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Abstract 

Understanding the dynamic behavior of catalysts under operational conditions is crucial for 

their rational development. This highlights the need for in-situ and operando experimental 

techniques. In this thesis, a combined operando continuous-wave electron spin resonance (cw 

ESR)/microwave cavity perturbation technique (MCPT) apparatus was developed to 

investigate the interaction of heterogeneous catalysts with gases. These bulk-sensitive methods 

were applied to several catalytic systems, including: Cu/ZnO:Al (CZA), ZnO:Al (AZO), 

Ni/silica, and LaxFe0.7Mn0.3O3-δ (x < 1) catalysts. The dielectric loss properties of the CZA 

catalyst were found to correlate with the yield of CO production in the reverse water-gas shift 

(r-WGS) reaction. The results provide evidence for the redox mechanisms, i.e., the reduction 

of CO2 where an oxygen atom released by the cleavage of CO2 is transiently stored by the 

catalyst, and the Schottky barrier model formed at the Cu-ZnO:Al interface, which can be 

modified by altering the composition of the gas phase. Although the oxidizing interaction of 

CO2 with defects in ZnO:Al is confirmed, these interactions are less pronounced than compared 

to CZA, showing the essential role of Cu in the dissociation of the carbon-oxygen bond of CO2. 

Additionally, comparative studies of CZA and AZO under reducing conditions indicate that 

the presence of Cu alters the structural stability of AZO, as it prevents the formation of 

ferromagnetic ZnO-phases. For the Ni/silica catalyst, operando ESR measurements reveal an 

inverse correlation between the growth of Ni nanoparticles and both CH4 selectivity and CO2 

conversion. While ESR spectroscopy proves the presence of superparamagnetic metallic Ni 

particles, in-situ X-ray diffraction measurements at a synchrotron facility did not confirm the 

presence of crystalline Ni phases, demonstrating the high sensitivity of ESR measurement. In 

the final project of this thesis, the effects of La deficiency in LaxFe0.7Mn0.3O3-δ perovskite 

oxides are explored using in-situ ESR, utilizing again the superparamagnetic properties of the 

system as a sensitive probe for structural changes during reduction and oxidation treatments. 

Magnetic phase heterogeneity during the reduction process, as well as the samples’ response 

to the oxidation potential of the surrounding gas phase, are found to depend on the level of La 

deficiency. Lastly, in-situ ESR results show that the superexchange interactions are relevant 

for the magnetic properties of the studied perovskite oxides.  
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Kurzzusammenfassung 

Das Verständnis des dynamischen Verhaltens von Katalysatoren unter Reaktionsbedingungen 

ist entscheidend für deren rationale Weiterentwicklung. Dies unterstreicht die Notwendigkeit 

von in-situ und operando Experimentiertechniken. In dieser Arbeit wurde ein kombiniertes 

operando Gerät entwickelt zur Untersuchung der Wechselwirkung heterogener Katalysatoren 

mit der Gasphase mittels continuous-wave Elektronenspin Resonanz (cw ESR) und 

Mikrowellenresonator-Störungsmethode (MCPT). Diese Bulk-sensitiven Methoden wurden 

auf verschiedene katalytische Systeme angewendet, darunter: Cu/ZnO:Al (CZA), ZnO:Al 

(AZO), Ni/Silica sowie LaxFe0.7Mn0.3O3--δ (x < 1) Katalysatoren. Die dielektrischen 

Verlustfaktoreigenschaften des CZA-Katalysators korrelieren mit der CO-Ausbeute in der 

reversen Wasser-Gas Shift Reaktion (r-WGS). Die Ergebnisse liefern Hinweise auf einen 

Redox-Mechanismus, d. h. die Reduktion von CO2, bei der ein Sauerstoffatom, das durch die 

Spaltung von CO2 freigesetzt wird, vorübergehend im Katalysator gespeichert wird, sowie auf 

das Modell einer Schottky-Barriere an der Cu-ZnO:Al Grenzfläche, die durch Veränderung der 

Gasphasenzusammensetzung modifizierbar ist. Obwohl die oxidative Wechselwirkung von 

CO2 mit Defekten in ZnO:Al bestätigt wurde, sind diese Wechselwirkungen im Vergleich zu 

CZA weniger stark ausgeprägt, was die entscheidende Rolle von Cu bei der Spaltung der 

Kohlenstoff-Sauerstoff Bindung in CO2 zeigt. Vergleichende Untersuchungen von CZA und 

AZO unter reduzierenden Bedingungen zeigen zudem, dass die Anwesenheit von Cu die 

strukturelle Stabilität von AZO verändert, indem es die Bildung ferromagnetischer ZnO-

Phasen verhindert. Für den Ni/Silica-Katalysator zeigen operando ESR-Messungen eine 

inverse Korrelation zwischen dem Wachstum von Ni-Nanopartikeln und der CH4-Selektivität 

sowie auch der CO2-Umwandlung. Während ESR-Spektroskopie das Vorhandensein 

superparamagnetischer metallischer Ni-Partikel belegt, konnten in-situ 

Röntgendiffraktionsmessungen an einer Synchrotronanlage keine kristallinen Ni-Phasen 

nachweisen, was die hohe Empfindlichkeit der ESR-Messungen unterstreicht. Im letzten 

Projekt dieser Arbeit wurden die Auswirkungen von La-Defizienz in LaxFe0.7Mn0.3O3-δ 

Perowskitoxiden mittels in-situ ESR untersucht, erneut unter Ausnutzung der 

superparamagnetischen Eigenschaften des Systems als empfindlichem Indikator für 

strukturelle Veränderungen unter reduktiven und oxidativen Bedingungen. Es konnte gezeigt 

werden, dass sowohl die Heterogenität magnetischer Phasen während des Reduktionsprozesses 

als auch die Reaktion der Proben auf das Oxidationspotenzial der umgebenden Gasphase vom 

Grad der La-Defizienz abhängen. Abschließend zeigen in-situ ESR-Ergebnisse, dass 
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Superaustausch-Wechselwirkungen für die magnetischen Eigenschaften der untersuchten 

Perowskitoxide relevant sind. 
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1 Introduction 

Catalysts are key to most chemical reactions, as they enable an increase in reaction rate and 

steer the reaction pathway toward desirable products. More than 90% of newly developed 

chemical processes and approximately 75% of all chemical products utilize catalysts.1 Beyond 

their general significance in industrial applications, catalysts also play a crucial role in the 

concept of the “CO2 cycle”. The CO2 cycle, as illustrated in Figure 1.1, consists of CO2 capture 

and utilization (CCU), which is essential to possibly alleviate climate change resulting from 

anthropogenic greenhouse gas emissions such as CO2. Additionally, CCU offers a pathway to 

replace fossil-based resources in the production of hydrocarbon fuels and chemicals.2 This 

entire process can be considered sustainable when the energy required for the CO2 cycle is 

gained from renewable sources, such as solar energy. 

Heterogeneous thermal catalytic reactions for converting CO2 to fuels and chemicals offer 

several advantages, including lower capital investment due to easier product separation and 

catalyst recycling.3 Among these reactions, the endothermic reverse water-gas shift (r-WGS) 

reaction has held significant importance for decades, particularly in the CAMERE process used 

for producing methanol.4 In light of the ongoing environmental crisis, the r-WGS reaction has 

gained renewed attention within the framework of CCU, especially for producing valuable C1 

building blocks from CO2.
5 Currently, the r-WGS reaction is central to the production of 

synthesis gas, a mixture of CO and H2, which serves as a feedstock for subsequent processes, 

such as production of methanol or production of CnH2n+2 in Fischer-Tropsch reactions.6 In 

addition to r-WGS reaction, thermal catalytic reduction of CO2 can also occur through the 

Sabatier reaction, which yields methane. This methane-centered approach is referred to as 

Power-to-Methane (PtM) and falls under the broader category of Power-to-Gas (PtG) 

schemes.7 

The role of catalysts in important industrial and environmental chemical reactions emphasizes 

the critical need for the rational development of high-performance catalysts. It is important to 

recognize that catalyst research is a multidimensional field. Macroscopic factors, such as 

reactor design and heat and mass transfer, along with microscopic properties like surface 

structure, all affect the overall performance of a catalytic process.8 Investigating these diverse 

influencing parameters requires a variety of experimental approaches, ranging from studies on 
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model systems often conducted in ultra-high vacuum chambers to experiments performed in 

pilot plants using catalysts under industrially relevant conditions. 

For instance, Cu particles on Al-doped ZnO exhibit a variety of structural phases and chemical 

compositions, including Cu phase, a defective ZnO phase, and interfaces. To overcome this 

complexity, model catalysts with well-defined structure and chemical composition, such as 

ZnO/CuOx/Cu(111), are studied.9 Well-designed model catalysts offer essential insight at the 

molecular level. However, the simplifications inherent to such model systems render a 

translation of these findings to the catalytic properties of highly active, complex catalysts 

challenging.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: An example of a sustainable CO2 cycle using heterogeneous catalysts in CO2 utilization. 

CxHyOz presents, e.g., products of the Fischer-Tropsch reaction.  

Additionally, investigations on catalysts in various stages of their lifespan, including pre-

catalyst, under operational conditions, and spent catalyst, are crucial to understand their overall 

performance. Numerous studies have demonstrated that the properties of catalysts vary with 

changes in operational conditions.10, 11 Therefore, understanding the dynamic behavior of 

catalysts requires in-situ/operando investigations, which can provide fundamental insights 

into, for example, reaction mechanisms and deactivation processes, leading to the rational 

development of catalysts with higher catalytic performance, characterized by increased 

activity, selectivity, and durability. Since each experimental technique has its limitations, 

multiple complementary in-situ/operando methods are often applied to the same catalyst to 

gain insight into the range of properties required to establish a comprehensive picture.  

The conductivity of heterogeneous catalysts, measured as microwave (MW) conductivity 

through microwave cavity perturbation technique (MCPT) measurements, has proven to be a 

key descriptive parameter for assessing catalytic performance.12 While it is necessary to 
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understand surface processes, there is also convincing evidence that the bulk reduction and 

reverse oxygen spillover are influential factors in the performance of heterogeneous catalysts.13 

The bulk-sensitive MCPT and spin resonance (ESR) spectroscopy techniques monitor changes 

throughout the entire catalyst, including interfaces, e.g., heterojunctions, which are suggested 

to be important in the catalytic activity of many heterogeneous catalytic systems.14 In this 

thesis, in-situ/operando measurements are employed to investigate catalytic systems, including 

Cu/ZnO:Al, ZnO:Al, Ni/silica, and a doped perovskite (LaxFe0.7Mn0.3O3 (x<1)) catalysts. The 

significance of these investigations is briefly discussed below. 

For the low-temperature heterogeneous catalytic r-WGS reaction, the cost-effective ternary 

CZA catalyst (CZA) exhibits a superior catalytic activity and selectivity.15  Despite extensive 

research on CZA catalysts,16-18 key aspects such as the reaction mechanism19-21 and the synergic 

effect between Cu and ZnO22, 23 remain subjects of ongoing debate. The synergy between Cu 

and ZnO has been attributed to multiple phenomena, including strong metal-support interaction 

(SMSI), which is elucidated through the observation of wetting/non-wetting processes during 

exposure to reducing and oxidizing gases, respectively.24-26 Other proposed contributing factors 

include hydrogen spillover of the dissociated hydrogen from Cu to ZnO,27-29 oxygen 

spillover,13 or a metal-semiconductor interface acting as a Schottky junction, which facilitates 

electron transfer from ZnO:Al to Cu.30  

This thesis investigates a CZA catalyst with Cu loading comparable to industrially relevant 

catalysts for the r-WGS reaction and methanol synthesis. Additionally, the study extends to an 

Al-doped ZnO (AZO) sample under similar in-situ/operando conditions to explore defect 

evolution. Prior MCPT studies on Cu/ZnO-based catalysts for the r-WGS reaction often 

employed model catalysts with a low mass percentage of Cu to prevent excessive 

perturbation.31, 32 Furthermore, it has been shown that AZO induces both electronic and 

structural modifications that correlate with the catalytic performance of CZA catalysts.32, 33 

Despite these advancements, the characterization of defects in AZO, particularly their dynamic 

restructuring under reaction conditions, is suggested as a research gap in literature.34  

In the Sabatier reaction, low-cost Ni-based catalysts are among the most widely used 

heterogeneous catalysts, with the main challenge being physical deactivation.35 To mitigate the 

physical deactivation of Ni-based catalysts, such as sintering, structured supports have been 

developed.36 However, the characterization of metallic Ni nanoparticles, which is suggested as 

the active phase of the catalyst,37 located in the internal pore surfaces of structured supports, 
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remains a challenge that requires sensitive methods for the selective detection of small Ni 

nanoparticles. A highly sensitive method to detect metallic Ni nanoparticles is to utilize their 

ferromagnetic, or more precisely, their superparamagnetic properties. In the case of 

diamagnetic supports such as silica, these properties can be measured without interference 

using ESR spectroscopy.38 Consequently, ESR spectroscopy and magnetization measurements 

are effective tools for detecting subtle changes in the particle size of Ni nanoparticles with 

superparamagnetic behavior,39 when subjected to various experimental conditions. When the 

catalytic activity is measured simultaneously with changes in magnetic properties, a structure-

performance correlation of the catalytic system can be established. In this work, operando ESR 

measurements are applied to investigate the correlation between particle growth of Ni 

nanoparticles in a structured mesoporous silica support and its catalytic activity and CH4 

selectivity.  

In the final project of this thesis, two perovskite catalysts for NOx reduction, an environmentally 

critical reaction, are investigated. The reduction of NOx in internal combustion engine vehicles 

is conventionally achieved using platinum-group metals (PGMs) containing catalysts, 

commonly known as three-way catalysts (TWCs).40 However, the high cost of PGMs raises 

the requirement for finding alternative catalysts.41 In this context, low-cost perovskite oxides42  

with the structural formula of ABO3,
43 exhibit catalytic activity for the reduction of NOx by 

CO.44 The catalytic activity of perovskites in NOx + CO reaction is reported to correlate with 

their reducibility and oxygen mobility, aligning with the suggested Mars-Van-Krevelen redox 

reaction mechanism.45-47 These properties are closely linked to the imperfections of the crystal 

structure and can be tuned by, e.g., A-, or B-site deficiencies or by incorporating mixed valence 

ions in A-, or B-sites.48 Understanding how deficiencies and mixed valence ions affect catalytic 

activity is crucial for the rational design of perovskite catalysts. For instance, it is documented 

that for a La-, and Mn-containing perovskite, La-deficiency at A-sites increases Mn4+/Mn3+ 

ratio, causes a higher catalytic activity, particularly in oxidation reactions.49-51 The 

ferromagnetic resonance (FMR) signal intensity of Mn-containing perovskite, which is 

measured using ESR spectroscopy, is shown to be correlated with Mn4+/Mn3+ ratio.52 

Therefore, ESR spectroscopy can be used to probe differences in the Mn4+/Mn3+ ratio of Mn-

containing perovskite samples with various A-site deficiencies. In the present work, the 

changes of the FMR signal for two perovskite samples with different La-deficiencies in a 

reduction-oxidation process are investigated via in-situ ESR measurements to shed more light 
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on the observed higher catalytic activity of the sample with lower La-deficiency in a previous 

study.53 

The theoretical background for these research areas is outlined in chapter 2, section 2.1 of this 

thesis. 

Aims and outlines of the present thesis 

In the present thesis, industrially relevant catalysts are investigated using in-situ/operando 

MCPT and ESR measurements to gain insights into key aspects such as reaction mechanisms, 

structure-function relationships, and deactivation pathways. 

The thesis is structured into six chapters, including this introduction (Chapter 1). Chapter 2 

provides the theoretical background regarding the complexity of the investigated catalytic 

systems, as well as the fundamental principles underlying the primary characterization methods 

employed. A solid understanding of the concepts introduced in Chapter 2 is essential for 

comprehending the research questions presented in this work and for interpreting the obtained 

results. 

Chapter 3 is dedicated to the experimental details, including a comprehensive explanation of 

the components of the operando apparatus and their respective functions. Since the 

experimental apparatus is set up during this project, chapter 3 also serves as a preliminary guide 

for future studies that may utilize the current “operando ESR/MCPT apparatus”. Additionally, 

this chapter outlines the calibration procedures and data treatment methods, which are intended 

to facilitate the proper execution of experiments in future research endeavors. 

Chapter 4 summarizes the key findings from the various studies conducted throughout the 

project. In Chapter 5, a conclusion is drawn from the entire body of work, and suggestions for 

future investigations aimed at addressing remaining open questions are discussed. Finally, 

Chapter 6 presents the four manuscripts and their corresponding supporting information, 

which form the scientific body of this thesis. In the first paper, in-situ/operando MCPT and 

EPR spectroscopy are employed to characterize the activation process of CZA catalyst and 

investigate the changes in the catalyst during r-WGS reaction. The second paper is a 

comparative study on AZO sample. In this study, both abovementioned techniques in 

combination with a variety of additional ex-situ methods are employed to study the changes 

during processes identically used for the CZA system in the first paper. In the third manuscript, 

a Ni/silica catalyst active in the Sabatier reaction is studied using operando ESR spectroscopy. 
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The fourth paper focuses on investigating the ferromagnetic properties of two differently doped 

LaxFe0.7Mn0.3O3-δ (x = 0.7 and 0.85) catalysts when exposed to oxidative or reductive gas 

environments using in-situ ESR spectroscopy.
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2 Theoretical backgrounds 

This chapter provides essential theories and background needed to understand the research 

questions and findings of this dissertation. In section 2.1, after a brief introduction to the 

dynamics of heterogeneous catalysts, the intricate aspects of the studied heterogeneous 

catalytic systems, which are relevant to this work, are elucidated. Sections 2.2, 2.3, and 2.4 

describe the principles of the primary implemented experimental methods. 

2.1 Dynamics of heterogeneous catalysis 

Catalysts facilitate chemical reactions toward favored products by lowering the activation 

energy, while the thermodynamics of the reaction remains unchanged.54, 55 A high performance 

catalyst enables achieving a high rate of conversion and selectivity toward favorable products, 

while also holding high durability. Heterogeneous catalysts, i.e., when the phases of the catalyst 

and reaction partners are different, possess industrially essential advantages, such as the simple 

separation of catalysts from reactants and products. However, they are often subject to 

deactivation processes, which lower their catalytic performance. One example is sintering 

processes, which are often found especially under high operational temperature or pressure.56 

Although heterogeneous catalysts are widely employed in industry,57 and have continuously 

found new applications over the last century,58 the underlying interactions between reactants 

and catalysts, resulting in an enhancement of reaction rate or selectivity are oftentimes not fully 

understood.8 The gas-solid interactions in a heterogeneous catalytic system include surface and 

sub-surface processes such as adsorption, diffusion, dissociation, reaction and desorption,59, 60 

as schematically illustrated in Figure 2.1. 

In-situ studies, conducted under operational conditions, reveal that geometric and electronic 

structures of catalysts, such as coordination number25 and conductivity,32are responsive to 

applied operational conditions. This suggests that catalysts are dynamic entities which adapt to 

their environment. Furthermore, operando studies can establish a correlation between a 

catalyst's characteristics and its performance through simultaneous investigation of both.61, 62 

To accomplish this goal, designing the experiment and gaining a profound understanding of 

the studied catalytic system are essential. 
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In this regard, examining the reversibility of a particular property as a function of an operational 

condition can provide valuable insights. Some catalyst evolutions under operational conditions, 

such as particle growth, are typically irreversible, while processes like physical adsorption and 

desorption are usually reversible. This concept was exemplified in one of the pioneering in-

situ studies on Cu-based catalyst by Grunewaldt et al., at Haldor Topsøe research 

laboratories.25  

Heterogeneous solid catalysts are typically complex materials which may include crystalline 

and amorphous phases, along with various components such as metal (or bimetals) and oxides. 

A catalytic function arises from the intricate interplay among various phases and chemical 

components.63 Therefore, understanding the complexity of a catalyst is essential in interpreting 

change of a property under different operational conditions. Sections 2.1.1 and 2.1.2 of this 

chapter describe complexities of the three catalytic systems studied in this thesis with a focus 

on their dynamic behaviors. These catalytic systems include: Cu/ZnO:Al catalyst (reverse 

water-gas shift (r-WGS) reaction), Ni/silica catalyst (methanation of CO2), and La1-

xFe0.7Mn0.3O3 (x < 1) perovskite catalysts (reduction of NO by CO). 

2.1.1 Heterogeneous thermal catalytic reduction of CO2 

Conversion of CO2 to valuable C1 building blocks such as methanol, methane and synthesis 

gas (or syngas, a mixture of CO and H2) faces several challenges. A primary obstacle is the 

high thermodynamic stability of CO2 with a formation enthalpy of -393.5 kJ mol-1. In this 

context, catalysts increase the rate of production by decreasing the activation energy of the 

reaction. Therefore, progress in utilizing CO2 as a reactant relies on the development and 

application of highly active and selective catalysts.64, 65 This section describes two examples of 

Figure 2.1: Schematic illustration of some surface and sub-surface solid catalyst-gas reactant (H2) 

interactions occurring in a catalytic reaction. The dot arrows denote sub-surface diffusion.  
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heterogeneous catalysts employed for the production of syngas and methane using CO2 as a 

reactant. 

2.1.1.1 Cu/ZnO:Al catalyst in r-WGS reaction 

The production of syngas through the so-called r-WGS reaction, as shown in reaction 2.1, 

provides valuable feed for further chemical processes such as the Fischer-Tropsch reactions or 

methanol production.66  

𝐶𝑂2(𝑔) +  𝐻2(𝑔) ⇌ 𝐶𝑂(𝑔) +  𝐻2𝑂(𝑔)         ∆𝐻̅°298𝐾 = 41.3 
𝑘𝐽

𝑚𝑜𝑙𝐶𝑂2

                                             (2.1) 

Based on Le Chatelier's principle, the endothermic forward reaction of reaction 2.1 becomes 

more favorable at higher temperatures.5 However, applying a suitable catalyst leads to a higher 

reaction rate of CO production, while preventing the production of CH4 as a side product (see 

reaction 2.2).67 Catalytic performances of a wide range of heterogeneous r-WGS catalysts, 

along with applied operational conditions, can be found in review papers.5, 15, 66 Low-cost and 

high-performance Cu/ZnO-based catalysts are the leading industrial heterogeneous catalysts 

for r-WGS reaction, as well as for methanol production, causing them to be the subject of 

numerous investigations.15, 61, 66, 68-73 

Understanding how the properties of the catalyst can be tuned through synthesis and post-

synthesis procedures is one of the main focuses of these studies. High-performance Cu/ZnO-

based catalysts are rich in copper, with a Cu:Zn mass ratio of about 70:30, and are synthesized 

through the coprecipitation method.74, 75 It is shown that synthesis parameters such as Cu/Zn 

ratio,76 precipitation temperature,77 pH and time of aging,78 and calcination conditions79, 80 can 

steer structural properties. These synthesis parameters are suggested to impact catalytic activity 

through modifying specific surface area as well as metallic Cu surface area,77 microstructure, 

and defect distribution,80 and the degree of Cu incorporation in the Zn-containing phase of pre-

catalysts.81  

Before reactions, the pre-catalysts are subjected to an “activation process”, which is commonly 

reduction in a H2- or CO-containing flow at elevated temperature (about 250˚C). This process 

is a crucial post-synthesis step that transforms pre-catalyst into active catalyst. Details of an 

activation process affect properties of an active catalyst. For instance, impact of heating rate 

during an activation process on rate of methanol production was correlated with Cu dispersion, 

as determined by conventional ex-situ X-ray diffraction (XRD).79  
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The activation process is studied using in-situ/operando experiments to monitor changes in 

catalysts. Frei et al. used in-situ X-ray absorption spectroscopy (XAS) to identify four major 

processes in a Cu/ZnO:Al (CZA) catalyst during activation: decomposition of high-

temperature carbonate (HT-CO3) mixtures, formation of metallic Cu, an increased amount of 

defects in ZnO, and a change in coordination sites of Al from octahedral to tetrahedral.82 In 

another study, Beck et al. illustrate through operando XAS and XRD experiments that a 

Cu/ZnO-based catalyst undergoes stepwise drastic alterations in activation, including the 

reduction of CuO and particle growth.83 In addition to spectroscopic studies, in-situ 

transmission electron microscopy (TEM)/energy-dispersive X-ray spectroscopy (EDS) 

investigations were employed to follow structural changes of a Cu/ZnO/Al2O3 pre-catalyst 

during the activation process.84, 85 Similar to the findings from the operando XAS study,83 a 

stepwise development during the activation process was observed,84 and moreover, a 

correlation between the activation process conditions and the formation of ZnOx overlayer 

around Cu nanoparticles was illustrated.85 

Since variations in synthesis procedure and activation process influence the performance of 

Cu/ZnO-based catalysts, comparing results across different studies is a challenge. One way to 

address such issues in a complex catalytic system is to define a reference sample, as has been 

done for Au/TiO2.86 In this respect, Schumann et al. developed a reference high-performance 

CZA catalyst, known as the “FHI-standard,” which includes an associated activation process.87 

The CZA catalysts investigated in this dissertation were prepared using this procedure. 

Those as mentioned earlier in-situ/operando measurements revealed that activated CZA 

catalysts consist mainly of metallic Cu and a defective ZnOx phase, with the Al dopant located 

in the tetrahedral sites of ZnOx.82-85 The following section reviews the role of each component 

as described in the literature. 

In a series of ex-situ temperature-programmed reduction (TPR) experiments conducted on 

spent catalysts after various processes, Cu0 is suggested to provide sites for the dissociation of 

CO2 to CO and oxygen adatoms.88 Moreover, a correlation between the specific Cu surface 

area and methanol production rate is documented.89 Results of X-ray photoelectron 

spectroscopy (XPS) and N2O adsorption experiments correlate the deactivation of catalyst with 

the oxidation of Cu0.90 The role of Cu0 is proposed to lie in the transformation of electrons from 

the conduction band of Cu0 to the lowest unoccupied molecular orbital (LUMO) of CO2, that 

is, the 2πu orbital,72 as schematically depicted in Figure 2.2a. Electron transfer from the d-
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orbitals of metallic copper to the 2πu orbitals of CO2 occurs due to favorable symmetry and 

energy alignment. Specifically, the occupied 3d orbitals of Cu, particularly dxz and dyz have a 

compatible symmetry with the 2πu orbitals of CO2, enabling charge transfer.72 Another 

proposed function of Cu involves the dissociation of H2 on the Cu surface, followed by 

hydrogen spillover to the ZnO. This process is associated with formation of hydrogen-

substituted oxygen vacancies (HO), i.e., donor states in the band gap of ZnO.30, 91 Here, the 

function of Cu in dissociation of H2 affects properties of ZnO, showing the complexity of the 

CZA catalyst. 

 

 

 

 

 

 

Figure 2.2: a) thermal activation of CO2 on metal.72 Upon thermal activation the electrons in conduction 

band are able to transfer to the LUMO of CO2 molecule. The arrows in the highest occupied molecular 

orbital (HOMO) represent electrons. b) effect of doping and vacancies on the structure of the electronic 

band.92 VB, CB, and Ef stand for valence band, conduction band, and fermi level, respectively.  
 

While ZnO is sometimes considered an inert support for Cu particles,93 there is ample evidence 

for a more complex involvement. In this respect, it was, e.g., shown that the activity per unit 

area of Cu/SiO2 is much lower than that of a Cu/ZnO catalyst.94 Furthermore, a theoretical 

study using density function theory (DFT) calculations indicated an interfacial charge transfer 

from ZnO:Al to Cu, influenced by oxygen defects (VO) in a ZnO:Al phase.95  In this regard, 

both the reducibility of ZnO and the presence of VO appear to be influential factors in the 

performance of metal-ZnO containing catalysts.96 

Al-doping of ZnO affects the catalytic performance of Cu/ZnO-based catalysts through 

electronic promotion and structural changes.32, 33 The electronic promotion of Al-doping was 

concluded from an enhanced charge carrier concentration, an increase in microwave 

conductivity,95 a reduction in optical band gap,32 and a rise in the amount of shallow donor 

states due to substitution of Zn with Al (AlZn).34, 97, 98 The impact of intrinsic and extrinsic 

defects such as VO, AlZn, and hydrogen-substituted oxygen vacancies (HO) can be explained by 

tuning the band gap of ZnO, as schematically illustrated in Figure 2.2b. Alongside these 

b) a) 
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electronic modifications, geometric changes also occur via Al-doping of ZnO, including a 

reduction in the wurtzite lattice size of ZnO, an increase in the specific surface area of CZA 

catalyst,99 and an enhanced reducibility of ZnO to ZnOx.100 

A synergy between Cu and ZnO:Al, known as strong metal support interaction (SMSI), is 

suggested to play a key role for the high catalytic performance of CZA catalysts. The SMSI in 

Cu-ZnO systems manifests itself by wetting/non-wetting processes in reducing and oxidizing 

gas exposure, respectively.24-26 Additional proposed factors, contributing to the Cu-ZnO 

synergy, include enhanced catalyst activity through hydrogen spillover from Cu to ZnO,27-29 

oxygen spillover,13 and presence of a metal-semiconductor interface recognized as a Schottky 

junction, which facilitates electron transfer between two phases.30, 93 Another suggested 

interaction between Cu- and Zn-containing phases is formation of a highly active ZnCu alloy 

by partial reduction of ZnO. Behrens et al. studied activated CZA catalysts and proposed that 

Cu steps, decorated with Zn atoms, form the active sites.101  

A central question associated with this catalytic system is the reaction mechanism.102 

Concerning the r-WGS reaction, two mechanisms are currently discussed: the redox and 

associative mechanisms. In the redox mechanism, H2 reduces an active site, while CO2 

subsequently reoxidizes it which means oxygen atoms are the intermediates. In the associative 

mechanism, adsorbed H2 and CO2 interact to form intermediate complexes such as formate, 

which decompose into the final products.66 In-situ infrared (IR) spectroscopy measurements 

attempt to detect the intermediate in the r-WGS reaction.103-106 However, research findings are 

inconsistent regarding the nature of the intermediates, i.e., both formate103, 105, 106 and absorbed 

oxygen104 are reported as intermediates, potentially due to variations in the catalyst chemical 

compositions and structures across these studies. 

More details about Cu/ZnO:Al catalyst in r-WGS reaction can be found in a large body of 

review papers and the references therein.15, 18, 61, 66, 68-73 

2.1.1.2 Ni/silica catalyst in the methanation reaction  

The methanation of CO2, known as the Sabatier reaction, was first discovered by Sabatier and 

Senderens in 1902 using Ni as a catalyst.37 Even after more than a century Ni remains the most 

widely used and effective non-precious metal catalyst for this reaction.37  

The Sabatier reaction is exothermic (see reaction 2.2). While thermodynamics favors CH4 

production at lower temperatures, the reaction is typically conducted at approximately 400˚C 
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for sufficiently high reaction rates. Operating at a temperature above 500 ˚C promotes the 

production of CO through endothermic r-WGS reaction, which limits the applicable 

temperature window for this reaction.107, 108 

𝐶𝑂2(𝑔) + 4 𝐻2(𝑔) ⇌ 𝐶𝐻4(𝑔) + 2 𝐻2𝑂(𝑔)           ∆𝐻̅°298𝐾 = −164.7 
𝑘𝐽

𝑚𝑜𝑙𝐶𝑂2

                                    (2.2) 

The primary challenge in utilizing Ni-based catalysts in the Sabatier reaction is their physical 

deactivation, which can occur through processes such as sintering, fouling, and attrition, 

resulting in a reduction in the catalyst's durability. Physical deactivation is accelerated at high 

reaction temperature or pressure.109 Consequently, catalyst supports in Ni-based catalysts play 

a pivotal role in preventing physical deactivation of Ni particles. Among the various support 

types, zeolite, metal-organic framework (MOF), and ordered mesoporous silica are of 

particular interest. Support materials provide a high, tunable dispersion of Ni particles and 

enhance heat and mass transfer in Ni-based catalysts.36, 109, 110 

Concerning the reaction mechanism two different pathways are currently discussed in 

literature:111 

• direct hydrogenation of CO2 to methane through steps of hydrogenation. 

• initial formation of CO via r-WGS reaction, followed by hydrogenation of CO to 

methane. 

A variety of in-situ/operando techniques were used to gain a microscopic understanding of the 

processes. For instance, Chen et al., using in-situ XPS, showed that a Ni/zeolite sample, with 

higher CO2 conversion and CH4 selectivity after 10 hours of on-stream operation compared to 

a Ni/silica sample, exhibits blueshifts in Ni-related binding energies compared to the Ni/silica 

sample. This indicates electron donation from Ni particles to the zeolite support.112 Results of 

Operando Fourier-transform infrared spectroscopy (FTIR) suggested that applying various 

supports doesn’t change the observed formate adsorbed species, but rather the abundance of 

them, i.e., different intensities in the same FTIR signal.113 Operando XAS measurements 

revealed a correlation between yield of CH4 and fraction of metallic Ni.114 Additionally, 

deactivation processes were investigated by employing in-situ magnetometry measurements. 

The findings of this study suggest that sintering and oxidation of Ni particles occur at high 

temperatures (T ≥ 450˚C) and only when water is added to the educt gas stream to compose a 

wet educt stream.34 
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2.1.2 La1-xFe0.7Mn0.3O3 (x < 1) catalysts in reduction of NO by CO  

The exhaust gas of combustion engines in cars contains three major pollutants: NOx (any 

combination of NO and NO2), CO, and hydrocarbons (HC) such as aldehydes, ketones, and 

carboxylic acids. Removal of these pollutants through reduction of NOx and oxidation of CO 

and HC is important for preserving air quality. Selective reduction of NO to N2, i.e., avoiding 

formation NO2 through further oxidation, demands the development of selective catalysts. 

Perovskite catalysts are considered as a potential substitution for conventional high-cost three-

way catalysts containing platinum-group metals (PGMs).40, 115, 116  

Perovskites are materials with a cubic lattice exhibiting an ABX3 stoichiometry, where A 

stands for mono-, di-, or trivalent cations, B denotes tri-, tetra-, or pentavalent cations, and X 

are mono-, di-, or trivalent anions. In these structures, A-site cations with a coordination 

number of 12 are usually larger than B-site cations with a coordination number of 6.117 When 

a perovskite structure deviates from the ideal cubic structure, octahedral tilting occurs which 

influences electrical and magnetic properties of the perovskite material. Octahedral tilting can 

be explained via ion sizes, a change in oxidation states, and Jahn-Teller effects due to the 

removal of electron degeneracy for atoms in a crystal field.118, 119 Ionic radius of A- and B-site 

cations, along with X-site anions, are employed in the calculation of the Goldschmidt tolerance 

factor (𝑡 =
𝑟𝐴+𝑟𝑋

√2(𝑟𝐵+𝑟𝑋)
) to predict the type of distortion, e.g., orthorhombic or rhombohedral, for 

t < 0.9.120 Figure 2.3 illustrates the orthorhombic unit cell of LaFeO3. 

Incorporating mixed valence cations and cation deficiency in A- or B-sites, the structure of 

perovskite can be modified due to the distortion of the ideal perovskite structure.48 The 

structural tunability is one of the key features of perovskite materials, making them suitable 

candidates for catalytic applications. Other significant properties of perovskites include 

multiple oxidation states of B-site cations, which result in catalytic activity in oxidation and 

reduction reactions, such as the NO + CO reaction.121  

In terms of molecular orbital (MO) description, the electron occupancy of eg-like orbitals of B-

site cations can function as a descriptor for perovskite activity in oxidation or reduction 

reactions. The tilted configuration of perovskites allows an overlap between the partially 

occupied π* orbital of NO and the eg-like orbital of B-site cations, resulting in the binding of 

NO to the surface of the catalyst. Interactions between orbitals of CO and B-site cations are 

more complex. On the one hand, occupied σ orbitals of CO can donate electrons to partially 
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occupied eg-like orbital of the B-site cation. On the other hand, the unoccupied π* orbital of 

CO receives back electrons from the t2g-like orbital of B-site cation.49 

 

 

 

  

 

 

 

 

Figure 2.3: Unit cell ball and stick model demonstrations for an orthorhombic perovskite with formula 

of LaFeO3 based on the crystallography open database (COD) number of 1561804.122 Where green, 

gold, and red balls denote La3+ in A-sites, Fe3+ in B-sites, and O2- in anionic sites, respectively. a) a-c 

plane view b) b-c plane view. The figures are created by VESTA software package, version 3.5.8.123 

The reduction of NO by CO is suggested to follow a Mars-Van-Krevelen type mechanism, 

where the lattice can serve as a reservoir for oxygen species, facilitating, on the one hand, NO 

reduction to N2 and, on the other hand, CO oxidation to CO2.53 Therefore, reducibility and 

oxygen mobility appear to be crucial parameters for the activity of a perovskite catalyst in such 

a redox reaction.45, 46 

In-situ/operando measurements were employed to understand the complex structural and 

electronic changes of Mn-based perovskite catalysts. In-situ XPS revealed that the activity of 

Mn-based perovskite catalysts depends on the Mn4+/Mn3+ ratio, specifically in oxidation 

reactions.49, 51  

2.2 Electron spin resonance (ESR) spectroscopy 

Electron spin resonance (ESR) spectroscopy relies on the resonant absorption of microwave 

radiation, resulting in the excitation of the spin system. This section explains the theoretical 

principles of ESR measurements. Additionally, it describes the main components of an ESR 

spectrometer and highlights potential applications of ESR measurements in studying 

heterogeneous catalysts. 

 

 

a) b) 
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2.2.1 Continuous-wave electron spin resonance (cw ESR) 

Spin 

The Stern-Gerlach experiments showed that a beam of evaporated silver atoms splits into two 

distinct directions when passed through an inhomogeneous magnetic field, whereas, based on 

classical physics, a random distribution of particles in all directions was expected. Uhlenbeck 

and Goudsmit first suggested an inherent property in elementary particles, similar to angular 

momentum, which could also account for the results of the Stern-Gerlach experiments.124 This 

quantum characteristic, later named as “spin” by Pauli, is a vector property with a quantized 

magnitude in one arbitrary direction. Per convention, 𝑆𝑧 is considered quantized to 1

2
ℏ (𝑚𝑠 =

1

2
, α state) and −

1

2
ℏ (𝑚𝑠 = −

1

2
, 𝛽 state) for an electron. Where ℏ is reduced Planck constant 

(ℏ =
ℎ

2𝜋
), equal to 1.054571817×10−34 J s. Figure 2.4 illustrates the components of 𝑆 for an 

electron quantized along z direction (𝑆𝑧). As the operators of the components 𝑆𝑥 and 𝑆𝑦 do not 

commute with Sz, they cannot be determined simultaneously. In contrast, 𝑆𝑧 commutes with 

the operator 𝑆 with a length of √𝑆(𝑆 + 1) ℏ.  

 

 

 

 

 

Figure 2.4: An illustration of the spin 𝑆 quantized along z with the value Sz = ½ ℏ. As the Sx and Sy for 

the spin vector are not defined the spin 𝑆  is symbolized as if forming a cone.  

The angular momentum of an electron is associated with its magnetic moment according to 

equation 2.3:                                                                                                                                                       

 𝜇⃗⃗⃗ ⃗𝑠 =
𝜇𝐵 𝑔𝑒 

ℏ
𝑆 

(2.3) 

where 𝜇𝑠, 𝜇B and 𝑔𝑒represent magnetic moment, Bohr magneton, and g-value (Lande´ factor) 

of the electron, respectively. The Bohr magneton is defined by equation 2.4, with 𝑒 and 

𝑚𝑒 denoting the charge and the mass of the electron, respectively. 

 𝜇𝐵 =
−|𝑒| ℎ

4𝜋𝑚𝑒
= − 9.274 × 10−24 𝐽 𝑇−1  

         (2.4) 
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Within the non-relativistic quantum mechanics the g-value serves as a correction factor 

between the classical expectation and the observation and is approximately equal to 2.002319 

for a free electron.125, 126 

Zeeman interaction 

The Zeeman effect describes the interaction between the spin of a particle and a magnetic field, 

leading to a separation of degenerate energy states. The energy of a magnetic moment (𝜇𝑠) in 

a static magnetic flux density (𝐵⃗⃗) is given by equation 2.5. 

𝐸 = −𝜇𝑠 ∙ 𝐵⃗⃗                                                                                                                                                           (2.5) 

If the 𝐵⃗⃗ field is oriented along the z-direction, then only the z-component of 𝜇𝑠 and, 

subsequently, 𝑆 determines the energy levels. As the eigenvalues of the operator Sz are the 

allowed values of ℏ ms, the two energy levels of a free electron (𝑆 =
1

2
 ) in the magnetic field 

of 𝐵0 (in z direction) are: 

𝐸 = ±
1

2
 |𝜇𝐵| 𝑔𝑒 𝐵0                                                                                                                                              (2.6) 

which results in an energy difference of |𝜇𝐵| 𝑔𝑒 𝐵0. 

The free electron is isotropic, which also must hold for the Zeeman interaction. However, when 

an electron is in a molecular orbital, the angular momentums of spin (𝑆) and orbital (𝐿⃗⃗) interact 

through a phenomenon known as spin-orbit interaction. The orientation of the magnetic field 

(𝐵0) with respect to the molecular axes can alter the separation of energy levels. Under these 

conditions, g-value is not a scalar but becomes a second-rank tensor. This tensor, as shown in 

equation 2.7, attributes the orientations of an external magnetic field to the angular momentum 

of the electron in the orbital. 

g = [

𝑔𝑥𝑥 𝑔𝑥𝑧 𝑔𝑥𝑧

𝑔𝑦𝑥 𝑔𝑦𝑦 𝑔𝑦𝑧

𝑔𝑧𝑥 𝑔𝑧𝑦 𝑔𝑧𝑧

]                                                                                                           (2.7) 

Since the g-tensor is symmetric, a principal axes system can be defined based on Euler angles 

in which all off-diagonal elements of the g-tensor are zero, leaving only the diagonal 

components. Therefore, the Hamiltonian (𝛨) of the Zeeman interaction for an electron in an 

anisotropic environment can be expressed as equation 2.8, with 𝑔𝑒𝑓𝑓  defined in equation 2.9 (𝜃 

and 𝜑 are the polar and azimuthal angles, respectively, in the spherical coordinate system, 

which describe the orientation of the applied magnetic field 𝐵0with respect to the principal 

axes of the g-tensor.) 
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𝛨𝑍 =
𝜇𝐵

ℏ
 𝐵0 [𝑐𝑜𝑠𝜑𝑠𝑖𝑛𝜃   𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜑  𝑐𝑜𝑠𝜃] [

𝑔𝑥 0 0
0 𝑔𝑦 0

0 0 𝑔𝑧

] [

𝑆𝑥

𝑆𝑦

𝑆𝑧

] =  
𝜇𝐵

ℏ
 𝐵0 𝑔𝑒𝑓𝑓𝑆𝑧  (2.8) 

𝑔𝑒𝑓𝑓(𝜑, 𝜃) = √𝑔𝑥
2𝑐𝑜𝑠2𝜑𝑠𝑖𝑛2𝜃 +  𝑔𝑦

2𝑠𝑖𝑛2𝜃𝑠𝑖𝑛2𝜑 + 𝑔𝑧
2𝑐𝑜𝑠2𝜃                                                        (2.9) 

A magnetic resonance condition occurs when the energy of absorbed microwave (MW) 

radiation matches the energy difference of electron’s states in a magnetic field, as shown in 

equation 2.10 for 𝑆 =
1

2
, where 𝜈 represents the frequency of the MW radiation. A linearly 

polarized wave can be decomposed into two counter-rotating circular components. Out of these 

two, only the component that rotates in the same direction as the spin precession interacts with 

the spin system. Photons in a circularly polarized electromagnetic wave carry angular spin 

momentum of ± ℏ. Conservation of angular momentum forces the selection rule of ∆𝑚𝑠 = 1, 

and ∆𝑚𝐼 = 0 in the interaction of MW radiation (with an oscillating magnetic field of 𝐵1 

perpendicular to the external magnetic field of 𝐵0) and an electron in an external magnetic 

field. 

𝛥𝐸 = ℎ𝜈 =  𝜇𝐵𝐵0 𝑔𝑒𝑓𝑓                                                                                                                                       (2.10) 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Separation of degenerate energy states in magnetic field, resonance absorption curves and 

ESR spectra for an electron with 𝑆 =
1

2
  in an isotropic and an axial environment. 

The observed resonance in the magnetic field is not the result of the interaction between one 

electron and magnetic field, but rather an assembly of electron spins. Interaction with MW 
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induces a transverse magnetization (𝑀⟂), as shown in equation 2.11. The transverse 

magnetization depends on the dynamic magnetic susceptibility (𝜒𝑑) as described in equation 

2.12, with 𝜇0 denoting the vacuum permeability. The real part of dynamic susceptibility (χˊ) 

shows the dispersion of MW, and the imaginary part (𝜒˝) corresponds to its MW absorption 

which is the relevant quantity for conventional cw ESR measurements. 

𝑀⟂ = 𝜒𝑑
𝐵1

𝜇0
                                                                    (2.11) 

𝜒𝑑 = 𝜒ˊ − 𝑖 𝜒˝                                                                                                                                                 (2.12) 

The absorbed energy of MW radiation as a function of the magnetic field is known as the 

resonance absorption curve. In a cw ESR experiment, a signal is detected by a lock-in amplifier 

to enhance the signal-to-noise ratio (see section 2.2.3 for more details). As a result, the first 

derivation of the absorption spectrum is recorded. Figure 2.5 illustrates the energy levels, the 

absorption curves, and the ESR spectra for an electron (S =
1

2
 ) in both an isotropic and an axial 

anisotropic environment.125, 127 

Hyperfine interactions 

Like electrons, nuclei can possess a spin angular momentum (𝐼). Due to the relationship 

between mass and angular momentum, nuclei, which are much heavier than electrons, have 

significantly smaller spin angular momentum. Hyperfine interaction is the interaction between 

an electron spin and a nuclei spin, originating from two sources: Fermi-contact and dipole-

dipole interactions (see equation 2.13 and 2.14, superscript “ 𝑇” stands for transpose matrix).  

𝐻𝐻𝐹 = 𝐻𝑖𝑠𝑜 + 𝐻𝐷𝐷                                                                                                             (2.13) 

𝐻𝐻𝐹 = 𝑎𝑖𝑠𝑜 𝑆 𝑇 . 𝐼 + 𝑆 𝑇 𝑇̂𝑖𝑗 𝐼                                                                                                (2.14) 

The Fermi-contact contribution is isotropic and requires unpaired spin density at the nucleus. 

Therefore, it arises when an electron resides at the nucleus. Within the molecular orbital model, 

only s-orbitals have an electron density at the nucleus. Using the finite value of |𝛹(0)|2, an 

isotropic hyperfine coupling constant (𝑎𝑖𝑠𝑜) can be calculated according to equation 2.15 with 

𝑔𝑛 and 𝜇𝑛 representing g-value and magnetic moment of nuclei, respectively. Figure 2.6 depicts 

the energy levels, absorption curves and ESR spectra for an electron-nuclear system with S =

1
2⁄  and I = 3

2⁄  having isotropic hyperfine interaction and g-value. 
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𝑎𝑖𝑠𝑜 =  
8 

3
 𝑔𝑒 𝜇𝐵𝑔𝑛 𝜇𝑛|𝛹(0)|2                                                                                           (2.15) 

In contrast, the dipole-dipole interaction between two magnetic moments is spatially 

anisotropic, i.e., its magnitude depends on both the distance and the angle between the dipoles. 

The anisotropic hyperfine tensor (𝑇𝑖𝑗, where 𝑖 and 𝑗 = 𝑥, 𝑦, 𝑧 ) accounts for the direction-

dependent dipolar interaction between electron and nucleus. In. a specific distance of “r”, It 

demonstrates how the hyperfine splitting varies with molecular orientation, thereby conveying 

structural information about electron densities with respect to the nucleus, as shown in equation 

2.16, with the angle bracket representing the averaging operation.128 

𝐻𝐻𝐹,𝐷𝐷(𝑖, 𝑗) =  (
𝜇𝑜

4𝜋
) 𝑔𝑒 𝜇𝐵𝑔𝑛 𝜇𝑛 〈(

𝛿𝑖𝑗

𝑟3 −
3𝑖𝑗

𝑟5 )〉 𝑆𝑖𝐼𝑗    {
𝛿𝑖𝑗 = 0 i ≠  j 

𝛿𝑖𝑗 = 1 i =  j
   , 𝑖 𝑎𝑛𝑑𝑗 = 𝑥, 𝑦, 𝑧           (2.16) 

 

 

 

Figure 2.6: Separation of degenerate energy states in magnetic field, resonance absorption curves and 

ESR spectra for an electron-nuclear system at high-field approximation, i.e., when hyperfine interaction 
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elements of 𝑇𝑋𝑋, 𝑇𝑌𝑌 and 𝑇𝑍𝑍. This transformation enables the Hamiltonian operator of 

hyperfine interaction to be defined as equation 2.17, with the A tensor given by equation 

2.18.125-127  

𝐻𝐻𝐹 = 𝑆 𝑇𝐴̂ 𝐼                                                                                                                                                           (2.17) 

[

𝐴𝑥𝑥 0 0
0 𝐴𝑦𝑦 0

0 0 𝐴𝑧𝑧

] = 𝑎𝑖𝑠𝑜 [
1 0 0
0 1 0
0 0 1

] + [
𝑇𝑋𝑋 0 0

0 𝑇𝑌𝑌 0
0 0 𝑇𝑍𝑍

]                                                       (2.18) 

2.2.2 Superparamagnetic resonance  

Superparamagnetic resonance (SPR) describes the dynamic response of sufficiently small 

ferromagnetic or ferrimagnetic particles (superparamagnetic nanoparticles) under an 

alternating magnetic field, with a particle size ranging from a few to tens of nanometers, i.e., a 

single domain.  

Individual spins within a particle are coupled through exchange mechanisms, behaving like a 

giant spin. This results in a spontaneous magnetization (𝑚⃗⃗⃗) of nanoparticles with zero magnetic 

coercivity and remanence. Equation 2.22 shows that magnetization of a particle (𝑀⃗⃗⃗) with 

spontaneous magnetization of 𝑚⃗⃗⃗ is inversely proportional to the particle’s volume (𝑉). As a 

result, a non-uniform particle size distribution leads to a distribution in magnetization. 

𝑀⃗⃗⃗ =
𝑚⃗⃗⃗

𝑉
 (2.22) 

The stability of a nanoparticle’s magnetization is directly governed by its total effective 

anisotropy, which defines the energy barrier that reversely resists thermally activated magnetic 

moment. This anisotropy arises from several distinct sources that together determine the overall 

magnetic behavior. The dominant contributions typically include the magnetocrystalline 

anisotropy, which scales linearly with the particle volume, the shape anisotropy, which reflects 

in the demagnetization energy associated with the particle’s geometry (only zero for spherical 

shape), and the surface anisotropy, which arises from reduced coordination at the particle 

boundaries and therefore scales with the particle surface area. 

In superparamagnetic resonance, the Zeeman interaction between the nanoparticle’s magnetic 

moment and the external magnetic field plays a central role in determining the resonance 

condition. Resonance occurs when the frequency of the applied alternating magnetic field 

matches the natural precession frequency of the nanoparticle’s magnetization under the 
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influence of the effective magnetic field. Thus, when a nanoparticle with a magnetic moment 

of 𝑚⃗⃗⃗ is placed in an external magnetic field of 𝐵0 , the effective or resonance magnetic field 

(𝐵𝑟) is described by equation 2.23, accounting for magnetocrystalline anisotropy field (𝐵𝑎 ) and 

demagnetization field (𝐵𝑑 ), when surface anisotropy is neglected. The value of 𝐵𝑎 and 

𝐵𝑑 depend on the symmetry of the lattice and particle, respectively. For a particle with axial 

symmetry, 𝐵𝑎 and 𝐵𝑑 are presented in equations 2.24 and 2.25, respectively, with 𝐾1, 𝜗, 𝑁ǁ and 

𝑁⟂ representing first order anisotropy constant, polar angle in spherical coordinate system 

related to crystalline lattice, parallel and perpendicular demagnetization factors for principal 

axis of an ellipsoid shape particle.  

𝐵𝑟 = 𝐵0 + 𝐵𝑎 + 𝐵𝑑                                                                                                                                                (2.23) 

𝐵𝑎 =
𝐾1

𝑀
(3𝑐𝑜𝑠2𝜗 − 1)                                                                                                                                     (2.24) 

𝐵𝑑 =
𝜇0𝑀

2
 (𝑁ǁ − 𝑁⟂)(3𝑐𝑜𝑠2𝜗 − 1)                                                                                                             (2.25) 

Thermal fluctuations in magnetic nanoparticles influence both 𝐵𝑎 and 𝐵𝑑 . This effect is 

modeled using the Langevin function, 𝐿(𝑥) = coth(𝑥) −
1

𝑥 
 , where 𝑥 =

𝑀𝑉𝐵𝑟

𝑘𝐵𝑇
 (𝑘𝐵 stands for 

the Boltzmann constant). The Langevin function describes the induced magnetization of 

nanoparticles when exposed to an external magnetic field. Equation 2.26 shows the resonance 

magnetic field of superparamagnetic nanoparticles (𝐵𝑟
𝑠𝑝) with 𝐵𝑎 

𝑠𝑝 and 𝐵𝑑 
𝑠𝑝 defined in 

equations 2.27 and 2.28, respectively. 

𝐵𝑟
𝑠𝑝 = 𝐵0 + 𝐵𝑎 

𝑠𝑝+ 𝐵𝑑 
𝑠𝑝                                                                                                  (2.26) 

𝐵𝑎 
𝑠𝑝 =  𝐵𝑎 [

1

𝐿(𝑥)
−

3

𝑥
]                                                                                                         (2.27) 

𝐵𝑑 
𝑠𝑝 = 𝐵𝑑  𝐿(𝑥)                                                                                                                 (2.28) 

Thermal fluctuations also modulate spontaneous magnetization. The effective magnetization is 

described using the Langevin function (𝑀𝑒𝑓𝑓 
𝑠𝑝 = 𝑀𝑠  𝐿(𝑥)). Both the magnetic properties of 

individual nanoparticles and the size distribution within a system influence the resonance line 

shape in superparamagnetic resonance. For a single nanoparticle, microwave energy absorption 

produces a Lorentzian profile. Larger particles with stable magnetic moments generate 

stronger, narrower signals, while smaller particles with fluctuating magnetization produce 

weaker, broader signals. Besides, particle size distribution affects the SPR signal line shape. A 

narrow size distribution results in a sharp, symmetric resonance, whereas a broad distribution 
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leads to line broadening, asymmetry, and lower peak intensity due to different particle 

resonances. 

Equation 2.29 describes the intensity of the SPR signal in a temperature range between the 

blocking temperature (𝑇𝐵, below which a material shows slow relaxation of magnetization) and 

the Curie temperature (𝑇𝐶, at which transition from ferromagnetism to paramagnetism occurs). 

Where 𝐹 is the Lorentzian or Gaussian line shape function, and 𝑓𝑉(𝐷) indicates the probability 

density function of particle volume as a function of particle size (𝐷). The triple integration 

accounts for particle size, polar angle (𝜗), and azimuthal angle (𝜑) in the spherical coordinate 

system, with 𝜗 being the angle between the magnetization and the external magnetic field.38, 

129, 130 

𝐼(𝐵) = ∭ 𝐹(𝐵 − 𝐵𝑟(𝐷, 𝜗, 𝜑), ∆𝐵)𝑓𝑉(𝐷) 𝑠𝑖𝑛𝜗 𝑑𝐷 𝑑𝜗 𝑑𝜑                                                            (2.29) 

Temperature effect on ESR spectrum 

For paramagnetic species, the development in intensity of ESR lines by changing the 

temperature of measurement follows the same trend as the temperature dependence of 

susceptibility. According to Curie’s law, the magnetic susceptibility of paramagnetic species 

decreases linearly with rising temperature, as shown in equation 2.30. Where 𝑇 and 𝐶 represent 

temperature in Kelvin and Curie constant, respectively.131  

𝜒 =
𝐶

𝑇
  

 (2.30) 

In superparamagnetic systems, the effect of temperature is covered by the parameter “𝑥" in the 

Langevin function. Broadening of SPR line and a shift in resonance magnetic field to lower 

magnetic fields by decreasing temperature of measurement (𝑇𝑚 ) are reported.132, 133 The 

development of magnetic susceptibility as a function of temperature for ferromagnetic or 

ferrimagnetic particles can be found in Figure 1.6 of the book “Magnetism and Magnetic 

Materials” by J. M. D. Coey.131 However, as particle size decreases, the spontaneous 

magnetization consequently decreases.134, 135 For very small nanoparticles, finite-size and 

surface effects can reduce the Curie temperature compared to the bulk material, with the extent 

of this reduction influenced by particle size and shape distribution. By exceeding the Curie 

temperature, the susceptibility follows the Curie-Weiss law:131  

𝜒 =
𝐶

𝑇 − 𝑇𝐶
 

(2.31) 
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Thus, the changes observed in temperature dependent ESR spectra might stem from changes 

in spin dynamics and cannot be readily interpreted as chemical or structural changes in the 

sample under study. 

2.2.3 Continuous wave ESR spectrometer 

The main components of an ESR spectrometer are depicted in Figure 2.7. In continuous-wave 

(cw) ESR experiments, the frequency of the incident MW remains constant, while the 

resonance condition is fulfilled by sweeping the external magnetic field (𝐵0) over an 

appropriate range. The majority of cw ESR spectrometers operate at X-band (9-10 GHz) of 

MW. For such radiation, the free electron will be in resonance for a magnetic field of around 

0.3-0.35 T. Monochromatic MW source semiconductor devices, such as Gunn diodes, are used. 

Since the absorption of microwaves is very small, significant efforts are required to obtain a 

measurable signal. First, the MW source should be tuned to the resonance frequency of the 

resonator, and the latter must be critically coupled in the absence of ESR-related absorption. 

This is the condition in which the entire incident MW radiation is stored in the resonator, which 

is achieved by impedance matching through an iris screw located in front of the entrance slit 

of the cavity. Under this condition, no MW radiation is reflected from the cavity. If the spin of 

the sample is in resonance with the MW, additional absorption occurs, and the resonator is no 

longer critically coupled. Consequently, a small fraction of radiation is reflected by the 

resonator and then guided to the detector. However, the amount of reflected power is so small 

that the detector will not be able to detect it, as it requires a threshold amount of power to 

exhibit a linear response function. This is achieved by splitting some of the MW radiation 

emitted by the source through a so-called reference arm. The amount of radiation, as well as 

its phase, can be adjusted to ensure that the detector is supplied with enough MW radiation to 

exhibit optimal sensitivity, and the MW radiation of the reference arm is constructively 

interfering with reflected power from the resonator. Even then, the changes of the detector 

signal due to ESR absorption are too small to be easily detected. Therefore, the magnetic field 

is periodically modulated using Helmholtz coils, which are mounted on the outer walls of the 

cavity. The modulation of the magnetic field results in a periodic modulation of the signal. The 

critical point is that this temporal modulation has a fixed frequency and a defined phase, 

allowing for phase-sensitive detection, which is realized by a so-called lock-in amplifier. The 

amplifier is connected to the voltage driving the Helmholtz coils and the detector signal to 

extract the signal from the noisy detector output.  
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Figure 2.7: Main components of ESR spectrometer. The arrows indicate the possible directions of 

microwave radiations.  

It is important to note that the phase sensitive detection method inherently measures the first 

derivative of the signal under investigation. As a result, the ESR measurement output is the 

first derivation of the resonance absorption curve.136  

2.2.4 Application of ESR in studying heterogeneous catalyst (gas-solid interfaces) 

ESR spectroscopy can be employed to investigate transition metal ions and ferromagnetic 

nanoparticles, which often serve as the active phase of a catalyst, as well as defects in oxides 

like ZnO and TiO2, which are conventionally recognized as supports or promoters. 

Application of ESR measurements for studying heterogeneous catalysts can be broadly divided 

into two main categories based on the type of magnetic species: paramagnetic species 

(detecting localized unpaired electrons) and collective magnetization (ferro- or ferrimagnetic 

species which may exhibit superparamagnetic behavior in nanostructured systems). Table 2.1 

summarizes the key differences between these two categories. The details of ESR application 

for studying transition metal ions (TMI),137 isolated defects,138 superparamagnetic systems,139 

defect induced magnetization,140 and perovskite catalysts141 are laid out in their corresponding 

references. It is important to highlight that ESR spectroscopy is particularly practical in 

monitoring changes in the redox state of a catalyst, as these oftentimes are associated with the 

formation or annihilation of paramagnetic and/or ferromagnetic species, which in turn change 

the appearance of the EPR spectrum of the sample.142 
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Table 2.1: Summary of central concepts in applications of ESR spectroscopy for studying 

heterogeneous catalysts. 

 paramagnetic species samples with collective magnetization 

examples • isolated transition 

metal ions e.g., Cu2+ 

• defects e.g., VO
- 

• superparamagnetic systems e.g.,  

Ni nanoparticles 

• defect induced magnetization e.g., 

reduced ZnO:Al 

• perovskites e.g., LaMgO3 

(main) magnetic 

interactions 
• Zeeman  

• hyperfine  

• zero-field 

• exchange 

• Zeeman  

(possible)obtained 

information 
• identity  

• abundance 

• environment 

• resonance and internal field 

• particle size distribution 

• anisotropy 

peak-to-peak width sharp lines,  

up to about 10 mT  

broad lines,  

about 100 mT 

 

A key advantage of using ESR spectroscopy, as shown in this thesis, is its ability to detect very 

small nanoparticles, i.e., under 10 nm, in superparamagnetic systems like Ni-, Fe-, and Co-

based catalysts. Specifically conventional methods of characterization, for example, when 

XRD is not effective due to a lack of sensitivity. Besides, ESR spectroscopy detects species in 

crystalline as well as amorphous phases. It should be noted that ESR measures detectable 

species both on the surface of the catalysts and in the bulk, providing an overview of the total 

changes in the catalyst. ESR measurement is also non-invasive, allowing the same sample to 

be studied using other complementary methods.  

On the other hand, there are challenges associated with ESR measurements. Measuring samples 

with high metal content can be difficult due to the disturbance of the cavity’s dielectric 

properties and a reduction in the Q-factor. Moreover, interpreting the results requires careful 

consideration of factors such as the effect of temperature on spin dynamics and potential 

structural changes in the sample. 

 Further details on the application of ESR in various catalytic systems and reactions can be 

found in literature.143, 144, 128, 145 
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2.3 Microwave cavity perturbation techniques (MCPT) 

The MCPT measurement relies on the absorption of microwave (MW) radiation due to the 

sample's dielectric properties. In case the dielectric property of a sample placed in the electric 

field of a resonator changes, i.e., the permittivity of the sample is altered, the Q-value of the 

resonator will change, which is the basic principle of this technique. 

Microwave cavity resonator 

A microwave cavity is an enclosed space made of metal conductors, in which microwave 

radiation with specific energies can be stored. The corresponding standing waves are also 

called modes of the cavity. These modes are characterized by a distribution of the electric and 

magnetic fields and allow for enhancing the stored energy as compared to the incident radiation 

by a factor called the Q-value of the resonator.  

One way to describe propagation or excitation of electromagnetic waves in a cavity is through 

electromagnetic waves, possessing field components transverse to the direction of propagation. 

In the current work, transverse magnetic waves with a mode denoted as 𝑇𝑀𝑛𝑚𝑝 are applied in 

MCPT measurements, and transverse electric waves with a mode shown as 𝑇𝐸𝑛𝑚𝑝  are used in 

ESR spectroscopy. In cylindrical resonators, differences in the electric and magnetic field 

distributions between TE and TM modes originate from distinct boundary conditions, which 

consequently determine the resonator diameter for a given frequency. The indices of “𝑚” and 

“𝑛” are used to determine the transverse distributions of the electric and magnetic fields in 𝑥 

and 𝑦 directions, while “𝑝” is applied for description of the axial distributions perpendicular 

to x-y plane. A more detailed explanation of these indices can be found in section 8.7 of 

“Classical Electrodynamics” by Jackson.146 

In 𝑇𝑀0𝑛0 mode, the magnetic field is zero along the direction of MW propagation, while the 

electric field is maximized at the center of the cavity (see Figure 2.8a). The TM0n0 configuration 

improves sensitivity for measuring electric properties when the sample is placed axially at the 

center of the resonator, where it has the minimum interaction with the magnetic field and 

therefore absorbs negligible magnetic energy. Conversely, a 𝑇𝐸0𝑛0 mode provides zero electric 

field in the direction of MW propagation with a maximized magnetic field in the center of the 

cavity, suitable for measurement of magnetic properties (see Figure 2.8b). Other modes which 

maximize the desired field (magnetic or electric) at the sample location in the cavity can be 

also employed, such as the TE011 mode in ESR measurements. 
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Figure 2.8: Schematic illustration of cylindrical cavities with modes of a) TM010 and b) TE010. E and H 

denote electric and magnetic fields, respectively. In TM010 mode, the electric field is maximum at the 

axial center of the cavity, while the magnetic field is minimized. In contrast, in the TE010 mode, the 

magnetic field is maximized, and the electric field is minimized at the axial center of the cavity. 

The propagation of MW inside a resonator follows Maxwell’s equations. The solution of 

Maxwell’s equations for an oscillating electric field in a cylindrical cavity operating in the 

𝑇𝑀0𝑛0 mode, with the boundary conditions of 𝐸|𝑧=0,𝑑 = 0, is given by equation 2.32. This 

solution shows that the electric field distribution for the 𝑇𝑀0𝑛0 mode is independent of the 

axial dimension of the cavity. 

𝐸 = 𝐸0 𝑒𝑖𝜔𝑡 𝐽0 (
𝜔𝑟

𝑐
)                                                                                                                              (2.32) 

Here, 𝐸0, 𝜔, and 𝑐 stand for the amplitude of the electric field, the angular frequency, and the 

speed of light, respectively. 𝐽0 is a Bessel function of the first kind and order zero (see equation 

2.33 and Figure 2.9, where 𝑥 =
𝜔𝑟

𝑐
). 

𝐽0 (𝑥) = 1 −
1

(1!)2 (
𝑥

2
)

2
+

1

(2!)2 (
𝑥

2
)

4
−

1

(3!)2 (
𝑥

2
)

6
+ ⋯                                                                    (2.33) 

 

 

 

 

 

 

 

 

Figure 2.9: First kind and zero order Bessel function. The arrows show the first and the second root of 

the function. 
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To fulfill the resonance conditions, the term 𝐽0 (
𝜔𝑟

𝑐
) must equal zero. Since 𝐽0 has multiple 

roots, a cylindrical cavity with a specific radius of “r” can possess various resonance 

frequencies for 𝑇𝑀0𝑛0 modes. For example, a resonance frequency of 𝑓020 corresponding to 

the second root of 𝐽0 , can be calculated for r = 3.4 cm using the condition of 
𝜔𝑟

𝑐
= 5.1356.146, 

147 This results in a frequency of approximately 7.2 GHz. In current thesis a cylindrical cavity 

of this size was operated in this mode and frequency. 

Quality factor 

In the MCPT measurement, a vector network analyzer (VNA) serves as both the MW source 

and detector. The complex reflection coefficient (𝛤) is measured based on the incident (𝑉−) and 

reflected (𝑉+) voltages as shown in equation 2.34, through the so-called S11 parameter of the 

VNA. The voltages are not direct current, but time-harmonic signals that include information 

about amplitude and phase. 

𝛤 =
𝑉−

𝑉+
 

(2.34) 

The magnitude of the reflection coefficient, given by ( √𝛤2(𝑟𝑒𝑎𝑙) +  𝛤2(𝑖𝑚𝑔)2
), as a function 

of frequency is called reflection mode which depicts a dip at the resonance frequency of the 

cavity.  

 

 

 

 

 

 

 

Figure 2.10: As-measured reflection modes using TM020 in a cylindrical cavity with a radius of 3.4 cm 

in unloaded, loaded before a process, and loaded after a process. The unloaded resonator contains an 

empty reactor, while the loaded resonator contains a reactor with a Cu/ZnO/Al2O3 sample. The applied 

process involved a temperature ramp of 2.4 K min-1 to 250 ˚C with holding time of 90 minutes. The 

resonance frequency and full width at half maximum are indicated for the unloaded case. 
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Examples of reflection modes are shown in Figure 2.10. Dielectric losses in an empty resonator 

(unloaded) are primarily caused by losses in the cavity walls, which affect its sensitivity. The 

sensitivity of various resonators can be compared using their unloaded quality factor (Q-value), 

which is used to quantify the changes in the dielectric losses. The physical meaning of the Q-

value is given in 2.35, which can be calculated using the resonance frequency of the cavity and 

the full width at half maximum (FWHM) of the reflection mode, as given by equation 2.36. 

𝑄 =
2𝜋 (𝑡𝑖𝑚𝑒 − 𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑑 𝑚𝑖𝑐𝑟𝑜𝑤𝑎𝑣𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑠𝑡𝑜𝑟𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑠𝑜𝑛𝑎𝑡𝑜𝑟)

𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑟𝑒𝑠𝑜𝑛𝑎𝑡𝑜𝑟 𝑝𝑒𝑟 𝑚𝑖𝑐𝑟𝑜𝑤𝑎𝑣𝑒 𝑐𝑦𝑐𝑙𝑒
 (2.35) 

 

𝑄 =
𝜈0

∆𝜈
 (2.36) 

The measured real part of permittivity (𝜀′) and its imaginary part (𝜀′′) indicate how much 

energy is stored and dissipated from the electric field, respectively. In a lossy medium, a 

electromagnetic wave loses energy resulting in a heating of the medium, causing the fields to 

decay exponentially along the direction of propagation. The electric loss tangent (tan 𝛿) is 

defined as the ratio of the imaginary to the real part of permittivity, showing how dissipative 

(lossy) a medium is. The electric loss tangent is inversely correlated with Q factor.148, 149 Thus, 

MW energy losses are inversely correlated with Q-values, meaning that a decrease in Q-value 

indicates an increase in MW energy loss. 

tan 𝛿 =
1

𝑄
                           (2.34) 

When a sample is placed in the resonator (loaded resonator), the dissipation of MW energy 

results not only from losses in the cavity walls but also from the absorption by the sample. The 

interaction of the material with the MW can be classified into three categories: transparent to 

MW, e.g., sulfur, reflective to MW, e.g., metals with dimensions larger than the corresponding 

skin depth, and absorbent materials. The skin depth is the distance from the surface of a 

conductive material at which the electric field (ǀE0ǀ) decays to e-1 ǀE0ǀ.  

Here, we focus on materials that absorb MW energy. The MW absorption can occur through 

three main dissipation mechanisms: dipolar polarization, e.g., in polar molecules, interfacial 

polarization at the boundary between different phases, and electron conduction in metals with 

a dimension smaller than their skin depth. Dissipation of MW energy happens when there is a 

phase lag between the applied electric field and the response, meaning the induced change in 

polarity or conductivity.150 The absorption and dispersion of MW by a sample leads to a change 
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in resonance frequency and broadness of the reflection mode, both mirrored in Q-value (see 

Figure 2.10, blue and black curves). When the sample inside the cavity is exposed to a specific 

process (programmed temperature, pressure, and flow) during an in-situ/operando 

measurement, changes in the reflection mode and accordingly the Q-value are a measure for 

changes of dielectric properties (see Figure 2.10, black and orange curves). 

Application of studying Q-factor in investigations of heterogeneous catalysts 

As explained above, Q-value can be used as a quantity to determine the changes of the dielectric 

loss properties of heterogeneous catalysts in various processes. If the perturbation of the 

electric field in the medium of cavity caused by inserting a catalyst is small (quasi-static 

approximation), then this perturbation allows for relating the changes of the Q-value between 

the loaded and the unloaded cavity and resonance frequencies to the electrical conductivity of 

the catalyst.149 This method was used to study various heterogeneous catalytic systems, e.g., 

Cu/ZnO samples doped with different metal ions M (M = Al, Ga, Mg) used for methanol 

production from syngas or vanadium oxide catalyst for propane oxidation reaction.32, 151 It 

should be noted that up until now, the Cu/ZnO catalysts were only investigated with small Cu 

loadings to stay in the abovementioned perturbation regime. However, the industrially used 

catalyst contains about 70 wt.% CuO, which renders a direct comparison difficult. In the 

present thesis, samples with 70 wt.% of CuO in the CuO/ZnO/Al2O3 pre-catalyst (close to the 

industrially used composition) were investigated, which allows for drawing conclusions 

directly related to the industrially relevant catalyst. As a consequence of the high Cu loading, 

these systems change the Q-value of the cavity considerably, so that a quantitative evaluation 

in terms of the changes in conductivity becomes impossible.152 

MCPT measurement provides the means to detect changes in the dielectric properties with high 

sensitivity in a contact-free manner. In addition, the technique is non-destructive, allowing 

other complementary characterization methods to be employed for the same catalyst studied 

by MCPT. The bulk-sensitivity of the MCPT measurements provides an overall view of the 

changes in dielectric properties. It is important to note that MW absorption and permittivity are 

sensitive to structural changes, such as developments in particle size.153, 154 For instance, it was 

demonstrated that increasing the size of metal nanoparticles causes a decrease in both real and 

imaginary parts of permittivity.155 With respect to the interpretation of the results, it should be 

noted that microwave radiation penetrates the catalysts, thus providing information integrated 

over the entire volume of the material and not just on the surface where heterogeneous catalytic 
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reactions are expected to happen. Furthermore, it is not straightforward to disentangle the 

different mechanisms that may contribute to the observed changes in the dielectric properties, 

which render a detailed atomistic interpretation of the obtained data challenging. Therefore, 

complementary experiments are essential to interpret the observed changes in the dielectric 

properties.  

2.4 Gas chromatography  

Gas chromatography (GC) is a separation method based on distribution of volatile components 

between two phases: a stationary and a mobile phase. The mobile phase is a carrier gas, 

commonly a dry, oxygen-free, and chemically inert gas like N2, H2, Ar, or He, which is selected 

based on the type of detector and the sample being analyzed. The stationary phase is either a 

solid adsorbent (gas-solid chromatography, GSC), or a liquid phase (gas-liquid 

chromatography, GLC) placed inside a column. The mobile phase flows through a packed or 

open tubular (capillary) column, and separation of components occurs based on differences in 

adsorption interactions in GSC or partition coefficients in GLC. 

 Decisive parameters in the selection of a GC column include its diameter, length, polarity, and 

the thickness of the stationary phase. Packed columns have relatively large internal diameters 

(2-4 mm) and lengths ranging from 0.5 to 5 m. Capillary columns with a smaller internal 

diameter (0.1-0.53 mm) and a length of 10-100 m provide a higher sensitivity and resolution, 

but they can only analyze smaller sample volumes. Polydimethylsiloxane (PDMS) coating is 

suitable for separation of non-polar components with a significant difference in their boiling 

points. In contrast, a polyethylene glycol (PEG) coating exhibiting a higher polarity is more 

suitable for separation of polar components. 

The chromatography column is placed in a temperature-programmable oven to tune separation 

of components in a sample. The oven temperature should be in accordance with the operational 

temperature range of the column coating and the thermal stability of the components in the 

sample. The outlet of the column is connected to a detector. If the time at which the sample is 

loaded onto the column is known, recording the detector signal as a function of time allows for 

determining the so-called retention time, which is a characteristic for each component for the 

given experimental setting. The temporal control is realized by a selection valve allowing the 

filling of a sample loop with the gas to be analyzed and subsequently letting this gas enter the 

column at a defined time. Components with a relatively higher solubility or adsorption in the 

stationary phase travel more slowly and exhibit longer retention times. At a constant flow rate, 
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increasing thickness of the coating, internal diameter, or length of the column increases the 

retention time.156, 157 

A GC device can be equipped with so-called universal detectors, such as a flame ionization 

detector (FID) or a thermal conductivity detector (TCD). Apart from these more generally used 

detectors, more specialized ones, such as an electron capture detector (ECD), can be used, 

which provide higher sensitivity for specific applications.  

Thermal conductivity detector (TCD) 

In a TCD detector the differences in thermal conductivity constant of analytes compared to a 

reference gas are determined by measuring the temperature-induced changes in the resistance 

of a filament being part of a Wheatstone bridge, as schematically shown in Figure 2.11a. The 

latter is determined by the changes in the voltage drop between C and D for a constant voltage 

applied between A and B. The resistance of the filaments depends on their temperature. Thus, 

the blocks surrounding the filaments are kept at a constant temperature. In this configuration, 

the only variable causing a change in the filament temperature is the thermal conductivity of 

the analyte, which induces a variation in the measured voltage. This voltage change 

corresponds to the concentration of components in the eluent. 

 

 

Figure 2.11: Schematic illustration of a) TCD and b) FID. 

Helium with a high thermal conductivity constant of 408 µCal s-1 cm-1 ˚C-1 is commonly 

utilized as the reference gas. When using a gas with lower thermal conductivity than the 

reference gas, such as CO instead of He, the filament temperature will increase, leading to a 

a) 
b) 
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positive TCD signal in a GC experiment. Conversely, in the (rare)case of detecting components 

such as H2, possessing a higher thermal conductivity than He, the signal appears negative. TCD 

is the most universal GC detector, capable of detecting all components in the eluent except the 

reference gas. However, it has the drawback of low sensitivity. Notably, TCD is a concentration 

type detector, meaning that if the column flow is interrupted and the detector chamber is filled 

with the eluent, the detector will continue to hold the signals. 

Flame ionization detector (FID) 

The flame ionization detector (FID) quantifies an analyte based on the number of ions formed 

when the eluent is burned in a hydrogen flame (see Figure 2.11b). The eluent of a GC column 

is mixed with H2 prior to injection into the flame. The obtained radicals from burning of eluent 

in the flame are adsorbed onto an ion collector, which generates a current. A higher 

concentration of radicals results in a higher current. It is important to note that FID is a mass 

flow detector, as a result, upon cutting the mass flow, the signal immediately dies out.158, 159  

FID is applicable for detection of hydrocarbons containing C-H or C-N bonds via combustion, 

as these produce CHO+ and NO+ ions, respectively. On the other hand, some hydrocarbons with 

carboxyl functional groups, such as formic acid, are poorly detected by FID, as their 

combustion mainly produces CO2 and H2O. One way of circumventing this problem is to 

transform organic molecules into ones that produce a large number of radical ions, such as 

methane. In the present setup, a catalytic methanizer is inserted before FID to mitigate this 

problem (see Chapter 3 for more details).  
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3 Experimental details 

This chapter provides an overview of the experimental details of the in-situ/operando 

measurements conducted for this thesis. The experimental apparatus combines an operando 

electron spin resonance (ESR) with an operando microwave cavity perturbation technique 

(MCPT) set-up which has been partially built as a part of this thesis and partially modified to 

meet specific requirements. Therefore, this chapter also serves as an initial guide for further 

studies that will utilize this apparatus. Section 3.1 describes each part of the experimental 

apparatus along with its function. Sections 3.2 and 3.3 outline calibration and data treatment 

procedures, respectively. Lastly, the studied samples are introduced in section 3.4.  

3.1 Operando ESR/MCPT apparatus 

The operando apparatus comprises several key components: the MCPT section, the ESR 

spectroscopy section, the gas supply system, the gas chromatography (GC) device, and 

accessory parts, e.g., coolers, as depicted schematically in Figure 3.1. It should be emphasized 

that the ESR and MCP measurements can only be conducted separately, meaning not 

simultaneously. 

The operando MCPT cell is developed at the Fritz Haber Institute (FHI) of Max-Planck 

Gesellschaft and has been described in detail by Eichelbaum et al.160 In the current project, the 

operando MCPT is modified to integrate some of the used sections, such as control systems 

and accessory gases, to operate also with the operando ESR part of the apparatus. These 

modifications will be detailed later in this section. The MCPT part of the apparatus includes an 

Agilent PNA-LN5230C vector network analyzer (VNA), a custom-built cylindrical microwave 

cavity resonator (S-band, radius = 34 mm),161 a coaxial cable, and accessory parts. The TM020 

and TM210 modes of the cavity are utilized in each frequency sweep. The TM020 mode gives 

the maximum electric field at the center of the cavity, where a sample is placed (for more 

theoretical details, see section 2.3). At the same time, the TM210 produces the lowest electric 

field at the center of the cavity, functioning as an internal standard for assessing the stability of 

the dielectric properties within the cavity resonator.161  

 

Figure 3.2 illustrates the MCPT experimental apparatus. The port S11 of the VNA is connected 

to the cavity via a semi-rigid coaxial cable through an entrance slit, which allows coupling of 
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microwave radiation into the cavity and simultaneously measures the reflected microwave 

radiation. The coupling of the cavity to the coaxial line uses an inductive coupling 

mechanism.162 To this end, the semi-rigid coaxial cable, which is connected to a coupling loop, 

is mounted on a linear motion stage that allows for a convenient adjustment of the coupling. 

The sample is placed in a homemade quartz reactor (internal diameter of 3 mm, ilmasil® PN, 

Aachener Quarz-Glas Technologie Heinrich) within a customized quartz dewar (HSQ100, 

Aachener Quarz-Glas Technologie Heinrich), both using developments of the FHI.163  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the ESR section, a Bruker EMXplus ESR spectrometer is used. The measurements were 

performed using a cylindrical high-temperature cavity resonator (ER 4114 HT, Bruker) which 

exhibits a TE011 mode. The operando ESR spectroscopy cell follows the design principle 

developed for the operando MCPT cell,163 which is adapted to the requirements of EPR 

spectroscopy (see Figure 3.3). The quartz reactor, employed in in-situ/operando ESR 

measurements, features a fixed catalyst bed length of 25 mm and a nominal inner diameter (ID) 

of 1 mm, which differs in these respects from the one used in operando MCPT measurements. 

Figure 3.1: Schematic illustration of the operando ESR/MCPT apparatus, including the gas supply 

system, the ESR and MCPT operando cells, and the GC device. A pneumatic selective valve is 

employed to select the direction of the inlet educt gas stream to either ESR or MCPT cells and the inlet 

for the GC device from reactor cells of either ESR or MCPT operando cells. FC and PC stand for flow 

controller and pressure controller devices, respectively.  
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The reduced diameter is important in case samples with high dielectric losses are to be 

investigated by ESR spectroscopy. This reactor is placed in a customized two-layer dewar 

(HSQ100, Aachener Quarz-Glas Technologie Heinrich).  

 

 

 

 

 

 

 

 

 

Figure 3.2: Schematic illustration of the MCPT section. The dewar is not depicted to enhance the 

visibility of other components. 

The temperature control of the catalyst inside the reactor is achieved in both MCPT and ESR 

sections by inserting a heating element (F017558 Serie III Style A, Tutco SureHeat) into the 

inner layer tube of the dewar (see Figure 3.3) with a flow of pressurized air designed to pass 

around the heating element and then the reactor. To minimize heating of the microwave cavities 

during catalysis at elevated temperatures, the inner tube of the dewar is surrounded by an 

evacuated quartz tube. A schematic picture of the reactor and the dewar is presented in Figure 

3.3. Both the reactor and the dewar are made of quartz. The parts located within the ESR cavity 

are made of high-purity quartz (ilmasil
®

 PN, QSIL GmbH) to avoid ESR signals due to 

impurities in the quartz located inside the cavity. The catalyst powder is fixed in the catalyst 

bed of the reactor, using glass wool (Carl Roth GmbH + Co.KG, chemically pure), as 

schematically depicted in Figure 3.3c. Inserting the dewar and reactor into the cavity leads to 

a shift in resonance frequency of the microwave cavity to lower frequencies, i.e., to 

approximately 9.15 GHz at 25 ˚C. 

The GC device (7890A, Agilent) contains 4 GC columns (125-1037, 19095P-MS0E, and two 

19091P-QO4, Agilent), each having a length of 30 m with a tubing made of fused silica and a 

nominal ID of 0.53 mm. The columns operate at a flow rate of 5 ml min-1. To quantify the 

composition of the product stream, the GC device is equipped with a flame ion detector (FID) 
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and a thermal conductivity detector (TCD). The front inlet of the GC is connected to the FID, 

which utilizes helium as the carrier gas. The TCD is linked to the back inlet of the GC, using 

helium as both carrier and reference gas. Prior to use, the carrier gas was purified employing a 

moisture (CP17970, Agilent) and an oxygen filter (CP17971, Agilent).  

Since CO2 and CO lack carbon-hydrogen bonds, the FID cannot detect them. To address this 

limitation, the GC device is equipped with a catalytic microreactor (Polyarc®, arc® activated 

research) operating at a temperature of 450 ˚C with hydrogen and synthetic air as inlet gases. 

The Polyarc reactor converts all organic compounds to methane immediately prior to their 

detection by the FID, resulting in a detection with a response factor of approximately one. This 

response factor of one allows for a more accurate and time-saving one-point calibration 

procedure.  

 

 

Figure 3.3: Schematic pictures of a) operando ESR reactor. The reactor is inserted into the dewar for 

measurements. A more detailed schematic of the catalyst bed in the reactor is shown in c) b) dewar of 

operando ESR cell. and c) catalyst bed (ID of 1 mm and height of 25 mm) placed in the dewar.  

 

The GC method applied in this thesis for the experiments as well as for the calibration procedure 

includes a heating ramp of 45 ˚C min-1 to 150 ˚C, followed by a dwell time of 5 min, and 

subsequent cooling to 60 ˚C. Each GC cycle takes 11.3 min, with an additional minute as the 

so-called equilibrium time between the cycles.  

The operando ESR/MCPT apparatus comprises several accessory parts: a vacuum pump 

(Pfeiffer Vacuum, HiCube 80 Eco) connected to the outer layer of the dewars, a refrigerating 

circulating thermostat (Julabo, F12) and a Peltier element controlled by a temperature controller 

(3504, Eurotherm, channel 2) to maintain a constant temperature of the MCPT cavity (typically 

c) 
a) 

b) 
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set to 18 ̊ C), a home-built saturator for introducing liquids, e.g. water, into the gas educt stream, 

a circulating thermostat water bath (Me-4, Julabo) controlling the temperature of the saturator, 

and heating lines (HSTD, HORST) installed around some tubes to prevent condensation of less 

volatile components. The temperature of the heating lines can be manually adjusted via a multi-

channel controller (HT61, Horst).  

The gas supply system comprises various high-pressure gas cylinders (N2, O2, H2, CO, CO2/N2, 

He) supplied by Air Liquide in Germany. Purity and composition of gases are presented in 

Table 3.1. The inlet gas to the reactor can be a mixture of N2, O2, H2, CO, and CO2/N2. The 

pipelines of H2, CO, CO2/N2 can be purged by N2, if necessary.  

Accessory gases are used for various purposes: pressurized air is utilized for heating the 

catalyst and operating the valves that control the gas flow between the two experiments. N2 is 

applied for purging the MCPT cavity and as a carrier gas for gasification of liquid reactants, 

such as water using the saturator. He, H2, synthetic air, and pressurized air are used for the 

operation of the GC device.  

The gas line of synthetic air is equipped with a CO2 trap (503185, Supelco) prior to entering 

the GC to prevent conversion of CO2 to methane in the FID which would cause a systematic 

error. Additionally, the CO gas line passes through a plate heater with a temperature set at 

150˚C and then immediately through a custom-built CO2 trap using KOH flakes, where the 

exothermic reaction converts CO2 to K2CO3. The heating plate is controlled by channel 6 of 

the HT61 which also controls the temperature of the heating lines. Channels 1,2,3,7,8, and 9 of 

HT61 are connected to heater lines of the ESR inlet, the ESR outlet, the GC inlet, the saturator 

outlet, the MCPT inlet, and the MCPT outlet, respectively. 

The pressure and composition of the gaseous educts can be set via flow controllers (EL-FLOW 

Prestige, Bronkhorst) and a pressure controller (P-702CV, Bronkhorst) using the FlowView 

software (Bronkhorst) functioning through a dynamic data exchange package (FlowDDE).  

The educt flow goes through a series of valves for various functions. The sequence of functions 

is as follows (see Figure 3.4 and Appendix B):   

a. The final educt gas flow can be directed for calibration to a precise flow rate 

measurement (see section 3.2) or be used for the next step in an experiment. For guiding 

the flow to the calibration device, two-way ball valves (SS-41GS2, Swagelok) are 

utilized. 



Experimental details 

 40 

b. If the educt flow is not guided to the flow rate calibration, it can be combined with N2 

from the saturator using a manual 6-way selection valve (46UWE, VICI). 

c. Afterward, the educt flow can go either directly to the GC for composition measurement 

or to the reactor inlet employing a second manual 6-way selection valve (46UWE, 

VICI). 

d. If the reactor is selected in section c, the inlet flow can be guided to either the operando 

ESR or the MCPT cell using a pneumatic selection valve (A66UWE, VICI). 

Table 3.1: Composition, purity and supplier of applied operational gases  

gas purity  supplier 

Nitrogen 99.999% Air Liquide, Berlin, Germany 

Oxygen 99.998% Air Liquide, Berlin, Germany 

Hydrogen 99.999% Air Liquide, Berlin, Germany 

Carbon dioxide/nitrogen CO2: 40% ±4% 

N2: rest 

Air Liquide, Berlin, Germany 

Carbon monoxide ≥ 99.5 % Air Liquide, Berlin, Germany 

Helium ≥ 99.999 % Air Liquide, Berlin, Germany 

Synthetic air O2: 20% ± 1% 

N2: rest 

Air Liquide, Berlin, Germany 

 

The manual selection valves (46UWE, VICI) are placed in an aluminum box and covered with 

a controllable thermal jacket (custom design, HORST; temperature control: 2416, Eurotherm). 

There are three parameters in the apparatus which are shared between the operando ESR and 

MCPT cells:  

The first shared parameter is the feed stream to the reactor, directed to either the operando ESR 

or MCPT cell, and the product stream from the reactor of either the ESR or MCPT cell to the 

GC device (see Appendix B). This parameter is, as explained, controlled by a pneumatic 

selection valve (A66UWE, VICI). 

The second shared parameter between the ESR and MCPT sections is the pressurized air used 

as heating air. One line of pressurized air is provided in the apparatus, supplying heated air to 

the heating elements of either the operando ESR or MCPT cell. Two digital flow switches 

(PFM725-F01-C-M, SMC) and two solenoid valves (310 39 RC, Humphrey), placed in the 
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separate pressurized air lines connected to the dewar of the respective operando cells, allow 

for conducting pressurized air towards either ESR or MCPT cell. 

Figure 3.4: The sequence of various functions utilized through different valves. 

 

The third parameter shared between the ESR and MCPT sections is channel 1 of the 

temperature controller (3504, Eurotherm) used to control the power of the heating element in 

either the operando ESR or MCPT cell. The temperatures of the heating element in the dewar 

and the Peltier element are regulated by a two-channel temperature controller (3504, 

Eurotherm) which can be programmed through the iTool software (V9.79, Eurotherm).  

To switch between the types of experiment, i.e., ESR or MCPT, an input/output expander 

(2000IO, Eurotherm) is integrated to the temperature controller (3504, Eurotherm). The 

pneumatic selection valve, flow switches, the solenoid valves, and the heaters of dewars are all 

connected to this extender. As a result, all necessary parameters for selection of ESR or MCPT 

experiment type, meaning the direction of inlet/outlet streams, the direction of heating air, and 

channel 1 of the temperature controller, are bound to parameter “logc 2.2” in the graphical 

wiring of iTools, that is, the software of the Eurotherm 3504 controller (see Appendix C). 

Changing the input value of this parameter allows for the selection of experiment type (ESR or 

MCPT): an input value of zero corresponds to MCPT, while an input value of one is linked to 

ESR measurement.  

Key settings of in-situ/operando ESR and MCP measurements include the temperature and 

flow program, the required values and set values of temperature and flow rates of the educts, 

the GC method, the set pressure, and total flow rate of the educt gas stream. To obtain set values 

corresponding to the required values calibration curves of flow rates and temperature 

controllers should be utilized (see section 3.2).  

3.2 Calibration procedures 

The quantitative analysis of the catalytic results relies on several calibration procedures, 

specifically for the sample temperature, flow rates of the gaseous supply system (educt 

components and reactor feed), the GC, the VNA, and the ESR spectrometer. 
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Flow 

Flow rate calibration curves are obtained by correlating set flow rates established by the flow 

controllers (FlowView, Bronkhorst) with measured flow rates, as obtained by a precise flow 

rate meter (Defender 530+, Mesa Labs). An example of a calibration curve for the O2 flow rate 

controller is shown in Figure 3.5a. 

 

 

 

 

 

 

 

 

 

Figure 3.5: Calibration curves of a) O2 flow rate and b) temperature. 

 

Since the calibration flow indicator should be used only for non-corrosive, non-condensing, 

and non-combustible gases, a stream of N2 is applied for flow rate calibration of CO, H2, and 

CO2/N2 gases. To convert the measured flow rate value obtained by N2 to a flow rate value for 

the actual gas, equation 3.1 is used.  

set flow rate (X) = conversion factor(X) ×  actual flow rate (N2)                                 (3.1) 

with X being CO, CO2, or H2. The literature values of the conversion factors, which depend on 

the specific heat capacity and density of the measured and to be calibrated gases, were taken 

from the webpage of the Bronckhorst company.164 In this thesis, the value of 1.37 was used for 

the conversion factor of CO2 considering a pressure of 4 bar and a temperature of 20 ˚C.  

Temperature 

The temperature inside the catalyst bed cannot be measured during analysis of the catalysts, 

because any thermocouple that could be used for this purpose will perturb the cavities of ESR 

and MCPT. Therefore, the temperature is calibrated such that a set temperature measured in 

front of the catalyst bed outside the resonator by a type-K thermocouple (in contact with quartz 

wool) can be directly correlated to the temperature measured during calibration by a second 

type-K thermocouple placed inside the (empty) catalyst bed. Temperature calibration curve is 

obtained by plotting the measured temperatures as a function of the set temperatures, as shown 

in Figure 3.5b. 
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ESR device 

The calibration of the ESR spectrometer involves the determination of the proper settings for 

the signal channel (modulation amplitude, phase) as well as the magnetic field. These 

calibrations were verified using a Mn:CaO samples with a known spectrum recorded by another 

calibrated ESR spectrometer employing the Bruker Xenon user’s guide.165  

GC device 

For calibration of GC results, gas calibration mixtures (Air Liquide, Berlin) with compositions 

listed in Table 3.2 are employed to convert the area of a measured peak by GC to the molar 

percentage (mol.%). As the signals obtained by GC can be affected by the GC method 

employed, it is crucial to use the same method for both measurement and calibration.  

Table 3.2: Composition, purity, and supplier of calibration gas mixtures.  

mixture 
purity and 

composition 
calibration supplier 

customized mixture 1 

CO: 1% 

CO2: 1% 

O2: 1% 

N2: 47% 

He: rest 

Air Liquide, Berlin, Germany 

customized mixture 2 

 

CH4: 2% 

C2H6: 3% 

C2H4: 2% 

C3H8: 3% 

C3H6: 2% 

n-C4H10: 2% 

n-C5H12: 2% 

N2:  rest 

Air Liquide, Berlin, Germany 

mixture 3, ARCAL™ 15 
H2: 5% 

Ar: rest 
Air Liquide, Berlin, Germany 

 

MCPT device 

For calibration of the MCPT device, a reference material with known permittivity would have 

to be applied.160 In this work, the changes of Q-values are too large to aim for a quantitative 

evaluation in terms of the permittivity, therefore, the system has not been calibrated with a 

reference material. In contrast, the baseline has been calibrated prior to the MCPT experiments 

using an electronic calibration (ECal) module (N4691-60004, Agilent). Further details of this 

procedure can be found in the user’s guide of VNA device.166  
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3.3 Data treatment and evaluation  

In the following, the data acquisition and treatment procedures are outlined. For the ESR 

results, data acquisition is performed using the software package of the EMX-plus spectrometer 

(Xenon, version 1.1b.114, Bruker). The data treatment, including baseline correction or double 

integration in case signal integrals are required, was conducted using a LabView-based 

program and the OriginPro 2020b software (version 9.7.5.184), respectively. It should be noted 

that spectra of empty reactor at the measurement temperature and gas composition should be 

measured and subtracted in case significant contributions to the measured spectrum have to be 

accounted for. However, since the studied samples in this dissertation exhibit strong ESR lines 

compared to the spectrum of the empty reactor (see Figure A.2 of Appendix A), subtraction of 

the empty spectrum was not applied. This procedure might be necessary for weak ESR signals. 

The reproducibility of the baseline in various gas compositions is presented in Figure A.1 of 

Appendix A. 

Data related to the MCPT measurements are collected using a homemade LabVIEW program 

(MCPT, version 12, developed at the FHI, Inorganic Chemistry Department). The MCPT 

results are further analyzed via the “yadg.py” software package (version 4.2.3)163 to obtain Q-

factors and resonance frequencies. The output of the yadg package is a json file including the 

name of each frequency sweep along with frequencies of detected reflection modes and their 

calculated Q-values. In the next step, another simple python code is used to extract Q-factors 

and frequencies from obtained results of “yadg.py” package.  

The GC was controlled using the EZChrom Elite software (version 33.2 SP1, Agilent) which 

was also used to quantify the gas composition by determination of the area of GC peaks. The 

subsequent conversion to mol.% employed the calibration values, as explained in section 2.3. 

In this thesis, the results of FID, and a direct proportion ratio between mol.% of analyte and 

area under a signal are employed. Finally, the production/consumption rate of a component can 

be calculated via the following expression: 

𝑟 = 𝑛 ×
𝑝𝜈

𝑅𝑇
                                                                                                                                         (3.2) 

when r, n, p, ν, R, and T indicate rate (mol/min), molar percentage in stream (obtained from 

GC results), inlet pressure (bar), flow rate (L/min), gas constant (L bar K−1 mol−1), and 

temperature (K), respectively.  
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3.4 Sample preparation 

The samples used in this thesis were prepared in other research groups through various 

collaborations. Table 3.3 shows a summary of samples with references to their synthesis 

procedures.87, 141, 167, 168 Below, the synthesis procedures of the samples are briefly explained. 

More details are provided in the respective references.  

The CuO/ZnO/Al2O3 sample (FHI-code: S32774) was synthesized using a coprecipitation 

method at 65 °C. The precursor was made from a Cu, Zn, and Al nitrate solution (1 M metal-

based). The solutions were acidified by adding 10 ml of concentrated HNO3. An automated 

laboratory reactor (OptiMax 1001 Thermostat, Mettler Toledo) was employed for precipitation, 

using a 1.6 M Na2CO3 solution as the precipitating agent. The pH was maintained at 6.5 through 

a feedback control system. After aging, washing, and spray-drying, the precursor was calcined 

at 330 °C for 180 minutes under a static environment to produce the final pre-catalyst sample.87  

A ZnO/Al2O3 precursor (FHI-code: S37673) sample was prepared using the coprecipitation 

method similar to the CuO/ZnO/Al2O3 sample. The automated laboratory reactor was set at a 

constant pH of 6.5 and a temperature of 65 °C. Appropriate amounts of Zn(NO3)2.6H2O and 

Al(NO3)3.9H2O molar aqueous solutions were first acidified with nitric acid, and subsequently 

inserted automatically into the reactor at a constant rate. Coprecipitation was performed using 

a sodium carbonate aqueous solution (1.6 M) as the precipitating agent. After aging, washing, 

and spray-drying, the obtained sample was calcined at 330˚C under a static environment 

(heating rate of 2 °C min−1 and holding time of 180 minutes).167  

A pure ZnO sample (FHI-code: S36378) was prepared using a hydrothermal synthesis method. 

ZnSO4.7H2O was dissolved in Milli-Q grade water while stirring. Then, oxalic acid dihydrate 

was added to the solution. After adjusting the pH of the suspension to 12.5 with an aqueous 

NaOH solution (10 M), an aqueous solution of tetrabutylammonium hydroxide was added to 

the suspension. The white gel was incorporated into an analytic autoclave and treated at 140 

°C for 12 h (heating rate of 3 °C min-1) under autogenous pressure. Subsequently, a white solid 

was obtained by centrifugation, then washed, dried, and finally calcined at 500 °C under 

synthetic air flow (heating rate of 3 °C min-1, and dwell time of 120 minutes).167  

A commercial powder of ZnO (99.999%, Carl Roth), prepared by a precipitation method, is 

used for comparison with the hydrothermally prepared ZnO sample. 
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Table 3.3: A summary of studied samples, prepared through various collaborations.  

nominal chemical composition collaborator synthesis method 

CuO/ZnO/Al2O3 FHI, Inorganic Chemistry 

Department, Berlin, 

Germany 

 

coprecipitation87  

ZnO/Al2O3 FHI, Inorganic Chemistry 

Department, Berlin, 

Germany 

 

coprecipitation167 

ZnO FHI, Inorganic Chemistry 

Department, Berlin, 

Germany 

 

hydrothermal167 

La0.7Fe0.7Mn0.3O3 

La0.85Fe0.7Mn0.3O3 

University of Innsbruck, 

AG Penner, Innsbruck, 

Austria 

 

sol-gel53, 169 

Ni/silica Technische Universität 

Berlin, AG Gurlo,  

Berlin, Germany 

incipient wetness 

impregnation 168, 170 

 

For the synthesis of the Ni/silica sample, incipient wetness impregnation was conducted on 

COK-12, a mesoporous silica support,170 by the following procedure. The nominal mass 

percentage of Ni was set to 5%. First, 0.515 ml of a nickel nitrate hexahydrate solution was put 

in contact with 1 g of COK-12. The resulting powder was vacuum dried using a vacuum furnace 

at room temperature. The produced dry powder was put in contact with an ammonia solution, 

triggering a color change from light green to light blue upon formation of the nickel-ammonia 

complex and subsequently vacuum dried once again. The calcination was conducted at 350°C 

for two hours in N2 atmosphere.168  

The La0.7Fe0.7Mn0.3O3 and La0.85Fe0.7Mn0.3O3 samples were prepared through a sol-gel method. 

The concentrations of the metal nitrate precursors were adjusted to achieve nominal 

compositions of La0.85Fe0.7Mn0.3O3 and La0.7Fe0.7Mn0.3O3. The produced gel was calcined at 

700 ˚C for five hours.169
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4 Summary of the papers  
 

The scientific body of this work comprises four research papers studying heterogeneous 

catalysts at the gas-solid interface using in-situ/operando microwave (MW) absorption 

techniques, i.e., ESR and MCPT measurements. The synthesis of the studied samples, along 

with complementary measurements such as XRD, STEM, NMR, and magnetization, were 

conducted through collaborations with different research groups. Details of synthesis 

procedures and collaborations are outlined in Chapter 3 and Chapter 6, respectively. The central 

part of the research conducted in this thesis is devoted to investigating catalytic systems 

relevant to CO2 reduction, which is of great industrial and environmental importance. In the 

first two papers, a CuO/ZnO/Al2O3 pre-catalyst (CZA-prec) and a ZnO/Al2O3 sample (AZO) 

are investigated during treatment used to transform CZA-prec into an active catalyst, and under 

r-WGS reaction. The third paper is focused on studying Sabatier reaction, i.e., the 

hydrogenation of CO2 to methane using Ni nanoparticles supported on an ordered mesoporous 

silica (COK-12170). In the last paper, two perovskite catalysts (La0.7Fe0.7Mn0.3O3 and 

La0.85Fe0.7Mn0.3O3), known to be catalytically active in CO oxidation by NO reduction, are 

studied. The two systems, which differ in A-site vacancies, are examined in a reduction and 

(re)oxidation process. This section highlights the main research questions, key findings, and 

explains the links between the results obtained in various papers. 

Paper I of Chapter 6 describes investigations of a mixed oxide CZA pre-catalyst (synthesized 

at FHI, Inorganic Chemistry Department) with a CuO:ZnO:Al2O3 weight ratio of 

approximately 68:29:3, comparable to an industrially used CZA catalyst, in an activation 

process and r-WGS reaction. It should be highlighted that the CZA pre-catalyst used in this 

study is a “standard” sample (FHI-standard), which facilitates the interpretation of the results 

obtained here, as this system has previously been extensively characterized with a range of 

techniques.20, 82, 87, 171-174  

The transformation of the CZA-prec into an active catalyst (hereafter referred to as the CZA 

catalyst) during a reductive activation process was monitored by thermogravimetric analysis 

coupled with mass spectrometry (TGA-MS, performed at FHI, Inorganic Chemistry 

Department), along with in-situ MCPT and in-situ ESR spectroscopic measurements. Based on 

the obtained results, a stepwise evolution of the CZA-prec to the CZA catalyst is concluded 
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during the temperature ramp to 250 °C. In the first stage (up to 130 °C), a decrease in isolated 

Cu2+ centers and water desorption is observed. In the second stage (130-200 °C), the main 

chemical reduction of the CZA-prec occurs, accompanied by maximum water desorption and a 

significant fraction of the mass loss. In the final stage (200-250 °C), a pronounced decrease in 

the Q-value may be attributed to structural modification such as the formation of larger Cu 

nanoparticles, which could lead to the excitation of the Cu conduction band. Another possible 

explanation for the sharp decrease in the Q-value is the formation of ZnO overlayers,85, 174, 175 

inducing Maxwell-Wagner polarization.176  

After activation, the CZA catalyst was studied during r-WGS using operando MCPT at 230 

°C. Two experiments were compared: in each, the partial pressure of one reactant (H2 or CO2) 

was held constant, while the partial pressure of the other varied and then returned to its initial 

value. To facilitate comparison between experiments, the Q-value at the end of the activation 

process was set as a reference point, and the parameter ΔQ was defined as the deviation of the 

Q-value during reaction from this reference, meaning ΔQ  =  Qrea-Qact. For each gas feed 

composition, a new steady state catalytic activity was reached. The steady state yield of CO 

increased with increasing the partial pressure of both reactants, indicating a positive reaction 

order in both reactions. The changes in CO yield were accompanied by changes in the dielectric 

properties, which also reach steady state values. As shown in Figure 4.1a, there is a linear 

correlation of ΔQ with CO yield by increasing the partial pressure of either reactant. However, 

the effect of CO2 and H2 on ΔQ is inverse: increasing the H2 content in the feed decreases ΔQ, 

whereas increasing CO2 enhances it. Furthermore, the changes in both CO production and ΔQ 

are reversible upon returning to the initial conditions. Notably, the transient profiles of CO 

production and Q-value closely follow one another during all transitions between gas 

compositions in both experiments.  

In the final part of this study, to further elucidate the underlying processes in the r-WGS 

reaction, the individual effects of each reactant (H2 and CO2) on the dielectric properties of the 

CZA catalyst were investigated. First, an activated CZA catalyst was studied using in-situ 

MCPT at 230 °C in streams of H2/N2. The partial pressure of H2 was increased stepwise and 

finally returned to the initial value. The observed ΔQ reaches a stable value at each step and 

shows a near-complete reversibility. The results, shown in Figure 4.1b, demonstrate that ΔQ 

decreases with increasing H2 partial pressure. Additionally, a comparison between the effect of 

increasing partial pressure of H2 in N2 and in the r-WGS reaction, i.e., in H2/CO2/N2 containing 
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feed, reveals that the addition of a constant partial pressure of CO2 leads to a constant increase 

in ΔQ with increasing H2 partial pressure (see Figure 4.1b). 

To examine the effect of CO2, an operando MCPT measurement was conducted, in which the 

activated CZA catalyst was exposed to CO2/N2 streams at 230 °C. The variations in CO2 partial 

pressure followed the same sequence used in the H2/N2 experiment. The results indicate a 

transient CO production of the activated CZA catalyst. The CO formation is accompanied by 

an increase in the Q-value. Notably, at the first step (5 vol.% CO2), where the highest CO 

production is detected, the Q-value also exhibits the largest increase. With increasing CO2 

partial pressure, additional CO formation is observed, which is associated with an increase in 

the Q-value. 

 

A quantitative evaluation of the experiment reveals an almost linear correlation between CO 

formation and change in the Q-value. Due to the irreversibility of the CO2-induced oxidation 

of the CZA catalyst and the reversibility observed for the H2/N2 series, the correlation between 

CO formation and Q-values can serve as a calibration curve to quantify the amount of oxygen 

atoms which are taken up by the CZA catalyst. 

Furthermore, the trends of ΔQ in r-WGS experiments suggest that H2 acts as a reducing agent, 

while CO2 functions as an oxidant. The oxidizing role of CO2 is further supported by the 

Figure 4.1: a) operando MCPT measurements of ∆Q and mol.% of produced CO using CZA catalyst 

by increasing partial pressure of either CO2 or H2 from 5 vol.% to 10 vol.%, subsequently to 30 vol.% 

and finally back to 5 vol.% at 230 °C while the partial pressure of the other reactant is constant at 10 

vol.%. b) comparison of the increasing partial pressure of H2 on ∆Q in the presence and absence of CO2 

in the exposed gas stream using CZA catalyst. The data of H2/CO2/N2 stream are taken from section a). 

The sample is activated before each experiment. The activation process is explained in the text.  
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CO2/N2 experiment, which shows CO production in the absence of H2. These findings point to 

a redox reaction mechanism under the investigated conditions and for the applied CZA catalyst. 

Importantly, the correlation between ΔQ and CO yield observed in the CO2/N2 experiment 

shows that the transient change in the catalyst’s oxygen content during the r-WGS reaction is 

below 0.5 mol%, which could explain the small changes observed by operando X-ray-based 

investigations under r-WGS reaction.177, 178 

The excellent agreement between the transient profiles of ΔQ and CO yield, along with their 

quantitative correlation, highlights the importance of dielectric loss as an influential factor in 

the catalytic performance of the CZA catalyst. Changing exposed gas stream modifies 

molecules adsorbed on the surface and absorbed in the bulk, leading to a change in charge 

distribution at the Cu and ZnO:Al interfaces. This change in charge distribution imposes a 

different Maxwell-Wagner polarization, which in turn leads to a variation in ΔQ. Based on this, 

the observations of Paper I are in-line with the Schottky-model,30, 94 in which occupation of 

states near the Fermi level alters charge distribution at the Cu/ZnO interface, thereby affecting 

CO2 activation. 

Building on the findings of Paper I, Paper II examines how Zn-containing phases respond to 

changes in gas stream composition using a ZnO/Al2O3 (AZO) sample synthesized at FHI, 

Inorganic Chemistry Department. The AZO sample has the same ZnO: Al2O3 mass ratio as the 

CZA-prec of paper I, enabling a direct comparison of the results. Following the discussion of 

Paper I, Paper II presents results for samples that underwent the activation procedure of the 

CZA catalyst mentioned earlier, along with changes in the “activated” system when exposed 

to reactive gas feeds. 

At room temperature and prior to any treatment, the AZO sample shows a sharp ESR signal 

similar to those reported in related systems, with an effective g-value (geff) of 1.962, linked to 

paramagnetic defects such as oxygen vacancies in (Al-doped) ZnO.32, 98 In-situ ESR 

measurements reveal the following changes during the activation process in H2-containing gas 

stream: 

• The sharp signal at geff of 1.962 increased in both intensity and the value of geff. 

• A broad signal appeared at a temperature of about 250 ˚C with a geff of around 2.17. 

The behavior of the activated AZO sample in a redox cycle at 230 °C using in-situ ESR and 

MCPT measurements shows that oxidation of the activated AZO sample (at 230 °C in 9 vol.% 

O2) does not eliminate the broad ESR signal, though it does alter its geff. Notably, the oxidized 
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AZO after activation (AZO-O) retains a broad ESR line at room temperature that shows less 

temporal variation in aging than the activated AZO, making it a suitable candidate for further 

ex-situ characterization. To investigate further the magnetic nature of the broad signal, 

magnetization measurements were carried out at the Helmholtz-Zentrum Berlin für Materialien 

und Energie. Field-dependent magnetization measurements of the as prepared AZO and the 

oxidized sample (AZO-O) at room temperature reveal that the AZO-O sample exhibits 

superparamagnetic behavior. In contrast, the magnetization curves of the as prepared AZO lack 

indication for magnetic behavior. 

The appearance of a broad ESR feature during the activation process is shown to depend on 

both Al doping and the presence of H2 in the gas stream. The presence of superparamagnetism, 

which involves the ferromagnetic coupling of a mesoscopic number of paramagnetic species, 

rules out isolated paramagnetic species within this ferromagnetically coupled region. It would 

also suppress or significantly change the NMR signature of nuclear spins. Therefore, observing 

a sharp ESR signal alongside the detection of Al species in MAS-NMR measurements, even 

when a broad ESR signal from superparamagnetic particles is present, indicates phase 

heterogeneity in the activated AZO sample. Nevertheless, ex-situ XRD analysis of both AZO 

and AZO-O samples reveals only a wurtzite crystalline phase. 

Figure 4.2 shows a comparison of results obtained using CZA and AZO during the activation 

process and under increased partial pressure of H2 in an H2/N2  stream. While CZA exhibits no 

distinct ESR features upon the activation process, AZO displayed a broad signal attributed to 

superparamagnetic species and a sharp signal corresponding to paramagnetic species (see 

Figure 4.2 a and b). These observations suggest that the presence of copper inhibits the 

formation of a superparamagnetic phase, which is presumably highly defective. The absence 

of paramagnetic species indicated by the lack of a sharp ESR signal in the CZA catalyst aligns 

with previously reported reductions in ZnO lattice defects as the Cu mass fraction increases.179 

This supports the suggestion that higher Cu content in the pre-catalyst may lead to greater 

incorporation of Cu ions into the ZnO:Al structure.179, 180 Furthermore, the high reversibility of 

in-situ MCPT results in H2-dependency using CZA catalyst points to rather physical 

interactions depending on the chemical potential of H2 (see Figure 4.2d). Conversely, the 

irreversibility in results of H2-dependency in in-situ MCPT and ESR experiments using 

activated AZO points to a rather chemical interaction, e.g., chemical reduction of AZO (see 

Figure 4.2c). This indicates that in the presence of Cu, the Zn-containing phase is less reduced. 
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Figure 4.2: ESR spectra of as prepared and activated AZO in a) and CZA in b). The spectra are 

vertically shifted for comparison. The effect of increasing partial pressure of H2 in N2 gas streams from 

5 vol.% to 10 vol.% and subsequently to 30 vol.%, followed by switching back to 5 vol.% on reflection 

mode of activated AZO sample in c) and activated CZA in d). 

A comparison of CO production upon increasing CO2 partial pressure in N2 using activated 

CZA and AZO samples reveals a similarity between the trends of CO production in both CZA 

and AZO samples (see Figure 4.3). Both samples depict a similar trend in CO production. Based 

on these results, a total CO production of about 90 µmol g-1
cat is obtained when using a reduced 

AZO in all steps of CO2-dependency experiments, while using an activated CZA catalyst leads 

to CO production of approximately 560 µmol g-1
cat. Moreover, the CO production rate in CO2-

rich r-WGS reaction stream, i.e., in CO2/H2/N2, is approximately 25 µmol min-1 g-1
cat for a 

reduced AZO, while an activated CZA exhibits a rate of 1370 µmol min-1 g-1
cat. These results 

show that although reduced AZO is a catalyst for the r-WGS reaction, its reactivity is noticeably 

lower than that of the CZA catalyst, indicating the role of Cu in CZA for the dissociation of 

CO2.  

As shown for activated AZO, reoxidation with oxygen cannot reestablish the initial state, and 

sequential cycling in O2 and H2 allows for switching from a reduced to an oxidized state. The 

question arose as to whether the oxidation of AZO would take place using CO2. Therefore, an 

experiment was conducted on the sample, subjecting it to a CO2/H2/CO2 cycle, with the same 
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parameters as the O2/H2/O2 cycle but replacing O2 with CO2. The results of the in-situ ESR 

measurements during the CO2/H2/CO2 cycle resemble those of the O2/H2/O2 cycle, showing a 

decrease in the effective geff for both the broad and sharp ESR lines, along with a reduction in 

the intensity of the sharp line during the CO2-containing steps. In contrast, the H2-containing 

step exhibits the opposite trends in both geff and intensity of the sharp line (see Figure 4.4). 

However, a comparison between the first and second CO2-containing steps reveals that the geff 

and intensity of the sharp line are not fully reversible. Furthermore, the evolution of geff 

indicates that the second CO2-containing step proceeds more sluggishly than the second O2-

containing step in the O2/H2/O2 cycle. This result is expected given the significantly lower 

oxidation potential of CO2. 

Moreover, the results of operando ESR measurements under r-WGS reaction conditions reveal 

CO production in both H2-rich and CO2-rich streams, while the ESR spectra under reaction 

conditions are identical to those observed at the end of the corresponding activation process. 

The spectra of the activation process and reaction are almost identical, indicating that the 

ferromagnetic phase, as well as the number and environment of paramagnetic defects in the 

diamagnetic phase of the AZO catalyst, remain largely unchanged in the catalytically active 

state. 

In summary, Paper II provides a comparison between CZA and AZO catalysts in activation 

and r-WGS reactions, showing that CZA has a higher activity toward the dissociation of CO2 

and highlights the role of Cu in decreasing the reducibility of Zn-containing phases. Moreover, 

the interaction of CO2 with defects of AZO was experimentally shown in this research. 

Figure 4.3: CO production rate using activated AZO and activated CZA-prec in gas streams of 5 vol.%, 

10 vol.% and 30 vol.% CO2 in N2. 
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Figure 4.4: As-measured in-situ X-band ESR spectra of an activated AZO in a) O2/H2/O2 cycle b) 

CO2/H2/CO2 cycle. The spectra of both “a” and “b” are measured at 230˚C and as follows: red spectrum: 

in N2 flow, before the cycle. Blue spectrum, step: first 9 vol.% O2 (or CO2). Pink spectrum: 9 vol.% H2. 

Yellow spectrum: second 9 vol.% O2 (or CO2). The sections related to the sharp ESR lines are magnified 

for a better examination. 

In Paper III of Chapter 6, a nickel catalyst supported on ordered mesoporous silica synthesized 

at Technische Universität Berlin in the research group of Prof. Gurlo was studied using 

operando ESR spectroscopy. Ni is a catalytic material commonly employed in the Sabatier 

reaction, which involves production of methane through the reduction of CO2 by H2. The 

catalytically active phase is typically considered to be metallic Ni, but detailed characterization 

using several techniques, including TEM imaging and in-situ X-ray diffraction (XRD) 

measurement, conducted at the PETRA III radiation source at Deutsches Elektronen-

Synchrotron (DESY) in Hamburg, did not provide conclusive evidence for the presence of 

metallic Ni particles. Probing the ferromagnetic properties of Ni particles using ESR 

spectroscopy, it was possible to provide conclusive evidence for the presence of the metallic 

Ni particles. 

The catalyst was activated by heating in H2 at 350 °C for 30 minutes, and after cooling to room 

temperature, the sample exhibited an ESR signal. Since neither the calcined Ni/silica sample 

before activation nor the ordered mesoporous silica support subjected to the same activation 

procedure displayed any ESR features, the observed signal can be attributed solely to the 

ferromagnetic resonance response of metallic Ni nanoparticles formed during activation. 

The formation of Ni nanoparticles under varying activation conditions, such as ramp rate, 

reduction temperature, and gas-solid contact time, was monitored using in-situ ESR 

measurements. Increasing the activation temperature from 350 °C to 400 °C, along with a 
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longer holding time, leads to an increase in the FMR signal intensity, while the line shape 

remains unchanged. This behavior is consistent with an increase in the particle size of the Ni 

nanoparticles.181 From the comparison of different activation conditions, it is concluded that 

the formation and size of Ni nanoparticles are highly dependent on the specific parameters of 

the activation process, with the reduction temperature being the most influential factor. 

Figure 4.5: a) FMR signal of activated Ni/silica sample after catalytic experiments (see legend for the 

temporal order and feed composition). After each reaction the sample is cooled down from reaction 

temperature of 400 °C for ESR measurement at room temperature. Before next process the sample is 

activated in H2, at a temperature of 400 °C, and for two hours. b) CO2 conversion, CH4 selectivity, and 

FMR signal amplitude for different reaction conditions. 

 

The activated Ni/silica catalyst was subjected to a reactive CO2- and H2-containing gas 

environment, and the activity with respect to CO2 reduction and selectivity towards methane 

formation was monitored. The results presented in Figure 4.5b show a decrease in the 

selectivity and activity of the catalyst when comparing section “d” to section “a” under the 

same gas composition. This decline indicates a deactivation of the catalyst. Deactivation is one 

of the major challenges for Ni-based catalysts, and sintering metal particles, as well as coke 

formation, are two of the most discussed processes in this respect. The ESR signals observed 

after each step show no evidence for paramagnetic signals to be associated with coking or the 

formation of graphite-like structures. Instead, a broad ferromagnetic resonance signal is 

observed, which exhibits a monotonous increase in intensity with increasing time on stream 

(see Figure 4.5a). Since the gas environment during the reaction is less reducing than during 

activation, the formation of additional metallic Ni during the reaction can be excluded. 

Therefore, the observed increase in signal intensity is attributed to an increase in the particle 

size of the existing Ni nanoparticles. As sintering leads to a reduction in specific surface area, 

a corresponding decrease in catalytic activity is expected. The operando ESR results (Figure 

time 
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4.5, sections “a” and “d”) confirm an inverse correlation between particle size growth and 

catalyst activity under the studied conditions. It should be noted that these results do not 

exclude the modification of catalytic activity by the presence of carbonaceous deposits. 

It is important to note that in-situ XRD measurements taken during activation, as well as 

catalytic conditions, did not provide evidence for any crystalline Ni phase. This indicates that 

if crystalline Ni nanoparticles are present in the catalyst, their crystallite size must be smaller 

than approximately 10 nm during both activation and reaction. This result is consistent with 

temperature dependent ESR measurements, which allow for determining the Curie temperature 

of these particles to be 540 ± 14 K. Based on theoretical calculations, the Curie temperature can 

be correlated to the particle size, resulting in a size of around 6 nm.181 These results highlight 

the high sensitivity of in-situ ESR measurements for detecting subtle increases in Ni 

nanoparticle size. The operando ESR measurements presented in Paper III provide clear 

evidence for the formation of fine Ni nanoparticles during the reductive activation process, as 

well as for their sintering during the Sabatier reaction. 

The results presented in Papers II and III demonstrate that in-situ/operando ESR measurements 

are effective tools for investigating catalysts that exhibit collective magnetization properties. 

Building on these findings, Paper IV in Chapter 6 focuses on La0.7Fe0.7Mn0.3O3 (L0.7FM) and 

La0.85Fe0.7Mn0.3O3 (L0.85FM) perovskite oxide catalysts, synthesized at the University of 

Innsbruck in the research group of Prof. Penner. Previous studies have shown that both L0.7FM 

and L0.85FM possess magnetic characteristics linked to A-site deficiencies and are 

catalytically active in the oxidation of CO with NO. Notably, despite having a lower A-site 

deficiency, L0.85FM exhibits significantly higher catalytic activity than L0.7FM at 

temperatures above approximately 200 °C.53 Since the oxidation of CO by NO is suggested to 

follow a Mars-van-Krevelen mechanism,45 responses of L0.85FM and L0.7FM to reduction 

and oxidation are considered important for their catalytic properties. Building on previous 

results, temperature-dependent in-situ ESR measurements were performed, using similar 

experimental conditions as those used in H2-, and O2-uptake experiments in an earlier study,53 

to investigate the differences in the response of the magnetic properties of L0.7FM and 

L0.85FM in thermal reduction and a subsequent reoxidation processes. 

As an initial step, it is essential to distinguish changes in the ESR spectra arising from chemical 

or structural changes from those solely caused by temperature-induced variations in spin 

dynamics. To achieve this, both samples were subjected to a sequence of heating up to 400 °C 
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and subsequent cooling to room temperature. The spectra during heating and cooling in O2 are 

nearly identical, showing reversible behavior. In contrast, spectra in N2 show noticeable 

deviations, so the O2 spectra serve as references. Chemical or structural changes are deduced 

from deviations from this reference. 

Under 10 vol.% H2 in N2, L0.85FM shows a shoulder in the ESR spectrum at a temperature 

above 250 °C (Figure 4.6 b1), while L0.7FM responds at 300 °C with a decrease in signal 

intensity. For both samples, ESR signals disappear completely at 400 °C and do not reappear 

upon cooling in the same reducing atmosphere, indicating irreversible chemical changes. The 

disappearance of ESR signals around 300 °C aligns with an increased H2 uptake reported 

previously.53 Similarly, the ESR response of L0.85FM observed at 250 °C matches the onset 

of its enhanced CO + NO activity,53 suggesting a link between changes in the magnetic phases 

of the system and its catalytic performance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Sections a1) and b1): the initial in-situ ESR response of the samples to thermal treatment 

in a H2-containing stream. The reference spectra are taken in 10 vol.% O2 in N2. Sections a2) and b2): 

the initial in-situ ESR response of samples to thermal re-oxidation in an O2-containing stream. Sections 

a3) and b3): ex-situ ESR spectra of pristine and spent samples. The spectra are shifted for clearer 

comparison.  
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Reoxidation of both samples restores the ESR signal. However, at 100 °C, L0.85FM responds 

more quickly in the oxidizing stream than L0.7FM (Figure 4.6 a2 and b2). Although an ESR 

signal reappears during reoxidation, a comparison of room-temperature spectra before and after 

the reduction-reoxidation cycle shows irreversible spectral changes upon reduction, consistent 

with previous O₂-uptake results. Ex-situ XRD measurements (conducted at the Institute of 

Geological Sciences, Freie Universität Berlin) before and after the reduction-reoxidation 

processes reveal a single crystalline phase with no evidence of phase heterogeneity. However, 

changes in crystallite size and cell volume suggest that L0.85FM undergoes less structural 

modification than L0.7FM. Similarly, the difference between pristine and spent samples is 

smaller for L0.85FM, indicating higher structural stability during the NO + CO reaction (see 

Figure 4.6 a3 and b3). 

In summary, this study provides indications for faster response of L0.85FM in both reduction 

and reoxidation processes. Besides, L0.85FM shows a higher structural stability in in-situ ESR 

measurements during reduction-reoxidation cycle, ex-situ ESR measurements of as prepared 

and spent samples and ex-situ XRD measurements of as prepared and after reduction-oxidation 

cycle. Both faster response and higher structural stability likely contribute to a higher catalytic 

performance of L0.85FM sample compared to L0.7FM, starting at a relatively low reaction 

temperature of about 250 °C, where a second phase emerges in in-situ ESR results.  

These results of Paper IV, along with the findings on AZO and the Ni/silica samples, show the 

potential of using ESR technique as a sensitive tool for detecting subtle chemical and structural 

changes. Specifically, when changes related to these slight variations don’t affect the 

crystalline structure but influence the magnetic properties.
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5 Conclusion and outlook 
 

An operando ESR/MCPT apparatus has been successfully developed, capable of operating at 

temperatures up to 450 °C, at atmospheric pressure, with a feed stream comprising a range of 

gases, including CO, CO2, H2, N2, and O2. The operando cells are coupled with a GC device 

for analysis of product composition. The samples investigated in this study, i.e., 

CuO/ZnO/Al2O3 (CZA-prec), ZnO/Al2O3 (AZO), Ni/silica, La0.7Fe0.7Mn0.3O3 (L0.7FM) and 

La0.85Fe0.7Mn0.3O3 (L0.85FM) demonstrate the application of in-situ/operando ESR/MCPT in 

addressing the so-called "material gap" in operando catalysis research, enabling the study of 

catalysts with chemical and structural properties similar to the industrial ones. Furthermore, 

operando ESR/MCPT measurements provide insights into the changes in the catalyst during 

the catalytic reaction, which are shown to be linked to the catalytic properties, as illustrated in 

the studies of CZA and AZO samples. These microwave absorption techniques provide 

complementary insights to studies focusing on surface properties, as they probe the bulk 

properties of the samples. The sensitivity of in-situ/operando ESR in monitoring magnetic 

properties of ferromagnetically coupled samples was shown to provide valuable information 

on particle growth when studying Ni/silica catalyst, as well as providing evidence for a phase 

heterogeneity in the investigation of L0.7FM and L0.85FM, phenomena that were not observed 

by conventional structural tools such as XRD measurements. 

A CZA catalyst with a composition close to the industrially used one was systematically 

studied using in-situ and operando MCPT. The results demonstrate that the dielectric loss 

properties of CZA, a bulk material characteristic, are correlated with the catalyst’s activity in 

the r-WGS reaction. A direct correlation is observed between the CO yield and dielectric loss 

properties of CZA catalyst upon increasing the partial pressure of H2. In contrast, an inverse 

correlation was found with the increase in partial pressure of CO2. The activated CZA catalyst 

was shown to produce CO in a CO2/N2 stream. From the irreversible change of the dielectric 

properties associated with the CO formation, it was concluded that the activated catalyst acts 

as a storage of oxygen atoms, which in turn supports the redox mechanism as an important part 

of the reaction network. Moreover, the opposing effects of CO2 and H2 on the dielectric 

properties of CZA align with the Schottky model of metal-semiconductor interfaces, where H2 

acts as an electron donor and CO2 as an electron acceptor. 
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Comparing the results of CZA with AZO, the lower catalytic activity of AZO during CO2 

reduction highlights the key role of Cu in CO2 dissociation into CO and adsorbed oxygen 

species. Furthermore, the absence of a magnetic phase in CZA after activation, while AZO 

exhibits it, along with the reversible changes in dielectric loss properties observed during H2-

dependent experiments using CZA, whereas the trend for AZO is irreversible. This suggests 

that copper contributes to the structural stability of the Zn-containing phase under reducing gas 

atmospheres. 

The remaining two projects further demonstrate the potential of using ferromagnetic properties 

as a sensitive probe for structural changes in various catalytic systems. Changes in the 

ferromagnetic resonance (FMR) signal of Ni particles deposited on a mesoporous silica support 

during the Sabatier reaction are studied using operando ESR measurement. An inverse 

correlation is observed between the intensity of the ESR signal and both CH4 selectivity and 

CO2 conversion, suggesting that particle growth of Ni inversely affects catalyst performance. 

It is noteworthy that in-situ XRD measurements conducted under similar reaction conditions 

failed to detect the presence of a crystalline Ni phase. This highlights the sensitivity of magnetic 

properties, as studied by ESR spectroscopy, when examining catalysts containing 

ferromagnetic metal particles such as Ni. This may even allow for providing direct evidence 

for the presence of these metallic particles, in cases where XRD or TEM fail to provide 

conclusive proof. 

In the final project of this thesis, two catalysts with a perovskite structure and varying levels of 

A-site deficiency were investigated with respect to their behavior during redox processes. Two 

main differences were observed. First, the L0.85FM forms a second phase during the reduction 

process. Second, the L0.85FM, despite its lower level of A-site deficiency, exhibits a faster 

response both in reducing and oxidizing atmospheres. The superior catalytic performance of 

L0.85FM compared to L0.7FM in the NO + CO reaction53 could be related to the differences 

mentioned above. In this project, like the Ni/silica project, in-situ XRD measurements failed 

to provide evidence for phase heterogeneity of L0.85FM in a similar reduction process. This 

shows that ESR measurements are particularly sensitive to phase heterogeneity in samples 

containing (ferro)magnetic phases such as L0.85FM. 

Collective magnetization is observed in various catalytic systems studied in this thesis. The 

activated AZO catalyst exhibits superparamagnetic properties, which were also observed in the 

L0.7FM and L0.85FM perovskite catalysts, as well as in Ni/silica samples. For all these 
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samples, superparamagnetism is shown to be responsive to experimental conditions such as 

temperature and exposed gas composition. The application of bulk-sensitive in-situ/operando 

microwave (MW) absorption techniques has provided valuable insights into key aspects of the 

studied heterogeneous catalytic systems. These include providing evidence for involvement of 

redox reaction mechanism in the r-WGS reaction using the CZA catalyst, observation of 

particle growth in fine Ni/silica nanoparticles during the Sabatier reaction, and detection of 

low-temperature phase heterogeneity in L0.85FM during thermal reduction. 

This thesis demonstrates the potential of MW absorption techniques for studying 

heterogeneous catalysis, particularly in cases where methods like XRD fail to detect changes. 

Nevertheless, in the case of ESR measurement, the studied catalyst needs to include either 

isolated paramagnetic centers or magnetic phases. Moreover, the interpretation of the Q-value 

trends obtained from MCPT results demands complementary measurements. Considering the 

mentioned limitations and based on the results obtained in this thesis, the specific outlook and 

future directions for the projects of this thesis are as follows: 

• Operando MCPT investigations on methanol production using CZA catalyst in a feed 

stream of CO/CO2/H2.  

• Operando ESR investigations on L0.7FM and L0.85FM in the oxidation of CO with 

NO. 

More broadly, the following projects could be considered for future research: 

• As shown in the study of Ni/silica catalyst, operando ESR experiment has a high 

potential for collaborations with industrial companies by studying catalytic systems 

containing ferromagnetic nanoparticles, e.g., Ni-, Co-, and Fe-based catalysts, widely 

applied in various industrial reactions such as Fischer-Tropsch reactions. 

• Operando MCPT can be applied to study reaction mechanisms with a similar approach 

to Paper I, for example, for the dry reforming of methane. 

Furthermore, the experimental apparatus could be improved. Modifications to enable operation 

at higher reaction pressures, such as 10 bar, would help align more closely with industrially 

relevant conditions. This advancement would contribute to bridging the so-called “pressure 

gap” in operando studies, which highlights the need to perform investigations under pressures 

comparable to those encountered in industrial applications. 
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Abstract 

The carbon dioxide methanation reaction is an efficient method of converting CO2 emissions 

into methane, an energy carrier that is compatible with the already existing global gas 

infrastructure. However, developing a catalyst with the required activity and stability for large-

scale applications remains a challenge. For example, an active Ni/SiO2 catalyst (i.e., nickel 

nanoparticles – Ni NPs – on a SiO2 support) undergoes sintering, oxidation, and coking during 

operation. This work presents an innovative approach to synthesizing and stabilizing Ni NPs 

against sintering while preserving the large surface area of the catalyst simultaneously. This is 

achieved by synthesizing Ni NPs in the pores of an environmentally friendly structural analogue 

of the well-known ordered mesoporous silica SBA-15, namely ordered mesoporous silica COK-

12. Small-angle X-ray scattering (SAXS), superconducting quantum interference device 

(SQUID) magnetometry, and transmission electron microscopy (TEM) measurements prove 

the size (~3-4 nm) of nanoparticles and their confinement in the COK-12 pores of the nickel 

nanoparticles. This characterization strategy represents a promising complementary 

methodology for determining the size and distribution of supported nanoparticles and can be 

extended and transferred to other similar material combinations. Complementary operando X-

ray diffraction (XRD) and electron spin resonance (ESR) prove the catalytic activity of the 

materials. The results of operando ESR measurements demonstrate an inverse correlation 

between particle growth and activity of the catalyst, while XRD results could not follow this 

trend. The developed catalyst exhibits catalytic performance comparable to that of current 

materials but is easier to synthesize and is suitable for large-scale applications. 

Introduction 

In order to produce more active heterogeneous catalysts, researchers typically aim to disperse 

the active catalytic centers as widely as possible. The ultimate limit is presented by single-atom 

catalysis.1 Other strategies involve using porous supports with a very large surface area and 

complex synthesis methods to produce extremely small nanoparticles, as agglomeration is 

difficult to avoid.1 However, these complex methods tend to complicate production upscaling. 

Moreover, elucidating the stability of these nanoparticles under reaction conditions is difficult.2 

Therefore, the development of simple methods and sustainable materials for synthesizing, 

stabilizing, and measuring these fine nanoparticles remains a challenge for the industrial 

adoption of the next generation of catalysts.1 
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In this work, we demonstrate the application of a dual impregnation method to generate Ni 

nanoparticles (Ni NPs) within the pores of an ordered mesoporous silica, COK-12 (Figure 1), 

which is stabilized via a strong metal-support interaction and the confinement of the particles.3-

5 We also demonstrate the evolution of Ni NPs through an array of complementary in situ, ex 

situ, and operando characterization techniques. This allows us to track the size and composition 

of the NPs while evaluating their performance in the CO2 methanation reaction. 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 1. Synthesis of nickel nanoparticles stabilized in pores of ordered mesoporous COK-12 silica: 

Incipient wetness impregnation followed by vacuum drying is conducted on the COK-12 support using 

a nickel nitrate hexahydrate. The resulting light-green powder was vacuum dried immediately following 

the deposition using a vacuum furnace at room temperature until dryness. A second impregnation of an 

ammonia solution was performed, triggering a color change to light blue upon formation of the nickel-

ammonia complex, and then the sample was vacuum dried once again. The powder was then calcined 

under an N2 atmosphere at 350 °C. The sample is heated up under a pure H2 atmosphere at 400 °C for 

two hours. For further details, see the Methods section. 
 

Highly porous and structured silica materials are commonly used as catalyst supports due to 

their availability, ease of synthesis, and tunable properties. This has led to numerous studies on 

the preparation and characterization of silica-supported catalysts.6 A large surface area is 

typically advantageous for a catalyst as it increases the dispersion of generated metallic 

particles, resulting in smaller particle sizes with a higher surface-to-volume ratio and 

consequently a greater number of active centers. In particular, a subclass of these highly porous 

silica materials called “ordered mesoporous silicas” (OMS) has pores that are arranged in an 

ordered pattern and range in diameter from 2 to 50 nm, making them especially suitable for 

catalysis. Interestingly, these textural properties have also been found to improve catalyst 

stability as they significantly increase the average distance between metal particles on the 

catalyst's surface. The internal pore area also provides a large interface for metal-support 

interactions.7-9 A typical synthesis route for COK-12, an OMS with environmentally friendly 

synthesis uses, employs sodium silicate instead of tetraethoxysilane as the silicon source, and a 
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sodium citrate/citric acid buffer instead of hydrochloric acid to regulate the pH. This synthesis 

method also avoids the need for hydrothermal conditions.10 COK-12 has proven to be flexible 

and modifiable enough in terms of textural properties, such as pore volume and diameter,11, 12 

to meet the requirements of different processes.13, 14 In addition, it can be produced in a 

continuous process15, 16 and 3D printing17, making it a prime candidate for the next generation 

of OMS catalytic supports. Although OMSs are designed to maximize porosity and surface area, 

the presence of mesopores in the support does not guarantee that the internal surface is 

accessible to the metal. To this end, an array of synthetic techniques has been developed to 

generate the desired metal functionalities, although these techniques can be complex or involve 

several steps.18  

Moreover, characterizing nanoparticles on internal pore surfaces remains a challenging task. 

Conventional imaging techniques, such as transmission electron microscopy (TEM), may 

struggle to resolve structures of just a few nanometers if the material cannot dissipate the 

amount of energy received from the incoming electron beam at high magnifications. This can 

be the case with silica due to its non-thermally conductive nature. Additionally, sample 

charging can occur due to its low electrical conductivity.19 Moreover, microimaging techniques 

examine only a small sample volume containing a limited number of particles at a time, which 

makes extrapolation to the bulk material non-trivial. Surface-sensitive techniques may be 

unable to access relevant information if the nanoparticles are buried within the support matrix. 

Furthermore, catalysts are dynamic entities whose electronic and geometric structures evolve 

in response to changes in operational conditions. These phenomena are usually examined with 

in situ/operando techniques that measure properties serving as indicators of the transformations 

a catalyst undergoes. These advanced techniques form the basis of modern catalyst design as 

they enable structure-activity correlations to be drawn under catalytically relevant conditions. 

This allows the design of rational catalysts with high activity, selectivity, and stability. 

For example, Ni/SiO2 catalysts (common in industry due to their high surface areas and 

activities)20, 21 can undergo various processes during operation, such as sintering, oxidation, and 

coking.22, 23 In situ X-ray diffraction (XRD) has proven to be a valuable tool for obtaining 

information about these systems, as it provides essential ensemble-averaged information on phase 

composition, as well as changes to the crystalline parts of catalysts under operating conditions. 

24-26 In the case of ferromagnetic metal nanoparticles such as Ni, the magnetic properties are 

closely related to the structural properties, providing an alternative approach to investigating 

structural changes in the particles, since the diamagnetic COK-12 support does not interfere. 

Electron spin resonance (ESR) spectroscopy and magnetization measurements can be used to 



Papers 

 125 

detect subtle changes in the size of ferromagnetic Ni nanoparticles (Ni NPs) with 

superparamagnetic properties.27-29  

Ni/COK-12 is an attractive catalyst for the CO2 methanation reaction, also known as the 

Sabatier reaction (R1).30 This reaction is currently one of the main commercialized processes 

for utilizing carbon dioxide. The importance of this reaction lies in its potential to decarbonize 

methane production, effectively turning it into a “net zero carbon” fuel when produced from 

green hydrogen and waste CO2.31 Methane is a critical energy carrier that is currently in 

widespread use worldwide and has the necessary infrastructure to transport it safely and 

efficiently for consumption. When synthesized in this manner, the combustion of this methane 

generates no net CO2 emissions (neglecting emissions from ancillary processes), thereby 

contributing to alleviating the significant excess of greenhouse gases in our atmosphere. 

Additionally, it offers a convenient method of storing surplus energy, such as that produced by 

renewable energy solutions during periods of low demand, as methane can be stored in standard 

gas storage solutions for extended periods. This scheme, centered on methane, is known as power-

to-methane (PtM) and falls under the broader category of power-to-gas (PtG) schemes.32, 33 

𝐶𝑂2(𝑔) + 4𝐻2(𝑔) ⇌ 𝐶𝐻4(𝑔) + 2𝐻2𝑂(𝑔)           ∆𝐻°298𝐾 = −164.7 𝑘𝐽 𝑚𝑜𝑙𝐶𝑂2  ⁄        (𝑅1) 

𝐶𝑂2(𝑔) + 𝐻2(𝑔) ⇌ 𝐶𝑂(𝑔) + 𝐻2𝑂(𝑔)                  ∆𝐻°298𝐾 = +41.2 𝑘𝐽 𝑚𝑜𝑙𝐶𝑂2            ⁄ (𝑅2) 

 

The exothermic Sabatier reaction competes with the endothermic reverse water-gas shift (RWS, 

R2) reaction for CO production. A high reaction temperature favors higher CO production 

thermodynamically, leading to the need for catalysts that are highly active and selective at lower 

temperatures to enhance the yield of CH4.34 

Results 

Materials composition and structure 

The synthesized materials were subjected to several complementary techniques, the results of 

which are summarized in Figure 2. The specimens are named according to the following 

scheme: 5-Ni/COK-12-X/Y, where X and Y indicate the treatments that the sample has 

undergone. For example, “5-Ni/COK-12” refers to the as-synthesized material with targeted 5 

wt.% Ni, while “5-Ni/COK-12-N2/H2” refers to the material after N2 calcination and reduction 

under H2. Figure 2a shows a TEM image of 5-Ni/COK-12-N2, where the hexagonal pore 

arrangement of the COK-12 support is directly recognizable. In these samples, the inductively 

coupled plasma optical emission spectroscopy (ICP-OES) data indicate a nickel content of 5.3 

wt.% (±0.04%), which is very close to the targeted amount. Figure 2b shows the results of 
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laboratory XRD on COK-12, 5-Ni/COK-12, and 5-Ni/COK-12-N2, where no distinct 

reflections can be observed, except for a broad peak at about 22°, which corresponds to the 

amorphous COK-12 silica support. 

 

 

Figure 2. Morphology and structure analysis of catalysts. a) TEM image of 5-Ni/COK-12-N2, b) XRD 

of COK-12, 5-Ni/COK-12 and 5-Ni/COK-12-N2, along with references. c) N2 gas sorption isotherms of 

COK-12 (●/○), 5-Ni/COK-12 (▲/△), and 5-Ni/COK-12-N2 (■/□), with adsorption branch in full 

symbols and desorption in open symbols. d) NLDFT analysis results of sample 5-Ni/COK-12-N2. 

 

Figure 2c shows the results of the N2 sorption analyses on the COK-12 support and on the as-

synthesized and calcined catalyst. The COK-12 sorption isotherm shows a typical isotherm for 

this material (type IV with an H1 hysteresis loop),10 whereby the large adsorption at the lowest 

pressure suggests the presence of micropores. 5-Ni/COK-12 shows a significantly reduced 

micro- and mesopore volume as well as a widened hysteresis loop, which can be explained by 

the filling of the pores with nickel precursors. 5-Ni/COK-12-N2 exhibits a type IV sorption 

isotherm, but the hysteresis loop features a distinct ‘step’ at P/P0 of about 0.55, which indicates 

a bimodal pore size distribution.35 Brunauer-Emmett-Teller modelling (BET) of the N2 sorption 

measurements gives a specific surface area (SSABET) of 315 m2/g for 5-Ni/COK-12-N2, which 
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is in line with expectations, being somewhat lower than the unfunctionalized COK-12 support, 

which showed a SSABET of 662 m2/g. To complement this measurement, a non-local density 

functional theory (NLDFT) model was used on the data, as shown in Figure 2d, where a bimodal 

pore diameter distribution for 5-Ni/COK-12-N2 is observed with peaks at 5.1 and 6.3 nm and 

a calculated pore volume (Vpore, NLDFT) of 0.40 cm³/g. A summary of the results of the textural 

characterization for all samples can be found in Table 1. 5-Ni/COK-12 has a smaller Vpore, NLDF, 

and a smaller SSABET (0.20 cm3/g and 118 m2/g, respectively), as the nickel precursor has not 

yet been calcined and therefore occupies a larger volume. 

 

Table 1: Calculated properties of samples studied in this work. 

 Sample SBET
a VPore

b dp,NLDFT
b dp,TEM

c dp,SAXS
d a0

d Wt
e Wa

f dNi, SAXS
g dNi, mag

h dNi, ESR
i 

  (m2/gads) (cm3/gads) (nm) (nm) (nm) (nm) (nm) (nm2) (nm) (nm) (nm) 

COK-12 622 0.58 6.8 - 6.2 10.2 4.0 29.8 - - - 

5-Ni/ COK-12 118 0.20 9.6 - 6.8 10.3 3.5 27.7 3.9 - - 

5-Ni/ COK-12-N2 315 0.40 5.8/6.3 - - - - - - - - 

5-Ni/ COK-12-N2/H2 - - - 5.9-6.4 6.3 10.3 4.0 30.4 3.3 3.1 6 

5-Ni/ COK-12-

N2/H2/PR 
- - - 6-6.5 6.2 10.1 3.9 29.0 3.3 3.4 6 

a Specific surface area calculated by the BET method.  

b Specific mesopore volume obtained by the NLDFT method.  

c Mesopore diameter calculated or measured from TEM images.  

d Lattice parameter of the pore lattice, obtained from SAXS data.  

e Wall thickness calculated according to equation (3).  

f Wall area calculated according to equation (4).  

g SAXS-estimated Ni NP diameter  

h Magnetization-estimated particle diameter of the smaller Ni-NP population 

i ESR model-estimated particle diameter of the smaller Ni-NP population 

 

 

 

Structural stability of calcined, activated, and post-reaction catalysts 

To study the changes in the structure of the catalyst and the supported Ni NPs during operation, 

it was subjected to about 28 hours of exposure to accelerated reaction conditions (Figure 3a). 

After a normalized conversion drop of 30%, the catalyst was taken out of the reactor (denoted 

as 5-Ni/COK-12-N2/H2/PR). 5-Ni/COK-12-N2, 5-Ni/COK-12-N2/H2, and 5-Ni/COK-12-

N2/H2/PR were subsequently studied by transmission electron microscopy (TEM), scanning 

transmission electron microscopy-energy dispersive X-ray (STEM-EDX), small-angle X-ray 
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scattering (SAXS), and magnetization measurements to find evidence for the size and location 

of the generated Ni NPs and track changes to the materials’ structure. 

The TEM images of 5-Ni/COK-12-N2/H2 and 5-Ni/COK-12-N2/H2/PR (see Figure 3) show a 

conserved structure of the utilized COK-12 support, displaying a hexagonal ordering of the 

pores, with a diameter range of ca. 5.9-6.4 nm, validating the NLDFT results shown in Figure 

1d. No evidence of Ni NPs can be observed in microscopic images of 5-Ni/COK-12-N2/H2 

or 5-Ni/COK-12-N2. In contrast, 5-Ni/COK-12-N2/H2/PR shows some black spots readily 

visible in Figure S1i, which may be attributed to the formation of larger Ni NPs. These black 

spots are typically around 5 nm in diameter, with the largest measuring 9.9 nm. It is important 

to note, however, that due to the nature of the TEM measurement, it is possible that the smaller 

black spots are the sum of the intensities of pores that are oriented in the direction of the beam. 

Particles larger than 6 nm are probably resulting from the sintering of nickel found on the 

external surface of the COK-12 support, rather than in the pores. They might be the reason for 

the activity loss during the accelerated deactivation treatment shown in Figure 3a. Figure 3d and 

e show the same region on 5-Ni/COK-12-N2/H2/PR, before (d) and after (e) beam damage, 

caused when attempting higher magnifications. Interestingly, the COK-12 support sinters, 

losing all porosity. However, in the place of the pores, darker spots possibly related to sintered 

Ni NPs appear. This serves not only as evidence that most Ni NPs exist inside the pores of the 

support, but also explains the pore size distribution obtained from NLDFT measurements, as 

some pores remain unfilled. As an example, the circled region in Figure 3e shows a clear 

hexagonal arrangement of dark spots, but with the top pores missing, as the sintered pores with 

no Ni present left no Ni agglomeration. 

To provide further insight into the spatial distribution of nickel in the catalyst, STEM-EDX 

mapping was performed on the 5-Ni/COK-12-N2/H2 sample. Figure 3 (f-k) shows the results 

of the performed elemental mapping experiments with STEM-EDX. The overlay in Figure 3f 

shows a clear co-occurrence of silicon and oxygen, as naturally expected of the COK-12 

support. In addition, silicon and oxygen atoms form ordered arrays, demonstrating the 

conservation and the cylindrical shape of the support pores. On the other hand, nickel is detected 

as small signals that are most noticeable between the pore walls but can also be found inside 

them. This is due to TEM showing a 2-dimensional representation of a 3-dimensional particle, 

where each point represents the integrated intensity along that beam path, leading to interference 

from nickel that exists on the surface of the particle or in a pore parallel to the direction of the 

incident electron beam. To further confirm the presence of nickel in the pores, a region scan was 
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performed (Figure 3k), resulting in periodicity in the Si and O distributions, as expected, and a 

periodicity in the nickel distribution, with its counts maximum coinciding with 

 

Figure 3. CO2 methanation and Ni NPs in the COK-12 pores: a) normalized CO2 conversion as a 

function of time on stream using 5-Ni/COK-12-N2/H2. Reaction conditions: T = 400 °C, P = 1.4 bar, 

gas composition: CO2:H2:N2 of 1:3:1, catalyst weight of 20 mg, and GHSV of about 50000 h-1. b) 

TEM images of 5-Ni/COK-12-N2/H2, c) 5-Ni/COK-12-N2/H2/PR. Insets: zoomed-in regions of interest 

with pores measuring 5.9-6.5 nm and intensity profile of the light blue line in c). d) TEM of a different 

region of 5-Ni/COK-12-N2/H2/PR, and e) same region after TEM beam damage, STEM-ECX mapping 

results for sample 5-Ni/COK-12-N2/H2. f) overlay of Ni, Si, and O K edge signal g) Si, h) Ni, and i) O K 

edge signals. j) scanned area image with line scan region, in blue. k) Elemental distribution results of the 

line scan region in j), solid black lines added as guides for the eye. 

 

the minimum counts for silicon and oxygen. The oxygen count amplitude is a bit smaller than 

that of silicon. It may be an indicator that the nickel is oxidized (as can be expected, as the 

samples were exposed to air before the performance of the experiment). Higher TEM 

magnifications could not be achieved due to the material experiencing heavy beam damage 

when the beam was focused in smaller areas (as seen in Figure 3e), making a direct 

measurement of the particles impossible. To resolve this, a model-based post-processing step 

was applied to the SAXS measurements, and estimates of mesopore, micropore, and Ni NP 

sizes were obtained. Figure 4a shows the resulting SAXS curves for the measured samples, 
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showing three well resolved peaks belonging to the (10), (20), and (21) planes of the porous 

hexagonal lattice, common to all samples. 

A weaker reflection, belonging to the (11) plane, can be seen in samples COK-12 and weakly 

in 5-Ni/COK-12. This change in intensity is due to a convolution of the scattering of the pore 

lattice and the cylindrical pores themselves and is extremely sensitive to changes in pore size. 

The q ratio between these reflections (q10:q11:q20 = 1:√3:2) is consistent with a P6m hexagonal 

symmetry of the pore lattice, as shown in the previously discussed TEM images. The change in 

slope at lower q (q < q10 = 0.70 nm-1) between COK-12 and the other samples is attributed to 

changes in macropore volume. In contrast, the differences at higher q (q > q21 = 1.90 nm-1) can 

be linked to changes in the volume and distribution of micropores. Further details can be seen 

in Figure S3, which displays the full SAXS curves, along with the fit results for each sample. 

Figure 4b shows the micropore size distribution for the samples measured. Micropores appear 

in COK-12 as a result of the branches of the triblock polymer used to soft-template the material 

being removed thermally. The reduction in micropore size between COK-12 and 5-Ni/COK-12 

can be attributed to the partial filling of this space with the nickel precursor during the 

functionalization process. After the sample has been exposed to further chemical and thermal 

treatment (i.e. reduction in 5-Ni/COK-12-N2/H2 and reaction conditions in 5-Ni/COK-12-

N2/H2/PR), these pores lose both volume and size. 

Mesopore volume (Figure 4c) also suffers a reduction, which can be explained by the partial 

filling of the pores with the Nickel precursor. Interestingly, sample 5-Ni/COK-12 exhibits 

slightly enlarged pores (6.8 nm in diameter) compared to the other samples (6.2-6.3 nm), which 

revert to their original size after reduction and maintain this size after reaction conditions. These 

pore dimensions are roughly in agreement with what is expected from TEM imaging. Pore size 

was also estimated from gas sorption curves utilizing the NLDFT model, which yielded 

numbers also in agreement for COK-12 but significantly different for the catalyst samples 

(Table 1). This can be explained by the fact that NLDFT uses data based on adsorption curves 

for N2 on pure silica, an assumption that is not entirely correct for the catalysts, as their surface is 

covered with Ni. Changes in wall thickness, area, and lattice parameter can also be seen between 

the samples. Lastly, the model fit’s results for the Ni particle size (Figure 4d) show a diameter 

of 3.9 nm for 5-Ni/COK-12 (more correctly, Ni precursor particle), and an identical distribution 

and diameter (3.3 nm) for 5-Ni/COK-12-N2/H2 and 5-Ni/COK-12-N2/H2/PR. It is essential to 

note that the samples were exposed to air during these ex situ experiments, potentially oxidizing 

the Ni to NiO, which is less dense; therefore, the calculated diameter may be higher than the 
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actual diameter of the metallic Ni particles under reaction conditions. 

 

Figure 4. SAXS (a, b, c, and d) and Magnetization (e and f) model results: a) region of interest of the 

measured SAXS curves for samples COK-12 (black), 5-Ni/COK-12 (red), 5-Ni/COK-12-N2/H2 (blue), 

and 5-Ni/COK-12-N2/H2/PR (green). SAXS model results for b) the micropore diameter distribution, 

c) the mesopore diameter distribution, and d) the Ni particle diameter distribution. (5-Ni/COK-12-

N2/H2 and 5-Ni/COK-12-N2/H2/PR overlap). M(H) data and model results for 5-Ni/COK-12-N2/H2 

and 5-Ni/COK-12-N2/H2/PR, along with best fit curves at e) low- and f) high-applied magnetic field 

intensity. g) schematic showing the modelled quantities and their results for 5-Ni/COK-12- N2/H2. 

 

To study the Ni-NPs further, the M(H) curves for 5-Ni/COK-12- N2/H2 and 5-Ni/COK-12-

N2/H2/PR look like a superposition of two contributions (Figure 4e and f): (i) a slowly, almost 

linearly increasing M(H) at higher fields, which is typical for paramagnets, i.e., where the 

Zeeman energy is much smaller than its thermal energy, and (ii) a more rapid increase of M(H) 

at low H, typical for materials with larger moments and with low anisotropy. We assign the 

contribution (i) to Ni NPs with a very small magnetic moment 𝜇1 = 𝑀s1𝑉m1 with the saturation 

magnetization 𝑀s1 and the effective (with assuming domain size equal to core size) magnetic 
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volume 𝑉m1 and, in the same manner (𝜇2 = 𝑀s2𝑉m2), we assign the contribution (ii) to Ni NP 

being large enough to show sufficiently high susceptibility to allow for saturation within the 

applied field range as suggested by the M(H) shape (Figure 4e and f). For the sake of stability 

while fitting (1) with (3) to the M(H)-data, the constraint 𝜎m = 0.3 ± 0.1 for 𝜎1 and 𝜎2 is adopted. 

Following previous work,36 and assuming nanoparticles in the range of 2 to 10 nm (from the 

SAXS data), we fitted the model with the constraint 𝑀s1 = (49 ± 5) kA/m, for the small Ni NPs 

population. In addition, the extra population of ‘large’ Ni NPs was modelled with 𝑀s2 = (490 

± 50) kA/m, which corresponds to bulk Ni magnetization. With these values, the deviation of 

the model from the data is limited to the values at the largest fields only (Figure 4f). In the face 

of the results, the usage of the bulk magnetization values might be an overestimation (as the 

size of the large Ni NPs is around 6-7 nm), but it is of minor importance as the resulting volume 

is less than 2%. Nickel concentration was remeasured before the measurements to account for 

eventual dilution with the quartz wool used in the reactor, which would lead to excess SiO2 

(Figure S4), finding good agreement with the initial ICP results (5.3 wt.%) for 5-Ni/COK-12-

N2/H2. However, 5-Ni/COK-12-N2/H2/PR was somewhat diluted (3.3 wt.%). For both 

samples (5-Ni/COK-12-N2/H2 and 5-Ni/COK-12-N2/H2/PR), the population of Ni NPs with 

a smaller (dNi,1) size is the more abundant one, measuring 3.1 (±0.5) nm and 3.4 (±0.3) nm in 

diameter and with abundances of 98.6% and 99.5%, respectively. These sizes are in agreement 

with SAXS and further support the idea that these particles exist within the COK-12 pores. 

The second Ni NPs population (dNi,2) is of 6.4(±0.7) nm in diameter and about 1.5% volume 

fraction for 5-Ni/COK-12-N2/H2 and 7.3(±0.5) nm and 0.5% volume fraction in 5-Ni/COK-

12-N2/H2/PR. It can be assigned to particles existing on the surface that are not stabilized by 

the mesopore environment. This marginal growth can be a potential explanation for the 

deactivation observed in Figure 3a, as it implies an 11% reduction in Ni surface area. A 

complete summary of the fit results can be found in Table S1 of the supporting information 

(SI). 

Catalyst performance and structural evolution under reaction conditions 

A complementary view on the processes taking place during activation (i.e. reduction in H2 

atmosphere) and catalysis of 5-Ni/COK-12-N2 can be obtained by operando ESR spectroscopy. 

Figure 5a shows the ESR spectra taken at room temperature after activating the pre-catalyst 

with different protocols. In all three cases, the spectrum exhibits a broad ESR line with a 

resonance field around 290 mT. It should be noted that the COK-12 support is void of ESR 

signals after comparable treatment (Figure S6). In addition, 5-Ni/COK-12-N2 sample lacks 
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any ESR feature (Figure S8). Therefore, the lines in Figure 5a can be solely assigned to 

ferromagnetic resonance (FMR) signals of superparamagnetic, nanometer sized, metallic Ni 

particles. 

 

Figure 5. ESR signal (a, b, c, and d) and catalytic performance (e and f) of 5-Ni/COK-12-N2 materials. 

a) ESR spectra taken at room temperature after activation using different protocols (see legend for 

details). b) ESR spectra at room temperature, after subsequent cycles of activation and methanation 

reaction in various feed compositions. The red trace represents the same spectrum as shown in Figure 

5a for comparison. An identical activation process (refer to legend of the red trace in Figure 5a) was used 

before catalysis in each cycle. The temporal order corresponds to the legend, i.e., from top to bottom. c) 

CH4 selectivity (●), CO2 conversion (▲), and FMR signal amplitude (■) as a function of time on stream. 

For gas feed composition, see legend in b). The FMR signal amplitude corresponds to the spectra in b). 

The final measurement (d) was taken of the spent catalyst with the initial feed (i.e. conditions a in section 

b). d) normalized FMR signal amplitude as a function of temperature during activation (rate: 2.4 K min-

1; gas composition 15 vol.% H2 in N2). Color coding of the symbols corresponds to the spectra shown in 

b). Comparison of achieved conversion (e) and selectivity (f) results with those of literature catalysts, 

according to WHSV, with results for this work indicated in red circles. Tabular data and references are 

given in Table S2 of SI. 

For brevity, these signals will be referred to as FMR signals. The signal amplitude is strongly 

increased if the duration and temperature of the dwell time are raised from 30 min at 350 °C 

(black trace, Figure 5a) to 120 min at 400 °C (grey trace, Figure 5a). Doubling the heating rate 

and the gas flow while keeping dwell time (120 min) and temperature constant (400 °C) reduces 

the FMR signal (red trace, Figure 5a) indicating that the final state of the catalyst depends on 
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the details of the process, however, the reduction of FMR signal is moderate as compared to 

the increase of the signal when prolonging dwell time and increasing temperature. This indicates 

that the formation of superparamagnetic Ni particles is mainly taking place during the high 

temperature treatment in pure H2. For the subsequent characterization of the catalytic properties, 

5-Ni/COK-12-N2 sample is activated according to the procedure, resulting in the red trace of 

Figure 5a. The blue trace, process “a”, shown in Figure 5b was measured after catalysis for 3 h 

(feed composition of CO2:H2:N2 of 1:6:3, T = 400 °C and WHSV = 24600 mlfeed/(gcat*h)) and 

cooling down to room temperature in the reaction feed. 

A significant increase in signal amplitude of Figure 5b is observed as compared to the activated 

sample (red trace; spectrum from Figure 5a). Since the resonance position and the line shape 

are comparable, this increase in signal amplitude is indicative of an increased magnetization of 

the sample. As the reaction feed is less reductive than the pure H2 feed used for activation, the 

increase cannot be due to a further reduction of the Ni species into the metallic state during the 

Sabatier reaction. Instead, it is expected that the rise in the FMR signal is indicative of a slight 

increase in the particle size of the Ni NPs. The corresponding catalytic performance obtained 

during CO2 methanation is given in Figure 5c (CO2 conversion (black triangles) and CH4 

selectivity (blue circles)). A CO2 conversion of 77 % with a CH4 selectivity of 90 % was 

observed in the initial educt composition of CO2:H2:N2 of 1:6:3 (averaged over the last hour; 

for the development of conversion and selectivity during the 3 h on stream, refer to Figure S7). 

As the ESR result indicates sintering of Ni particles, the same catalyst was subsequently 

subjected to cycles of activation and catalytic reaction using the same procedure, except that 

the gas composition was altered as indicated in the legend of Figure 5b. With each of the cycles, 

the FMR signal increases (Figures 5b and cubic symbols in Figure 5c), indicating that the Ni 

particles are growing as a function of time on stream. In the subsequent two cycles, the fraction 

of CO2 is increased, resulting in a decline in catalytic performance (sections “b” and “c” of Figure 

5c). Based on previous reports for Ni-based catalysts in the Sabatier reaction, such a decrease in 

CO2 conversion is in line with expectations. 23 However, it is essential to note that sintering of 

the particles will be associated with a loss in activity. To this end, the last cycle specified as 

process “d” was conducted using the initial reactant compositions. The FMR intensity 

monotonously increases (light blue trace, Figure 5b), which is associated with a sizable loss in 

catalytic activity (section “d” of Figure 5c). While the gas mixture of CO2:H2:N2 equal to 1:6:3 

resulted in a CO2 conversion of 77% and a CH4 selectivity of 90% at the beginning, lower 

values of 50% and 53% for conversion and selectivity, respectively, were observed when 
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repeating the same feed composition for the last cycle. The increased FMR signals, along 

with a decline in catalytic performance, indicate an increased particle size of the Ni particles. 

However, it is important to note that in situ XRD results of 5-Ni/COK-12-Ar taken in a variety 

of conditions (Figure S2) prove the absence of crystalline Ni particles, which excludes the 

presence of a sizable fraction of Ni particles with particle sizes larger than about 10 nm. 

Additionally, no indication of the formation of graphite can be observed in the recorded ESR 

spectra, excluding extensive coking of the catalyst. To provide further evidence for the growth 

of the Ni particles during catalysis, the Curie temperature of the particles was determined for 

the samples during the activation process of the first three cycles, as illustrated in Figure 5d 

(normalized intensity to the corresponding room temperature signal, see Figure S5). According 

to literature, it is expected that the Curie temperature will increase with particle size 

approaching the bulk value of 631 K.37 To this end, it is essential to keep in mind that the most 

significant changes are expected for particles in the range of 1-4 nm, while changes are expected 

to be relatively smaller if particles are above 5-15 nm.37 The temperature-dependent ESR 

spectra show an increase of Curie temperature with increasing time on stream (3h: 539 K; 6 h: 

553 K; 9 h: 553 K, see the inset of Figure 5d). While the Curie temperature increases by about 

15 K between the first and the second cycle, a change between 6 and 9 h on stream could not be 

detected. The obtained Curie temperatures suggest a Ni particle size of about 6 nm.37 These 

results are well in line with expectations for growth on Ni particles during time on stream, and 

sizes of the particles, which are below 10 nm, being the upper limit consistent with the in situ 

XRD results. 

Finally, the performance of the synthesized catalyst after activation under H2 and 3 hours on 

stream in the Sabatier reaction using the educt composition of CO2:H2:N2 equal to 1:6:3 is 

compared with other Ni/OMS catalysts previously reported in the literature, synthesized using 

similar methods (Figure 5f, Table S2). Over the three-hour testing period, some deactivation 

can be observed (Figure S9), and as previously discussed, it is likely due to the sintering of Ni 

NPs.  

Discussion 

Very finely dispersed Ni nanoparticles were generated on the inner surface of COK-12 and 

showed activity towards CO2 methanation. Most of the resulting particles were localized in the 

mesopores of COK-12. The resulting catalyst showed excellent textural properties (SSABET = 

315 m2/g, Vpore = 0.40 cm3/g). No crystalline reflections under laboratory XRD experiments 

were found, despite the presence of nickel (5.3 wt.%), verified by ICP measurement. The 
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changes triggered by the activation process under H2 and the exposure to CO2 methanation 

conditions to the generated Ni NPs were tracked through in situ XRD and operando ESR. In-

situ XRD results suggested the absence of large crystallites during both the activation process 

and the applied reaction conditions. TEM imaging revealed no large agglomerates formed even 

during accelerated aging conditions, showing that the generation of particles exceeding the pore 

size of the support is rare, and probably due to the sintering of nickel outside the pores, on the 

external surface of the support. Further STEM-EDX analyses showed most of the nickel being 

located in the pores of COK-12. Complementary SAXS measurements and further modelling 

confirm the pore diameters of about 6.3 nm and estimate the Ni particle size distribution mean 

value of about 3.3 nm. In contrast, magnetization measurements estimate two populations, one 

at 3.1-3.4 nm (over 98% of the particle volume) and another at 6.4-7.3 nm (less than 2% of the 

total volume). Operando ESR results hinted towards an increase in the size of the Ni NPs under 

reaction conditions. From the Curie temperature of the particles, the size of the largest particles 

can be estimated to about 6 nm, which increases marginally over the time on stream. Notably, 

while in situ XRD experiment could not detect development of reduced catalyst upon switching 

to reaction conditions, operando ESR measurements could prove the presence of metallic Ni 

particles through their ferromagnetic resonance response and provide evidence for particle 

growth at elevated temperature, whose extent depends on the process parameters (temperature, 

gas composition) and is negatively correlated with catalytic performance.  

Methods  

Chemicals 

Nickel nitrate hexahydrate (Ni(NO3)2·6H2O, p.A., Art. 6721) was purchased from Merck 

(Darmstadt, Germany). Ammonia solution (NH3+H2O 25%, p.A., Art.-Nr. 6774.2) was 

obtained from Carl Roth (Carl Roth GmbH+Co.KG, Karlsruhe, Germany). Pluronic P123 (MW 

~ 5800 g mol-1) was obtained from Sigma-Aldrich (Merck, Germany). Citric acid (≥99.5 %, 

anhydrous), trisodium citrate dihydrate (≥99 %), and sodium silicate (7.8–8.5 wt.% Na2O, 25.8–

28.5 wt.% SiO2) were purchased from Carl Roth (Carl Roth GmbH+Co.KG, Karlsruhe, 

Germany). Deionized water (DIW) was used for all syntheses and preparations. 

Synthesis of the ordered mesoporous silica support (COK-12) 

The synthesis of COK-12 was performed in a batch that was upscaled by a factor of 50, as 

previously reported. 10 Briefly, 200 g P123 were dissolved in 5375 ml DIW before 168.1 g 

anhydrous citric acid, 144.1 g trisodium citrate dihydrate, and a solution of 520 g sodium silicate 

in 1500 ml DIW were incorporated. After a day of aging at room temperature, the precipitated 
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solids were filtered from the aqueous solution, washed with 25 liters of DIW, and dried at 60 

°C. The resulting powder was calcined at 500 °C for two hours, in order to remove the organic 

template. 

Metal loading 

Incipient wetness impregnation followed by vacuum drying was conducted on the COK-12 

support by the following procedure: 0.515 ml/gCOK-12 of a nickel nitrate hexahydrate solution 

(6.25 g Ni (NO3)2·6 H2O/ 10 ml DIW) was put in contact with 1 g of COK-12. The resulting 

light-green powder was vacuum dried immediately following the deposition using a vacuum 

furnace (VT 5042 EK, Heraeus, Germany) at room temperature until dryness (typically 2 

hours). The produced powder was then impregnated with an ammonia solution, triggering a 

color change to light blue upon formation of the nickel-ammonia complex, and subsequently 

vacuum dried again. The obtained pre-catalyst is referred to as 5-Ni/COK-12 in this paper. 

Preparation of samples for further characterization 

The setup for the preparation of calcined, activated and post-reaction catalyst samples consisted 

of three mass flow controllers (EL-Flow Prestige, Bronkhorst, Netherlands), a plug flow reactor 

(8 mm in diameter, 40 cm in length), and an online gas chromatograph (Agilent µGC 490) 

equipped with CPMolsieve 5 Å and PoraPLOT Q columns able to measure CO2, H2, N2 CO, 

and H2O.  

 
Diagram 1: Explanatory diagram of the samples in this work. 
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The catalyst was positioned in the middle of the reactor tube using quartz wool in the 

downstream part and supported in place by the thermocouple. The downstream lines were 

heated and insulated to avoid product condensation. Catalyst was calcined under N2 at 350 °C 

for two hours and then activated at 400 °C under a pure H2 atmosphere for another 2 hours. 

Samples are named according to the thermal treatment they underwent. 5-Ni/COK-12-N2 refers 

to the catalyst after calcination under N2, 5-Ni/COK-12-N2/H2 after activation (reduction under 

a pure H2 atmosphere, 1.4 bar, 400 °C for two hours), and 5-Ni/COK-12-N2/H2/PR for the 

catalyst after exposure to reaction conditions (P = 1.4 bar, T = 400 °C, CO2:H2:N2 ratio of 1:3:1, 

Gas hourly space velocity (GHSV) = 50000 h-1). Diagram 1 provides clarification about all the 

samples used in this work.  

Characterization 

The elemental analysis of bulk nickel concentration in the catalyst was performed with 

inductively coupled plasma optical emission spectroscopy (ICP-OES) in a Horiba Scientific 

ICP Ultima2 (Horiba, Kyoto, Japan). The sample was digested in an aqueous suspension with 

the addition of HNO3 and HF at 200 °C for 5 h in an autoclave. 

Powder X-ray diffraction (XRD) measurements were performed using a D8 ADVANCE X-ray 

diffractometer (Bruker AXS GmbH, Germany) equipped with a Lynx Eye 1D detector with a 

copper radiation source (λ (Kα) = 1.542 Å). The measurements were carried out in a Bragg-

Brentano geometry and a divergence slit of 0.5°. The 2θ angles from 10° to 80° were collected 

in 0.020° increments with 1 s per increment at room temperature. Samples were ground with an 

agate mortar before the X-ray diffraction was conducted. 

High-resolution in-situ synchrotron X-ray diffraction (HR-XRD) characterization was carried 

out at the P02.1 beamline for powder diffraction and total scattering.38 In situ XRD was operated 

at 60 keV (0.207 Å) with a sample–detector distance of 1200 mm in center ring configuration 

on a Varex 4343CT area detector. The beam size used was 0.7 mm x 0.7 mm. The sample was 

positioned in an experimental cell, designed for flow-through experiments under high 

temperature and pressure, described elsewhere.24 The 2D images from the detector were 

integrated using Dioptas software39 and plotted using Origin (Pro), Version 2022 (OriginLab 

Corporation, Northampton, MA, USA). Temperature and gas composition were varied, while 

pressure was held at 1.4 bar. Calcination before experiments was performed in situ at 350 °C 

under 10 ml/min and 1 bar of Ar for 30 min (5-Ni/COK-12-Ar). The samples used for the in 

situ XRD experiments were not further studied, as the sample mass was too low to reliably 

perform ex situ experiments. 
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Operando ESR measurements were taken on a Bruker EMXplus X-band ESR spectrometer, 

equipped with a high temperature resonator, ER 4114 HT (TE011 mode). ESR spectra were 

recorded at approx. 9.15 GHz with a microwave (MW) power of 2.00 mW (MW power 

attenuation of 20 dB), applying a modulation frequency of 100 kHz and a modulation 

amplitude of 0.3 mT. 6.2 mg of 5-Ni/COK-12-N2 was placed in a plug flow reactor, made of 

Suprasil® quartz, with a nominal internal diameter of 1 mm and a catalyst bed length of 25 mm. 

A set of flow controllers (EL-FLOW Prestige, Bronkhorst) and a pressure controller (P-702CV, 

Bronkhorst) were utilized to set a flow rate of 2.54 mln min-1 (mln: milliliters measured at 

normal conditions) and set a pressure of 1.4 bar in conducted operando experiments. A 

temperature controller and software (3504, iTool V9.79, Eurotherm) are used to set the 

temperature program with a reaction temperature of 400 °C. 

The molar percentage of produced CO2 and CH4 were obtained via a flame ionization detector 

(FID) using an Agilent 7890A GC device equipped with a Polyarc® reactor (arc® activated 

research company, MN, USA). The molar fractions of CO2, CO, and CH4 were calculated in 

reference to calibration gas mixtures (Air Liquid, Germany) with their compositions presented 

in Table S3. The only side product observed during operando ESR measurements was CO 

produced by the competing r-WGS reaction. The mol.% of CO2, CO, and CH4 in the product 

stream were averaged over the last hour of time on stream and were used to obtain CH4 

selectivity and CO2 conversion according to equations 1 and 2, respectively. 

𝐶𝐻4  𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = 100 × 
[𝐶𝐻4]

[𝐶𝑂] + [𝐶𝐻4]
 

        (Eq.1) 

 𝐶𝑂2  𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = 100 ×  
[𝐶𝑂] + [𝐶𝐻4]

[𝐶𝑂2] + [𝐶𝑂] + [𝐶𝐻4]
 

         (Eq.2) 

The experiment design includes activation process and reaction. During activation, the 

temperature is increased with a rate of 2.4 K min-1 up to 400 °C in 15 vol.% of H2 in N2, followed 

by a holding time of 120 min in pure H2 at 400 °C. For catalysis, an activated 5-Ni/COK-12-

N2 sample was exposed to various CO2:H2:N2 gas compositions at 400 °C. The Curie 

temperature of Ni nanoparticles (≈550 K/280 °C) is lower than the reaction temperature (400 

°C); therefore, the effects of various gas compositions on the ESR line are compared based on 

the measured spectra after cooling down to room temperature in situ, i.e., under the same 

reaction conditions. 

Catalyst microscopic imaging was carried out using a transmission electron microscope (TEM) 
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FEI Tecnai G2 20 S-TWIN (FEI, USA) equipped with a LaB6-source at 200 keV acceleration 

voltage. Images were recorded with a GATAN US1000 CCD camera. EDX was carried out 

with a Si(Li) EDX (EDAX) r-TEM SUTW Detector(EDAX Inc., NJ, USA) with a solid angle 

of 0.3 sr. As acquisition software, Digital Micrograph (GATAN, Inc.) and GeneSIS (EDAX 

Inc.) were used. The taken images are all bright-field images (BF). 

STEM-EDX mapping experiments were performed using a probe-corrected JEM-ARM300F2 

STEM instrument (JEOL Ltd.) with a cold field emission gun (FEG) electron source, operated 

at 300kV. The instrument is equipped with bright field (BF), annular bright field (ABF), high-

angle annular dark field (HAADF), SE/BSE detector, and a windowless, dual-SDD EDX 

system (JEOL Ltd.) with a solid angle of 2.2 sr. As image acquisition software, the instrument 

provided TEM-Center's ScanImageViewer, and for elemental analysis, AnalysisStation was 

used (both JEOL Ltd.). 

SAXS data were collected using the MOUSE instrument, using a microfocus monochromatized 

X-ray source Cu Kα (λ=1.54 Å).40 Data were collected using an in-vacuum Eiger R 1 M 

detector (Dectris, Switzerland) placed at multiple distances between 57 and 2507 mm from the 

sample. The powder was held between two pieces of Scotch Magic tape. The resulting data were 

processed using the DAWN software package using standardized data correction procedures.41, 

42 Fitting of the SAXS data was performed using the SASfit software package, utilizing a 

previously reported fitting model for COK-12 samples.11, 43, 44 To account for the presence of Ni, 

an additional scattering population was incorporated into the model using a spherical form 

factor with a log-normal size distribution. This modification allowed the model to describe the 

scattering contributions from both the pore structures within COK-12 and the Ni particles. 

Wall thickness, Wt, was calculated from the data according to equation 1: 

𝑊𝑡 = 𝑎0 − 𝑑𝑝 (Eq.3) 

Where a0 is the obtained lattice parameter from SAXS measurements, and dp is the pore 

diameter. In addition, the wall area (Wa) of the system was calculated, as follows:45 

𝑊𝑎 =
√3

4
𝑎0

2 −
𝜋

8
𝑑𝑝

2 
(Eq.4) 

 

The quasistatic response of the sample magnetization 𝑀 to applied magnetic fields 𝐻, i.e., the 

M(H) curve at room temperature, was measured using a commercial SQUID magnetometer 

(MPMS XL5, QuantumDesign). The data were corrected with respect to the magnetization of 

the empty sample holder as well as the diamagnetic response of the abundant host material SiO2. 

Hence, the obtained M(H)-data represent the magnetization of the Ni NPs. 
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The M(H)-data were analyzed using a single domain model (superparamagnetic behavior) to 

obtain information on magnetization and size of the Ni NPs. This model assumes that the Ni 

NP comprises one domain because of their small size. Furthermore, we assume that the 

moments’ Néel relaxation time is much smaller than the measurement time for one data point, 

so that the moments are in thermal equilibrium. Finally, the interaction between the Ni NPs is 

neglected. 

In order to relate the magnetization to the size, i.e., to the volume, of the nanoparticles, we 

normalize the magnetization to the volume fraction 𝜙 of the Ni NP, which is calculated from 

the concentration 𝑐Ni according to 𝜙 = 𝑐Ni𝑀Ni /𝜌Ni, where 𝑀Ni and 𝜌Ni are the molar mass and 

the density of Nickel for which we apply the bulk value. 

Then, the distribution 𝑓(𝑑m) of the effective magnetic diameters 𝑑m of magnetic (single domain) 

particles with the saturation magnetization 𝑀s and the effective domain volume 𝑉m can be 

described by: 

𝑀(𝐻) = 𝜙𝑀s

1

𝑉̅m

∫ 𝑓( 𝑑̃m, 𝜎m, 𝑑m)𝑉m𝐿(𝑀s, 𝑉m, 𝐻, 𝑇) d𝑑m 
(Eq.5) 

where 𝜙 is volume fraction of the magnetic phase or component of the particles and L denotes 

the Langevin function. As shown by XPS measurements, the Ni particles are oxidized on the 

surface, and NiO is an antiferromagnet, which can lead to a significant surface anisotropy (or 

more precisely, as pinning of the magnetic moments at the interface).23 

It is assumed that the distribution of the diameters of nanoparticles obeys a lognormal function. 
 

𝑓(𝑑̃m, 𝜎m, 𝑑m) =
1

√2𝜋𝜎m𝑑m

exp {−
(ln(𝑑m) − ln(𝑑̃m))

2

2𝜎m
2

} (Eq.6) 

 

determined by the median 𝑑̃m and the dispersion parameter 𝜎m. 

For the present study, it turned out that the fit to the data was significantly improved by 

assuming a bimodal size distribution (Eq. 7), with different parameters, as it is known that the 

saturation magnetization of very small nanoparticles may lag much behind the bulk value.36 

𝑀(𝐻) =
𝜙𝑀̅s

𝑉̅m

∫ ∑ 𝜙𝑖

2

𝑖=1

𝑓𝑖( 𝑑̃m,i, 𝜎m,i, 𝑑m)𝑉m,i𝐿(𝑀s,i, 𝑉m,i, 𝐻, 𝑇) d𝑑m 

 

(Eq.7) 

where f1, f2 are given by eq. (6) and 𝜙1, 𝜙2 are the volume fractions of the two populations 

with 𝜙1 + 𝜙2 = 1. 

Sample Ni concentration for the magnetization measurements was remeasured through X-ray 

photoelectron spectroscopy (XPS) with a Thermo Scientific K-AlphaTM+X-ray photoelectron 
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spectrometer system with a hemispherical 180° dual-focus analyzer with a 128-channel 

detector. The monochromator used micro-focused Al − Kα irradiation. The spectra were 

evaluated with Thermo Scientific Software “Avantage”. Before deconvolution, the binding 

energy positions were calibrated using carbon (C) 1s (284.8 eV). Samples were analyzed by 

nitrogen sorption using a QuadraSorb Station 4 apparatus (Quantachrome, USA). Isotherms 

were recorded at 77 K after degassing for 12 hours at 200 °C under vacuum. The surface area 

was determined using the Brunauer-Emmet-Teller (BET) method in the range of 

0.05<P/P0<0.35. NLDFT method (in equilibrium).46 All nitrogen sorption data were analyzed 

using the QuadraWin (Anton Paar QuantaTec Inc.) software. 
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Figure S1. TEM images of 5-Ni/COK-12-N2 (a, b, and c), 5-Ni/COK-12-N2/H2 (d, e, and f), and 5-

Ni/COK-12-N2/H2/PR (g, h, and i). 

 

Figure S2. a) waterfall plot of measured in situ x-ray diffractograms (T = 400 °C, P = 1.4 bar, GHSV: 

about 100000). b) Intensity heatmap (red: more intense, blue: less intense) of the corresponding 

diffractograms as a function of time on stream. c) diffractogram for (5-Ni/COK-12-Ar) at the end of 

the different steps of the in situ XRD experiment, along with references. 
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Figures S2a and S2b display in situ XRD of 5-Ni/COK-12-Ar during thermal ramping under 

15 vol.% H2 in Ar, activation at 400 °C and 1.4 bar in pure H2, CO2-containing reactions 

(CO2:H2:Ar 2:4:4), and pure CO2. No significant changes appear in the diffractograms after 

about 4 hours (Figure S2c), with no sharp reflections or graphitic carbon detected, indicating 

no large crystallites or coke formation. Both diffractograms show a broad peak at 2.86° from 

the COK-12 support, with a slight intensity drop at 1.58°, likely due to volatilization of 

amorphous residues. The wave-like pattern results from overlapping broad peaks of Ni and 

NiO.  

 

Figure S3. Measured SAXS curves, model breakdown, and fit results for COK-12, 5-Ni/COK-12, 5- 

Ni/COK-12-N2/H2, and 5-Ni/COK-12-N2/H2/PR. 
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Figure S4. Ni 2p XPS for samples 5-Ni/COK-12-N2/H2 and 5-Ni/COK-12-N2/H2-PR, along with 

their corresponding relative quantification between O, Si, and Ni. The 2p3/2 peak position is consistent 

in both cases (856.6 and 856.8 eV, respectively) with NiO (or Ni(II) (hydr-)oxides), but not with Ni0, 

which is expected at 852.73 eV. 1  

 
Figure S5. As-measured ESR spectra during the temperature ramp of the activation process in 15 

vol.% H2 in N2. During the initial activation of the 5-Ni/COK-12-N2 sample, an FMR signal is formed. 

In the following activation process, an FMR signal diminishes as the temperature rises. 
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Figure S6. As-measured ESR spectrum of COK-12 at room temperature after the same activation 

process, applied for methanation reaction (heating ramp of 2.4 K min-1 in 15 vol.% H2 followed by a 

holding time of 2 h, at T = 400 °C in H2). 

 

Figure S7. Reactor outlet composition during the Sabatier reaction. Conditions: T = 400 °C, P = 1.4 bar, 

CO2:H2:N2 = 1:6:3, GHSV = 7800 h-1. 
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Figure S8: As-measured ESR results of pristine sample (5-Ni/COK-12) and calcined sample (5-

Ni/COK-12-N2). 

 

Figure S9. CO2 conversion and CH4 selectivity for the 5-Ni/COK-12 catalyst, after calcination under 

N2 and activation under H2 in the reactor. Conditions: Gas composition: CO2:H2:N2 of 1:6:3, T = 400 

°C, P = 1.4 bar, WHSV = 24600 mlfeed/(gcat h). 

 

Table S1: M(H) curve fit input data and results 

 Inputs Outputs 

Parameter CNi 
WNi 𝜎

Ni 𝑑̃m1 𝜎m,1 𝑑m1,𝑣1
* 𝑀s1 

𝜎
2 𝑑̃m2 𝜎

m,2 
𝑑

m2,𝑣2* 𝑀s2 𝜒𝑖** 

Units mmol/L % % nm - nm kA/m - nm - nm kA/m - 

Initial Constraint - - - - 0.3±0.1 - 49±5 - - 0.3±0.03 - 490±49 - 

5-Ni/COK-12-N2/H2 2630 5.6 1.7 3.03±0.4 0.10±0.11 3.08±0.50 53±6 1.34±0.18 7.1±0.4 0.13±0.02 7.3±0.5 491±60 0.084 

5-Ni/COK-12-

N2/H2/PR 
1524 3.3 1.0 3.42±0.3 0.02±0.13 3.42±0.31 70±6 0.54±0.09 6.1±0.5 0.17±0.03 6.4±0.7 492±67 0.037 

* Volume-weighted average diameter 

**Initial susceptibility 
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Table S2: Literature references for selected catalyst activities 

Catalyst 
Preparation 

Method 

WHSV 

(mL·g−1·h−1) 

Conversion 

CO2 (%) 

Selectivity 

CH4 (%) 

T 

(°C) 
Ref. 

5% Ni/COK-12 
Sequential 

impregnation 
24600 82 93 400 

This 

Work 

Ni/SiO2 Impregnation 10,000 55 90 400 2 

N/S-24-Hy 

Incipient 

wetness 

impregnation 
60,000 80.4 99.8 400 3 

10Ni/SiO2 
Sequential 

impregnation 
15,000 73.2 98.7 400 4 

Ni/Mg/Si 
Sequential 

impregnation 
15,000 61.9 92.1 400 4 

Ni/Ca/Si 
Sequential 

impregnation 
15,000 73.3 98.9 400 4 

Ni/Sr/Si 
Sequential 

impregnation 
15,000 76.3 99 400 4 

Ni/Ba/Si 
Sequential 

impregnation 
15,000 74.9 98.9 400 4 

5%Ni/SiO2 Wet impregnation 60,000 52.7 92.8 400 5 

Ni/SiO2-ZrO2 Impregnation 10,000 75 100 400 2 

Ni/SiO2-Al2O3 Impregnation 10,000 70 100 400 2 

Ni/SBA-15-Op Hydrothermal 10,000 76 97 420 6 

5 wt % Ni/MSN Wet impregnation 50,000 64.1 99.9 300 8 

Ni-MCM-41 One-pot synthesis 19,700 20 80 400 7 

5% 

Ni/MCM_iwi 

Incipient wetness 

impregnation 
8600 70 95 400 9 

Ni-MCF One-pot synthesis 8600 39 58 400 9 

Ni-MCM One-pot synthesis 8600 51 79 400 9 

5%Ni/fibrous 

SBA- 15 

Incipient wetness 

impregnation 
24,900 98.9 99.6 400 10 

Ni/MCM-41 
Deposition– 

precipitation 
9000 64 96 380 11 

¶ 
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Table S3: Composition of calibration gas mixtures used in operando ESR measurements 

calibration mixture composition 

customized mixture 1 CO: 1% 
CO2: 1% 

O2: 1% 
N2: 47% 

He: rest 

customized mixture 2 CH4: 2% 
C2H6: 3% 

C2H4: 2% 

C3H8: 3% 

C3H6: 2% 

n-C4H10: 2% 

n-C5H12: 2% 
N2: rest 
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List of abbreviations 
 

AZO: Al-dopped ZnO 

CCU: carbon capture and utilization 

COD: crystallography open database 

CZA: Cu/ZnO:Al catalyst 

DFT: density function theory 

Doc. no.: document number 

EDS: energy-dispersive X-ray spectroscopy 

ESR: electron spin resonance 

FC: flow controller 

FID: flame ion detector 

FHI: Fritz Haber Institute 

FR: ferromagnetic resonance 

FTIR: Fourier-transform infrared spectroscopy 

GC: gas chromatography 

GHSV: gas hourly space velocity 

HO: hydrogen substitute of oxygen vacancy 

HOMO: highest occupied molecular orbital 

ID: internal diameter 

IR: infrared 

LUMO: lowest unoccupied molecular orbital 

MAS-NMR: magic-angle spinning nuclear magnetic resonance 

MCPT: microwave cavity perturbation technique 

MW: microwave 

NMR: nuclear magnetic resonance 

PC: pressure controller 

r-WGS: reverse water-gas shift reaction 

SMSI: strong metals upport interaction  

SPR: superparamagnetic resonance 

STEM: scanning transmission electron microscopy 

TCD: thermal conductivity detectors 

TEM: transmission electron microscopy 

TGA-MS: thermogravimetry coupled with mass spectrometry 

TMI: transition metal ions 

TPR: temperature program reduction 

VNA: vector network analyzer 

VO: oxygen defects 

XAS: X-ray absorption spectroscopy 

XPS: X-ray photoelectron spectroscopy 

XRD: X-ray diffraction
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Appendix 
 

A: Baseline of ESR in various gas compositions  

Spectra are measured at a modulation amplitude of 0.3 mT and a modulation frequency of 100 

kHz, with an applied microwave power of 2 mW and a power attenuation of 20 dBm. A reactor 

containing only glass wool is used to measure the baseline using a flow rate of 0.65 ml/min. 

 

Figure A.1: As-measured ESR of empty reactor at: a) at room Temperature in air (no flow was applied). 

b) at 230˚C in N2. c) 230˚C in O2. d) at 230˚C in H2. Each section shows two spectra measured in two 

different days to investigate reproducibility. 

 

 

 

 

 

 

 

Figure A.2: As-measured ESR spectra of baseline and a Cu/ZnO/Al2O3 sample at room temperature in 

air media. 
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B: Configuration of selection valves 

  

Figure B.1: Configuration of three selection valves in the gas supply system of the experimental 

apparatus. B and C denote manual 46UWE, and D represents pneumatic A66UWE valves. Valve B can 

add wet N2 stream from the saturator to the educt. Valve C can guide the educt stream to GC. Valve D 

can conduct the educt stream to either MCPT or ESR inlet, and the outlet stream from either MCPT or 

ESR to the GC device. The illustrated configuration with dots shows a stream of educt which is not 

mixed with the wet N2 stream and is guided to the reactor of ESR. The arrows depict the direction of 

flows, e.g., the flow in port 3 of valve B is connected to port 6 of valve C. 
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