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Kurzzusammenfassung 

Katalytische Prozesse werden in der Industrie von der Synthese bis zur 

Abgasbehandlung weitläufig eingesetzt. Daher hat die Entwicklung neuer Katalysatoren 

einen tiefgreifenden Einfluss auf diese Prozesse und bietet das Potenzial, Produktivität und 

Effizienz zu steigern. Die in dieser Arbeit untersuchten Katalysatoren sind RuO2 und IrO2. 

Frühere Studien haben gezeigt, dass sie trotz ihrer ähnlichen Kristallstruktur und Nähe im 

Periodensystem unterschiedliche Aktivitäten in den Oxidationsreaktionen von CO und CH4 

zeigen. Der Vergleich der Unterschiede und Gemeinsamkeiten erlaubt Rückschlüsse auf die 

katalytische Funktionsweise beider Materialien. Da insbesondere reduzierbare Oxide unter 

Reaktionsbedingungen anfällig für Veränderungen sind, ist es notwendig die Analyse unter 

operando-Bedingungen durchzuführen. Zu diesem Zweck wurde ein operando-DRIFTS-

Reaktor konstruiert, der es ermöglicht, den Umsatz in Verbindung mit IR-Spektren zu 

messen. Um Informationen über den Zustand des Katalysators zu erhalten, wurde CO als 

Sondenmolekül verwendet. Ru und Ir in ihrer oxidischen, metallischen und teilweise 

reduzierten Form mit TiO2 als Träger wurden diversen Reaktionsbedingungen ausgesetzt. 

Durch diesen Ansatz konnten charakteristische Absorptionsbanden identifiziert werden, die 

anzeigen in welchem Oxidationszustand der Katalysator vorliegt. Durch die Korrelation der 

Umsatzkurven mit den CO-Banden konnten Schlüsse auf die aktivste Phase sowie die 

Reaktionsmechanismen gezogen werden. Bei der CO-Oxidation zeigen sowohl RuO2 als 

auch IrO2 die höchste Aktivität für die jeweils teilweise reduzierten Proben. Für RuO2 ist 

bekannt, dass die Oberfläche unter Reaktionsbedingungen Phasenseparation in oxidierte und 

reduzierte Bereiche durchläuft. Die Positionen der CO-Banden konnten diesen Phasen 

zugeordnet werden, wobei CO im Grenzbereich zwischen den Phasen die höchste Aktivität 

zeigt. Es konnte ebenfalls gezeigt werden, dass die Oberfläche von RuO2 auch unter 

oxidierenden Reaktionsbedingungen Reduktion erfährt. Da dies für IrO2 nicht beobachtet 

wurde und die teilweise reduzierten Katalysatoren aktiver sind, könnte dies die überlegene 

Aktivität von RuO2 bei der CO-Oxidationsreaktion erklären. Für IrO2 wurde festgestellt, dass 

teilweise reduziertes IrO2 erheblich aktiver in der CH4-Oxidation ist, als oxidiertes IrO2. 

Allerdings verarmt die Oberfläche unter reduzierenden Bedingungen an Sauerstoff, was die 

Aktivität bei hohen Temperaturen beeinträchtigt. Daher ist teilweise reduziertes IrO2 unter 

oxidierenden Bedingungen am aktivsten. Darüber hinaus konnte gezeigt werden, dass die 

Methanoxidation auf teilweise reduziertem IrO2 über ein formaldehydartiges (HyCO) 

Zwischenprodukt verläuft, im Gegensatz zum formiatartigen (HyCO2) Zwischenprodukt, 

welches in der früheren Literatur für vollständig oxidiertes IrO2 gefunden wurde.
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Abstract 

Catalytic processes are widely used in industry from synthesis to waste treatment. 

Hence, the development of new catalysts has profound impact on these processes bearing the 

potential to increase productivity and efficiency. The catalysts studied in this work are RuO2 

and IrO2. Those two were chosen as previous studies have shown that, despite their similar 

crystal structure and proximity on the periodic table, they exhibit somewhat different activity 

in the oxidation reactions of CO and CH4. A comparison of similarities and differences allows 

to draw conclusions about the workings of both materials. As catalysts, especially those 

consisting of reducible oxides, are prone to change under reaction conditions, it is necessary 

to perform the catalytic studies under operando conditions. For this purpose, an operando 

DRIFTS reactor was constructed that allows the conversion to be measured in conjunction 

with IR spectra revealing the surface species present on the catalyst. In order to gather 

information about the state of the catalyst CO was utilized as a probe molecule. To establish 

the complex relations of band position and shape to surface state of the catalyst, Ru and Ir 

were prepared in their fully oxidic and metallic form as well as a partially reduced oxide using 

TiO2 as a support. By using this approach, in conjunction with ex situ XPS, band patterns 

could be established that were used to distinguish the oxidation state of the catalyst. 

Correlating the conversion curves to the CO bands observed, the most active phase as well as 

reaction mechanisms could be deduced. In case of CO oxidation both RuO2 and IrO2 revealed 

an improved activity for the partially reduced samples with respect to their fully oxidized 

counterparts. For RuO2 the surface is known to undergo phase separation into oxidized and 

reduced areas and CO band positions could be assigned to these phases with CO in the 

boundary region between these phases showing the highest activity. It could also be shown 

that the surface of RuO2 undergoes some reduction even under oxidizing reaction conditions. 

As this is not observed for IrO2 and the partially reduced catalysts were more active, this may 

explain the superior activity of RuO2 in the CO oxidation reaction. For IrO2 it was also found 

that it is significantly more active towards CH4 oxidation in its partially reduced than its fully 

oxidized form. However, under reducing conditions the surface was depleted of oxygen, thus 

hampering the activity at high temperatures. Hence, IrO2 was most active in its partially 

reduced form under oxidizing conditions. Here the partially reduced IrO2 will slowly oxidize, 

subsequently losing its activity advantage. Furthermore, it could be shown that the methane 

oxidation on partially reduced IrO2 proceeds through a formiate-like (HyCO) intermediate, as 

opposed to the formate-like (HyCO2) intermediate found for fully oxidized IrO2 in previous 

studies.  
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1 Introduction 

1.1 Motivation and Outline 

Catalysis plays a pivotal role in the industrial sector, enabling efficient and sustainable 

processes. While it is challenging to provide an exact number of processes in the chemical 

industry that employ catalysis due to the wide range of applications, it is safe to say that 

catalysis is extensively used across various sectors.1 Therefore, the development and 

optimization of catalysts is a major research topic influencing many aspects of how and what 

chemicals are produced. The choice of catalyst can determine how much energy is needed, 

what selectivity is achieved and how stable a given process is. Catalyst research can be done, 

generally speaking, either by screening or rational design. Screening in this context means to 

test a wide variety of catalytic systems until one with improved performance is found, while 

the rational design approach tries to predict the best catalyst a priori based on a mechanistic 

understanding of the system. In order to gain such mechanistic understanding, it is necessary 

to elucidate what surface sites, reactants and intermediates are involved in the reaction. 

However, many catalysts dynamically change under reaction conditions, forming active sites 

that are no longer present after the reaction has been concluded. This dynamic behavior is 

especially prevalent with reducible oxides of precious metals, which are used in many 

catalytic processes.2–9 Therefore, ex situ or even in situ analysis is often insufficient to gain 

insights into the mode of operation of a catalyst. This necessitates the employment of 

analytics while the catalyst is under reaction conditions, so-called operando analysis. 

Methods typically employed for operando analysis are X-ray diffractometry (XRD), X-ray 

photoelectron spectrometry (XPS), atomic force microscopy (AFM), Infrared (IR) 

spectrometry and Raman spectrometry. 10–12 

In heterogeneous catalysis the reaction generally takes place on the surface of a solid 

catalyst, while the reactants are in the gaseous or liquid phase. The mechanism is, therefore, 

governed by the state of the catalyst surface and the adsorbates present on it. As such, it is 

necessary to utilize methods that are surface-sensitive and provide information about both of 

these aspects. Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) first and 

foremost probes the adsorbate species. This allows for identification of reaction intermediates 

present on the surface during the reaction. Furthermore, molecular vibrations of some 

adsorbed molecules are dependent on the site they are adsorbed onto. Utilizing this 

dependency, it is possible to deduce the state of the catalyst by analyzing the band position 
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and shape of certain adsorbates. The molecule mostly used for this purpose is CO, as its 

vibrational frequency is strongly dependent on the electron density at the adsorption site.13–15 

For these reasons the present thesis employs operando DRIFTS coupled with on-line mass 

spectrometry (MS) to gain insights about the catalytic reactions described in Section 1.2. 

Here DRFITS provides information about the state of the catalyst and surface species, while 

MS provides conversion data. By correlating these two datasets it is possible to elucidate the 

most active phase of the catalysts as well as reaction mechanisms. 

1.2 Investigated Catalytic Reactions  

The reactions studied in the present thesis are the CO oxidation on RuO2 and IrO2 as 

well as methane oxidation on IrO2. CO oxidation was studied because it is a supposedly 

simple reaction that has been widely investigated for a multitude of catalysts. Despite its 

apparent simplicity, CO oxidation provides a plethora of fundamental insights into catalytic 

processes and serves as an ideal model reaction for studying heterogeneous catalysis. One of 

the primary reasons for using CO oxidation as a benchmark reaction is its well-studied 

kinetics and reaction mechanisms.2,3,16–20 At the same time the reaction mechanism may 

depend on factors such as oxidation state of the catalyst, surface coverage, presence of other 

adsorbates and temperature. This in turn allows researchers to elucidate the behavior of a 

catalyst in various states and under differing reaction conditions. These behaviors may then 

be extrapolated to other more complex and industrially relevant reactions.  

For RuO2 these processes include oxygen evolution reaction (OER) in electrochemical 

water splitting21,22, electrochemical chlorine evolution reaction (CER)23 or the catalytic HCl 

oxidation (Deacon process)24–26. The investigation of the CO oxidation reaction on RuO2 has 

led to three main interpretations of what constituted the most active phase: (1) metallic Ru 

with CO and O reacting as chemisorbed species without oxidizing the metal17,27–29, (2) 

oxidized RuO2 with CO binding to coordinatively unsaturated Ru sites (Rucus) and reacting 

with adjacent bridging O30–34 and (3) a sub-stoichiometric RuOx or mixture of phases. The 

main mechanistic arguments in this discussion revolve around the Sabatier principle. In this 

context metallic Ru is argued to be inactive due to oxygen binding too strongly at low O 

coverages and CO binding too weakly at high O coverages.3,35–37 RuO2 on the other hand is 

argued to undergo CO poisoning due to its high CO adsorption energy, with a reaction order 

of -1 being predicted.3 This prediction has not turned out to be accurate, as a reaction order 

of +1 was demonstrated for CO and O for the CO oxidation over RuO2(110).38 Lastly, the 
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coexistence of multiple phases needs to be considered. Increased activity of Ru catalysts for 

the CO oxidation reaction was linked to the presence of ultra-thin RuO2 or sub-stoichiometric 

RuOx layers over Ru metal.35,38–41 Blume et al.42 demonstrated by XPS microscopy that 

oxidized and reduced areas coexist on Ru(0001) under CO oxidation reaction conditions and 

linked this coexistence to increased activity. A more in-depth discussion of previous studies 

on the active phase of RuO2 can be found in Publication I. 

Although the CO oxidation on IrO2 has been significantly less well studied than for 

RuO2, its study may also allow insights into the functioning of this material. As both materials 

crystallize in the rutile structure and are close on the periodic table some parallels in their 

behavior are to be expected. IrO2 as well RuO2 revealed high activity in the CER43 and 

OER44,45 reactions. Previous studies found, however, that the two materials exhibit 

significantly different activities in the CO and CH4 oxidation reaction. RuO2 was found to be 

more active in the CO oxidation reaction, while IrO2 exhibited superior activity in the CH4 

oxidation reaction. Therefore, studying both materials and comparing similarities and 

differences may provide insights into their respective behavior. 

Thus, the behavior of IrO2 in the CO oxidation may shed light on its characteristics, 

which help explore its mechanisms in more industrially relevant reactions like the combustion 

of alkanes. IrO2 has proven to be a good catalyst for the combustion of methane46,47 and 

propane48. These alkanes are themselves greenhouse gases more potent than CO2. They are 

released into the environment, besides natural sources, by natural gas engine exhaust and gas 

heaters. Methane in particular has proven to be very difficult to catalytically oxidize.49,50 The 

development of efficient catalysts for the exhaust treatment may, therefore, significantly 

reduce the environmental impact of the combustion of these gases. Another reason why the 

catalytic oxidation of methane is of interest, is its conversion into value-added chemicals by 

partial oxidation.51,52 In order to allow for a rational design of a catalyst that does not fully 

oxidize methane to CO2, it is necessary to gain mechanistic insight.  
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1.3 Experimental Approach 

1.3.1 Operando DRIFTS in Heterogeneous Catalysis 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) measures the 

infrared radiation diffusely reflected off the surface of a solid powder sample, rather than 

directly transmitted through it, as is common with traditional infrared techniques. Due to this 

aspect of DRIFTS, it is highly sensitive to adsorbates present on the surface of the 

investigated material. The technique also requires only little sample preparation. As long as 

the sample is sufficiently reflective no further treatment such as pressing of pellets is required. 

In the context of heterogeneous catalysis these properties of the technique facilitate its 

application in an operando setting. The use of the untreated powder sample in DRIFTS allows 

reactants to flow through the catalyst layer in the same manner as they would in a plug flow 

reactor. Since the reactions in heterogeneous catalysis take place on the surface of the 

material, the surface sensitivity of DRIFTS is advantageous for detecting surface adsorbates 

relevant to the investigated reaction. Therefore, operando DRIFTS can be a powerful 

technique to elucidate various aspects of a heterogeneously catalyzed reaction, such as 

identifying adsorbates and their respective reactivity, differentiating between reaction 

intermediates and spectator species, catalyst oxidation state and reaction mechanisms. Means 

of detecting the oxidation state of the catalyst are established in this thesis by systematically 

exposing the metallic, oxidized or partially reduced catalyst to CO. This was done in 

conjunction with ex situ XPS to establish the oxidation state of the catalyst. The position and 

shape of the CO adsorption bands measured by DRIFTS could then be correlated to the 

oxidation state as measured by XPS. This in turn allows for the identification of the catalyst 

oxidation state under operando conditions by DRIFTS, for which the oxidation state cannot 

be verified by XPS. 

In DRIFTS research, CO is widely used as a probe molecule to provide information 

about various aspects of the catalyst such as alloy composition53, particle size54, coverage34 

and oxidation state55–57. The significance of CO as a probe molecule largely stems from its 

unique properties, specifically, its capacity to bind with various transition metals and its 

characteristic vibrational modes. A key aspect of its utility as a probe molecule lies in its 

ability to interact with a catalyst's surface, with the π-backbonding mechanism playing a 

crucial role. The interaction of CO with a transition metal catalyst involves the overlap of the 

filled d-orbitals of the metal with the π* antibonding orbital of CO. This back-donation 

process leads to the strengthening of the metal-CO bond, concomitant with the weakening of 
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the C-O bond. The weakening of the C-O bond directly influences the vibrational behavior 

of the CO molecule, particularly in terms of the C-O stretching mode. As the strength of the 

C-O bond decreases due to π-backbonding, the vibrational frequency of the C-O stretching 

mode decreases, leading to a red shift in the IR absorption spectrum. This shift in the 

absorption frequency is directly indicative of the strength of the metal-CO bond, which in 

turn provides a measure of the catalyst's surface state. For example, if a catalyst is more 

oxidized there will be less electrons available for the π-backbonding. This in turn will lead to 

the C-O bond remaining stronger and, therefore, the corresponding C-O-stretching vibration 

will occur at a higher wavenumber. In the same way degree of surface coverage and co-

adsorption of other species will influence the band positions as they change the local electron 

density. While the sensitivity of band positions of the adsorbed CO molecule can be a great 

asset, the multitude of possible influences can also render interpretation difficult. 

 

1.3.2 Pitfalls of DRIFTS 

Despite its many advantages DRIFTS experiments also bear a multitude of pitfalls 

stemming from various aspects of the technique. starting from reactor design over sample 

preparation to data treatment. Firstly, the windows used in DRIFTS reactors are not resistant 

to high temperatures. In order to keep the windows cool, commercial DRIFTS reactors 

contain gaps between the heated sample and the reactor walls, thus introducing large gas 

volumes into the reactor. Reactors containing large gas volumes allow for back-mixing of the 

reactant gases. If this occurs the reactor will no longer behave like a plug flow reactor and the 

measured conversion data will be distorted. This issue can be alleviated by using high flow 

rates.57 However, high flow rates can disturb the catalyst layer creating bypasses. This is more 

of an issue in DRIFTS reactors as in other types of reactors, as the top of the catalyst bed has 

to be exposed to allow for IR radiation to interact with the sample. Therefore, no supporting 

material like glass wool can be put on top of the sample and the catalyst bed is less 

constrained.  

Another issue is that of accurately measuring the sample temperature. Most commercial 

DRIFTS cells use a thermocouple embedded in the sample holder to record the catalyst 

temperature. Li et al.58 demonstrated that this leads to inaccurate temperature measurements, 

as these cells exhibit large temperature gradients throughout the catalyst layer. For the 

Harrick® cell it was found that the temperature of the surface of the catalyst was 100 °C 
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below the value measured by the thermocouple, when the temperature was set at 460 °C. 

These gradients are, however, more manageable at temperatures below 300 °C.57,59,60 The use 

of gases with high thermal conductivity like H2 and He exacerbate the problem, since the top 

of the catalyst layer gets cooled more efficiently by the incoming gas. The spectra recorded 

in DRIFTS represent the upper layer of the catalyst bed in accordance with the path length of 

the IR radiation in the sample. In order to obtain temperature data, that correspond better to 

the DRIFT spectra, a pyrometer can be used instead of a thermocouple. This has the advantage 

that both the pyrometer as well as the DRIFTS collect their data using IR radiation from the 

top of the sample. Therefore, both temperature data and IR spectra stem from the same probed 

volume.  

In terms of sample preparation there are also multiple things to consider. If the 

investigated sample is highly absorbing in the investigated spectral range, an insufficient 

amount of the incident IR radiation is being reflected to facilitate analysis. To mitigate this 

problem, it is common to mix the sample with a reflective matrix akin to the dilution of a 

sample in a solvent or KBr in transmission IR spectroscopy.61 Alkali halides, commonly used 

as matrix for solid samples in transmission IR spectroscopy, are known to affect the reactivity 

of heterogeneous catalysts.62 For this reason, non-absorbing but inert materials like MgO, 

Al2O3, SiC and SiO2 are commonly used in operando DRIFTS. It is important to choose a 

suitable matrix material as some may change under reaction conditions due to changes in 

temperature, oxidation or hydration state.63 SiC for example readily forms oxides on the 

surface and may not be suitable for reactions investigated under oxidizing conditions.57 Silica 

materials exhibit backbone vibration overtones in the commonly investigated wavenumber 

region of 1800-2000 cm-1
, which are sensitive to temperature and hydration state changes and 

may distort the baseline.63 On the other hand, these absorption bands can also be used to 

normalize the optical path length for quantification purposes. 

Data treatment is essential for receiving reliable information from DRIFTS. As for 

other types of IR spectroscopy, it is necessary to record a background spectrum to distinguish 

the absorption bands of the apparatus and matrix from those of the surface species and 

catalyst. It is possible to simply use the pure matrix material at room temperature as a blank. 

However, this may cause some issues as the matrix material may change its reflective and 

absorption behavior depending on the temperature. If the background spectrum is then used 

for correction of the catalyst’s spectra under reaction conditions, the resulting corrected 

spectrum will be skewed or show adsorption bands stemming from the support. This issue 
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can be mitigated by using the investigated mixture of catalyst material and matrix itself and 

record background spectra for all investigated temperatures under inert conditions. In doing 

so, the sample should be pretreated by heating to ensure no surface species are present before 

background spectra are recorded. Subsequently, background spectra at the investigated 

temperatures are recorded under inert atmosphere. It is still possible that the background is 

unstable during the reaction as the catalyst material adapts to these conditions. This may be 

caused by the material being oxidized or reduced, resulting in a change of its reflective 

properties. If catalyst loadings are small, background distortions and intensity changes are 

generally manageable. Still, comparisons of band intensities between different catalyst states 

are not straightforward as the optical path length changes with varying reflectivity. In some 

cases, this issue can be mitigated by employing a background vibration band to normalize 

intensities.  

 

Figure 1: DRIFT spectra of CO adsorbed on a catalyst surface recorded with high (1cm-1; 

grey) and low (4 cm-1; red) resolution. In the low-resolution spectrum, the band of adsorbed 

CO cannot be clearly distinguished. In the high-resolution spectrum, the minima of the RoVi 

spectrum of gaseous CO allow for identification of the band of adsorbed CO (blue). 

Oftentimes the absorption bands of adsorbed species appear in the same wavenumber 

region as their counterparts in the gas phase. This overlap becomes an issue if the species in 

2200 2000 1800
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question is a reactant and is present in high concentrations in the gas above the catalyst. Under 

these conditions weak absorption bands are hard to make out and may be missed. One solution 

to this would be the subtraction of the gas phase signal from the spectrum. However, the gas 

phase spectra vary with temperature due to the differing occupancy of rotational and 

vibrational states as well as differing concentrations due to conversion. With temperatures 

and concentrations of recants along the optical path through gas volume and catalyst layer 

being non uniform, predicting the shape and intensity of the signal is no longer feasible. An 

alternative to this is to record the spectra under reaction conditions with a high resolution. In 

theory the absorption between rotational lines should be zero. Therefore, the absorption at 

these minima corresponds to the spectrum without the gas phase species. If the spectrum in 

question is recorded with a sufficiently high resolution one is able to recognize weak 

absorption bands this way. A comparison of high- and low-resolution spectra, containing a 

weak band of adsorbed CO as well as CO in the gas phase, is shown in Figure 1. 
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1.4 Reactor design 

For the DRIFTS measurements a reactor setup was designed and build. The reactor is 

capable of precise temperature control as well as quick gas exchange. The cell was designed 

to allow for pressures of up to 20 bars in order to study reactions under industrially relevant 

conditions. 

 

Figure 2: Scheme of the reactor setup with gas supply and analytics. The green lines 

represent steel tubes. The red arrows show the IR light striking the sample. Reactive gases 

are denoted as RG 1 and RG 2. The outer dimensions of the reactor cell are 55 mm in diameter 

and height. The catalyst bed (yellow) is 7 mm in diameter and 3 mm high. 

 

The apparatus, shown in Figure 2, can be divided into the following 4 segments: 

1.4.1 Gas supply 

The gas supply consists of gas bottles with pressure reducers, which feed mass flow 

controllers (MFCs). All tubing consists of stainless steel with an inner diameter of 1 mm to 
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reduce dead volume and facilitate a quick gas exchange. The carrier gas (argon) is connected 

upstream, as it has the highest flow rate. The carrier gas will pass by the T-junctions where 

the other reactive gases are connected, ensuring quick mixing and transport of the gases with 

lower flowrates.  

If a reactive gas was in use and is shut off, it would take up to a few hours for the 

residual gas to diffuse out of the tubing that connects the outlet of the MFC to the carrier gas 

line. For this reason, it is necessary to flush the connecting line with argon after the gas is no 

longer needed. To allow the flushing procedure, a flow resistor, consisting of 8 m coiled  

1 mm inner diameter tubing, is introduced behind the carrier gas MFC. Between the MFC 

and the flow resistor a tube is attached, connecting to the line between the respective reactive 

gas MFC and carrier gas line downstream. Electronically controlled valves are located after 

the connection point of this tube on the carrier gas line (Figure 2; denoted as V1/V2) as well 

as on the tube itself (Figure 2; denoted as V3/V4). The valves are servo actuated as opposed 

to solenoids, as the latter would introduce pressure spikes during activation that disturb the 

catalyst bed. As long as a reactive gas is in use the respective valve V1/V2 is open, while the 

corresponding V3/V4 is closed. When the gas is to be shut off, V3/V4 is opened and the flow 

of the reactive gas is stopped by the MFC. Due to the flow resistor the main part of the carrier 

gas is redirected through the reactive gas lines, flushing out any remaining reactive gas. After 

15 seconds both V1/V2 and V3/V4 are closed, completing the gas shut off procedure. 

If CO is used as reactive gas additional treatment is needed. Under high pressures CO 

forms tetracarbonylnickel Ni(CO)4 with the Ni from the steel gas bottle. This carbonyl has a 

significant vapor pressure at room temperature and is carried with the CO gas into the reactor. 

If it then encounters temperatures above ca. 160 °C is decomposes and deposits nickel. As 

nickel itself is a highly active catalyst in many reactions this has to be prevented. Therefore, 

a so-called copper trap is used. It consists of 20 m copper tubing with an inner diameter of  

3 mm, heated to 230 °C, through which the CO flows before entering the MFC. This ensures 

any Ni(CO)4 is decomposed before entering the reactor.  

1.4.2 Reaction cell 

The reaction cell is composed of the main body, sample cup, ZnSe-window, and 

clamping ring for the window. All metal parts were made from 1.4742 steel, which is a nickel- 

free high-temperature steel. Ni-free steel is used to ensure that the reactor is not itself an 

active catalyst.  
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One design aspect of the reactor is its small internal volume in order to facilitate a quick 

gas exchange. This is important as a large dead volume may cause conversion data to be 

distorted.57 The largest volume of the reactor is located above the catalyst. To ensure an even 

gas flow there are three gas inlets positioned 120° from one another. After the gas enters it 

flows through the sample and sample holder followed by a 3 mm bore. The bore was chosen 

relatively large to allow for easier cleaning of the reactor body. 

Due to the compact build the heated parts of the cell are close to the ZnSe-window. In 

order to make sure the window is not damaged by excessive heat a cooling channel is situated 

in the upper part of the main body. A significant part of the heating power is absorbed by the 

cooling water, making a heater capable of up to 300 W necessary. An early version of the 

reactor used a mineral-isolated heating wire (ThermoExpert) glued to the shaft of the main 

body with high-temperature steel glue (Durabond 954, Polytec PT). This setup allowed for 

sample temperatures up to 400 °C. However, proved to be unreliable as the glue cracked and 

the heating wire melted after some time. The final iteration used a nozzle heater band 

(Ihne&Tesch). This version was more reliable but could only reach sample temperatures of 

340 °C. The outside of the heater was isolated using stone wool held in place by a steel clamp. 

The temperature was controlled with a PID controller (2416, Eurotherm).  

The sample holder (Figure 3) is designed in a way that good contact with the heated 

stem is ensured while contact with the cooled parts of the body are minimized. In order to 

achieve this the upper third of the holder was turned down to a smaller diameter. This makes 

sure that the lower part with the thread has good connection with the heated walls, while the 

upper part does not contact the cooled parts of the main body wall. 
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Figure 3: Cross-sectional view of the sample holder with grids. The fine grid stops the sample 

from falling through. The sample is pressed lightly into the coarse grid placed on top of the 

fine grid. This stabilizes the sample laterally against the formation of gas bypasses. 

The sample is placed in the top of the sample holder, where a 2 mm deep cup was 

milled out. To ensure an even gas flow throughout the catalyst layer the bottom of the sample 

cup is perforated with 1 mm holes. On top of these a fine steel grid (500 mesh) is placed to 

keep the catalyst powder from falling into the reactor. To be able to measure DRIFTS, no 

material can be placed on top of the catalyst layer to fixate it, as it is common with plug flow 

reactors. For this reason, it is possible for the gas flowing through the sample to disturb the 

catalyst layer, creating bypasses. In order to mitigate this another coarse grid (50 mesh) is 

placed on top of the fine grid. The catalyst powder is then placed loosely on top and lightly 

compressed with a plunger of 0.1 mm depth. This procedure results in a catalyst layer stable 

enough to withstand the gas flow while still not hindering it. The typical amount of catalyst 

used in this work is 30 mg. The sample holder is then screwed into the main body as shown 

in Figure 2. The gas flows from the top to the bottom of the sample holder, to best utilize the 

stabilizing effect of the grids. 
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1.4.3 Optics  

 

Figure 4: Scheme of the beam path of the DRIFTS-apparatus. General parts of the 

spectrometer are not shown for clarity reasons. Radiation with a wavelength of less than 2.3 

µm are shown in blue with those above 2.3 µm shown in red. 

The optics of the DRIFTS apparatus comprise a “Vertex 70V” spectrometer from 

Bruker and a “DiffIR” module from Pike. A scheme of the optical path is shown in Figure 4. 

The “DiffIR” module is placed in the sample compartment of the spectrometer and flushed 

with nitrogen to ensure a background spectrum clear of water or CO2 from the air. The 

interferometer compartment of the spectrometer is evacuated for the same reason. The light, 

created by a globar, is directed onto the sample through a series of mirrors. Here the light is 

diffracted from the powder sample, at which point absorption from the surface molecules 

under investigation occurs. The diffracted light is then refocused by a concave mirror placed 

above the sample. The refocused light is then directed by another set of mirrors to a Mercury-

Cadmium-Telluride (MCT) detector. To ensure that the detector is not oversaturated an iris 

aperture is placed in front of it, limiting the light reaching the detector. Likewise a band pass 

filter can be placed in front of the detector, to only allow wavelengths in the investigated 

region to pass. 

The temperature of the sample is measured by a pyrometer. This pyrometer is sensitive 

to wavelengths around 2.3 µm. However, light in this wavelength region is not only produced 

by the heated sample but also by the globar. To make sure the pyrometer only measures light 
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produced by the heated sample a long and a short pass filter is used. The long pass filter is 

placed directly behind the globar filtering all wavelength below 2.3 µm. The long pass filter 

is placed in front of the pyrometer filtering all wavelength above 2.3 µm. This way only light 

created by the heated sample with a wavelength below 2.3 µm reaches the pyrometer, 

enabling temperature measurements.  

1.4.4 Gas Analytics 

The gas analytics setup is shown in the right side of Figure 2. In order to analyze the 

effluent gas a heated capillary is attached to the tube exiting the reactor. The other side of the 

capillary is attached to a T-connector that is held under vacuum by a rotary vane pump. This 

will draw about 10 sccm of the effluent gas through the capillary ensuring continuous and 

quick exchange of the gas in the T-connector. On the other side of the T-connector a leak 

valve is placed, that lets a small amount of gas pass into the main vacuum chamber housing 

of the mass spectrometer (Pfeiffer QMG 220). 
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2 Results and Discussion 

2.1 Preparation and Analysis of Oxide and Metal Samples as 
References for the Assignment of Band Positions 

In order to gain a deeper understanding of the active phase of IrO2 and RuO2, firstly the 

CO oxidation reaction was investigated as a benchmark reaction. The main challenge in case 

of both materials was to assign the observed absorption bands to the various catalyst states 

and adsorption sites thereon. For this reason, samples containing the respective pure metal 

and pure oxide were prepared. As the pure catalyst materials do not exhibit sufficient 

reflectivity on their own, it is necessary to use a reflective matrix for DRIFTS measurements. 

Therefore, oxide RuO2 and IrO2 samples were prepared as supported particles on TiO2 via 

the Pechini method. The details of the synthesis are described in Publication II. The same 

preparation was previously used by Khalid et al.46 thus allowing for comparison with previous 

datasets. A simple physical mixture would also provide a matrix for DRIFTS measurements 

and would reduce any potential influences of the supporting material. However, when 

physically mixing two powders, agglomerates remain within the mixture. These agglomerates 

negatively impact reflectivity as they trap light entering them. Harsh mixing procedures like 

ball milling may alleviate this issue but bear the possibility of changing the sample via 

mechanochemistry. The loading of the oxides was chosen to be 2 mol%, so samples would 

retain sufficient reflectivity, while still containing enough active material for investigation. 

After the Pechini preparation the samples are shown by XPS to be purely oxidic  

(cf. Figure 5A-B). These samples are referred to as ox-RuO2@TiO2 and ox-IrO2@TiO2, 

respectively. For best comparability of the oxide and metal samples the latter should be 

derived by complete reduction from the former. However, even when the supported oxide 

samples were exposed to strongly reducing conditions (4% H2 in Ar) at up to 600 °C for 24 

h, XP spectra still show oxide signals and thus no pure metal could be obtained. In order to 

allow for the investigation of pure metal samples it was necessary to employ commercially 

available metal Ir0 (abcr) and Ru0 (chempur) powders physically mixed with TiO2. These 

samples are referred to as Ir0+TiO2 and Ru0+TiO2 respectively. Here a loading of 33 w% was 

necessary to obtain sufficient signal strength. After reductive pretreatment to remove surface 

oxides that may have formed by contact with air, the samples are shown to be purely metallic 

by XPS (cf. Figure 5C-D).  
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Figure 5: XP spectra in the Ru 3d and Ir 4f region, respectively, of (A) metallic Ru0, (B) fully 

oxidized ox-RuO2@TiO2, (C) metallic Ir0 and (D) fully oxidized ox-IrO2@TiO2 as well as (E) 

the corresponding DRIFTS spectra of CO adsorbed on these samples. The legends shown in 

the right XP spectra are valid for both Ru and Ir XP spectra, respectively. The XP spectra of 

metallic samples were recorded without the TiO2 support to obtain sufficient signal strength. 

The purely metallic and purely oxidic samples were then exposed to a CO-containing 

gas feed in the DRIFTS reactor. For all cases only a single symmetric absorption band is 

observed (cf. Figure 5E). For Ru0 and RuO2 this band is positioned at ca. 2060 cm-1, while 

for Ir0 and IrO2 the band is positioned in the range of 2060 to 2087 cm-1. The presence of only 

one band is rather surprising, as particles exhibit different surface facets providing different 

absorption sites. This observation points toward dipole-dipole coupling occurring between 

the vibrational mode of all sites. This behavior has previously been reported for RuO2(110).30 

It was, therefore, concluded that discrimination of purely metallic and purely oxidic surfaces 

on band position alone is not possible for these materials. When exposed to reaction 

conditions, however, both IrO2- and RuO2-based samples exhibit more complex DRIFT 

spectra, that allow deeper insights into the functioning of both catalysts.  
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2.2 CO Oxidation on RuO2 

RuO2@TiO2 demonstrates a more complex DRIFTS band pattern upon partial 

reduction, as opposed to the single symmetric band observed for the ox-RuO2@TiO2 and 

Ru0+TiO2 samples. When RuO2@TiO2 and Ru0+TiO2 were heated in a reducing atmosphere 

(1% O2/ 4% CO/95% Ar) to 300 °C they as well were partially reduced and oxidized, 

respectively, according to XPS. The partially reduced samples are called red-RuO2@TiO2. 

Partial reduction of the ruthenium-based catalysts results in a shoulder appearing on the  

2060 cm-1 band stretching to lower wavenumbers, as well as a high-wavenumber signal at 

2135 cm-1 in DRIFTS (cf. Figure 6 blue spectrum). The low-wavenumber shoulder consists 

of multiple bands that are made out to behave independently. Those bands appear at ca. 1985-

2030 cm-1, 2040 cm-1 and 2075 cm-1. In order to investigate the relation between the CO 

surface species and activity, conversion curves for oxidized and reduced RuO2@TiO2 

samples were recorded under reducing and oxidizing CO oxidation reaction conditions. For 

both conditions the red-RuO2@TiO2 shows higher conversion throughout the investigated 

temperature range up to 260 °C. The conversion curves exhibit various features that can be 

correlated with changes in DRIFT spectra. For RuO2@TiO2 under oxidizing conditions the 

singular band at 2075 cm-1 remains largely unchanged till it is no longer observable above 

140 °C due to CO reacting off the surface too quickly. A representative spectrum is shown in 

grey in Figure 6. In the corresponding conversion plot a plateau, in which the conversion 

only marginally increased, is observed between 140 and 180 °C. No conclusion regarding the 

nature of the plateau could be drawn at this point, due to CO not being observable in DRIFTS 

under oxidizing conditions at high temperatures. However, when ox-RuO2@TiO2 is cooled 

down again, while still maintaining the oxidizing feed composition, the low-wavenumber 

signals denoting partial reduction appear below 140 °C (cf. Figure 6; red spectrum). 

Furthermore, under reducing conditions ox-RuO2@TiO2 shows a similar conversion plateau. 

Contrary to under oxidizing conditions, under reducing conditions the surface CO remains 

observable throughout the entire temperature region. Here it can clearly be seen that the end 

of the plateau is correlated with the appearance of the low-wavenumber signals at around  

200 °C, with the 2040 cm-1 band being the most dominant. Based on these spectra it seems 

RuO2@TiO2 was reduced, which in turn is correlated with an increase in conversion. This 

reduction occurred even when an oxidizing feed was applied. This behavior may explain why 

RuO2 is more active in the CO oxidation reaction than IrO2 under oxidizing conditions.64  
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Figure 6: DRIFT spectra of RuO2@TiO2 in its fully oxidized state (grey) exhibiting one 

symmetric band, after reducing pretreatment (green) showing additional low-wavenumber 

bands with the 2040 cm-1 band being most dominant, after reducing reaction conditions (blue) 

exhibiting the same signals as after reducing pretreatment but with the 2075 cm-1 and 2133 

cm-1 being more dominant and after oxidizing reaction conditions (red) showing a similar 

band pattern to that after reducing reaction conditions but with the 2075 cm-1 signal being 

more dominant. 

On red-RuO2@TiO2, directly after the reducing pretreatment, the 2040 cm-1 band is the 

most dominant at first, with shoulders reaching down to higher and lower wavenumbers 

corresponding to the 2075 and 1985-2035 cm-1 bands (cf. Figure 6; green spectrum). Under 

oxidizing conditions, the 2040 cm-1 band remains stable up to 60 °C, at which point it starts 

to diminish, while the 2075 cm-1 band becomes more dominant. This change correlates with 

the conversion starting to increase. At 100 °C the conversion curve exhibits a sharp increase 

at which point the 2040 cm-1 band disappears almost completely. With subsequent 

temperature increase the low wavenumber bands keep decreasing in intensity, denoting a 

2200 2100 2000 1900 1800

wavenumber / cm-1

oxidized
RuO2@TiO2

4% CO 
@ 300 °C

CO:O2 1:1

@ 300 °C

CO:O2 4:1

@ 300 °C

21
33

20
75

20
40

20
00

oxidizing 
reaction
conditions

reducing
pretreatment

reducing 
reaction
conditions

After:



 

19 

progressing oxidation of the catalyst, till above 200 °C only the 2075 cm-1 band remains. The 

2040 cm-1 band disappearing first is interpreted as this species being the most reactive. This 

interpretation is further corroborated by the increase in activity at 200 °C for ox-RuO2@TiO2 

under reducing conditions coinciding with the appearance of the dominant 2040 cm-1 signal. 

Regardless of its initial state, RuO2@TiO2 will adapt to the reaction conditions, which 

is further illustrated by ox-RuO2@TiO2 and red-RuO2@TiO2 being exposed to oxidizing and 

reducing reaction conditions for a second reaction cycle. Here, DRIFT spectra as well as 

conversion curves converge for reducing and oxidizing conditions, respectively. After the 

second cycle under reducing conditions, the DRIFT spectra exhibit bands at 2135 cm-1 and 

2075 cm-1 with a low-wavenumber shoulder incorporating the 2040 and 2000 cm-1 bands. 

The conversion curves of the second cycle only exhibit a small residue of the plateau and 

match closely with the first reaction cycle of the red-RuO2@TiO2 under reducing conditions. 

After the second cycle under oxidizing conditions, in DRIFTS the 2075 cm-1 band is dominant 

with some low-wavenumber shoulder being observable. The conversion curves still exhibit 

the plateau in the 140 -200 °C region, however, the overall conversion is shifted up rather 

significantly compared to the first cycle of ox-RuO2@TiO2 under oxidizing conditions. 

Again, this suggests that the catalyst has undergone reduction, while being exposed to 

oxidizing conditions. 

The surface of RuO2 is known to segregate into oxygen-rich and oxygen-depleted 

phases.30,42,65 The observed bands in DRIFTS can be correlated to the different surface phases 

by considering their behavior in conjunction with these previous studies on the RuO2 surface 

chemistry. The band in the region of 1985-2030 cm-1 changes its shape and position in 

accordance with the state of the catalyst. When the catalyst is reduced it exhibits a broad 

asymmetric shape, reaching down to low wavenumbers. This points towards CO being 

adsorbed on an inhomogeneous surface providing a range of adsorption sites, resulting in a 

range of wavenumbers. As RuO2 gets more oxidized the band becomes more symmetric, 

while shifting to higher wavenumbers. The latter is expected, when more oxygen is 

introduced into the vicinity of CO. These bands becoming more symmetric is in line with the 

partially reduced surface, initially providing a range of adsorption sites, but becoming more 

homogeneous with increasing degree of oxidation. The 2075 cm-1 band may be ascribed to 

CO on oxide RuO2 or metal Ru. Considering the reaction conditions under which this band 

is observed here, it most likely corresponds to oxidized RuO2 surfaces in this case. The  

2135 cm-1 band has previously been identified as a Ru-carbonyl species Rux+(CO)y on 
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reduced RuO2(110) by Gao et al.3. Here, it was suggested that the interaction between the Ru 

metal and RuO2 could significantly influence CO oxidation on RuO2. The increased activity 

on a partially reduced RuO2 surface might indicate a bifunctional behavior akin to what has 

been observed for PdO. Weaver et al.4 suggested that, on a partially reduced PdO, CO 

oxidation is optimally facilitated on the metal Pd surface, which receives oxygen from the 

adjacent PdO. This bifunctional behavior of the partially reduced RuO2 aligns with the 

discussion points of too strong or weak adsorption of CO and O on Ru and RuO2, respectively 

(cf. Section 1.2). Such boundary areas between oxidized and reduced surface phases might 

present adsorption sites with intermediate adsorption energies, which, based on the Sabatier 

principle, would be beneficial for CO oxidation. The CO species related to the 2040 cm-1 

band is shown to be especially active. A finding that suggests this band corresponds to CO 

adsorbed in the boundary region between oxygen-rich and -depleted surface phases. In 

summary the observed DRIFTS bands were assigned as follows: 

I. 1985–2030 cm-1: CO on partially reduced RuO2 with shape and position changing 

according to the surface composition 

II. 2040 cm-1: CO located possibly in the boundary region between surface phases with 

the highest activity. 

III. 2075 cm-1: CO on oxide RuO2. 

IV. 2135 cm-1: carbonyl Rux+(CO)y, which can form on highly under-coordinated Rux+ 

sites. Reduced RuO2 has been demonstrated to roughen66,67, which would provide 

such under-coordinated Rux+ at the edges and corners3. 

 

2.3 CO Oxidation on IrO2 

Similar to RuO2@TiO2, for IrO2@TiO2 a drastic change of the CO adsorption band in 

DRIFTS is observed, as reducing reaction conditions are applied. After both the IrO2@TiO2 

and Ir0+TiO2 samples were heated in a reducing atmosphere (1% O2/4% CO/95% Ar) to  

300 °C a broad shoulder stretching from the original band position of 2085 cm-1 down to  

1800 cm-1 is observed for both samples. XPS reveals that after this treatment both samples 

are in a state of partial reduction or oxidation respectively. This leads to the conclusion that 

a partially reduced IrO2 surface can be identified in DRIFTS by this broad shoulder of the CO 

adsorption band. This information can then be used to monitor the oxidation state of the 

catalyst in relation to its activity under reaction conditions. In doing so, the IrO2@TiO2 was 
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pretreated under oxidizing or reducing conditions by exposing it to 4% CO or 4% O2, 

respectively, at 300 °C. Partially reduced samples are referred to as red-IrO2@TiO2 and 

oxidized samples as ox-IrO2@TiO2. The pretreated samples were then heated to 300 °C under 

reducing (1% O2/4% CO/95% Ar) and oxidizing (2% O2/2% CO/96% Ar) CO oxidation 

reaction conditions. Distinct correlations can be derived between the conversion and the 

oxidation state of the catalyst as monitored by MS and DRIFTS.  

Regardless of the reaction conditions being oxidizing or reducing, red-IrO2@TiO2 

exhibits higher activity. This can be seen by the reaction onset temperature being about  

50 °C earlier for red-IrO2@TiO2. After the reaction onset, red-IrO2@TiO2 retains a higher 

conversion for the entire temperature range and reaches full conversion 60 °C and 40 °C 

earlier than ox-IrO2@TiO2 under oxidizing and reducing conditions, respectively. 

Correlations between the activity of the sample and the appearance or disappearance of the 

broad shoulder in DRIFTS, indicating the partial reduction of IrO2@TiO2, could be seen at 

various points. For ox-IrO2@TiO2 under reducing conditions, the activity increases steeply at 

180 °C, concomitantly with the appearance of the broad shoulder in DRIFTS (cf. Figure 7). 

Correspondingly, for red-IrO2@TiO2 a similar increase in activity is observed at 140 °C with 

the broad shoulder disappearing, while leaving the 2077 cm-1 oxide signal behind. The latter 

observation may suggest, that the catalyst got oxidized at this point accompanied by an 

increase in activity, thus contradicting the previous interpretation. However, when the catalyst 

is cooled down again from 160 °C under the same reaction conditions the shoulder band 

reemerges. Therefore, the disappearance of the shoulder band at higher temperatures points 

towards the corresponding CO species being more active than those represented by the  

2077 cm-1 band. This leads to the more active species reacting off and not being observable 

in DRIFTS, while the less reactive CO species adsorbed on the more oxidized parts of the 

catalyst can still be observed. The spectra for ox-IrO2@TiO2 under oxidizing conditions and 

red-IrO2@TiO2 under reducing conditions remained largely unchanged, indicating that the 

catalyst is stable under these conditions. 
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Figure 7: DRIFT spectra of ox-IrO2@TiO2 under reducing reaction conditions (A) before 

reduction occurred showing one symmetric signal and (B) after reduction occurred showing 

a broad shoulder band, as well as (C) the corresponding conversion curve. The conversion 

curve exhibits a slowdown in conversion increase around 160 °C. After this point reduction 

is accompanied by an uptick in conversion. 

Overall, these results demonstrate that IrO2 adapts dynamically to the reaction 

conditions, with the partially reduced red-IrO2@TiO2 exhibiting superior activity for the CO 

oxidation reaction. Considering that RuO2 and IrO2 both occur in the rutile structure, and 

given the proximity of Ru and Ir on the periodic table, it is suggested that a similar mechanism 

for heterogeneous CO oxidation catalysis as observed on RuO2 might be applicable to IrO2. 

On RuO2 CO oxidation proceeds as follows30,31: (1) CO adsorbing on the catalyst surface; (2) 

CO combining with O from the oxide lattice to produce CO2; (3) CO2 desorbing; and (4) the 

resulting O vacancy in the oxide lattice being refilled with O2 from the gas phase. Considering 

IrO2, its increased activity when being reduced could then be attributed to a couple of factors. 

First, the lattice oxygen in partially reduced IrO2 is potentially easier to extract, due to its 

lower binding energies. Additionally, the presence of a defect-rich lattice might result in 
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oxygen being more mobile, allowing active sites to be resupplied with oxygen more rapidly. 

This perspective aligns with recent findings by Martin et al.7, which highlighted the role of 

subsurface oxygen replacing surface oxygen in methane oxidation on IrO2. 

 

2.4 CH4 Oxidation on IrO2 

The insights gained from the CO DRIFTS experiments on IrO2 were subsequently 

applied to the CH4 oxidation reaction. The focus of this study was to elucidate the influence 

of the catalyst’s oxidation state on its activity. The as-prepared IrO2@TiO2 samples were 

pretreated at 300 °C under 4% O2 or 4% CH4 to obtain fully oxidized (ox-IrO2@TiO2) or 

partially reduced (red-IrO2@TiO2) samples, respectively. These samples were then heated 

under 4% CH4 as well as reducing (1% CH4 / 1% O2 / 98% Ar) or oxidizing  

(1% CH4 / 4% O2 / 95% Ar) reaction conditions, while recording conversion data and DRIFT 

spectra. 

The conversion curves of ox-IrO2@TiO2 and red-IrO2@TiO2 reveal that under both 

reducing and oxidizing conditions the red-IrO2@TiO2 exhibits significantly higher 

conversion than ox-IrO2@TiO2. Furthermore, if the catalyst is exposed to multiple reaction 

cycles the conversion curve will adapt to the reaction conditions: during the second cycle  

ox-IrO2@TiO2 under reducing conditions will show a conversion curve previously observed 

for red-IrO2@TiO2 and vice versa, while ox-IrO2@TiO2 under oxidizing conditions and  

red-IrO2@TiO2 under reducing conditions will remain stable. However, for the partially 

reduced catalyst under reducing conditions the conversion will be significantly hampered at 

temperatures above 240 °C. This results in the conversion of both red-IrO2@TiO2 and  

ox-IrO2@TiO2 being equal to 37% at 330 °C under reducing and oxidizing conditions, 

respectively. On the other hand, when red-IrO2@TiO2 is exposed to oxidizing reaction 

conditions no hampering of conversion occurs and a conversion of 57% at 330 °C is achieved. 

(cf. Figure 8A). This points towards red-IrO2@TiO2 being depleted of surface oxygen under 

reducing conditions, thus not being able to facilitate high conversions. While the oxidizing 

feed will supply sufficient oxygen to maintain high conversion, it will also oxidize the catalyst 

deactivating it in the process. The hampering of activity under reducing conditions can be 

further understood considering the findings of Martin et al.7 and Kim et al.68. They reported 

that oxygen adsorbed on top (Oot) of coordinatively unsaturated Ir (Ircus) is especially reactive. 

At the same time the conversion of Oot to oxygen in bridge positions (Obr) is facile.69 
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Consequently, on an oxygen-depleted surface any Oot would quickly transform into less 

active Obr resulting in a decreased activity.  

The higher activity of red-IrO2@TiO2 can be understood when considering C-H bond 

cleavage on transition metal oxides being dependent on the cooperative interaction of 

coordinatively unsaturated metal ions and adjacent oxygen.70–76 Partially reduced IrO2 

provides a large number of cus-sites due to surface oxygen being abstracted, while still 

providing a sufficient amount of surface oxygen sites to take up the abstracted hydrogen. 

 

Figure 8: (A) conversion curves of ox-IrO2@TiO2 under reducing and oxidizing conditions 

as well as red-IrO2@TiO2 under oxidizing conditions. (B) corresponding DRIFT spectra 

showing the CO adsorption region. The colored arrows and dashed lines denote at what point 

the spectra were taken. For the reduced samples this corresponds to the first appearance of 

a CO band. For the oxidized sample under oxidizing conditions no CO band was observed. 

Insights into the reaction mechanism of CH4 oxidation on red-IrO2@TiO2 and  

ox-IrO2@TiO2 can be deduced from the DRIFT spectra. When the IrO2@TiO2 samples are 

exposed to oxidizing or reducing reaction conditions no surface species are observed in the 

CO band region below 200 °C in DRIFTS. Surface CO signals are, however, present in 

DRIFTS at higher temperatures for all samples and conditions except for ox-IrO2@TiO2 
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under oxidizing conditions. Representative spectra are shown in Figure 8B. When a CO 

signal is present the band always exhibits a broad shoulder reaching down to lower 

wavenumbers, indicating that IrO2 is in a state of partial reduction, according to the results 

discussed in Section 2.3. When CO is observed under reaction conditions the 2085 cm-1 band, 

here likely indicating oxidized surfaces of IrO2, is only a small shoulder signal with the main 

band being positioned at lower wavenumbers. Together with the finding that CO is only 

present on the surface when DRIFTS indicates a reduced surface, this points towards CO 

generation being restricted to partially reduced surfaces. The CO observed on oxidized IrO2 

surfaces likely originates from CO desorbing from reduced and readsorbing onto oxidized 

surfaces. 

Methane oxidation over heterogeneous catalysts may proceed through multiple 

pathways that can be characterized by the sequence of hydrogen abstraction and oxygen 

addition. In the first mechanism, only one oxygen is added before all hydrogen is abstracted 

and a formaldehyde-like intermediate (HyCO) and subsequently CO is formed. In the second 

mechanism a second oxygen is added before the abstraction of the last hydrogen, generating 

a formate-like intermediate (HyCO2). In the latter case no CO can be formed. For CO to be 

observable it has to be created at a rate comparable to its conversion to CO2. As IrO2 is also 

an efficient catalyst for the oxidation of CO64 the rate of CO production has to be high. 

Consequently, since CO is observable the formaldehyde pathway is dominant on partially 

reduced IrO2. Previous studies by Martin et al. 77
, performed on single-crystalline IrO2(110), 

found that the reaction proceeds preferentially through the formate (HyCO2) intermediate. 

This is not in conflict with the data presented here, as the IrO2(110) was shown not to be 

reduced. Furthermore, Martin et al. 77 observed a steep increase in activity, when the 

IrO2(110) was reduced, although no further investigation of the reduced sample was reported. 

The findings of the present thesis suggest, that the reaction path for the oxidation of methane 

over IrO2 is dependent on the oxidation state of the catalyst. On oxidized IrO2 the formate 

pathway seems to be dominant, while for partially reduced IrO2 the fomaldehyde pathway is 

prevalent. Furthermore, the latter reaction pathway seems to facilitate higher activities. This 

insight may allow for rational design of IrO2-based catalysts by tuning of their activity and 

selectivity via altering its oxidation state. This is especially relevant under the aspect of partial 

oxidation of methane to methanol, which requires formaldehyde as an intermediate. 
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3 Conclusions and Perspective 

This thesis presents studies of the active phases of IrO2 and RuO2 in the CO oxidation 

reaction as a benchmark reaction as well as the active phase of IrO2 in the CH4 oxidation 

reaction. In order to gain these insights an experimental approach comprising operando 

diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) coupled with on-line 

mass spectrometry (MS) was employed. For this purpose, a reactor was built combining these 

two techniques. The reactor consisted of a gas supply capable of quick gas exchange, a small 

volume reaction cell allowing optical access to the sample and a quadrupole MS connected 

to the exit of the reaction cell. DRIFTS was used to identify surface species present on the 

catalyst materials under reaction conditions. The focus lay on utilizing CO as a probe 

molecule for identifying the oxidation state of the catalyst under operando conditions. 

Simultaneously, the conversion was recorded via on-line MS. By correlating the conversion 

with the state of the catalyst, conclusions could be drawn about the most active phases as well 

as the reaction mechanisms.  

The study of the CO oxidation reaction on RuO2 supported on TiO2 (RuO2@TiO2) 

demonstrates that partially reduced and fully oxidized RuO2@TiO2 can be distinguished by 

DRIFTS using CO as a probe molecule. Fully oxidized RuO2@TiO2 is characterized by a 

single symmetric band at ca. 2060 cm-1, while on partially reduced RuO2@TiO2 four band 

regions are observed. These band regions are assigned to carbonyl Rux+(CO)y (2135 cm-1), 

CO on oxide RuO2 (2075 cm-1), CO in a boundary region between surface phases  

(2040 cm-1) and CO on partially reduced RuO2 (2030-1985 cm-1). The conversion data reveals 

that partially reduced RuO2@TiO2 is more active than its fully oxidized counterpart. The  

2040 cm-1 CO species is revealed to be especially reactive. This species is likely CO adsorbed 

in the boundary region between oxidized and partially reduced surface domains, where 

adsorption energies of CO and O may be favorable according to the Sabatier principle. The 

catalyst is further shown to dynamically adapt to the reaction conditions independent of its 

initial state. Especially interesting is the observation of the RuO2 surface undergoing partial 

reduction, even when exposed to oxidizing reaction conditions.  

In case of the study of the CO oxidation reaction on IrO2 supported on TiO2 

(IrO2@TiO2), features in DRIFTS were identified that allowed to differentiate between fully 

oxidized and partially reduced IrO2@TiO2. Here, the fully oxidized IrO2@TiO2 is 

characterized by a single symmetric band at ca. 2087-2060 cm-1 while partially reduced 

IrO2@TiO2 is identifiable by a broad shoulder of this band reaching down to 1800 cm-1. The 
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conversion curves in conjunction with the DRIFT spectra reveal that the partially reduced 

samples exhibit a significantly higher activity towards the CO oxidation reaction. While the 

IrO2@TiO2 samples also adapt dynamically to the reaction conditions, no reduction under 

oxidizing reaction conditions is observed, contrary to RuO2@TiO2. As reduced surfaces are 

demonstrated to be more active this behavior may explain the superior activity of RuO2 

compared to IrO2 in the CO oxidation reaction. 

The study of the CH4 oxidation reaction on IrO2@TiO2 utilized the insights derived 

from the assignment of CO bands in DRIFTS to oxidized or partially reduced IrO2@TiO2. 

Employing these findings allows for monitoring the oxidation state of the IrO2@TiO2 as long 

as CO is present on the catalyst surface as an intermediate of the reaction. The conversion 

curves demonstrate that partially reduced IrO2@TiO2 is more active than its fully oxidized 

counterpart for the CH4 oxidation reaction. However, under reducing conditions the 

conversion is hampered above 240 °C. The highest conversion is reached by partially reduced 

IrO2@TiO2 under oxidizing conditions. This points towards the samples undergoing oxygen 

depletion under reducing conditions. Specifically, the more active on-top oxygen (Oot) is 

likely getting depleted, as the transformation into less active oxygen in bridge positions (Obr) 

is facile on IrO2. Further insights on the reaction mechanism are gained from DRIFTS. 

Whenever CO is observed in DRIFT spectra the band pattern indicates that IrO2@TiO2 is in 

a partially reduced state. Previous studies, however, demonstrated that CO is not generated 

on fully oxidized IrO2(110) under methane oxidation conditions. In general, the methane 

oxidation can proceed through two pathways characterized by either a formaldehyde-like 

(HyCO) or a formate-like (HyCO2) intermediate. The latter would exclude CO as an 

intermediate. Therefore, the findings of the present study demonstrate the mechanism of CH4 

oxidation on IrO2 being dependent on the oxidation state of the catalyst. This opens the 

possibility of tuning the activity and selectivity of IrO2-based catalysts by their oxidation 

state. This tuning may be especially relevant for catalytic processes like the partial oxidation 

of CH4 to value-added products like methanol. 
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4 Publications 

4.1 Publication I: Identifying the Active Phase of RuO2 in the 
Catalytic CO Oxidation Reaction, Employing Operando CO 

Infrared Spectroscopy and Online Mass Spectrometry 

 

This study focuses on identifying the most active phase of RuO2 in the catalytic 

oxidation of CO. Here, CO serves as a probe molecule for the oxidation state of the catalyst 

using operando DRIFTS under reaction conditions. As a benchmark metallic Ru0 mixed with 

TiO2 and fully oxidized RuO2 supported on TiO2 were subjected to CO-containing gas feeds. 

DRIFT spectra recorded under these conditions reveal singular symmetric CO adsorption 

bands in the region of 2060 cm-1 on both materials. This demonstrates that a clear distinction 

of purely metallic or oxidic Ru-surfaces is not possible, due likely to dipole-dipole coupling 

of the adsorbed CO molecules. Partially reducing the RuO2 or partially oxidizing the Ru0 

samples results in four band regions emerging in DRIFTS. The RuO2 surface is known to 

segregate under CO oxidation conditions into oxidized and partially reduced regions. The 

band regions are assigned to CO adsorbed on oxidized RuO2, partially reduced RuO2, the 

boundary region between these and carbonyl Rux+(CO)y. Partially reduced RuO2 is shown to 

be more active than its fully oxidized counterpart with the CO adsorbed in the boundary 

region being the most active species. Furthermore, it is demonstrated that RuO2 undergoes 

partial reduction even when exposed to oxidizing reaction conditions. 

 

H. Over and I devised the experimental schedule. T. Weber and L. Glatthaar performed 

the XPS measurements. I prepared the samples and performed the DRIFTS experiments. H. 

Over, and I contributed through 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 with permission from Timmer, P.; Glatthaar, L.; Weber, T.; Over, H. 

Identifying the Active Phase of RuO2 in the Catalytic CO Oxidation Reaction, Employing 

Operando CO Infrared Spectroscopy and Online Mass Spectrometry. Catalysts 2023, 13, 

1178. https://doi.org/10.3390/catal13081178. Copyright: © 2023 by the authors. 
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4.2 Publication II: Operando CO Infrared Spectroscopy and On-

Line Mass Spectrometry for Studying the Active Phase of IrO2 
in the Catalytic CO Oxidation Reaction 

 

This publication is on identifying the most active phase of IrO2 in the catalytic oxidation 

of CO. Here, CO was used as a probe molecule for the oxidation state of the catalyst during 

reaction conditions using operando DRIFTS. As a benchmark metallic Ir0 mixed with TiO2 

and fully oxidized IrO2 supported on TiO2 were subjected to CO-containing gas feeds. DRIFT 

spectra recorded under these conditions reveal singular symmetric CO adsorption bands in 

the region of 2087-2060 cm-1 on both materials. This demonstrates that a clear distinction of 

purely metallic or oxidic Ir-surfaces is not possible, due likely to dipole-dipole coupling of 

the adsorbed CO molecules. Partially reducing the IrO2 or partially oxidizing the Ir0 samples 

results in a characteristic broad asymmetric band in DRIFTS with its highest intensity at  

2085 cm-1 and a broad shoulder reaching down to 1800 cm-1. This characteristic signal is 

subsequently used to identify whether the IrO2 catalyst is in a partially reduced state under 

reaction conditions. Partially reduced and fully oxidized IrO2 were exposed to reducing and 

oxidizing CO oxidation reaction conditions. By correlating the characteristic bands in DRIFT 

spectra and conversion recorded by MS it is demonstrated that partially reduced IrO2 exhibits 

a higher activity under both reaction conditions. 

H. Over and I devised the experimental schedule. T. Weber and L. Glatthaar performed 

the XPS measurements. I prepared the samples and performed the DRIFTS experiments. H. 

Over, and I contributed through 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 with permission from Timmer, P.;Weber, T.; Glatthaar, L.; Over, H. 

Operando CO Infrared Spectroscopy and On-Line Mass Spectrometry for Studying the 

Active Phase of IrO2 in the Catalytic CO Oxidation Reaction. Inorganics 2023, 11, 102. 

https://doi.org/10.3390/inorganics11030102. Copyright: © 2023 by the authors. 
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4.3 Publication III: Active Phase of IrO2 in the Catalytic CH4 
Combustion Reaction: Operando Infrared Spectroscopy and 

On-Line Mass Spectrometry 

This study utilizes the insights gained in Publication II to elucidate the most active 

phase for CH4 oxidation over IrO2. The presence of CO on the surface allows for insight into 

the oxidation state of the catalyst under oxidizing and reducing reaction conditions for fully 

oxidized and partially reduced IrO2 catalysts. The presence of CO under reaction conditions 

further proves that CO is in fact an intermediate of the CH4 oxidation. Whenever CO is 

observed the band pattern observed in DRIFTS indicates a partially reduced surface, while 

no CO is observed when the catalyst is in a fully oxidized state. In conjunction with previous 

studies this finding demonstrates that CO is no intermediate on fully oxidized singe-

crystalline IrO2(110), thus pointing towards a change in reaction pathway in dependance of 

the oxidation state of the catalyst. The conversion curves reveal partially reduced IrO2 being 

significantly more active than its fully oxidized counterpart. However, under reducing 

conditions the IrO2 surface is depleted of oxygen, thus hampering the activity at high 

temperatures. The highest activity is achieved by partially reduced IrO2 under oxidizing 

condition. However, under these conditions the partially reduced IrO2 will slowly oxidize, 

losing its superior activity as a consequence. It is, therefore, demonstrated that activity and 

reaction mechanism can be manipulated by altering the oxidation state of IrO2. 

H. Over and I devised the experimental schedule. L. Glatthaar performed the XPS 

measurements. I prepared the samples and performed the DRIFTS experiments. H. Over, and 

I contributed through 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. 

 

Submitted to The Journal of Physical Chemistry C. 
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5 Appendix 

5.1 Supporting Information on Publication I



75 



 

76 

 



77 
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