oder operando- (oberflächensensitive Röntgenbeugung (SXRD), 

Röntgenreflektometrie (XRR), Massenspektrometrie mit induktiv gekoppeltem Plasma (ICP-

MS)) sowie ex-situ-Techniken (Rasterelektronenmikroskopie (SEM), Rastertunnelmikroskopie 

(STM), Flugzeit-Sekundärionenmassenspektrometrie (ToF-SIMS), Röntgenphotoelektronen-

spektroskopie (XPS)) vorgestellt und erläutert. Die Eignung dieses experimentellen Ansatzes 

wird in einer Proof-of-Principle-Studie zur elektrochemischen Reduktion von 

RuO2(110)/Ru(0001) unter kathodischen Bedingungen eindeutig aufgezeigt. Als nächstes wird 

gezeigt, dass IrO2(110)-RuO2(110)/Ru(0001)-Modellelektroden unter OER-Bedingungen 

vielmehr durch potentialinduzierte Lochfraßkorrosion, welche and Oberflächenkorngrenzen 

startet, abgebaut werden als durch Auflösung von IrO2(110). Eine nachfolgende Studie unter 

der Verwendung von IrO2(110)-Filmen, welche auf einem inerten TiO2(110)Substrat geträgert 

sind, zeigen eine hohe Stabilität dieser auf: die Filmdicke bleibt bei einer Stromdichte von 

50 mA·cm˗2 für ≈26 h innerhalb von 0,1 Monolagenäquivalenten erhalten. Ergänzende ICP-

MS-Experimente zeigen einen Einfluss der Betriebsbedingungen (stationär vs. dynamisch) auf 

die Stabilität. Es wird gezeigt, dass die IrO2(110)-TiO2(110)-Modellelektroden unter 

kathodischen Bedingungen im Potentialbereich der HER ebenfalls sehr stabil sind: der 

IrO2(110)-Film verliert bis zu einem kathodischen Potential von ˗1,20 V gegen die reversible 

Wasserstoffelektrode seine Kristallinität nicht, im Gegensatz zu RuO2(110). Jedoch zeigt eine 

Anpassung der SXRD-Daten den Einbau von Protonen in das Volumen des Films. Eine 

elektrochemische Reduktion von IrO2(110) zu hydratisiertem IrO2 oder metallischem Ir kann 

aber ausgeschlossen werden. Zusammenfassend lässt sich sagen, dass einkristallines IrO2(110) 

sowohl unter anodischen als auch kathodischen Bedingungen sehr stabil ist. 
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Abstract 

Acidic water electrolysis utilizing polymer electrolyte membrane (PEM) electrolyzers is a 

promising way to store excess electric energy from intermittent renewable sources (solar, wind) 

in the chemical bond of molecular hydrogen H2. The performance of PEM electrolyzers is 

limited by the oxygen evolution reaction (OER) at the anode due to sluggish kinetics and 

(in)stability issues. Iridium oxide IrO2 is the state-of-the-art electrocatalyst for the OER under 

acidic conditions owing to its adequate activity and stability. However, IrO2 corrodes as well 

under the strongly oxidizing conditions at the anode, albeit slowly. There is a variety of studies 

investigating IrO2-based electrocatalyst materials, providing valuable insight into their stability. 

Yet, clear-cut experiments allowing for an atomic-scale understanding of the corrosion and 

dissolution processes under OER conditions are missing. Hence, it is the main objective of the 

present thesis to gain insight on these processes on a microscopic scale. For this reason, well-

defined single-crystalline IrO2(110) films are employed as model electrodes for stability studies 

under OER conditions. Furthermore, their stability under cathodic conditions in the hydrogen 

evolution reaction (HER) potential region is studied, as IrO2-based electrodes may be subject 

to cathodic conditions due to the intermittent operation of PEM electrolyzers.  

In order to obtain an overall picture of the stability of IrO2(110), an experimental approach 

comprising in situ or operando (surface X-ray diffraction (SXRD), X-ray reflectivity (XRR), 

inductively coupled plasma mass spectrometry (ICP-MS)) and ex situ techniques (scanning 

electron microscopy (SEM), scanning tunneling microscopy (STM), time-of-flight secondary 

ion mass spectrometry (ToF-SIMS), X-ray photoelectron spectroscopy (XPS)) is introduced 

and explained. In a proof-of-principle study of the electrochemical reduction of 

RuO2(110)/Ru(0001) under cathodic conditions the suitability of this experimental approach is 

positively demonstrated. Next, under OER conditions, IrO2(110)-RuO2(110)/Ru(0001) model 

electrodes are shown to degrade via potential-induced pitting corrosion starting at surface grain 

boundaries rather than dissolution of IrO2(110). A subsequent study utilizing IrO2(110) films 

supported on an inert TiO2(110) substrate reveals the former to be very stable under OER 

conditions: the film thickness is preserved within 0.1 monolayer equivalents upon ≈26 h at a 

current density of 50 mA·cm˗2. Complementary ICP-MS experiments indicate an influence of 

the operation conditions (steady state vs. dynamic) on the stability. Under cathodic conditions 

in the HER potential region the IrO2(110)-TiO2(110) model electrodes are shown to be very 

stable as well: down to a cathodic potential of ˗1.20 V vs. the reversible hydrogen electrode the 

IrO2(110) film does not lose its crystallinity, in contrast to RuO2(110). However, fitting of the 

SXRD data indicates the incorporation of protons in the bulk of the film. An electrochemical 

reduction of IrO2(110) to hydrous IrO2 or metallic Ir, though, can be excluded. In conclusion, 

single-crystalline IrO2(110) is shown to be very stable both under anodic and cathodic 

conditions.   

 

 

 

 



 

 

 XII 

 

  



 

 

 XIII 

Table of Contents 
 

1 Introduction ...................................................................................................................... 1 

1.1 Motivation and Outline ................................................................................................ 1 

1.2 Stability of IrO2 under OER and HER Conditions ...................................................... 3 

1.3 Preparation and Characterization of IrO2(110)-Based Model Electrodes ................... 4 

1.4 Experimental Approach for the Stability Studies ........................................................ 6 

1.4.1 In Situ and Operando Synchrotron Radiation-Based X-ray Diffraction and 

Reflectivity Studies ............................................................................................................ 7 

1.4.2 Operando Scanning Flow Cell - Inductively Coupled Plasma Mass 

Spectrometry .................................................................................................................... 12 

1.4.3 Ex Situ Surface Characterization ....................................................................... 13 

2 Results and Discussion ................................................................................................... 14 

2.1 Proof of Principle: Stability of a RuO2(110)/Ru(0001) Model Electrode under 

Cathodic Conditions in the HER Potential Region .............................................................. 14 

2.2 Stability of IrO2(110) Model Electrodes under Anodic Conditions in the OER 

Potential Region ................................................................................................................... 16 

2.3 Stability of IrO2(110) Model Electrodes under Cathodic Conditions in the HER 

Potential Region ................................................................................................................... 21 

3 Conclusions and Perspective ......................................................................................... 25 

4 Publications ..................................................................................................................... 27 

4.1 Publication I: In Situ Studies of the Electrochemical Reduction of a Supported 

Ultrathin Single-Crystalline RuO2(110) Layer in an Acidic Environment .......................... 27 

4.2 Publication II: Potential-Induced Pitting Corrosion of an IrO2(110)-

RuO2(110)/Ru(0001) Model Electrode under Oxygen Evolution Reaction Conditions ...... 37 

4.3 Publication III: Visualizing Potential-Induced Pitting Corrosion of Ultrathin Single-

Crystalline IrO2(110) Films on RuO2(110)/Ru(0001) under Electrochemical Water Splitting 

Conditions ............................................................................................................................ 48 

4.4 Publication IV: Operando Stability Studies of Ultrathin Single-Crystalline IrO2(110) 

Films under Acidic Oxygen Evolution Reaction Conditions ............................................... 61 

4.5 Publication V: In Situ Studies of the Cathodic Stability of Single-Crystalline 

IrO2(110) Ultrathin Films Supported on RuO2(110)/Ru(0001) in an Acidic Environment . 72 

4.6 Publication VI: Extraordinary Stability of IrO2(110) Ultrathin Films Supported on 

TiO2(110) under Cathodic Polarization ................................................................................ 80 

5 Appendix ......................................................................................................................... 87 

5.1 Supporting Information on Publication I ................................................................... 87 



 

 

 XIV 

5.2 Supporting Information on Publication II ................................................................. 94 

5.3 Supporting Information on Publication III .............................................................. 105 

5.4 Supporting Information on Publication IV .............................................................. 116 

5.5 Supporting Information on Publication V ............................................................... 128 

5.6 Supporting Information on Publication VI .............................................................. 135 

5.7 List of Abbreviations ............................................................................................... 151 

5.8 List of Peer-Reviewed Contributions ...................................................................... 152 

6 References ..................................................................................................................... 155 

 

 



 

 

 1 

1 Introduction 

1.1 Motivation and Outline 

In order to ensure a sustainable and environmentally friendly supply of energy in the future, the 

so-called “Energiewende” (energy transition) has been enacted to get away from fossil fuels 

and reduce greenhouse gas emissions. Amongst others, the use of renewable energies as well 

as the storage of energy represent two vital aspects of this transition.1 In 2021, the share of 

electricity produced from renewable energies in the gross electric power consumption was 

about 41 % in Germany and is targeted to be 65 % by 2030. It is strived for a completely 

greenhouse gas-neutral electric power supply and consumption by not later than 2050.2,3 

However, due to the intermittent supply of electricity by renewable energy sources (solar, wind) 

the need arises for a storage of excess electric energy. One promising approach is the storage 

of electric energy in chemical bonds (Power-to-X), especially in molecular hydrogen H2 by 

means of water electrolysis.4–6 Two technologies for the electrochemical splitting of water are 

implemented at the moment, operating either in acidic or alkaline media.7 Alkaline water 

electrolysis is a well-established technology which relies on non-noble electrocatalysts and 

exhibits relatively low costs and good long-term stability.8,9 However, acidic water electrolysis 

utilizing polymer electrolyte membrane (PEM, Figure 1a) electrolyzers offers a wider partial 

load range, dynamic operation, and higher current densities which allow for coping with the 

fluctuating supply of electric energy of renewable sources.8,9 

 
Figure 1: (a) Schematic depiction of a PEM electrolysis cell and (b) the electrochemical half-cell reactions as well as the total 

cell reaction. 

The hydrogen evolution reaction (HER) takes place at the cathode to produce the desired 

product H2 while the oxygen evolution reaction (OER) comprises the counter-reaction at the 

anode (cf. Figure 1b). The OER limits the performance of PEM electrolyzers owing to its 

sluggish kinetics (four electrons need to be transferred per O2 molecule) and (in)stability issues 

of anode materials under these strongly corrosive and oxidizing conditions.10 As a consequence 

of the latter, the use of precious transition metal oxides as efficient, i.e. active and stable, 

electrocatalyst materials is required. Ruthenium oxide RuO2 has shown to be the most active 

electrocatalyst for OER while for iridium oxide IrO2 a lesser activity but higher stability has 

been found.11–14 Yet, IrO2 corrodes under the harsh OER conditions, albeit slowly. In order to 

improve electrocatalyst stability, microscopic insight and understanding of the corrosion 
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processes at the nanoscale are needed.15 Furthermore, these may also provide a basis for the 

search of alternative electrocatalyst materials and thus substitution of rare and expensive 

iridium (the average price of iridium was about $157,000 per kg from June 1st to July 1st 2022; 

for comparison, the average price of platinum was about $31,000 per kg).16,17 

The utilization of well-defined and low-complexity model systems is mandatory to gain this 

knowledge.18,19 In the present thesis, supported single-crystalline IrO2(110) ultrathin films are 

employed as model electrodes for stability studies under acidic OER, i.e. anodic, oxidizing, 

conditions, as the (110) facet of IrO2 is the most stable one according to density functional 

theory (DFT) studies.20,21 Since in PEM electrolyzers the IrO2-based electrode may also be 

subject to cathodic, reducing conditions due to intermittent operation,22 the stability of 

IrO2(110) films under cathodic conditions is investigated as well. Additionally, the cathodic 

stability is of interest as IrO2 is being considered as electrocatalyst material for the HER.23,24 

The use of single-crystalline ultrathin films offers several advantages: in contrast to bulk single 

crystals, even slight changes in their structure or morphology can readily be monitored, due to 

the thinness of the films. The single-crystallinity allows for a more straightforward 

interpretation of experimental data compared to polycrystalline films. In addition, experimental 

results from single-crystalline films may be coupled or compared to theoretical studies.25  

In the present thesis the stability of single-crystalline IrO2(110)-based model electrodes under 

electrochemical conditions is studied applying a unique and powerful combination of in 

situ/operando and ex situ techniques: in situ/operando (high-energy) surface X-ray diffraction 

(HE)SXRD and X-ray reflectivity (XRR) are utilized to monitor the model electrodes’ 

alterations in an “electrochemical environment”, i.e. the ambient electrolyte and applied 

electrode potential or current density. Combined with a detailed pre- and post-characterization 

by various complementary ex situ techniques (scanning electron microscopy (SEM), scanning 

tunneling microscopy (STM), time-of-flight secondary ion mass spectrometry (ToF-SIMS), X-

ray photoelectron spectroscopy (XPS)) an overall picture on structural and morphological 

changes is obtained. Additional operando scanning flow cell-inductively coupled plasma mass 

spectrometry (SFC-ICP-MS) experiments allow for a quantification of the dissolution rate of 

the model electrode. First, as a proof of principle, the utility of the combined in situ/operando 

and ex situ techniques is demonstrated for the cathodic polarization (HER potential region) of 

a single-crystalline RuO2(110)/Ru(0001) model electrode (cf. Chapter 2.1). Here previous 

studies indicate changes to occur, although these are ambiguous. Second, as central subject, 

IrO2(110)-based model electrodes are studied under anodic conditions in the OER potential 

region (cf. Chapter 2.2). These studies may contribute to an improved understanding of 

corrosion processes on a microscopic scale. Third, the IrO2(110)-based model electrodes are 

subject to cathodic conditions in the HER potential region (cf. Chapter 2.3). Here, a direct 

comparison with the RuO2(110)/Ru(0001) model electrode is possible. In Chapter 3 a 

conclusion of the previous stability studies is given together with a perspective on future 

studies. 

 

 

 

 

 



 

 

 3 

1.2 Stability of IrO2 under OER and HER Conditions 

Although RuO2 is the more active electrocatalyst for OER it has been recognized decades ago 

that IrO2 is more stable.12,26 Today IrO2 is the state-of-the-art electrocatalyst for the OER under 

acidic conditions due to its adequate activity and stability.8,27 An early study indicates a stability 

of IrO2 up to 1.95 V vs. the reversible hydrogen electrode (RHE) in 0.5 M H2SO4, albeit only 

based on electrochemical experiments.28 In contrast, a more recent study utilizing high-sensitive 

inductively coupled plasma mass spectrometry (ICP-MS) reveals the dissolution of iridium to 

start around 1.5 V vs. RHE for polycrystalline IrO2 films,14 the corrosion product at high anodic 

potentials has been shown to be gaseous IrO3.
29 Moreover, the OER electrocatalytic cycle is 

suggested to share common intermediates with the corrosion processes.29 This coupling of OER 

activity and dissolution is also indicated by other studies,11 for IrO2-based electrocatalysts the 

stability has been shown to depend on the synthesis conditions.30 A theoretical study suggests 

every metal oxide to become unstable under OER conditions due to evolving oxygen from the 

oxide lattice (lattice oxygen evolution reaction, LOER).31 However, these considerations are 

challenged by the finding that only the surface oxygen of IrO2 takes part in the OER.32,33 A 

recent study even claims LOER to only be an insignificant contribution for Ir-based 

electrocatalysts, if at all.34 All these studies have provided valuable insight into the stability of 

IrO2-based electrodes, though clear-cut experiments employing dedicated model electrodes, 

which would allow for an atomic-scale understanding of the corrosion and dissolution processes 

under OER conditions, are yet missing. Such studies would also be a basis for the theoretical 

modeling of corrosion processes, which is just emerging.35–37   

IrO2 has also been considered as potential electrocatalyst material for the HER.23,24,38–45 It 

exhibits a decent electrocatalytic activity toward HER,24,44 one study even indicates the activity 

of IrO2/C to be comparable to Pt/C.23 An advantage in comparison to Pt is that IrO2 is less 

sensitive to poisoning by metal impurities.46 However, based on thermodynamics (Pourbaix 

diagram) IrO2 as a metal oxide should be unstable under the cathodic conditions in the HER 

potential region and thus be reduced to metallic Ir.47 For acidic HER conditions there are some 

studies available on the stability of IrO2: employing an IrO2(100) single crystal the penetration 

depth of protons and hence hydration or hydrogenation of the oxide has been concluded to be 

limited to 1 - 2 monolayers.48 Another study indicates that for electrochemically grown hydrous 

IrO2 a bulk reduction due to cathodic polarization occurs while for thermally grown IrO2 an 

electrochemical reduction seems to be hindered severely, i.e. only the surface of the oxide is 

involved.24 Other reports for alkaline HER conditions corroborate the finding of proton 

incorporation and thus oxide reduction to be confined to the IrO2 surface.40,41 All these studies 

mainly have utilized electrochemical characterization methods. However, recent studies have 

revealed the formation of metallic Ir from IrO2 and IrxRu1˗xOy, either due to intermittent 

operation of a PEM electrolyzer22 or via cathodic activation in the HER potential region43, 

respectively. In case of the IrxRu1˗xOy there is structural and spectroscopic evidence provided 

of a metallic Ir-Ru alloy via X-ray diffraction (XRD) and X-ray photoelectron spectroscopy 

(XPS), respectively.43 Another XRD study on IrO2/C employed as HER electrocatalyst in a 

PEM electrolyzer indicates an increase in the IrO2 unit cell volume.23 Summarized, there are 

differing reports on the stability of IrO2 under cathodic conditions. Hence, studies utilizing 

dedicated model electrodes may provide a rationale for these ambiguous results. 



 

 

 4 

1.3 Preparation and Characterization of IrO2(110)-Based Model 

Electrodes 

In the present work, single-crystalline rutile IrO2(110) ultrathin films were employed as model 

electrodes to study the stability of iridium oxide under electrochemical conditions. These films 

were prepared under ultra-high vacuum (UHV) conditions via physical vapor deposition (PVD) 

of iridium onto two different structure-directing substrates: RuO2(110)/Ru(0001) and 

TiO2(110), in which both RuO2 and TiO2 are present in the rutile structure. The former is 

achieved by thermal oxidation of a clean Ru(0001) surface in an oxygen atmosphere49,50 while 

the latter is available in the form of rutile TiO2(110) single crystals. Both the Ru(0001) and the 

TiO2(110) single crystals were purchased in a hat-shaped form from MaTecK (Jülich, 

Germany). The preparation routes for the two model electrode systems are briefly summarized 

in the following, a more detailed description can be found elsewhere.51–53 

For both structure-directing substrates, first metallic iridium was deposited via PVD utilizing 

an electron beam evaporator (EFM 3, ScientaOmicron) at room temperature followed by an 

oxidation step at 700 K in an oxygen atmosphere (p(O2) = 10˗5 mbar for the 

RuO2(110)/Ru(0001) and 10˗4 mbar for the TiO2(110) substrate) to form an IrO2(110) precursor 

structure.53 Subsequently, starting from the RuO2(110)/Ru(0001) substrate, iridium was 

deposited stepwise via PVD and oxidized by a background pressure of oxygen during (p(O2) = 

10˗7 mbar) as well as a post-oxidation step after deposition (p(O2) = 10˗5 mbar). The sample 

temperature was 700 K for both the deposition and the post-oxidation.51,53 As a result, the 

IrO2(110)-RuO2(110)/Ru(0001) model electrode system is received. 

In case of the TiO2(110) substrate the single crystal was reduced via thermal annealing under 

UHV conditions at temperatures of 1170-1220 K to ensure a sufficiently high electronic 

conductivity.54 Subsequently, the resulting bulk-reduced TiO2˗x(110) substrate was cleaned by 

repetitive sputter-annealing cycles and thereafter reoxidized mildly in an oxygen atmosphere 

(p(O2) = 5·10˗6 mbar) at 950 K for 1 min, leading to a stoichiometric TiO2(110) surface while 

preserving the degree of reduction in the bulk single crystal.52,55,56 Onto this 

TiO2(110)/TiO2˗x(110) substrate the IrO2(110) precursor structure was deposited as described 

above. Thereafter, iridium was deposited stepwise by PVD in an oxygen atmosphere of 

10˗6 mbar at 700 K followed by an post-oxidation step (p(O2) = 10˗4 mbar O2, 700 K).52,53 For 

convenience, the resulting IrO2(110)-TiO2(110)/TiO2˗x(110) model electrode system is denoted 

as IrO2(110)-TiO2(110) throughout this work. 

After preparation the obtained IrO2(110) surfaces of the model electrode systems were 

thoroughly characterized by means of scanning tunneling microscopy (STM), X-ray 

photoelectron spectroscopy (XPS), and scanning electron microscopy (SEM). STM and XPS 

experiments were carried out in the same UHV system49 as for the preparation, utilizing a VT-

STM (ScientaOmicron) and a hemispherical analyzer (PSP Vacuum Technologies; Mg Kα 

line), respectively. For SEM experiments a Merlin apparatus (Carl Zeiss NTS GmbH) was used. 

In addition, pre- and post-analysis via XPS was occasionally conducted utilizing a PHI 

VersaProbe II instrument (Al Kα line). 

While the microscopic structure as seen by STM and the spectroscopic signature (XPS) of the 

pristine single-crystalline IrO2(110) films is independent of the underlying structure-directing 

substrate the surface morphology on the mesoscale is affected significantly, which can be 
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visualized by SEM and also STM. A compilation of the surface characterization of the two 

model electrode systems is given in Figure 2.  

 
Figure 2: Compilation of STM images (a, b), SE micrographs (c, d), and XP spectra (e, f) of the IrO2(110) films in dependence 

of the underlying substrate. The white double arrows in (a) – (d) indicate the [001] direction while the black dashed lines in (e) 

and (f) show the peak binding energies of the Ir 4f and O 1s signals, respectively. 

In case of the IrO2(110)-TiO2(110) model electrode the IrO2(110) terraces are elongated along 

the [001] direction (ca. 100 nm) while their width along the [11̅0] direction is 10 - 20 nm, 

overall the surface is flat and smooth (cf. Figure 2b,d). In comparison, the surface morphology 

of the IrO2(110)-RuO2(110)/Ru(0001) model electrode is different: RuO2(110) grows onto 

Ru(0001) incommensurately, due to the difference in symmetry of the Ru(0001) surface unit 

cell (hexagonal) and the one of RuO2(110) (rectangular). Hence, RuO2(110)/Ru(0001) exhibits 

three rotational domains which are chemically equivalent but rotated against each other by 

120°.57,58 Adopting the structure of the underlying RuO2(110) film, the IrO2(110) film shows 

these rotational domains as well (cf. Figure 2a). In addition, the IrO2(110) film features arrays 

of “roofs”, i.e. series of ascending and descending terraces (being atomically flat) which are 

separated by single atomic steps.51 This mesoscale rooflike structure can readily be visualized 

via SEM (cf. Figure 2c), a schematic depiction is given in Figure 3a. The “roofs” are separated 

by ca. 80 nm while being 1-2 nm in height, the length along the [001] direction is 200-600 nm.51 

In Figure 3b a ball and stick model of the rutile IrO2(110) surface is shown. Via SXRD the 

lattice constants of the (110)-oriented IrO2 unit cell are shown to vary in dependence of the 

underlying structure-directing substrate, as the lattice constants of the (110)-oriented unit cells 

of RuO2 and TiO2 differ.53 
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Figure 3: (a) Schematic depiction of the rooflike structure of the IrO2(110) film deposited on RuO2(110)/Ru(0001). The “roofs” 

arise from a series of ascending and descending terraces. (b) Ball and stick model of the rutile IrO2(110) surface. The grey and 

red spheres represent the iridium and oxygen atoms, respectively. The light blue dashed lines indicate the (1×1) surface unit 

cell. “Ircus” denotes a coordinatively-unsaturated (cus) iridium atom. The coordinate systems give the relevant crystallographic 

directions. 

The XP spectra in the Ir 4f and O 1s binding energy regions of the pristine IrO2(110) films in 

dependence of the substrate are shown in Figure 2e,f. The Ir 4f signal is present as doublet 

arising from the Ir 4f7/2 and the Ir 4f5/2 transition at 61.7 and 64.7 eV (cf. black dashed lines in 

Figure 2e), respectively, which reveal iridium to be present in the IV+ oxidation state.59–61 The 

intensity ratio Ir 4f7/2:Ir 4f5/2 of 4:3 as expected from spin-orbit coupling does not prevail due 

to i) the highly asymmetric shape of the peaks towards higher binding energies62 and ii) the 

Ir 5p1/2 transition located at 64.7 eV for IrO2
59. In case of the IrO2(110)-TiO2(110) model 

electrode the Ti 3s transition may be considered in addition, since for TiO2 it is located at about 

62 eV,63,64 next to the Ir 4f7/2 transition. However, the pristine IrO2(110) films used in the 

present work exhibit a thickness (> 4 nm) enough to completely diminish the XPS signals 

related to the TiO2(110) substrate. This applies for the pristine IrO2(110)-RuO2(110)/Ru(0001) 

model electrodes as well: the XPS signals related to the RuO2(110)/Ru(0001) substrate are 

completely diminished. The XP spectrum in the O 1s binding energy region of the IrO2(110) 

films is shown in Figure 2f. The O 1s signal at 530 eV (cf. black dashed line in Figure 2f) 

arises due to the oxide OII⁻ species of IrO2.
59–61 A more detailed analysis of the pristine 

IrO2(110) films’ XP spectra by means of fitting reveals iridium to be exclusively in the IV+ 

oxidation state with the oxide OII⁻ species being present.55,56,65 However, synchrotron radiation-

based surface-sensitive XPS studies of the IrO2(110) films have revealed small amounts of 

metallic iridium to be present on the surface after preparation,61 a finding that needs to be 

considered in the Results and Discussion part (Chapter 2.2) later. 

 

1.4 Experimental Approach for the Stability Studies 

In order to obtain an overall picture of potential electrochemically induced alterations or 

degradation of the IrO2(110)-based model electrodes a set of complementary techniques is 

employed (cf. Figure 4): on the one hand, in situ and operando studies utilizing surface X-ray 

diffraction (SXRD) and X-ray reflectivity (XRR). These allow for following changes of the 

IrO2(110) films in terms of crystalline structure and film thickness under electrochemical 

conditions, i.e. ambient electrolyte solution and controlled electrode potential U (potentiostatic 

conditions) or current density j (galvanostatic conditions). In addition, operando scanning flow 

cell-inductively coupled plasma mass spectrometry (SFC-ICP-MS) experiments can be 
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conducted to monitor the amount of dissolved electrocatalyst material in dependence of the 

applied electrochemical protocol, hence the “dissolution kinetics” can be followed. On the other 

hand, by ex situ imaging techniques like SEM and STM the changes of the model electrode 

surface can be visualized by comparing pre- and post-characterization while with ex situ XPS 

changes in the spectroscopic signature can be traced. Another ex situ technique available is 

time-of-flight secondary ion mass spectrometry (ToF-SIMS), combining spatial resolution and 

chemical information, thus allowing for analyzing morphological features of the model 

electrode surface. In the following subsections the in situ/operando and ex situ approaches will 

be explained in more detail. 

 
Figure 4: Flow diagram of the combined in situ/operando and ex situ approach utilized in the present work. Before and after 

the in situ/operando studies the model electrodes were subject to a detailed pre- and post-characterization.  

 

1.4.1 In Situ and Operando Synchrotron Radiation-Based X-ray Diffraction and 

Reflectivity Studies 

Starting from the 1980s, X-ray diffraction has evolved into “[...] one of the best trusted methods 

[...]”66 for the determination of the structure of surfaces. Compared to another very prominent 

technique in surface structure determination, low-energy electron diffraction (LEED), X-rays 

do not suffer from multiple scattering effects which may hamper the interpretation of 

experimental data.67,68 Furthermore, due to their only weak interaction with matter, the usage 

of X-rays as experimental probe offer a major advantage: in contrast to other surface-sensitive 

probes, like electrons (e.g. LEED), X-rays do not require UHV conditions, thus enabling not 

only to study the solid-vacuum interface but also the solid-gas, solid-liquid, or solid-solid 

interface.68 However, in order to study surfaces or buried interfaces with XRD the following 

has to be considered: i) the diffracted intensity arising from a surface is several orders of 

magnitude less compared to the bulk and ii) in case of a buried interface the intensity of both 

the incoming and diffracted X-rays is reduced, due to the energy-dependent absorption of the 

ambient medium, e.g. an aqueous electrolyte solution.68,69 Hence, to overcome these issues, 

high-intensity sources providing high-energy X-rays are needed. Both of these necessities can 

be fulfilled by the utilization of X-rays generated at synchrotron radiation facilities. For this 

reason, the SXRD and XRR studies presented in this work were conducted partly at the 

European Synchrotron Radiation Facility (ESRF, beamline ID03; Grenoble, France) and partly 

at the Deutsches Elektronen-Synchrotron (DESY, beamline P21.2; Hamburg, Germany). 

Since the SXRD and XRR studies of the single-crystalline IrO2(110)-based model electrodes 

are supposed to be conducted either in situ or operando, i.e. under controlled electrochemical 

conditions (ambient electrolyte, electrode potential, current density), an appropriate 
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electrochemical cell has to be employed: it has to allow for using a three-electrode setup, 

flushing with electrolyte solution to remove forming gaseous or dissolved products, and letting 

the incoming and diffracted X-rays pass through with a sufficiently low loss of intensity. A 

suitable cell type meeting these requirements was introduced several years ago70 and since has 

been well-established and to some extent modified.71–76 A schematic depiction of the 

electrochemical cell as well as a photograph is shown in Figure 5. 

 
Figure 5: (a) Schematic depiction and (b) photograph of the employed electrochemical cell made of PEEK (polyether ether 

ketone). The photograph shows the cell mounted onto the diffractometer at beamline P21.2 at DESY. “S” denotes the sample 

located at the bottom of the electrochemical cell, the counter electrode comes from the top of the cell. The Ag/AgCl reference 

electrode comes in through an inclined drill hole (similar to the electrolyte inlet) from behind the plane of projection, rotated 

by 90° with respect to the electrolyte in- and outlet. In (a) the O-ring seals are omitted for clarity. 

The IrO2(110)-based model electrode as working electrode (WE) is located at the bottom of the 

cell while the glassy carbon counter electrode (CE) is introduced from the top. The Ag/AgCl 

reference electrode (RE) is situated in between the working and counter electrodes, all 

electrodes are connected to a potentiostat/galvanostat (PG-STAT) (cf. Figure 5a). The cell can 

be flushed with electrolyte solution, a 0.5 M H2SO4 solution (pH 0.4) prepared from 

concentrated sulfuric acid and high-purity water, through the tubing in- and outlet. After 

assembling and checking for the absence of leakage the electrochemical cell is mounted onto 

the diffractometer at the beamline (cf. Figure 5b). A scheme illustrating the general diffraction 

geometry can be found in Figure 6. 
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Figure 6: Schematic illustration of the diffraction geometry. If the scattering vector q⃗  comprises components parallel and 

perpendicular to the surface ( q
∥

⃗⃗ ⃗⃗   and q
⊥

⃗⃗⃗⃗ , respectively), the conditions for SXRD (a) are fulfilled. In contrast, if q⃗  consists only 

of a component perpendicular to the surface, the conditions for XRR (b) are met. 

In case of SXRD the incident X-ray beam impinges the surface under a small angle of incidence 

αi  (“grazing incidence”), which is generally kept constant, to enhance the surface sensitivity. 

If now the diffraction condition (Laue condition) 

 G⃗⃗  = q⃗  (1) 

is fulfilled, the diffracted beam can be measured at a distinct point G⃗⃗  of the reciprocal lattice, 

given by the reciprocal lattice vectors a∗⃗⃗  ⃗, b∗⃗⃗  ⃗, c∗⃗⃗  ⃗ of the sample by  

 G⃗⃗  = h a∗⃗⃗  ⃗ + k b
∗⃗⃗  ⃗ + l c∗⃗⃗  ⃗ (2) 

with h, k, l being the Miller indices.77 q⃗  denotes the wavevector transfer or scattering vector 

defined by the incident and diffracted wavevectors ki
⃗⃗  and kf

⃗⃗ , respectively, as 

 q⃗  = ki
⃗⃗  ⃗ ‒ kf

⃗⃗  =  q
∥

⃗⃗ ⃗⃗   + q
⊥

⃗⃗⃗⃗  (3) 

with  q
∥

⃗⃗ ⃗⃗    and q
⊥

⃗⃗⃗⃗  being the scattering vector components parallel (“in-plane”) and perpendicular 

(“out-of-plane”) to the surface, respectively.77–79 For the magnitude of the incident and 

diffracted wavevectors 
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|ki
⃗⃗ | = |kf

⃗⃗ | = 
2π

λ
 = 

E

ℏc
 

(4) 

applies, with the reduced Planck constant ℏ, the speed of light in vacuum c, and λ and E being 

the photons’ wavelength and energy, respectively.79,80 The diffracted beam can then be detected 

under the scattering angle 2θ determined by77,79 

 
|q⃗ | = 

4π

λ
sin θ 

(5) 

If now the in-plane scattering angle δ is zero,  q
∥

⃗⃗ ⃗⃗    becomes zero: as a consequence, only the 

perpendicular component of the scattering vector q
⊥

⃗⃗⃗⃗  is changed. With the additional condition 

that the incident and exit angles αi and αf, respectively, are kept equal 

 αi = αf = θ (6) 

for |q⃗ | follows79 

 
|q⃗ | = |q

⊥
⃗⃗⃗⃗ | = 

4π

λ
sin αi 

(7) 

Given this, the so-called specular X-ray reflectivity (XRR) is defined. 

For the SXRD characterization a moveable point or small two-dimensional (2D) detector can 

be used in case of conventional photon energies (E = 10 - 30 keV) while for higher photon 

energies a stationary large 2D detector can be applied (high-energy surface X-ray diffraction, 

HESXRD).81 The studies in publications I, II, V, and VI were conducted at a photon energy of 

E = 21.5 keV (λ = 57.67 pm), in publication IV the photon energy was E = 67.15 keV 

(λ = 18.46 pm). Hence, in the present work both conventional and high-energy SXRD were 

employed. In case of conventional SXRD so-called h-, k-, and l-scans are conducted by moving 

the detector around the sample, in this way only probing rather small parts of reciprocal space 

at once. Via HESXRD large parts of reciprocal space can be recorded simultaneously by 

rotating the sample around its surface normal while employing a stationary large 2D detector.81 

The 2D detector images can then be processed to obtain h-, k-, and l-scans as well. Within these 

scans, one or two components of the scattering vector (cf. Equation (2)) are kept constant while 

the remaining are/is scanned. For example, a l-scan is conducted by adjusting values for h and 

k and scan along l. Each of the indices is related to a certain direction of the (110)-oriented 

rutile MO2 (M = Ir, Ru, Ti) unit cell: h∥a∥[11̅0], k∥b∥[001], and l∥c∥[110] (cf. Figure 3b). In 

case of the RuO2(110)/Ru(0001) substrate the reflections of RuO2(110) and IrO2(110) appear 

at non-integer (hkl) values due to the Ru(0001) single crystal’s unit cell utilized as reference for 

defining the orientations in reciprocal space. Further details can be found in literature.50 

Employing SXRD, the IrO2(110)-based model electrodes can be characterized in terms of 

(changes in) degree of crystallinity, (changes in) the lattice constants of the (110)-oriented rutile 

MO2 unit cell, and domain size (crystallite size). The degree of crystallinity is correlated with 

the integrated intensity of the Bragg reflections of the single-crystalline IrO2(110) films: the 

higher the integrated intensity, the higher the amount of crystalline material or the higher the 
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crystallinity of the material. The lattice constants of the (110)-oriented unit cell determine the 

scattering angle 2θ and hence the position of the reflections in the h-, k-, and l-scans. Therefore, 

changes in the reflection positions translate to changes in the lattice constants. The domain size 

or crystallite size along a certain direction can be derived from the FWHM (full width at half 

maximum) values of the reflections along this direction.  

With XRR layered systems can be studied, regardless of their crystallinity: due to the 

interference of X-rays scattered at the substrate/layer and layer/ambience interfaces oscillations 

in intensity arise along the reflectivity scan, which are termed Kiessig fringes.79,82 For a simple 

substrate/layer/ambience system, the periodicity of the maxima and minima of the Kiessig 

fringes in |q
⊥

⃗⃗⃗⃗ | is related to the average thickness d of the layer by 

 
 d = 

2π

Δ|q
⊥

⃗⃗⃗⃗ |
 

(8) 

with Δ|q
⊥

⃗⃗⃗⃗ | being the difference in the position of two successive maxima or minima. However, 

for multilayer systems XRR data may be subject to fitting procedures utilizing appropriate 

software packages (present thesis: GenX83). Thus, XRR allows for determining the thickness 

of the IrO2(110) films in case of both the “simple” IrO2(110)-TiO2(110) and the “multilayer” 

IrO2(110)-RuO2(110)/Ru(0001) model electrodes. 

In order to study the stability of the model electrodes under electrochemical conditions suitable 

experimental protocols have been devised. For both the in situ and the operando studies a 

“reference point” is required against which electrochemically induced alterations can be 

compared to. Therefore, the IrO2(110) films were characterized at the open-circuit potential 

(OCP) which is defined by the current (density) being null at this potential, i.e. the 

electrochemical cell being at rest with no (external) current flowing. After characterization at 

OCP the model electrodes were subject to specific electrochemical protocols. For the in situ 

studies a pulse-rest protocol was utilized: a certain electrode potential Ui was applied to the 

IrO2(110) working electrode for a set duration of time tpulse (potentiostatic pulse), subsequently 

a rest potential Urest was applied at which the SXRD and XRR characterization was conducted 

within trest. The rest potential was chosen in a way that no electrochemically induced alterations 

were expected to occur. An exemplary depiction of a pulse-rest protocol is shown in Figure 7a. 

Employing this kind of electrochemical protocol only irreversible potential-induced changes of 

the IrO2(110) films will be monitored. 

 
Figure 7: Exemplary scheme of (a) a potentiostatic pulse-rest protocol as utilized in publications I, II, V, VI and (b) a 

galvanostatic hold protocol as utilized in publication IV. 
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In case of the operando studies a different electrochemical protocol was utilized: after data 

collection at OCP (tOCP) the IrO2(110) working electrode was subject to a galvanostatic hold, 

i.e. a specific current density j
hold

 was applied. (HE)SXRD and XRR data were recorded under 

operation conditions throughout the duration of the hold (thold). An exemplary visualization of 

a galvanostatic hold protocol is shown in Figure 7b. 

Briefly summarized, the combination of an appropriate electrochemical cell in combination 

with the above-mentioned synchrotron radiation-based techniques and application of suitable 

electrochemical protocols allows for following the structural evolution of the IrO2(110) model 

electrode surface under electrochemical conditions.  

 

1.4.2 Operando Scanning Flow Cell - Inductively Coupled Plasma Mass Spectrometry 

Employing the SFC-ICP-MS technique the stability (and activity) of an electrocatalyst material 

can be studied operando via monitoring the amount of the dissolution product while the 

electrocatalyst is under operating conditions, i.e. applied electrode potential or current density. 

For this purpose, a microelectrochemical scanning flow cell is coupled with an ICP-MS system 

enabling multi-elemental trace analysis.84–86 A schematic depiction of the scanning flow cell 

(SFC) which is placed on the sample surface is shown in Figure 8a. A more detailed description 

of the SFC setup can be found in the literature.84,87 

 
Figure 8: (a) Schematic depiction of the SFC-ICP-MS setup. The electrolyte solution is pumped from a reservoir to the SFC, 

being in contact with the sample surface via a silicon-sealed opening. The outlet of the SFC is coupled to the inlet of an ICP-

MS. Utilizing a moveable stage several spots can be measured on one sample. (b) Diagram exemplifying a so-called dissolution 

plot where the dissolution rate (red line) is correlated with the applied electrochemical protocol (black line). “M” denotes the 

element of interest in the respective experiments. 

The plastic material (acrylic, polycarbonate) cell contacts the model electrode surface from the 

top via a silicon-sealed opening. A flow of electrolyte solution can be applied through the in- 

and outlet of the cell, the outlet being coupled to the inlet of an ICP-MS instrument. The counter 

and reference electrodes are connected to the electrochemical cell through the tubing of the in- 

and outlet, respectively. When the model electrode is now subjected to an electrochemical 

protocol, the potential dissolution products are flushed away from the surface by the electrolyte 

flow, into the ICP-MS instrument which allows for online quantification of the amount of 

dissolved species. As a result, so-called dissolution plots are obtained where the dissolution rate 

is correlated with time and applied potential or current density (cf. Figure 8b). Integration of 

the dissolution rate over time gives the total amount of dissolved electrocatalyst material. 
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The low detection limit and high time resolution enable a rapid assessment of electrocatalyst 

stability as well as screening of electrocatalyst material libraries.14,88–91 However, the SFC-ICP-

MS technique also holds some limitations: the current density and the duration of a hold are 

limited by the accumulation of evolving oxygen bubbles which can lead to a loss of contact in 

the microelectrochemical cell. A second drawback is that by SFC-ICP-MS the stability is 

studied from the dissolution product side, hence no insight can be gained in how the model 

electrode degrades mechanistically, i.e. the structural and morphological evolution as well as 

potential changes in chemical composition cannot be followed. In order to complement the 

information obtained via SFC-ICP-MS experiments an ex situ surface characterization of the 

model electrode needs to be conducted. 

 

1.4.3 Ex Situ Surface Characterization 

The above mentioned in situ and operando techniques allow for following the structural 

evolution of the model electrode surface and the quantification of the amount of electrocatalyst 

material being dissolved due to the applied electrochemical protocol. However, SEM and STM 

as imaging techniques enable a visualization of the changes of the model electrode surface by 

conducting a pre- and post-electrochemistry characterization which complements and advances 

the findings obtained by the operando and in situ studies. SEM visualizes morphological 

changes on the mesoscale while via STM the structure of the model electrode surface can be 

visualized down to the atomic scale. Morphological features of the surface can be analyzed 

additionally in terms of chemical composition employing ToF-SIMS. Changes in chemical 

composition and the spectroscopic signature can be revealed by XPS, thus tracing modifications 

of the oxidation state or chemical environment in the surface region of the electrocatalyst 

material due to the applied electrochemical protocol. In addition, XPS allows for a semi-

quantitative determination of changes in the amount of electrocatalyst material (at least in case 

of an ultrathin film).  
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2 Results and Discussion 

2.1 Proof of Principle: Stability of a RuO2(110)/Ru(0001) Model Electrode 

under Cathodic Conditions in the HER Potential Region 

In order to prove the applicability of the experimental approach described in Chapter 1.4 a 

single-crystalline RuO2(110)/Ru(0001) model electrode was studied under cathodic conditions 

in the HER potential region (cf. Publication I). It is known from literature that RuO2 is not 

stable under such conditions in alkaline medium and transforms to some hydrous RuO2 phase 

or even metallic Ru.92–94 However, for acidic medium there are contradictory results reported 

for the electrochemical reduction of RuO2: some studies indicate at least some partial reduction 

to occur95 while others point out no reduction to take place96,97, all of these studies utilizing 

either XPS or XRD. Two studies applying SXRD reveal an expansion or roughening of the top 

RuO2 layers only,98,99 others suggest an expansion of the RuO2 unit cell due to proton 

incorporation.96,100 The complete reduction of RuO2 to metallic Ru was excluded.95,96,100 

Employing now a single-crystalline RuO2(110)/Ru(0001) model electrode allows i) for 

resolving the apparent mismatch of the above mentioned studies and ii) checking for the 

suitability of the proposed combination of in situ or operando SXRD/XRR and complementary 

ex situ techniques, as for RuO2 some alterations are expected to occur under cathodic, reducing 

conditions. 

For this proof-of-principle study, a RuO2(110) ultrathin film thermally grown onto 

Ru(0001)50,101 was subjected to an electrochemical protocol comprising potentiostatic pulse-

rest cycles.102 During the rest period the model electrode surface was characterized in situ by 

SXRD and XRR. These studies reveal the RuO2(110) film to lose its crystallinity, as indicated 

by the decreasing intensity in SXRD (exemplified for the l-scans in Figure 9a). The position 

of the reflection is shifting and the FWHM value is increasing (cf. Figure 9b), thus indicating 

the lattice constant along the [110] direction to change and the domain size to decrease, 

respectively. XRR proves the layered structure to be preserved as Kiessig oscillations are still 

discernible (cf. Figure 9c). Moreover, fitting of the XRR data points out the thickness of the 

RuO2 film to have increased from 1.66 nm at OCP to 2.50 nm at ˗0.18 V vs. RHE. The post-

characterization via ex situ XPS indicates the presence of hydrous RuO2 due to the cathodic 

polarization: in the O 1s signal a broad shoulder towards higher binding energies is clearly 

visible, plus fitting reveals H2O and CO2 to be present (cf. Figure 9d) which are ascribed to the 

formation of hydrous RuO2.
103,104 Additional lab-based experiments, adapting the 

electrochemical protocol of the in situ studies and utilizing cyclic voltammetry (CV) to monitor 

the electrochemical response of the model electrode surface, even indicate the formation of 

metallic Ru as distinct cathodic features in the cyclic voltammograms appear (cf. Figure 9e) 

which are ascribed to the metallic Ru(0001) surface.105–108 The combination of the results of 

both the in situ and the ex situ experiments suggests proton incorporation into the RuO2(110) 

film under cathodic conditions, thereby destroying the crystallinity (SXRD) while preserving 

the layered structure (XRR). CV and XPS experiments indicate the electrochemical reduction 

of RuO2(110) to hydrous RuO2 and even metallic Ru.  
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Figure 9: (a) Integrated intensity of the reflection in the l-scan at (h, k) = (0.73, 0) and (b) corresponding position (black circles) 

and FWHM value (red circles) as a function of the electrode potential. In (c) the experimental XRR data (hollow circles) are 

shown in dependence of the electrode potential and compared with fits (red lines). The O 1s XP spectrum obtained during the 

post-characterization is shown in (d), fitting reveals H2O and CO2 to be present. In (e) cyclic voltammograms of the 

RuO2(110)/Ru(0001) model electrode are depicted for the pristine surface (dark blue) and after the last potentiostatic pulse 

down to ˗0.18 V vs. RHE (light blue) of the electrochemical protocol. The light blue asterisks indicate features in the cyclic 

voltammogram which can be assigned to metallic Ru(0001). 

The study showcases the importance of employing various, complementary techniques: 

utilizing X-ray diffraction96,100 would have indicated only changes in the crystalline structure 

but not in oxidation state or chemical environment as possible with XPS95. Also, the usage of a 

single-crystalline ultrathin film is important: the present study reveals the loss of crystallinity 

and electrochemical reduction of the RuO2(110) ultrathin film at an electrode potential of 

˗0.18 V vs. RHE. For comparison, Lister et al. studied the (110) facet of a bulk RuO2 single 

crystal under cathodic conditions via SXRD and concluded some expansion of the top RuO2 

layer and, only at extremely negative potentials (˗1.2 V vs. Ag/AgCl in 0.5 M H2SO4, ≈ ˗0.98 V 

vs. RHE), roughening of the surface.98,99 This apparent contradiction can be resolved: if the 

RuO2 single crystal was partly reduced at the surface the forming hydrous RuO2 would likely 

be not crystalline and thus not detectable via SXRD, in contrast to the bulk RuO2 which would 

still be visible.  

In conclusion, the present study positively demonstrates the suitability of the complementary 

in and ex situ techniques for stability studies of model electrodes under electrochemical 

conditions. In particular, the in situ synchrotron radiation-based SXRD and XRR studies are 

quite sensitive for changes in the crystalline and layer structure of the model electrode surface. 

Additional ex situ studies render an overall picture on electrode stability possible. 
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2.2 Stability of IrO2(110) Model Electrodes under Anodic Conditions in 

the OER Potential Region 

Based on the RuO2(110)/Ru(0001) model system the IrO2(110)-RuO2(110)/Ru(0001) model 

system was developed and subsequently employed for surface science and heterogeneous 

catalysis studies.51,53,61 As a main part of the present work the latter system was utilized as a 

model electrode to study the stability of IrO2(110) films under anodic conditions in the OER 

potential region (cf. Publications II and III).109,110 An electrochemical pulse-rest protocol was 

applied in combination with the in situ characterization of the IrO2(110) model electrode surface 

via SXRD and XRR within the rest periods, the pulse potential was stepwise increased from 

1.32 V (rest potential) up to 1.96 V vs. RHE (1.30 V and 1.94 V vs. the standard hydrogen 

electrode (SHE) at pH 0.4, respectively). The integrated intensities of the IrO2(110) reflections 

decrease for both the h- and l-scans (cf. Figure 10a) while the reflection positions and FWHM 

values are fairly constant. Hence, the lattice constants (reflection position) and the domain sizes 

(reflection FWHM) are not affected by the electrochemical protocol, but the total amount of 

crystalline material (integrated intensity) decreases, which could be interpreted as dissolution 

of the single-crystalline IrO2(110) film. However, XRR reveals the IrO2(110) film thickness to 

be ≈10 nm and to be unaffected by the potentiostatic pulses as seen from both the constant 

positions of the maxima/minima (cf. Figure 10b) and further analysis of the data by GenX.  

 
Figure 10: (a) Integrated intensity of the reflections in the h- (black circles) and l-scans (red circles) and (b) selection of the 

XRR scans in dependence of the applied pulse potential. (c) Overview secondary electron micrograph of the model electrode 

surface after the in situ studies. The dashed and dotted lines indicate the position of the maxima and minima, respectively. 

This apparent contradiction of the in situ techniques is resolved by ex situ SEM experiments 

which reveal the potential-induced pitting corrosion of the model electrode: deep pits are visible 

with “pillars” of the still intact surface in between them (cf. Figure 10c). Considerable portions 

of the IrO2(110) film are inclined from the pits’ edges into the pits, in this way becoming 

invisible for SXRD and XRR since the original alignment of the surface is not met anymore for 



 

 

 17 

these parts. As a result, the integrated intensity of the reflections decreases since less IrO2(110) 

is “seen” by SXRD, but the parts remaining on top of the “pillars” are still single-crystalline 

and not affected in terms of the lattice constants and domain sizes as well as the film thickness 

(XRR). A more detailed inspection of the model electrode surface by means of high-resolution 

secondary electron (SE) micrographs allows for recognizing the mesoscale rooflike structure of 

the IrO2(110) film (as presented in Chapter 1.3) on the “pillars” and even on the parts inclined 

into the pits (cf. Figure 11). 

 
Figure 11: High-resolution SE micrographs of the IrO2(110) film (a) on the intact “pillars” and (b) inclined into a pit. In both 

cases the mesoscale rooflike structure is clearly visible. The SE micrographs are taken from the Supporting Information of 

Publication III.109 

This finding indicates the step edges of the ascending and descending IrO2(110) terraces to be 

quite stable against corrosion, even though they expose under-coordinated Ir atoms. However, 

another feature of the surface morphology is crucial for the stability of IrO2(110)-

RuO2(110)/Ru(0001) model electrodes: the IrO2(110) film grows onto the RuO2(110)/Ru(0001) 

structure-directing substrate adopting three rotational domains, thus originating domain 

boundaries where the rotational domains meet (cf. Chapter 1.3). These kind of “surface grain 

boundaries” are proposed to be the starting point of potential-induced pitting corrosion: they 

may exhibit highly under-coordinated Ir atoms which are readily dissolved under anodic 

potentials above 1.42 V vs. RHE.109,111 After dissolution of a surface grain boundary the 

RuO2(110)/Ru(0001) substrate is exposed which is subject to accelerated corrosion, owing to 

the lesser stability of RuO2 and Ru compared to IrO2.
14 Hence, pits start to grow perpendicularly 

and also horizontally to the electrode surface, in this way undercutting the IrO2(110) film and 

leading to its observed inclination.109,110 Employing ToF-SIMS, the inner surface of the pit 

walls was found to likely consist of electrochemically formed hydrous RuO2.
110 Since (hydrous) 

RuO2 and metallic Ru are more active OER electrocatalysts than IrO2,
11,14 oxygen bubbles will 

start to nucleate in the pits at some point and may disrupt parts of the inclined IrO2(110) film 

when being released into the electrolyte solution. Hence, the corrosion process of IrO2(110) is 

not only caused by the dissolution of Ir from surface grain boundaries but also by mechanical 

instabilities at the electrode surface. All these results combined allow for the conclusion that 

perfect single-crystalline IrO2(110) domains are highly stable against anodic corrosion in the 

OER potential region up to 1.96 V vs. RHE, while imperfections of the IrO2(110) films and 

instabilities of the underlying RuO2(110)/Ru(0001) lead to a degradation of the model electrode 

surface.  

In order to provide clear-cut evidence on the apparently remarkable stability of single-

crystalline IrO2(110) films under OER conditions, a second model system was developed 
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comprising an inert substrate and uniformly oriented domains: IrO2(110)-TiO2(110) (cf. 

Chapter 1.3).52,53 This IrO2(110)-TiO2(110) model electrode was subject to operando 

HESXRD/XRR studies as well as operando SFC-ICP-MS experiments (cf. Publication IV).55 

In case of the former, a galvanostatic hold protocol was applied to the model electrode, i.e. the 

current density was set to 50 mA·cm˗2 after the surface had been characterized at OCP. During 

the galvanostatic hold HESXRD and XRR data were recorded occasionally, the hold time 

adding up to ≈26 h in total. The diffraction patterns, recorded in dependence of time, were 

evaluated by means of intensity, position, and FWHM of several IrO2(110) Bragg reflections, 

in this way allowing to assess the stability of the single-crystalline film under OER conditions. 

Employing operando XRR, the film thickness was monitored within the duration of the 

galvanostatic hold. The XRR data collected was subject to fitting applying GenX, the obtained 

values for the film thickness are depicted in Figure 12a as a function of time. As can be seen 

the thickness of the IrO2(110) film has not been altered upon ≈26 h at 50 mA·cm˗2, a linear 

regression of the data demonstrates the thickness to be preserved at 49.6 ± 0.1 Å. Thus, a 

“homogeneous” dissolution, i.e. layer-by-layer dissolution, of the IrO2(110) film can be 

excluded, which is in line with the results of the in situ XRR data presented above. 

 
Figure 12: (a) Thickness of the IrO2(110) film as derived via fitting of the XRR data (black circles) and applied current density 

(red line) as a function of time. The black dotted line indicates the average value of the film thickness. (b-d) Exemplary 

compilation of the HESXRD data for the (hkl) = (113) reflection of IrO2(110): integrated intensity (b), shift in the reflection 

position ∆2θ (c), and FWHM values (d) in dependence of the galvanostatic hold time. The FWHM values are given for the in-

plane (ip) and out-of-plane (oop) directions by hollow and filled circles, respectively. The gray area in (a-d) indicates the data 

recorded at OCP, time zero is referenced to the start of the galvanostatic hold. (e) The (hk) = (2 0) CTR for varying conditions: 

OCP (dark blue), ≈7 h (blue), and ≈26 h (light blue) at 50 mA·cm˗2. The CTRs are offset for clarity, the gray areas indicate the 

position of the beam stops used to protect the 2D detectors from the high-intensity Bragg reflections of the TiO2(110) substrate. 

Negative values for l denote the diffraction signals which have been recorded after transmission through the TiO2(110) 

substrate. STM images of the IrO2(110) model electrode surface before (f) and after (g) the operando studies. The image in (g) 

was recorded after the model electrode was flashed to 670 K in an oxygen atmosphere of 10˗4 mbar to remove contaminations 

of the surface which are due most likely to carbon and water. The white double arrows indicate the [001] direction. 

In order to exclude “heterogeneous” dissolution phenomena such as potential-induced pitting 

corrosion to occur, the IrO2(110) Bragg reflections need to be evaluated, since they are sensitive 

to the crystallinity of the film (in contrast to XRR). The integrated intensities of several 
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reflections do not vary significantly from their values at OCP, as can be seen exemplarily for 

the (hkl) = (113) reflection in Figure 12b, hence indicating the amount of crystalline IrO2(110) 

to not be decreased within the duration of the galvanostatic hold. In addition, the fairly constant 

reflection positions and FWHM values (cf. Figure 12c,d) reveal the lattice constants and 

domain sizes to be unaffected by the electrochemical protocol. In the (h k) = (2 0) crystal 

truncation rod (CTR) so-called Laue oscillations112 are discernible around the Bragg reflections 

(cf. Figure 12e). The occurrence of these oscillations points to a high degree of crystallinity 

and uniformity of the IrO2(110) film in the out-of-plane, i.e. [110], direction. The period of the 

Laue oscillations is inversely proportional to the number of coherently diffracting unit cells, 

hence the thickness of the film can be determined from an evaluation of the positions of the 

maxima and minima of the oscillations, similar to XRR. However, in contrast to Kiessig 

oscillations in XRR the film needs to be crystalline and well-ordered.112,113 An evaluation of 

the oscillation period at OCP and after ≈26 h of the galvanostatic hold determines the film 

thickness to 49.8 ± 1.6 Å, hence indicating that neither the crystallinity nor the roughness of the 

IrO2(110) film have changed significantly. This finding is corroborated by a comparison of 

STM images recorded before and after the operando studies: the elongated terraces along the 

[001] direction are clearly visible and the IrO2(110) surface appears to be flat and smooth both 

in the pre- and post-characterization (cf. Figure 12f,g). Summarized, the combination of the 

results from the operando HESXRD and XRR studies and the ex situ characterization via STM 

(and XPS) indicate an upper limit of 0.1 monolayers of IrO2(110) to be dissolved during the 

galvanostatic hold of ≈26 h at 50 mA·cm˗2, which translates to 37 ng·cm˗2 (one monolayer of 

IrO2(110) corresponds to 370 ng·cm˗2). 

 
Figure 13: Summary of the SFC-ICP-MS experiments on the single-crystalline IrO2(110)-TiO2(110) model electrode and a 

sputtered polycrystalline IrO2 electrode for comparison.55 (a) Applied electrochemical protocol comprising consecutive 

galvanostatic holds (OER pulses) separated by OCP periods, (b) Ir dissolution rate monitored by the ICP-MS, and (c) total 

amount of Ir dissolution in dependence of the OER pulse number. In (b) the dissolution peak of the sputtered IrO2 electrode 

upon contact with the electrolyte is indicated by an asterisk. In (b) and (c) the dissolution rate and the total dissolution, 

respectively, of the second and further OER pulses are displayed on a different scale (cf. dashed red line and red arrows). 

In addition, operando SFC-ICP-MS experiments were conducted to quantify the amount of 

dissolution and thus the stability of IrO2(110) from the “product side”, i.e. the dissolved iridium 

species. The applied electrochemical protocol as well as the results of the experiments are 

compiled in Figure 13. The electrochemical protocol (cf. Figure 13a) comprised a pulse-rest 
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protocol of seven consecutive OER pulses at a current density of 5 mA·cm˗2. As discernible in 

Figure 13b,c the Ir dissolution rate and total dissolution is higher in the beginning for the 

IrO2(110)-TiO2(110) model electrode compared to the sputtered IrO2 electrode, a finding that 

is due most likely to residual metallic Ir on the electrode surface from the preparation (cf. 

Chapter 1.3). However, the dissolution rate and total dissolution decreases for both electrodes 

and by the fourth OER pulse the single-crystalline IrO2(110) exhibits less dissolution than the 

polycrystalline IrO2. In case of IrO2(110) the total dissolution decreases by almost two orders 

of magnitude from 2.3 ± 1 ng·cm˗2 in the first to 0.06 ± 0.02 ng·cm˗2 in the seventh OER pulse 

(cf. Figure 13c). This value may now be compared to the synchrotron-based studies assuming 

a linear correlation of dissolution with current density and time, the former correlation was 

found recently by Kasian et al.29 Extrapolating the dissolution within the seventh OER pulse 

(0.06 ng·cm˗2 in 30 s at 5 mA·cm˗2) to 26 h at 50 mA·cm˗2, one could have expected a total 

dissolution of 1800 ng·cm˗2 corresponding to ca. 5 monolayer equivalents of IrO2(110). 

However, as established above the synchrotron-based studies set an upper limit of 0.1 

monolayers to be dissolved. Even if the dissolution would be assumed to only depend (linearly) 

on time, the then obtained value of 0.5 monolayer equivalents would still conflict with the 

HESXRD and XRR data. The differing results from SFC-ICP-MS and HESXRD/XRR 

experiments may be explained by the different modi operandi encountered: the synchrotron-

based studies were conducted applying a galvanostatic hold protocol (steady state conditions) 

while the SFC-ICP-MS experiments comprised a pulse-rest protocol (dynamic conditions). 

Hence, the operation conditions seem to be crucial for the stability of IrO2(110) in the OER. 

In conclusion, in the present thesis single-crystalline IrO2(110) is shown to be very stable 

against anodic corrosion under OER conditions in acidic electrolyte, although a “universal 

correlation between metal oxide instability and onset of oxygen evolution can be derived from 

thermodynamic principles” according to Binninger et al.31 This instability is proposed to be due 

to the LOER, i.e. the evolution of oxygen directly from the metal oxide, which was recently 

shown by a theoretical study to be able to outperform the conventional OER mechanism for 

defective IrO2(110) surfaces.37 However, experimentally it has been shown by isotope labeling 

studies that only the surface oxygen takes part in the OER for IrO2,
32,33 and a recent study 

concludes LOER to be “at most a negligible contribution to overall OER activity for Ru- and 

Ir-based catalysts in acidic electrolyte”.34 Besides an insignificant contribution of LOER in the 

oxygen evolution over IrO2 its high stability may be traced to the kinetics of dissolution: the 

formation of an IrO2OH dissolution intermediate via a chemical reaction step, which cannot be 

controlled by the electrode potential, was found to have a high activation barrier of 1.7 eV,35 

thus impeding dissolution of IrO2(110). A recent contribution by Binninger and Doublet 

suggests the stability of IrO2(110) to be due to a reconsidered OER mechanism: instead of the 

coordinatively-unsaturated Ircus
*  (cf. Figure 3b) the on-top (ot) oxygen-covered Ircus-Oot

*
 serves 

as active site * for the OER. Hence, Ir-O bonds are not required to be broken during the 

electrocatalytic cycle, resulting in a stable electrocatalyst surface.114 All these studies point 

toward a high stability of IrO2 under anodic conditions in the OER potential region, which is in 

line with the results of the present work.  
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2.3 Stability of IrO2(110) Model Electrodes under Cathodic Conditions in 

the HER Potential Region 

The IrO2(110)-based model electrodes were also subject to cathodic conditions in the HER 

potential region (cf. Publications V and VI).56,65 A pulse-rest protocol was utilized to study 

the stability under cathodic conditions by in situ SXRD and XRR. Employing the IrO2(110)-

RuO2(110)/Ru(0001) model electrode it is found that the IrO2(110) film is apparently not stable 

under cathodic conditions: the integrated intensities from the reflections in the h- and l-scans 

decrease upon the cathodic polarization down to almost zero after the potentiostatic pulse to 

˗0.16 V vs. RHE (cf. Figure 14a,b), thus apparently indicating the loss of the crystalline 

structure of IrO2(110), similar to RuO2(110) as shown before.  

 
Figure 14: Integrated intensities of the IrO2(110) reflections in (a) the h-scan and (b) the l-scan as a function of the electrode 

potential. The black arrows indicate the direction of the increasing cathodic polarization. In (c) the XRR scans are compiled in 

dependance of the pulse potential, the scans are offset for clarity. (d) SE micrographs recorded before and after the in situ 

studies. The insets show micrographs at a higher magnification which were recorded within the area of the lower magnification 

micrographs. 

However, in contrast to the RuO2(110)/Ru(0001) model electrode XRR indicates no swelling 

of the IrO2(110) film due to proton incorporation: the positions of the maxima and minima of 

the Kiessig oscillations do not change. Hence, the geometry of the layered IrO2(110)-

RuO2(110)/Ru(0001) model electrode does not change down to a cathodic potential of ˗0.12 V 

vs. RHE, although the amplitude of the oscillations attenuates (cf. Figure 14c). Yet, after the 

potential pulse to ̠ 0.16 V vs. RHE the Kiessig oscillations have vanished completely, indicating 
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the layered system to be destroyed. This finding is in contrast to RuO2(110)/Ru(0001) which 

has shown a loss of crystallinity as well but a preservation of the layered structure (cf. 

Chapter 2.1).102 The inspection of the IrO2(110)-RuO2(110)/Ru(0001) model electrode surface 

via SEM after the in situ studies reveals a severe roughening of the surface compared to the 

pristine one (cf. Figure 14d,e). The IrO2(110) film is delaminated partially from the underlying 

RuO2(110)/Ru(0001) substrate, yet the rooflike structure is discernible. The delaminated parts 

of the IrO2(110) film are not aligned to the initially set diffraction geometry anymore, hence 

the integrated intensities in SXRD decrease and the Kiessig oscillations in XRR attenuate and 

finally vanish. However, an electrochemical reduction resulting in a loss of crystallinity of the 

IrO2(110) film may be excluded since the reflection positions in the h- and l-scans do not change 

and the FWHM values are fairly constant for the h-scan and might only increase slightly for the 

l-scan. The preservation of the crystallinity is also corroborated by the still visible rooflike 

structures of the IrO2(110) film (cf. Figure 14e). The delamination is due likely to the 

electrochemical reduction of the underlying RuO2(110) film: as demonstrated before (cf. 

Chapter 2.1) RuO2(110) exhibits a complete loss of crystallinity around ˗0.18 V vs. RHE 

which is in fair agreement with the here observed potential at which the delamination takes 

place (˗0.16 V vs. RHE). When the RuO2(110) film is electrochemically reduced to amorphous 

hydrous RuO2 the IrO2(110) film may partly lose its adhesion and epitaxy to the substrate and 

thus delaminates. Similar to the potential-induced pitting corrosion of IrO2(110)-

RuO2(110)/Ru(0001) under anodic conditions (cf. Chapter 2.2),109–111 it is assumed that the 

surface grain boundaries allow the electrolyte solution to reach the RuO2(110) film and 

subsequently reduce it to hydrous RuO2. An evaluation of the XPS data after the in situ studies 

reveals no signs of reduction in the Ir 4f signal of IrO2(110) while OH species occur in the O 1s 

signal and a Ru 3d signal arises.65 

Since the IrO2(110) film appears to be stable with respect to its crystalline structure and only 

disordered via delamination from the underlying substrate, an IrO2(110)-TiO2(110) model 

electrode was employed to study the stability of IrO2(110) at potentials lower than ˗0.16 V vs. 

RHE. As for the IrO2(110)-RuO2(110)/Ru(0001) model electrode, an electrochemical pulse-

rest protocol was applied for the in situ SXRD/XRR studies. In Figure 15 the results from the 

in situ SXRD experiments are compiled: (a) and (c) show the integrated intensities while in (b) 

and (d) the positions and FWHM values of the reflections in the 𝑘-scan at (ℎ, 𝑙) = (0, 0.2) and 

the l-scan at (ℎ, 𝑘) = (0, 3.88), respectively, are compiled. The integrated intensity and position 

of the reflection in the 𝑘-scan are fairly constant down to ˗1.20 V vs. RHE while the FWHM 

value slightly increases after the last potentiostatic pulse (cf. Figure 15a,b). This indicates that 

the crystalline structure along the [001] direction is essentially preserved at least down to a 

cathodic potential of about ˗1 V vs. RHE. In case of the l-scan the integrated intensity decreases 

about 30 % while the FWHM value slightly increases and the reflection position is fairly 

constant (cf. Figure 15c,d), pointing to an increased extent of structural disorder of Ir and O 

along the [110] direction which is due presumably to proton incorporation. This increase in 

static disorder along the [110] direction of the IrO2(110) film can be quantified via fitting of the 

CTR data which is exemplarily depicted for the (hk) = (2 0) CTR in Figure 15e. From the fits 

of the (hk) = (0 0), (2 0), and (0 1.94) CTRs an increase of the Debye-Waller parameter B⊥ of 

0.1 ± 0.03 Å can be derived, which indicates a significant lattice distortion but not yet a loss of 

crystallinity. However, the increased static disorder along the [110] direction results in a 
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decreased integrated intensity in the l-scan (cf. Figure 15c). As the total illuminated volume 

contributes to the emergence of the Bragg reflections, the decline in intensity hints to proton 

incorporation into the bulk of the IrO2(110) film rather than into the surface-near region only 

as indicated by previous studies.24,40,41,48 

 
Figure 15: Summary of the SXRD and XRR data of the IrO2(110)-TiO2(110) model electrode under cathodic conditions. In 

(a) and (c) the integrated intensities of the IrO2(110) reflections in the k-scan at (h, l) = (0, 0.2) and the l-scan at (h, k) = (0, 

3.88), respectively, are shown in dependence of the electrode potential. In (b) and (d) the corresponding reflection positions 

(black filled and hollow circles) and FWHM values (red filled and hollow circles) are given as a function of the electrode 

potential. In (e) the IrO2(110) film thickness as derived from the evaluation of the positions of the maxima and minima in the 

XRR scans is shown in dependence of the electrode potential. The black arrows in (a-e) indicate the direction of the increasing 

cathodic polarization. In (f) a comparison of the experimental data (hollow circles) and corresponding fit (dark red line) of the 

(hk) = (2 0) CTR at OCP and after the potential pulse to ˗1.20 V vs. RHE is shown. 

A more detailed analysis of the IrO2(110) lattice parameters points to an incorporation of 

protons as well: after the last potentiostatic pulse to ˗1.20 V vs. RHE a minor increase of (at 

most) 0.2 % in the b and c axes is found, at the verge of the experimental uncertainty, while for 

the a axis a more prominent increase of ≈0.8 % can be derived, resulting in an expansion of the 

unit cell volume by ≈1 %. However, from the evaluation of the XRR data (cf. Figure 15f) a 

significant swelling of the IrO2(110) film can be excluded as the thickness is fairly constant (4.5 

± 0.1 nm at OCP and 4.3 ± 0.1 nm after the pulse to ˗1.20 V vs. RHE). This is fully consistent 

with the slight increase in the c axis: the increase of (at most) 0.2 % would result in an increase 

of the film thickness of about 0.1 nm which is on the order of the error bar. In conclusion, the 

in situ SXRD/XRR studies indicate a considerable distortion of the IrO2(110) lattice due most 

likely to proton incorporation, but a loss of the crystalline structure or significant swelling of 

the film as observed in case of the RuO2(110)/Ru(0001) model electrode (cf. Chapter 2.1) do 

not yet occur. Before and after the in situ studies the IrO2(110)-TiO2(110) model electrode was 

characterized by ex situ STM and XPS, a comparison of the results is shown in Figure 16. 
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Figure 16: Compilation of the ex situ STM and XPS characterization before (a - c) and after (d - f) the in situ studies. In (a) 

and (c) the STM images are shown, the coordinate system indicates the [001] and [11̅0] directions. XP spectra are shown for 

the Ir 4f and O 1s binding energy regions in (b, e) and (c, f), respectively. The components included in the fits are given in the 

legend in (c). 

The morphology of the pristine IrO2(110) surface with its elongated terraces (cf. Figure 16a) 

is still visible after the cathodic polarization, albeit the surface seems to be roughened with 

some clusters on top of it (cf. Figure 16d, red dashed circles). A comparison of the fitted Ir 4f 

XP spectra before and after the in situ studies (cf. Figure 16b and e, respectively) reveals no 

changes with respect to the oxidation state of iridium, only IrIV is present with peak binding 

energies of 61.7 and 64.7 eV for the Ir 4f7/2 and Ir 4f5/2 signals, respectively.59–61 Thus, an 

electrochemical reduction of IrIV, as recently suggested for Ir-Ru mixed oxide nanofibers under 

HER conditions43 or IrO2 anodes under intermittent operation conditions in a PEM 

electrolyzer22, can be excluded. However, there are changes discernible in the O 1s spectra: in 

case of the pristine IrO2(110) film there is only the OII˗ species of bulk IrO2 present at a binding 

energy of 530 eV59–61 (cf. Figure 16c). After the cathodic polarization down to ˗1.2 V vs. RHE 

an additional contribution at a binding energy of 531.3 eV has emerged (cf. Figure 16f) which 

is ascribed to OH. This finding corroborates the supposed bulk proton incorporation as indicated 

by SXRD. Though, in contrast to the cathodic polarization of RuO2(110)/Ru(0001),102 there is 

no formation of water discernible in the O 1s spectrum which excludes the formation of hydrous 

IrO2. 

In conclusion, in the present thesis single-crystalline IrO2(110) is shown to be very stable under 

cathodic conditions in the HER potential region in acidic electrolyte. Although there is likely 

bulk proton incorporation to some extent, in contrast to other studies indicating this to be limited 

to the surface-near region,24,40,41,48 the crystalline structure of IrO2(110) is preserved. The unit 

cell volume increases slightly, consistent with a previous study.23 However, there is no hint 

toward the formation of hydrous IrO2 or metallic Ir as a result of the cathodic polarization.  
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3 Conclusions and Perspective 
 

This thesis presents stability studies of well-defined single-crystalline IrO2(110)-based model 

electrodes under electrochemical conditions. To gain comprehensive insight on the stability an 

experimental approach is introduced comprising a powerful combination of synchrotron 

radiation-based techniques to study the model electrode in situ or operando under 

electrochemical conditions, and lab-based ex situ techniques to allow for a detailed pre- and 

post-characterization of the model electrode surface. The model electrode can be studied in an 

electrochemical cell under ambient electrolyte solution and potentiostatic or galvanostatic 

control via synchrotron radiation-based (HE)SXRD and XRR. These techniques allow to 

monitor electrochemically induced alterations by means of crystallinity, lattice constants, 

domain sizes, and thickness of the IrO2(110) ultrathin films. A complementary ex situ 

characterization via SEM, STM, ToF-SIMS, and XPS renders an overall picture on the stability 

possible. 

The suitability of the experimental approach was positively demonstrated employing a 

RuO2(110)/Ru(0001) model electrode under cathodic conditions in the HER potential region 

(cf. Publication I). SXRD and XRR revealed a gradual loss of the crystalline structure and 

swelling of the oxide film, respectively, due very likely to the incorporation of protons. The 

latter was corroborated by post-characterization via XPS which indicated the formation of 

hydrous RuO2. Additional cyclic voltammetry experiments even pointed to the formation of 

metallic Ru upon the electrochemical protocol. 

Second, IrO2(110)-based model electrodes were studied under acidic OER conditions. In case 

of the IrO2(110)-RuO2(110)/Ru(0001) model electrodes potential-induced pitting corrosion 

starting at surface grain boundaries was identified as the main degradation process due to the 

instability of the metallic Ru(0001) substrate under these conditions (cf. Publications II and 

III). However, the IrO2(110) film itself appeared to be stable up to an electrode potential of 

1.96 V vs. RHE. In particular the step edges of the IrO2(110) terraces seem to be stable since 

the rooflike structure of the film was not destroyed. A subsequent operando study utilizing 

HESXRD and XRR and employing an IrO2(110) film supported on an inert TiO2(110) substrate 

points to a remarkable stability of the film upon a galvanostatic hold at 50 mA·cm˗2 for ≈26 h 

(cf. Publication IV). In combination with the pre- and post-characterization via ex situ STM 

and XPS the IrO2(110) is determined to be preserved within 0.1 monolayers. Additional 

operando SFC-ICP-MS experiments revealed an influence of the operation conditions (steady 

state for the HESXRD/XRR studies vs. dynamic for the SFC-ICP-MS studies) on the stability 

of the IrO2(110) film. Here, in future studies this influence may be subject to a more detailed 

analysis. 

Last, the stability of IrO2(110)-based model electrodes was investigated under cathodic 

conditions, as they may occur during intermittent operation of PEM electrolyzers or in the HER 

potential region. In case of the IrO2(110) film supported on RuO2(110)/Ru(0001) (cf. 

Publication V) it turned out that the film itself is quite stable with respect to the crystalline 

structure but disordered via delamination from the underlying RuO2(110) layer which is 

presumably reduced to hydrous RuO2 at the cathodic potentials applied here (˗0.16 V vs. RHE). 
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Similar to the stability studies under anodic conditions in the OER potential region, the surface 

grain boundaries seem to be the weak point of the model system here as well. For this reason, 

in a subsequent study an IrO2(110)-TiO2(110) model electrode was employed which was 

polarized down to an electrode potential of ˗1.20 V vs. RHE (cf. Publication VI). The 

crystallinity and film thickness of the IrO2(110) film was preserved upon the applied 

electrochemical protocol, although SXRD indicated bulk proton incorporation to occur, 

introducing static disorder along the [110] direction. However, in contrast to RuO2(110) an 

electrochemical reduction to hydrous IrO2 did not occur, as corroborated also by ex situ XPS 

and STM experiments. 

In summary, the present thesis describes an experimental approach to study the stability of well-

defined single-crystalline model electrodes under electrochemical conditions. After the 

successful application of this approach with the electrochemical reduction of RuO2(110) the 

stability of IrO2(110)-based model electrodes under electrochemical conditions was studied. 

The IrO2(110) films were shown to be remarkably stable both under anodic and cathodic 

conditions, in contrast to RuO2(110). Here, one could think of a common reason for the stability 

of IrO2(110) under anodic and cathodic conditions, for example chemical reaction steps in the 

corrosion/reduction “mechanisms” which cannot be controlled by the electrode potential. 

Further theoretical studies may clarify the stability against anodic corrosion and cathodic 

reduction of IrO2(110). 

The experimental approach presented here may also be applied to other model systems, such as 

RuO2(110)-TiO2(110) model electrodes for which first ex situ stability studies under anodic 

conditions were conducted.63 Future studies comprising synchrotron radiation-based 

experiments also could elucidate the corrosion process(es) of RuO2 under OER conditions and 

allow for the deduction of mitigation and/or designing strategies concerning the stability of 

electrocatalyst materials. 
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4 Publications 

4.1 Publication I: In Situ Studies of the Electrochemical Reduction of a 

Supported Ultrathin Single-Crystalline RuO2(110) Layer in an Acidic 

Environment 

This publication is on the stability of RuO2(110)/Ru(0001) model electrodes under cathodic 

conditions in the HER potential region (cf. Chapter 2.1). Employing in situ SXRD and XRR 

the surface structure of the mode electrode is monitored upon the applied electrochemical 

protocol. The thickness of the RuO2(110) film increases while the crystalline structure is 

destroyed gradually with increasing cathodic polarization down to ˗0.18 V vs. RHE, due very 

likely to the incorporation of protons. Ex situ SEM reveals the surface to be not flat and smooth 

anymore but covered with rod-shaped deposits. From the XP spectrum in the O 1s binding 

energy region the formation of hydrous RuO2 upon the cathodic polarization is deduced. 

Additional CV experiments even indicate the formation of metallic Ru. 

 

H. Over, J. Pfrommer, and I devised the experimental schedule for the beamtime which this 

publication is based on. M.J.S. Abb and I prepared the model electrodes. I performed CV, SEM, 

and XPS experiments. R. Znaiguia and F. Carla arranged the beamline setup (ID03, ESRF) for 

the in situ synchrotron-based experiments and assisted with beamline-related issues. J. 

Pfrommer, O. Khalid, M.J.S. Abb, and I performed the in situ SXRD and XRR experiments at 

ID03, ESRF. J. Pfrommer and V. Vonk processed the SXRD and XRR raw data. J. Pfrommer, 

V. Vonk, H. Over, and I analyzed the data (SXRD, SEM, XPS, and XRR). J. Pfrommer, V. 

Vonk, H. Over, and I contributed through scientific discussions of the data. H. Over and I wrote 

the draft version of the manuscript. A. Stierle critically read and commented on the manuscript. 

All authors revised the manuscript and have given approval to the final version. 

 

Reprinted with permission from Weber, T.; Abb, M. J. S.; Khalid, O.; Pfrommer, J.; Carla, F.; 

Znaiguia, R.; Vonk, V.; Stierle, A.; Over, H. In Situ Studies of the Electrochemical Reduction 

of a Supported Ultrathin Single-Crystalline RuO2(110) Layer in an Acidic Environment. J. 

Phys. Chem. C 2019, 123, 3979-3987. https://doi.org/10.1021/acs.jpcc.8b10741. Copyright © 

2019 American Chemical Society. 

 

 

 

 



 

 

 28 

 



 

 

 29 

 



 

 

 30 

 



 

 

 31 

 



 

 

 32 

 



 

 

 33 

 



 

 

 34 

 



 

 

 35 

 



 

 

 36 

 



 

 

 37 

4.2 Publication II: Potential-Induced Pitting Corrosion of an IrO2(110)-

RuO2(110)/Ru(0001) Model Electrode under Oxygen Evolution 

Reaction Conditions 

This publication is on the stability of IrO2(110)-RuO2(110)/Ru(0001) model electrodes under 

anodic conditions in the OER potential region (cf. Chapter 2.2). Employing in situ SXRD and 

XRR the surface structure of the mode electrode is monitored upon the applied electrochemical 

protocol. XRR reveals the thickness of the IrO2(110) film to be preserved upon anodic 

polarization up to 1.96 V vs. RHE. However, the integrated intensity from SXRD decreases 

indicating the crystalline structure or the amount of crystalline material to decrease. Ex situ 

SEM reveals potential-induced pitting corrosion to be operative, thus providing an explanation 

for the apparently inconsistent results from SXRD and XRR. The IrO2(110) film and in 

particular the step edges of the terraces of the mesoscale rooflike structure appear to be stable 

upon the electrochemical conditions applied, the film is rather disordered due to the instability 

of the RuO2(110)/Ru(0001) substrate than corroded. Additional ex situ experiments adapting 

the electrochemical protocol of the in situ studies reveal the potential-induced pitting corrosion 

to start at 1.50 V vs. RHE at so-called surface grain boundaries where the rotational domains 

of IrO2(110) meet. 

 

J. Pfrommer, B. Herd, J. Evertsson, S. Volkov, F. Bertram, P.H. Lakner, M.J.S. Abb, and I were 

involved in previous beamtimes at beamline P08, DESY which provided valuable insight for 

the design of the experiments presented in this publication. H. Over, J. Pfrommer, and I devised 

the experimental schedule for the beamtime which this publication is based on. M.J.S. Abb 

prepared the model electrodes and performed STM and XPS experiments. I performed CV and 

SEM experiments. R. Znaiguia and F. Carla arranged the beamline setup (ID03, ESRF) for the 

in situ synchrotron-based experiments and assisted with beamline-related issues. J. Pfrommer, 

O. Khalid, M.J.S. Abb, and I performed the in situ SXRD, XRF, and XRR experiments at ID03, 

ESRF. ToF-SIMS experiments and corresponding data analysis were performed by M. Rohnke. 

J. Pfrommer and V. Vonk processed the SXRD, XRF, and XRR raw data. J. Pfrommer, V. 

Vonk, H. Over, and I analyzed the data (SXRD, SEM, XPS, XRF, and XRR). J. Pfrommer, V. 

Vonk, M. Rohnke, H. Over, and I contributed through scientific discussions of the data. H. Over 

and I wrote the draft version of the manuscript. A. Stierle and E. Lundgren critically read and 

commented on the manuscript. All authors revised the manuscript and have given approval to 

the final version. 

 

Reprinted with permission from Weber, T.; Pfrommer, J.; Abb, M. J. S.; Herd, B.; Khalid, O.; 

Rohnke, M.; Lakner, P. H.; Evertsson, J.; Volkov, S.; Bertram, F.; Znaiguia, R.; Carla, F.; Vonk, 

V.; Lundgren, E.; Stierle, A.; Over, H. Potential-Induced Pitting Corrosion of an IrO2(110)-

RuO2(110)/Ru(0001) Model Electrode under Oxygen Evolution Reaction Conditions. ACS 

Catal. 2019, 9, 6530-6539. https://doi.org/10.1021/acscatal.9b01402. Copyright © 2019 

American Chemical Society. 
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4.3 Publication III: Visualizing Potential-Induced Pitting Corrosion of 

Ultrathin Single-Crystalline IrO2(110) Films on RuO2(110)/Ru(0001) 

under Electrochemical Water Splitting Conditions 

This publication is on the potential-induced pitting corrosion of IrO2(110)-RuO2(110)/Ru(0001) 

model electrodes (cf. Chapter 2.2). At a fixed electrode potential of 1.50 V vs. RHE the model 

electrode was polarized and the resulting alterations studied via cyclic voltammetry and ex situ 

SEM and ToF-SIMS in dependence of the total polarization time. The growth of the pits is 

followed by SEM and exhibits three stages: first, some induction period after which the number 

of pits rises abruptly. During the second stage the number of pits is fairly constant but the pits 

grow in diameter. Within the last stage the number of pits is decreasing again due to them 

increasing still in diameter and merging finally. Operando SFC-ICP-MS experiments 

corroborate the occurrence of potential-induced pitting corrosion and the stability of the 

IrO2(110) film: the total dissolution of Ir is almost two orders of magnitude lower than that of 

Ru. Depth profiles obtained via ToF-SIMS reveal the pits inner walls to be covered with 

hydrous RuO2 formed by electrochemical oxidation of the metallic Ru substrate. 

 

H. Over and I devised the experimental schedule. M.J.S. Abb prepared the model electrodes 

and performed XPS experiments. T. Ortmann performed electrochemistry, SEM, and ToF-

SIMS experiments under the supervision of M. Rohnke and me. I performed SEM experiments. 

D. Escalera-Lopez and S. Cherevko planned and performed the SFC-ICP-MS experiments and 

corresponding data analysis. Boris Mogwitz performed FIB-SEM experiments. T. Ortmann, M. 

Rohnke, H. Over, and I analyzed the electrochemical, SEM, and ToF-SIMS data. T. Ortmann, 

D. Escalera-Lopez, S. Cherevko, M. Rohnke, H. Over, and I contributed trough scientific 

discussions of the data. H. Over and I wrote the draft version of the manuscript. All authors 

revised the manuscript and have given approval to the final version. 

 

Reprinted from Weber, T.; Ortmann, T.; Escalera-López, D.; Abb, M. J. S.; Mogwitz, B.; 

Cherevko, S.; Rohnke, M.; Over, H.; Visualizing Potential-Induced Pitting Corrosion of 

Ultrathin Single-Crystalline IrO2(110) Films on RuO2(110)/Ru(0001) under Electrochemical 

Water Splitting Conditions. ChemCatChem 2020, 12, 855-866. 

https://doi.org/10.1002/cctc.201901674. Copyright © 2019 The Authors. Published by Wiley-

VCH Verlag GmbH & Co. KGaA. 



 

 

 49 

 
 



 

 

 50 

 



 

 

 51 

 



 

 

 52 

 



 

 

 53 

 



 

 

 54 

 



 

 

 55 

 



 

 

 56 

 



 

 

 57 

 



 

 

 58 

 



 

 

 59 

 



 

 

 60 

  



 

 

 61 

4.4 Publication IV: Operando Stability Studies of Ultrathin Single-

Crystalline IrO2(110) Films under Acidic Oxygen Evolution Reaction 

Conditions 

This publication is on the stability of IrO2(110)-TiO2(110) model electrodes under anodic 

conditions in the OER potential region (cf. Chapter 2.2). The model electrode is subject to a 

galvanostatic hold at 50 mA·cm˗2 for ≈26 h during which HESXRD and XRR data are 

collected. XRR reveals the thickness of the IrO2(110) film to be preserved within an uncertainty 

of 0.1 Å while HESXRD indicates the crystalline structure to be maintained throughout the 

entire film. In combination with ex situ STM and XPS experiments the IrO2(110) film is 

determined to be preserved within 0.1 monolayer, thus proving the remarkable stability of 

IrO2(110) under OER conditions which has already been pointed to by the studies in Publication 

II. Additional SFC-ICP-MS experiments reveal a stabilization, i.e. less IrO2 dissolution, of the 

model electrode within increasing number of galvanostatic holds. However, linear extrapolation 

of the SFC-ICP-MS data to the operando synchrotron-based studies results in an expected value 

for the total dissolution of the IrO2(110) film which is 5 – 50 times higher than the actual one. 

Hence, the dissolution/stability is likely to depend on the operation conditions (steady state for 

the HESXRD/XRR studies vs. dynamic for the SFC-ICP-MS experiments). 

 

H. Over and I devised the experimental schedule. M.J.S. Abb prepared the model electrodes 

and performed STM and XPS experiments. I performed SEM and XPS experiments. D. 

Escalera-Lopez and S. Cherevko planned and performed the SFC-ICP-MS experiments and 

corresponding data analysis. Z. Hegedüs, T. Bäcker, and U. Lienert arranged the beamline setup 

(P21.2, DESY) for the operando synchrotron-based experiments and assisted with beamline-

related issues. G. Abbondanza, A. Larsson, G.S. Harlow, V. Koller, and I performed the 

operando HESXRD and XRR experiments. G. Abbondanza, A. Larsson, G.S. Harlow, and V. 

Vonk processed the HESXRD and XRR raw data. V. Vonk, H. Over, and I analyzed the data 

(HESXRD, SEM, STM, XPS, and XRR). V. Vonk, D. Escalera-Lopez, S. Cherevko, H. Over, 

and I contributed through scientific discussions of the data. H. Over and I wrote the draft version 

of the manuscript. G. Abbondanza, H. Over, and I conceptualized the TOC graphic, G. 

Abbondanza visualized the TOC graphic. A. Stierle and E. Lundgren critically read and 

commented on the manuscript. All authors revised the manuscript and have given approval to 

the final version. 

 

Reprinted with permission from Weber, T.; Vonk, V.; Escalera-López, D.; Abbondanza, G.; 

Larsson, A.; Koller, V.; Abb, M. J. S.; Hegedüs, Z.; Bäcker, T.; Lienert, U.; Harlow, G. S.; 

Stierle, A.; Cherevko, S.; Lundgren, E.; Over, H. Operando Stability Studies of Ultrathin 

Single-Crystalline IrO2(110) Films under Acidic Oxygen Evolution Reaction Conditions. ACS 

Catal. 2021, 11, 12651-12660. https://doi.org/10.1021/acscatal.1c03599. Copyright © 2021 

American Chemical Society. 
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4.5 Publication V: In Situ Studies of the Cathodic Stability of Single-

Crystalline IrO2(110) Ultrathin Films Supported on 

RuO2(110)/Ru(0001) in an Acidic Environment 

This publication is on the stability of IrO2(110)-RuO2(110)/Ru(0001) model electrodes under 

cathodic conditions in the HER potential region (cf. Chapter 2.3). In situ SXRD indicates the 

crystalline structure of the model electrode to be deteriorated gradually upon cathodic 

polarization down to ˗0.16 V vs. RHE while XRR reveals the film thickness to be preserved. 

Post-characterization via ex situ SEM shows the IrO2(110) film to be delaminated from the 

underlying substrate, though its crystalline structure seems to be preserved as the rooflike 

structure is still discernible. From the XP spectrum in the O 1s binding energy region the 

formation of hydrous IrO2 is excluded. Similar to the studies under anodic conditions, the 

surface grain boundaries seem to be the weak point of the IrO2(110) film, allowing the 

electrolyte solution to reach and transform the RuO2(110) layer to hydrous RuO2, resulting in 

the delamination of IrO2(110) from the substrate. 

 

H. Over and I devised the experimental schedule. M.J.S. Abb prepared the model electrodes 

and performed XPS experiments. I performed SEM experiments. M. Sandroni and J. Drnec 

arranged the beamline setup (ID03, ESRF) for the in situ synchrotron-based experiments and 

assisted with beamline-related issues. J. Evertsson, M.J.S. Abb, E. Lundgren, H. Over, and I 

performed the in situ SXRD and XRR experiments. V. Vonk processed the SXRD and XRR 

raw data. V. Vonk, H. Over, and I analyzed the data (SEM, SXRD, XPS, and XRR) and 

contributed through scientific discussions. H. Over and I wrote the draft version of the 

manuscript. A. Stierle and E. Lundgren critically read and commented on the manuscript. All 

authors revised the manuscript and have given approval to the final version. 

 

Reprinted with permission from Weber, T.; Abb, M. J. S.; Evertsson, J.; Sandroni, M.; Drnec, 

J.; Vonk, V.; Stierle, A.; Lundgren, E.; Over, H. In Situ Studies of the Cathodic Stability of 

Single-Crystalline IrO2(110) Ultrathin Films Supported on RuO2(110)/Ru(0001) in an Acidic 

Environment. Phys. Chem. Chem. Phys. 2020, 22, 22956-22962. 

https://doi.org/10.1039/D0CP03811C. This journal is © the Owner Societies 2020. 
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4.6 Publication VI: Extraordinary Stability of IrO2(110) Ultrathin Films 

Supported on TiO2(110) under Cathodic Polarization 

This publication is on the stability of IrO2(110)-TiO2(110) model electrodes under cathodic 

conditions in the HER potential region (cf. Chapter 2.3). From the l-scans in the in situ SXRD 

measurements the introduction of static disorder along the [110] direction of the IrO2(110) film 

is concluded, albeit limited to an extent for which the crystalline structure is preserved yet. The 

lattice parameters of the surface unit cell increase slightly by 0.2 % for the b and c axes and 

0.8 % for the a axis upon the polarization down to ˗1.20 V vs. RHE, due very likely to 

incorporation of protons. Since the increase in the c axis is only marginal, in situ XRR does not 

indicate a swelling of the IrO2(110) film. Post-characterization of the model electrode surface 

via ex situ STM reveals some clusters sitting on top of it, though the elongated terraces of 

IrO2(110) are still clearly visible. Ex situ XPS does not indicate the formation of metallic Ir 

upon the cathodic polarization. 

 

H. Over and I devised the experimental schedule. M.J.S. Abb prepared the model electrodes 

and performed XPS and STM experiments. I performed SEM experiments. M. Sandroni and J. 

Drnec arranged the beamline setup (ID03, ESRF) for the in situ synchrotron-based experiments 

and assisted with beamline-related issues. J. Evertsson, M.J.S. Abb, E. Lundgren, H. Over, and 

I performed the in situ SXRD and XRR experiments. V. Vonk processed the SXRD and XRR 

raw data. V. Vonk, H. Over, and I analyzed the data (SEM, SXRD, XPS, and XRR) and 

contributed through scientific discussions. V. Vonk, H. Over, and I wrote the manuscript. A. 

Stierle and E. Lundgren critically read and commented on the manuscript. All authors revised 

the manuscript and have given approval to the final version. 

 

Reprinted with permission from Weber, T.; Vonk, V.; Abb, M. J. S.; Evertsson, J.; Sandroni, 

M.; Drnec, J.; Stierle, A.; Lundgren, E.; Over, H. Extraordinary Stability of IrO2(110) Ultrathin 

Films Supported on TiO2(110) under Cathodic Polarization. J. Phys. Chem. Lett. 2020, 11, 

9057-9062. https://doi.org/10.1021/acs.jpclett.0c02730. Copyright © 2020 American Chemical 

Society. 
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5.7 List of Abbreviations 

a. u. arbitrary units 

CTR crystal truncation rod 

cus coordinatively unsaturated 

DESY Deutsches Elektronen-Synchrotron 

DFT density functional theory 

e.g. exempli gratia 

ESRF European Synchrotron Radiation Facility 

FWHM full width at half maximum 

HER hydrogen evolution reaction 

HESXRD high-energy surface X-ray diffraction 

i.e. id est 

LOER lattice oxygen evolution reaction 

OCP open-circuit potential 

OER oxygen evolution reaction 

ot on-top 

PEEK polyether ether ketone 

PEM polymer electrolyte membrane 

PVD physical vapor deposition 

RHE reversible hydrogen electrode 

r. l. u. reciprocal lattice units 

SE secondary electron 

SEM scanning electron microscopy 

SFC-ICP-MS scanning flow cell - inductively coupled plasma mass spectrometry 

SHE standard hydrogen electrode 

STM scanning tunneling microscopy 

SXRD surface X-ray diffraction 

ToF-SIMS time-of-flight secondary ion mass spectrometry 

UHV ultra-high vacuum 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

XRR X-ray reflectivity 
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