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1 1.1 Catalysis and catalyst 

1.1.1 Catalysis: past and present 

Catalysis plays an important role in modern society. It is applied both 

in environmental pollution control and in the manufacturing of important 

chemicals. A clear example is the three-way catalyst, which helps to reduce 

pollution from car engines 1. Catalysis is one of the main drivers of the 

modern economy. A majority of food, clothes, pharmaceuticals, fuels and 

petroleum are produced from catalytic processes. It is estimated that the total 

impact of catalysis and catalysis related processes is up to 10 trillion USD per 

year, which contributes to almost 20% of the world’s GDP 2. The term 

‘catalysis’ was first coined by the Swedish chemist Berzelius in 1835 3,4. He 

proposed that a catalyst influences the course of a reaction, but remains 

unchanged. Later, Faraday discovered that heterogeneous catalysis takes 

place on reaction sites at the surface of catalysts. In 1895, Ostwald coined the 

first proper definition of a catalyst: “A catalyst is a substance that influences 

the rate of a chemical reaction, without itself appearing into the products, 

but does not influence the equilibrium”.  

1.1.2 Principles of catalysis 

Nowadays, a more popular description of a catalyst is: “a substance 

that accelerates the rate of a chemical reaction by offering different pathways 

lower in energy than the respective uncatalyzed (gas-phase) reaction 

without being consumed itself”. A heterogeneous catalytic reaction process 

involves a sequence of elementary steps, in which reactant molecules first 

adsorb on the catalyst, react and finally the products desorb from the surface. 

In the potential energy diagram in Figure 1.1, showing the reaction between 

two molecules A2 and B2 the first adsorption step is an exothermic process, 

leading to a lower energy with no activation barrier. The intramolecular 

bonds A-A and B-B are broken or weakened by bonding with the surface. In 

the second step, when the atoms A and B are in proximity of each other on 

the catalyst, a new bond is created between A and B to produce the molecule 

AB. In the presence of the catalyst, the activation energy for this reaction is 
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1 
significantly lower than for the uncatalyzed process. Finally, the product AB 

is desorbed from the surface to complete the catalytic cycle. In the figure, 

both reaction pathways end at the same energy level. Thus, the catalyst 

solely affects the kinetics of the reaction, but not its overall potential energy.   

 

Figure 1.1. Potential energy diagram of a reaction (A2+B2→2AB) through 

catalytic and non-catalytic pathways. Note that the uncatalyzed reaction has 

to overcome a substantial energy barrier, whereas the barriers in the catalytic 

route are much lower (adapted from 5).  

1.1.3 Cu Catalyst 

In heterogeneous catalysis, the role of a catalyst surface is to provide 

an energetically favorable pathway for a reaction. For catalysts, the electron 

structure plays a vital role in determining the reactivity. A typical example 

is CO adsorption on transition metals. In a CO molecule, carbon and oxygen 

are connected by a triple bond with six shared electrons in three bonding 

molecular orbitals, 5σ, 1 and 2. It is generally accepted that interaction 

with a metal surface mainly involves the 5σ and 2π orbitals of CO and d 

orbitals of the metal 5–7. Upon interaction, the 5σ orbital transfers electrons to 

metal orbitals, while 2 orbital receives d electron back donated from the 

metal 5–7. Since the 5σ level is lower in energy than the metal d bands, the 5σ-

d interaction yields a filled bonding orbital and an almost filled antibonding 

orbital. In contrast, the 2𝜋 orbitals are higher and close to the metal orbitals, 
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especially the d bands. As the d-band moves up in energy from Cu to Fe in 

the periodic table, the interaction with 5σ becomes smaller, but their 

interaction with 2π increases, which plays a major role in the bonding 5–7. 

Furthermore, the Fermi level is rising from Cu to Fe, making the electron 

back donation to 2π of CO easier 6. Thus, the bonding strength with CO 

molecules increases from Cu to Fe in the periodic table. This explains why 

CO dissociation takes place on Fe and Ru, while it adsorbs without 

dissociating on Cu and Ag.  

Based on these characteristics, Fe and Co-based catalysts can be 

applied in Fischer-Tropsch synthesis, where CO dissociation has to take 

place 8,9, while Cu, Au catalysts are suitable for many reactions that require 

a medium interaction with CO molecules 10,11. In industry, Cu is a benchmark 

catalyst for methanol synthesis, water-gas shift and its reverse reactions 10,12. 

However, Cu metal itself shows low reactivity in these reactions due to the 

weak interaction with CO2 and H2O. Thus, an oxide phase, for instance ZnO 

or CeOx, is introduced to enhance Cu catalyst reactivity 10,12.  

1.1.4 Cu/ZnO Catalyst 

Cu/ZnO catalysts have been widely applied in methanol synthesis 

and water-gas shift (WGS) processes 10,13–20. In industry, Cu/ZnO catalysts, 

with a Cu/Zn molar ratio of 70/30, are usually prepared by a co-

precipitation method 13. The role of ZnO has been the subject of much debate.  

For a time, Cu/ZnO catalysts were considered as supported systems, and 

that the role of ZnO is mainly to achieve larger and more stable copper 

surface areas, i.e. to provide better dispersion of the Cu 15. 

However, ZnO does not only function as a support. It is now well 

accepted that ZnO promotes the reactivity of Cu and its promotion role has 

been described in different ways. Topsoe and co-workers proposed that ZnO 

influences the morphology of Cu crystals and the reversible dynamic 

changes in the morphology during methanol synthesis 16,17. They found that 

this is related to a change in the number of oxygen vacancies at the Zn-O-Cu 

interface 17. Burch et al. proposed a synergy interaction between Cu and ZnO 
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in  methanol synthesis 18,19. They found that H2 dissociation takes place on 

metallic Cu and that H atoms are transport to ZnO located nearby, which 

results in ZnO being hydrided and hydroxylated. Further, the hydroxyl 

species react with adsorbed CO on Cu to form formate (COOH), which is 

finally hydrogenated into methanol at the Cu and ZnO interface. Schott et al 
20 reported that a partially reduced ZnOx layer leads to a greatly enhanced 

interaction with CO, attributed to the increased electron density at the Zn 

cations. In a recent paper the active site in the Cu/ZnO catalyst is identified 

as Cu steps decorated with ZnOx, forming a CuZn alloy, which is assumed 

to strengthen the interaction between the intermediate species and the 

catalyst 10. It is proved that ZnO promotes the dissociation of CO2 and H2O 

and thus enhances reactivity of Cu in the methanol synthesis, WGS and 

reverse water-gas shift (RWGS) reactions 10. 

1.1.5 Cu/CeOx Catalyst 

Recently, catalysts based on ceria have been reported to be promising, 

their favorable effect being attributed to outstanding oxygen storage 

capacity of ceria, which is related to the ease in forming and repairing oxygen 

vacancies within its structure 12,21,22. The oxygen vacancies are efficient in 

binding adsorbates (e.g. O2, CO2, H2O) and promoting their dissociation 
12,21,23–26. For instance, H2O dissociation, the rate-limiting step for WGS, is 

difficult to achieve on Cu (111), with an activation barrier of 0.9-1.4 eV. 

However, it only takes 0.35 eV on a reduced CeOx surface 26. Therefore, a 

combination of ceria and a metallic phase (Cu, Au, Pt) is usually applied in 

(R)WGS and methanol synthesis reactions 12,21,23,24,27. The presence of CeOx, 

preferably Ce3+, also promotes the reactivity of an oxide in oxidation-related 

reactions by enhancing the rate of O2 dissociation, for instance oxidation of 

CO. It has been proved that the interface between CeOx and CuOx is vital for 

the reaction, where CeOx enhances O2 dissociation and provides O atoms for 

the oxidation reaction 28–31. 

From experimental and theoretical considerations, Rodriguez et al. 
12,21,25,26,32 proposed that CeOx added to metallic Au and Cu catalysts show 

reactions, in contrast to the negligible activity of either ceria or the metallic 
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phases (Au, Cu) separately. They found that the reduced ceria nanoparticles 

promote the dissociation of O2, H2O and CO2 molecules. Ceria can be 

reduced by contacting with the metal phase. This process takes place by 

sharing O atoms, belonging to ceria, with the metal at the interface, which 

results in ceria reduction and metal oxidation. The ceria-metal interface is 

highly active; reduced ceria is critical for the activation and the metallic 

phase (Cu, Au) for the adsorption of CO and H2, which makes ceria-metal a 

bifunctional catalyst.  

To optimize the CeOx-metal catalysts, it has been proposed to 

introduce a second oxide, e.g. TiO2, into the metal-CeOx system 21,23,33. The 

strong interaction between CeOx and TiO2 imposes new structural 

arrangement of Ce and O atoms, which results in Ce3+ formation due to 

“oxygen sharing” effect among mixed oxides 21,33. This promotes H2O 

dissociation and the calculated barrier is only 0.04 eV 23. Also, this interaction 

allows for the appearance of new electronic properties and high catalytic 

activity 27,33,34. 

1.2 Cu catalysts applications 

The research work in this thesis was intended to give insight into 

properties of Cu catalysts in three notable CO-related catalytic processes, CO 

oxidation, preferential oxidation of CO in H2 (PROX) and the water-gas shift 

(WGS) and its reverse reactions (RWGS). Below, a literature review on the 

current understanding of Cu catalysts in these reactions follows.   

1.2.1 Carbon monoxide oxidation 

Carbon monoxide oxidation is an important reaction for 

understanding basic properties of catalysts and in a few important 

applications 1,5,12,35–37. The reaction takes place in the exhaust catalyst of 

automobiles to reduce CO emission into the atmosphere 1,5. Also, catalytic 

oxidation of CO is important in the context of CO removal from H2 produced 

by steam reforming 27,28. Additionally, this relates to water gas shift reaction 
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where CO is oxidized by OH or O from H2O dissociation to form the product 

H2 and CO2 12,37.  

There is a vast amount of publications where Cu-based catalysts have 

been employed in catalytic CO oxidation 37–50. On the basis of the difference 

in the interaction with reactant gases (CO, O2), it has been proposed that CO 

oxidation follows the Langmuir-Hinshelwood mechanism on metallic Cu 
5,38,47,48,50 and a redox mechanism on Cu oxides 37,44,45.  

The Langmuir-Hinshelwood mechanism assumes that the reaction 

takes place among species adsorbed on the surface 5,38,47,48,50. This can be 

described as follows and we use * to denote active sites of a Cu(0) surface (X* 

indicates the adsorbed atom or molecule on the surface): 

O2 + 2 *→ 2O*                                                 (1)  

CO + *→ CO*                                           (2) 

CO* + O*→ CO2* + *                                          (3) 

CO2*→ CO2 + *                                              (4) 

During the reaction, the overall activation energy is mainly determined 

by step 3 between adsorbed CO and O atoms, which is thus the rate-limiting 

step. Compared with CO molecules, O atoms interact strongly with Cu(0), 

which hinders CO adsorption 5,37,38,47,48,50. At high temperature (>200 °C), 

metallic Cu would potentially be oxidized, because the activation energy for 

oxidation of CO is higher than that for oxidation of Cu 51. However, the 

reactivity of Cu oxides is much lower than that of the metal phase in CO 

oxidation 37.  

For Cu oxides, it is generally accepted that CO oxidation follows a 

Mars-Van-Krevelen mechanism 37,45,52,53. First, gaseous CO molecules react 

with lattice O, creating vacancies within the Cu oxide 37,52. Second, O2 

molecules from the gas phase fill the vacancies, which fulfills the reaction 

cycle 37,45,52. It is proposed that the reaction rate of CO oxidation on Cu oxide 

is limited by different steps, which is related to the reaction temperature 45,53. 
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Between 200 and 250 °C the reaction rate of CO oxidation on oxide is first 

order in oxygen and zero order in CO partial pressure, suggesting the O2 

replenishing is the rate-limiting step 45.  In the temperature range 250-340 °C, 

the reaction becomes first order in CO and zero order in O2. At this point, the 

overall rate is limited by the Cu oxide reduction step 37,45,53,54.  

1.2.2 Preferential oxidation of CO in H2 

Currently, the majority of H2 production comes from steam reforming 

of hydro carbons 5,36. Usually, it is followed by a water-gas shift reaction to 

increase the amount of hydrogen 5,36,55–58. However, the produced H2 

inevitably contains a very small amount of CO due to thermodynamic 

equilibrium. Therefore, an additional CO removal step is required to clean 

the produced H2 for processes that are sensitive to CO, such as the Pt 

catalyzed H2 decomposition taking place in polymer electrolyte fuel cells 59.  

Preferential oxidation of CO in H2 (PROX) is recognized as one of the 

most effective methods to eliminate trace amount of CO in the H2 gas flow 
5,28,57,58,60–62. As to the reaction mechanism on metallic Cu, it has been 

proposed that the reaction process involves the following elementary steps, 

where * refers to an active site 63,64.  

O2 + 2 *→ 2O*                                                          (1) 

CO + *→ CO*                                                          (2) 

H2+ 2 *→ 2H*                                                          (3) 

H* + O*→ HO*+ *                                               (4) 

OH* + H*→ H2O*+ *                                          (5) 

OH* + OH*→ H2O*+ O*                                  (6) 

CO* + O*→ CO2*                                                  (7) 

H2O* → H2O+ *                                                 (8) 

CO2*→ CO2 + *                                                       (9) 
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For this specific reaction, CO oxidation is the desired reaction while H2 

oxidation should be avoided. Kandoi et al. performed theoretical 

calculations on selective oxidation of CO on the Cu (111) surface 64. They 

propose that OH formation (step 4) the rate-limiting step of H2 oxidation, 

competes with the oxidation of adsorbed CO with O (step 7), which limits 

CO oxidation. It gives a barrier of 0.82 eV for CO oxidation, significantly 

lower than the barrier of 1.28 eV for OH formation. Thus, metallic Cu should 

be a good candidate for selective oxidation of CO. 

In contrast, oxidation of CO and H2 on CuOx-CeOx catalysts involves 

lattice oxygen and follows a redox mechanism 62,65–70. The reaction proceeds 

via catalyst reduction by CO and H2, which is then replenished by gaseous 

O2 and it shows a reaction order that is positive for the partial pressure of O2 

62,69. However, O2 replenishment is slow at low temperature 45,53,69. This is 

considered as the rate-limiting step for oxidation of both H2 and CO 70. CeOx 

enhances the rate of O2 dissociation and provides reactive O for the oxidation 

of H2 and CO, which explains why CuOx-CeOx is more active than the pure 

Cu oxides 28–31.  

Finally, there is still controversy about whether oxidation of CO and 

H2 influences each other 57,58,62,69–71. Gamarra et al. and Lee et al. propose that 

oxidation of CO and H2 takes place on two different sites 58,62,69. In contrast, 

work by Zhang et al and Polster et al. suggest that adsorbed CO and H2 

compete for active redox sites so that one prohibit oxidation of the other 57,70. 

Sedmak et al. propose that oxidation of CO is independent of H2 oxidation 

as long as there is enough oxygen for a full CO conversion in the gas flow at 

all measured temperatures 69. 

1.2.3 Water gas shift and its reverse reaction 

Water gas shift (WGS) is an exothermic reaction that takes place 

between CO and H2O to form CO2 and H2 5. In industry, the WGS reaction is 

conducted through a combination of a high temperature shift (350-450 °C) 

and a low temperature shift (190-250 °C) to achieve a high CO conversion 72–

75. Fe-based catalysts are usually applied in the high temperature shift 
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process and Cu-based catalysts are favored for the low temperature WGS 

reaction 73,75.  

 Low temperature WGS reaction has attracted a lot of attention, both 

in its own right but also because it is related to many other important 

industrial processes, e.g. methanol synthesis and steam reforming 12,26,23,55–

58,76–78,27. It is used to purify the produced H2 after a steam reforming process 
55–58. Also, WGS and its reverse reaction (RWGS) are directly or indirectly 

involved in many important industrial processes, for instance methanol 

synthesis and Fischer-Tropsch synthesis 12,23,26,27,76–78.  

Yet, there is still no agreement on the possible mechanism on a metal 

surface for the WGS and RWGS reactions. More specifically, a redox 

mechanism 79 and an associative mechanism 8,11,13,17,24,47–49, which involves 

intermediate formation, are proposed. Since it is a reversible reaction, 

elementary steps of WGS reaction will be presented as an example in the 

following part. Each step can be reversed for the RWGS reaction. 

For both mechanisms, the reaction begins with activation of the 

reactant molecules, for WGS that is CO, H2O 12,26,49,76,79–82. 

CO + *→ CO*                                                         (1) 

H2O + *→ H2O*                                                    (2) 

H2O *→ OH* + H*                                   (3)  

In  the redox pathway, oxidation of CO involves atomic O, which is 

obtained by H abstraction from one OH or by disproportionation of two OH 

species (step 4-6) 79.  

OH *→ O* + H*                                         (4) 

OH *+ OH *→ H2O* + O*                        (5) 

CO *+ O*→ CO2* + *                                 (6) 
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For the associative mechanism, the active OH species react with 

adsorbed CO molecules, forming formate (HCOO) 26,79 or carboxyl (COOH) 

species 12,76,80. It is considered more likely that the intermediate is carboxyl 

species 12,76,80. The reaction steps 7 to 9 show the formation process of 

carboxyl species. 

CO *+ OH*→ COOH* + *                               (7) 

COOH* + *→ CO2* + H*                                (8) 

COOH* +OH* → CO2*+H2O*                 (9) 

Finally, the products CO2 and H2 leave from the surface for both redox 

and associative mechanism. 

CO2 *→ CO2 + *                                        (10) 

H* + H*→ H2 + 2*                                        (11) 

These different conclusions on the mechanisms stem from different 

reaction conditions and catalyst configuration. However, for both the redox 

and the associative mechanism, it is well accepted that the activation of H2O 

and CO2 is the rate-limiting step 11,26,79. As a benchmark (R)WGS catalyst, Cu 

alone interacts weakly with H2O and CO2, leading to a low reactivity. Thus, 

promoted Cu-oxide catalysts are usually applied in the industrial (R)WGS 

process. 

1.3 Research in catalysis 

1.3.1 Goal of catalysis research 

Catalysis research has been applied for understanding reaction 

mechanisms and kinetics at a molecular level and to be able to relate it to the 

structure and exact composition of the catalyst. Ideally, this knowledge will 

allow the prediction of industrial catalysts that can produce the desired 

products under the ideal reaction conditions and at minimum cost. 
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In industry, the main task is to optimize the performance of a catalyst, 

rather than understanding it. Generally, development and optimization of 

catalysts are based on empirical knowledge about the effect of preparation 

methods, additives, and different carriers on the reaction. This way of 

heterogeneous catalysts development usually result in very complex 

mixtures with a broad diversity of compounds. Therefore, in spite of 

continuous research, for most reactions it is still unclear which the active sites 

are and/or what the reaction mechanism is. Therefore, better fundamental 

understanding is demanded, which requires the application of 

characterization techniques to study the active catalyst, coupled with 

reactivity test, preferably simultaneously using in-situ techniques.  

1.3.2 The flat model approach 

The development of model catalysts offers a partial solution to the 

challenges in catalysis research. A model catalyst simplifies the existing 

catalyst system and is more well-defined and allows for separately 

controlled systematic changes of the most important catalyst properties. It 

affords to investigate the properties of catalysts and catalytic reactions in a 

fundamental way.  

Single crystals, a well-known class of model catalyst, have been used 

to understand the intrinsic kinetics of catalytic reactions by studying 

adsorption, desorption and surface coverage and interaction of co-

adsorbates 39,47,48,50. Another way to design model catalysts is the utilization 

of a flat and inert surface 83 upon which nanoparticles resembling the active 

parts of a catalyst are deposited. For example, a silicon wafer covered with a 

thin film of SiO2 or a quartz surface, can be used as realistic models of a silica 

support 84–86. The quartz support has the extra advantage that it is 

transparent and thus suitable for optical measurement in transmission 

mode. With such model catalysts simultaneous information of catalysts 

activity and physical properties (e.g. oxidation state and particle size or 

alloying) can be obtained during a reaction. Moreover, it is relatively 

straightforward to apply wet chemical reactions or evaporation method to 

deposit catalysts onto the flat surfaces 87. 
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The planar geometry of supported model catalysts provides a number 

of advantages 87. 

   All catalytically active particles in the system are exposed to the 

surrounding gas, and not hidden in pores. This allows for the use of 

many advanced surface spectroscopy techniques and the 

characterized surface is representative for the active surface. This 

makes it convenient to correlate catalyst activity with surface 

characterization. 

   For mechanistic studies, flat model catalysts offer opportunities to 

study the kinetics on the active site by minimizing diffusion 

limitations. 

   Quantification of particle size and inter particle distance is 

significantly easier and more precise. This is especially advantageous 

for sintering studies. 

However, there are also some disadvantages with the flat-model 

catalyst approach; especially in terms of activity measurement and its 

interpretation. 

   Since the active phase is distributed on a 2-dimensional, very small 

area (dimensions on the order of centimeters), the amount of active 

material is extremely small. Thus, the catalyst is very sensitive to 

impurities, and extreme care should be taken in catalyst preparation 

and activity interpretation. Reproducible activities similar to the 

conventional systems, are indispensable in proving similarity with 

industrial catalysts. 

   The small amount of active materials results in small yields in 

absolute terms. This can cause trouble for the catalytic testing and 

analysis of reaction products.  

In our group, the flat-model approach has been successfully applied to 

iron and cobalt oxide nanoparticles for Fischer-Tropsch catalysts 88,89 and to 
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study the  Philips catalyst for ethylene polymerization 84–86, immobilized 

homogenous catalysts for ethylene polymerization 90,91 and Ziegler-Natta 

catalyst for ethylene and propylene polymerization 92,93. 

1.4 Scope of the thesis 

The work in this thesis was aimed at: 

 Exploring the application of in situ UV-vis spectroscopy in 

heterogeneous catalysis. 

 Investigating interaction between Cu and several industrial 

interesting gas molecules, e.g. CO, H2, O2, H2O and CO2, and involved 

reaction mechanisms.  

 Figuring out interaction between Cu and CeOx and its effects on the 

reactions.  

These objectives can be achieved by combining in situ measurement 

and flat model Cu catalyst.  

In the research work in this thesis, we applied a micro reactor, 

combined with in situ UV-vis and mass spectrometry, to study performance 

of flat model Cu catalysts. The developed micro reactor facilitates 

simultaneous measurements of reactivity and oxidation state of flat model 

catalysts. This is particularly powerful for catalysts consisting of metallic Cu 

nanoparticles. As pointed out, metallic Cu itself shows LSPR, which is 

extremely sensitive to oxidation of the catalyst, in turn very sensitive to the 

composition of the gas atmosphere. Therefore, this combination of model 

catalysts and in situ measurements is well suited for the study of Cu-related 

catalytic reactions via monitoring its oxidation state. X-ray photoelectron 

spectroscopy was also applied in the work to aid in optical spectra 

interpretation.  

In the context of widely used industrial Cu catalyst, the research work 

was particularly focused on three important, related processes, including CO 

oxidation, preferential oxidation of CO in H2, water gas shift and its reverse 
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reactions. As pointed out, metallic Cu participates in many industrial 

processes that involves CO molecules.  

CO oxidation is used as a test reaction to demonstrate how to apply in 

situ UV-vis and mass spectrometry study the correlation between oxidation 

state and reactivity of a flat model Cu catalyst.  

Based on the high ability of CeOx in the dissociation of some oxidant 

species e.g. O2, CO2 and H2O, we investigated the performance of Cu and 

Cu/CeOx catalyst in the PROX and (R)WGS reactions, respectively. The aim 

of these two reactions was to study the role of CeOx and interaction between 

Cu and CO, H2O, H2 and CO2, which is more interesting for industrial 

applications.  

1.5 Outline of the thesis 

   Chapter 1 (present chapter) gives a literature review over the current 

understanding of CO oxidation, preferential oxidation of CO and 

(R)WGS on copper and copper-oxide catalysts. The project aim and 

the methodology used to achieve the aim is explained. 

   Chapter 2 explains in detail the preparation of the model catalyst by 

physical vapor deposition, the principles of the characterization 

techniques and the micro reactor that were used during this research. 

Finally, representative examples are added to illustrate the 

application of the analysis techniques. 

   Chapter 3 demonstrates i) the performance and usefulness of the 

micro reactor and ii) the combined strength of model catalysts and in 

situ UV-vis and XPS spectroscopy to investigate the correlation 

between the catalyst oxidation state and its reactivity. CO oxidation 

is used as a model reaction. 

   Chapter 4 investigates catalytic properties of flat model Cu and 

Cu/CeOx catalysts in preferential oxidation of CO in H2 by in situ UV-

vis and Mass spectrometry. 
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1 
   Chapter 5 describes the application of in situ UV-vis and XPS 

spectroscopy in the study of the role of the oxide phase in the water 

gas shift and its reverse reaction on flat model and powder Cu, 

ZnO/Cu and CeOx/Cu catalysts. 

  Chapter 6 summarizes the results and conclusions obtained from the 

individual chapters and gives the perspective for future research. 
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Abstract 

          Characterization is vital in catalysis in that it offers insights into the nature 

of a catalyst and its involving catalytic reaction, which aids to correlate exact 

properties of the catalyst to reaction mechanism at a molecular level. To achieve this, 

a combination of model catalysts and in situ characterization techniques should be 

applied to study catalytic reactions.  

          This chapter contains the details regarding the experimental work carried out 

in this thesis. First, we briefly describe the preparation of planar model catalyst by 

physical vapor deposition. Second, we present a designed pocket micro-reactor, 

which measures reactivity and optical properties of catalysts. Third, we describe the 

characterization techniques used in this thesis, Mass, Ultraviolet-visible and X-ray 

photoelectron spectroscopy. Finally, we demonstrate the application of these 

techniques to investigate the properties of catalysts and catalytic mechanism.
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2.1 Preparation of planar model catalyst 

Planar model catalysts are prepared by a Physical Vapor Deposition 

method (PVD), where a physical process, such as heating or sputtering, is 

used to produce a vapor of a condensed material. The vapor is then 

deposited on solid surfaces, such as those of a thin wafer. In this thesis, the 

PVD process was carried out in a home-built setup shown in Figure 2.1. 

 

Figure 2.1. (a) The custom made sample holder and (b) Home-built reactor for 

the preparation of flat model catalysts by physical vapour deposition (PVD). 

The base pressure in the vacuum chamber (1×10-8 mbar) is maintained 

by a turbo-pump to keep the background pressures inside the chamber as 

low as possible. The metal sources are installed at the bottom of the chamber. 

Evaporation is achieved by passing an electric current through tungsten 

baskets containing the target metals. The metal vapor travels through the 

vacuum and is finally deposited onto the samples that are fixed, face down 
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on the custom made sample holder at the top of the chamber.  The thickness 

of deposited metal layer on the carries is measured by an in situ quartz 

crystal microbalance, (Q-pod Quartz monitor).   

2.2 Pocket micro-reactor 

The optical and reactivity measurements were measured 

simultaneously in a modified version of a commercial instrument, Insplorion 

X1 (Insplorion AB, Gothenburg Sweden) and a mass spectrometer Pfeiffer 

Vacuum D-35614, PrismaPlus QME 220. As illustrated in Figure 2.2, the 

instrument is composed of a quartz tube flow reactor equipped with two 

parallel sets of optical fibers, which transmits light beams in the wavelength 

range of 280-1000 nm through the sample holder, to the collecting fibers on 

the other side of the reactor. The collecting fibers transport the transmitted 

light to an optical detector (1024 pixel CMOS). The gas flow through the 

quartz tube is regulated by mass flow controllers (0-300 ml/min) on the inlet 

side and the majority of the gas passes through to the exhaust, without being 

exposed to the catalyst.  

 

Figure 2.2. Illustration of the micro reactor with optical spectroscopy facilities 

and sample holder design. 

The sample holder, consisting of a quartz pocket with the inner 

dimensions 1.5 cm x 1 cm x 0.1 cm is placed inside the quartz tube. When a 
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sample (with dimensions 1cm x 1 cm x 0.05 cm) is inserted, a 0.05 cm thin slit 

is left between the sample surface and the sample holder top wall, forcing 

the gas to pass in close vicinity to the catalyst material. Due to the sample 

holder geometry and small volume (the volume inside the sample holder is 

0.05 cm3), we refer to this flow reactor as a pocket micro-reactor. The gas 

enters the sample holder pocket through the open short-end (through which 

the sample is also inserted) and exits through a thin tube (0.1 cm inner 

diameter, 10 cm length), at the opposite, closed short-end. A capillary 

restriction is connected by the end of the tube, providing a constant, small 

leak from the micro reactor to a mass spectrometer. The flow of reactant 

gases, through the sample holder pocket, ranging from 0.1-10 ml/min (space 

velocity, 2 - 200 min-1), is regulated by mass flow controllers at the gas outlet. 

This design promotes sensitivity of measurements and is beneficial for 

reactivity measurement from small amounts of catalysts. Furthermore, since 

the entire part of the reactor exposed to high temperatures is made out of 

inert quartz, problems with side reactions on the sample holder or reactor 

walls are minimized. Temperature was measured by a quartz-enclosed 

thermocouple next to the pocket. The micro reactor combines in situ UV-Vis 

and mass spectrometry, which provides detailed information about the 

catalyst oxidation state and reactivity during a reaction. 

2.3 Mass spectrometry  

Mass spectrometry (MS) is a technique to analyze gases. Solid or liquid 

substances can only be analyzed if they are vaporized in an inlet system. A 

typical mass spectrometer is illustrated in Figure 2.3. A small gas flow is 

admitted into a vacuum chamber via a capillary. In the vacuum, there are 

three components, an ion source, a mass filter and a detector, that are 

required for gas analysis. The neutral gas is first ionized by an ion source. 

For instance, this can be fulfilled by electrons issued by a heated filament, 

which passes through the gas and thus produces positively charged ions or 

fragment ions. The produced ions are separated by the mass filter on the 

basis of mass/charge ratio (m/z). Usually, quadrupole mass filters are used 

to separate the ions. It consists of four parallel rods, where an electrical 
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quadropole field is formed and deflects the ions. This utilizes the mass 

dependent resonance of moving ions in a high-frequency field. The ions are 

then detected and a secondary electron multiplier (SEM) is usually used as 

the detector to achieve a high sensitivity and resolution. Finally, the mass 

specific ions currents are evacuated by a data analysis process.   

 

Figure 2.3. Components of a mass spectrometer system. 

2.4 Ultraviolet-Visible spectroscopy 

A beam of light propagates in a vacuum without any change in its 

intensity or direction. In contrast, a number of things happen when a beam 

of light comes into contact with a solid. The beam may be reflected, 

transmitted, refracted, absorbed or scattered. Among these interaction, 

reflection, absorption and scattering are the major ways to provide 

information of inner properties of a solid. In our experiments, we measured 

light transmission through nanoparticles supported on transparent quartz 

wafers.  

For a small nanoparticle, a part of the light energy can be converted 

into other forms of energy via absorption. In addition, the nanoparticle can 

extract some energy from the incident light and scatter it in all directions. 

This is caused by the electric polarization of the nanoparticle induced by the 

incident electromagnetic wave (light), which is known as Rayleigh 

scattering. As a consequence, the energy of the transmitted light is reduced 

by a total amount of the adsorbed and scattered energy. The sum of 

adsorption and scattering is called extinction, which was the measurement 

mode used in the experimental work in this thesis.  
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In the ultraviolet (10-380 nm) or visible (380-700 nm) region, electron 

transition of the nanoparticle can extract a part of the light energy, 

characteristic for a certain wavelength λ as described by: 

𝐸 = ℎ𝑐
𝜆⁄                                                                    Eq. 2.1 

where h is Planck’s constant and c is the speed of light in free-space. 

This light/matter interaction strongly depends on the intrinsic properties of 

the material and is therefore apt to reveal its inner nature. UV-vis 

spectroscopy is widely applied to identify chemical and optical properties of 

a specific material 1–7. Here we show two examples to demonstrate the 

application of UV-vis in identification oxidation state of Ce of Cu.  

 

Figure 2.4. (a) UV-vis spectra and (b) Ce 3d XPS spectra of a CeOx catalyst 

(2 nm-thickness) after O2 and H2 treatment at 500 ⁰C, respectively. 

As shown in Figure 2.4 (a), the UV-vis spectra of a CeOx catalyst, after 

O2-treatment at 500 °C, has a strong absorption peak at around 295 nm in the 

UV region. It is attributed to the charge-transfer from the O 2p to the Ce 4f 

states excited by the light and confirms the existence of Ce4+ 2,8. After the H2-

treatment at 500 °C, the intensity of the peak decreases drastically, indicating 

Ce4+ reduction. This interpretation is confirmed by the corresponding XPS 

spectra in Figure 2.4 (b). Thus, the peak intensity can be applied as an 

indicator to display the changes in the oxidation state from Ce4+ to Ce3+. 

Figure 2.5 shows the UV-vis spectra of Cu0, Cu+ and Cu2+ 

nanoparticles, confirmed by corresponding XPS spectra. It has been found 



Chapter 2 

30 
 

2 

that a band-to-band transition in Cu+ (3d10) gives rise to a peak at around 340 

nm 9, which contributes to the extinction at short wavelengths in the blue 

spectrum in Figure 2.5a. Other literature reported that the band gap of Cu+ 

2.2-2.7 eV (563-459 nm) 10–14 is higher than that of Cu2+ 1.0-2.0 eV (1240-620 

nm) 9–11,14, which indicates that the electron transitions in Cu+ takes place at  

shorter wavelengths than in Cu2+ in the UV-vis region. In Figure 2.5a, the 

UV-vis spectrum of Cu+ shows a peak with a shoulder between 400 and 500 

nm while that of Cu2+ exhibits a broad and week bump between 500-700 nm. 

The position of the observed extinction features are in accordance with the 

trends described in literature 9–14. Thus, the UV-vis of Cu+ and Cu2+ shows 

distinguishable difference in extinction between 400 and 700 nm in Figure 

2.5a. It should, however, be kept in mind that the optical properties of nano 

scaled materials can be quite different than for bulk materials. In the 

spectrum of Cu(0), there is a clear peak at around 580 nm, which stems from 

the localized surface plasmon resonance (LSPR), a signature of metallic Cu 

nanoparticles 15,16. Thus, UV-vis spectroscopy can be applied to distinguish 

the oxidation state of Cu catalysts. 

 

Figure 2.5. (a) UV-vis spectra and (b) XPS spectra of Cu(0), Cu+ and Cu2+, 

which are obtained by treating Cu nanoparticles in 5 vol% H2/Ar, 9 vol% 

CO/1 vol% O2 and 5 vol % O2/Ar gas flow at 400 °C for 1 h, respectively.  

2.5 Localized surface plasmon resonance 

Materials that possess a negative real and small positive imaginary 

dielectric constant are capable of supporting a surface plasmon resonance 
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(SPR). This resonance is a coherent oscillation of the surface conduction 

electrons, which propagates in the x- and y- directions along the 

medium/metal interface and decay rapidly in the z-direction 17,18. Surface 

plasmon can be excited by an electron beam or by electromagnetic radiation 

if a coupling medium such as a prism or a grating is used. This enables some 

applications, for instance, surface-enhanced spectroscopy, biological and 

chemical sensing 17–20. Usually, thin metal films are used as the sensor and 

the reflectivity of light from the metal surface is measured. 

  

Figure 2.6. Schematic illustration of localized surface plasmon (LSPR) excited 

by electric field associated with an incident light. 

When a surface plasmon is confined to a metal nanoparticle, which is 

much smaller than the incident wavelength, it gives rise to Localized surface 

plasmon (LSPR), which can be directly excited by electromagnetic radiation 
15,21,22,16. As shown in Figure 2.6, the electromagnetic field of the light induces 

displacement of the conduction electrons within the metal nanoparticle, and 

a restoring force from Coulomb attraction tries to compensate it. This 

impinging light and restoring force drives the electron cloud to oscillate 

locally around the nanoparticle 16,23. At a certain frequency, the resonant 

oscillations induced by the field of the light result in a strong electric field 

confined to the nanoparticle, which creates a dipolar field exterior to the 

nanoparticle. It is the dipolar field that is responsible for enhanced 

adsorption and scattering cross-sections, as well as the strongly enhanced 

electric fields close to the nanoparticle surface. Similar to SPR, the LSPR is 

sensitive to changes in the local dielectric environment 24–28. Typically, optical 
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transmission or reflection measurements are applied to measure the LSPR 

resonance frequency and the LSPR peak-shift can be used as an indicator of 

subtle changes near the surface of the plasmon supporting particle or surface. 

For Ag, Au and Cu nanoparticles, due to the energy levels of d-d transitions, 

the LSPR peak is exhibited in the visible range of the spectrum 1,29,30.  

Mie’s theory describes LSPRs of a metal nanosphere by calculating 

extinction cross section (Cext) 16,31,32: 

 𝐶𝑒𝑥𝑡 =
24𝜋2𝑅3𝜀𝑚

3/2

𝜆
[

𝜀𝑖

(𝜀𝑟+2𝜀𝑚)2+𝜀𝑖
2]                            Eq. 2.2 

Here, λ is the wavelength of excitation radiation, ɛm is the dielectric 

constant of the local surrounding medium and R is the radius of the metal 

nanoparticle. ɛr and ɛi represent the real and imaginary parts of the 

wavelength dependent, complex dielectric constant of the metal.  

As indicated from Eq. 2.2, when ɛr is roughly equal to -2ɛm, the 

extinction cross section is maximized. At this point, the surface plasmon 

resonance peak is observed, which gives rise to the color of the spherical 

nanoparticle 15,21,16,33–36. In other words, the LSPR position is physically 

determined by the electronic structure of the metal described by the 

dielectric constant (ɛr) 15,21,16,33–36. For a 30 nm-diameter Au, Ag or Cu 

nanoparticle in vacuum, this condition is met at 525, 360 and 545 nm in the 

visible region, respectively 37. 

The occurrence of plasmon resonance requires ɛr to be negative to 

fulfill the resonance conditions. This is not the case for nonmetals and 

therefore they do not exhibit LSPR. For Cu, the real part of the dielectric 

constant ɛr becomes positive once it is oxidized. Thus, Cu oxides do not 

support plasmon resonance, which is clearly seen in Figure 2.5 & 2.7.   

Also, ɛi, the imaginary part of the dielectric constant, should be close to 

zero to support a strong plasmonic resonance  because ɛi describes the 

dielectric screening of the surface charge, which reduces the restoring force 

experienced by the oscillating electrons 22,33. It incorporates the damping and 
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dephasing of the electron oscillations leading to broadening and adsorptive 

reduction of the resonance. Among the Cu, Ag and Au metals, the plasmon 

resonance of Ag nanoparticles is by far the strongest, while that of Cu 

nanoparticles is the weakest 34–36. The onset of electronic interband 

transitions from the valence band to the Fermi level leads to a sharp increase 

in the imaginary part of the dielectric constant ɛi and a marked change in the 

real part ɛr, which results in damping of the plasmon 36. Comparing the 

energy of the plasmon resonance, Ag has a relative higher energy of the 

interband transitions (~3.8 eV), which gives minimal influence on the LSPR. 

In contrast, the interband transition region of the Cu nanoparticle (~2.1 eV) 

overlaps with its plasmon resonance, which is responsible for a relatively 

strong damping 34,35. 

 

Figure 2.7. In situ UV-vis spectra of a pre-reduced Cu catalyst during CO 
oxidation under an Ar-diluted CO/O2 (9/1 vol%) mixtures in a 10 °C /min 
ramp from room temperature increased to 400 °C. The capillary flow is 10 
ml/min.  

Figure 2.7 displays the in situ UV-vis spectra of metallic Cu 

nanoparticles during CO oxidation in a CO/O2 (9/1 vol%) gas mixture. After 

pre-reduction in H2 and cooling to room temperature, a clear peak appears 

at around 580 nm, which is assigned to the LSPR peak of metallic Cu 

nanoparticles 1,15,16. As temperature increases, the Cu-LSPR peak shifts to 

longer wavelengths and becomes broadened. This is attributed to an increase 
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of the imaginary part of the dielectric constant, ɛi, which owing to the 

formation of an oxide shell that change the dielectric constant of the 

surrounding medium ɛm 27,38–40. At 200 °C the LSPR peak is completely gone. 

This is attributed to the fact that complete Cu oxidation, which results in that 

the real part of the dielectric constant ɛr turns positive. It clearly 

demonstrates a transition process from Cu(0) to Cu+, via formation of a Cu2O 

shell around the metal phase, which eventually grows into the bulk of the 

particle 1,3,27,28,41. 

Apart from the dielectric properties (governed by the electronic 

structure) particle size and morphology also influence the LSPR. For 

particles with diameters of 30 nm and above, scattering begins to be 

significant 29. As the particle size increases, the LSPR peak shifts to longer 

wavelengths and the peak intensity increases in approximate proportion to 

the particle volume 37. The LSPR peak shifts are also associated with the 

nanoparticle’s morphology 21,42–44. It is found that an increase in edges or 

sharpness of a nanoparticle results in a red shift of extinction.  

Last, LSPR properties also depend on the dielectric constant of the 

surrounding medium ɛm, which is related to the refractive index nm. One can 

use the Drude model Eq. 2.3, to find the relation between the LSPR peak 

wavelength and the dielectric constant of the medium 15,16,45.  

𝜀𝑟 = 1 −
𝜔𝑝

2

𝜔2+𝛾2                                                         Eq. 2.3 

where ѡp and γ are the plasmon frequency and damping frequency of 

the bulk metal, respectively. In the UV-vis region, γ ≪ ѡp, and thus can be 

simplified as: 

𝜀𝑟 = 1 −
𝜔𝑝

2

𝜔2                                                               Eq. 2.4 

When the resonance takes place (ɛr = -2ɛm), one obtains: 

𝜔𝑚𝑎𝑥 =
𝜔𝑝

√2𝜀𝑚+1
                                                         Eq. 2.5 

Converting frequency to wavelength via 𝜆 = 2𝜋𝑐
𝜔⁄ , and dielectric 

constant to index of refraction via ɛm = nm2, Eq 2.5 becomes: 
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λmax = λp √2𝑛𝑚
2 + 1

2
                                                  Eq. 2.6 

where λmax is the LSPR peak wavelength and λp is the wavelength 

corresponding to the frequency of the bulk metal.  

Thus, the LSPR peak shifts to longer wavelengths with increasing the 

refractive index of the medium 15,16,45. Besides peak shifts, Hovel et al. 

proposed that the width of Ag-LSPR peak is larger when supported or 

embedded in SiO2 than for the free clusters, which is attributed to a strong 

dependence of the resonance on chemical interface effects 40. This is mostly 

due to the direct injection of electrons into the semiconductor oxide 27,38–40. 

Below, an example is included to show the influence of the surrounding 

medium on Cu-LSPR. Figure 2.8 shows the UV-vis spectra of metallic Cu 

nanoparticles supporting different amounts of CeOx. Compared with the 

bare Cu nanoparticles, the LSPR peak is broadened and shifts to longer 

wavelengths in the presence of CeOx. These changes become more severe as 

the amount of CeOx increases. It is noted that the refractive index of ceria is 

roughly twice as large as that of H2 46,47. Thus, the observed changes in the 

optical spectra of the Cu nanoparticles can be attributed to the local 

surrounding change as the amount of CeOx increases.  

 

Figure 2.8. UV-vis spectra of CeOx/Cu catalysts with different amount of Ce 
(0, 0.5 and 1nm-thickness) supported on Cu nanoparticles after reduction at 
500 °C, 50 min and in-situ cooling down to 250 °C in H2 gas flow. The Cu 
nanoparticles were formed from a sintered 5 nm thick film. 
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In summary, properties of LSPR are influenced by the intrinsic 

properties of the metal itself (electronic structure), particle size, morphology 

and the dielectric constant of the surrounding medium. Au is widely applied 

in plasmonic sensoring due to high chemical stability 48. While the oxidation 

state of Cu is extremely sensitive to gas atmosphere, this makes the LSPR 

interesting to investigate reactions on metallic Cu-based catalysts, which 

involves Cu oxidation. A large amount of excellent work about properties of 

LSPR has been published. In this thesis, it was not intended to investigate 

the optical properties in detail, instead we focused on the application of Cu-

LSPR in the catalysis in combination with XPS and mass spectrometry.  

2.6 X-ray Photoelectron Spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) is an analysis technique based 

on the photoelectric effect 49. As illustrated in Figure 2.9, an atom absorbs a 

photon with the energy (hυ) when irradiated by an X-ray beam. This can lead 

to that a core electron with a binding energy Eb is ejected, with a kinetic 

energy Ek. 

 

Figure 2.9. The photoelectric effect is the principle behind XPS. Atoms are 
excited with X-rays (hν), a photoelectron is emitted with the kinetic energy 
(Ek) equal to hν minus the binding energy (Eb) and the work function (Ф) of 
the spectrometer. The empty core created by the photoelectron is filled by an 
electron from a higher energy level (L1→K). The energy associated with the 
core hole filling can be released as a fluorescent X-ray or by emitting an auger 

electron (L23→Auger). Adapted from 49. 
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The photoemission process can be written as: 

ℎ𝜈 =  𝐸𝑏 + 𝛷 + 𝐸𝑘                                                        Eq. 2.7 

where 

h is Plank’s constant. 

ν is the frequency of the absorbed radiation. 

Eb is the binding energy of the photoelectron w. r. t. the Fermi 

level of the sample. 

𝛷 is the work function of the spectrometer. 

Ek is the kinetic energy of the electron.   

If we rewrite equation 2.7 we get: 

 𝐸𝑏 = ℎ𝜈 −  𝐸𝑘 −  𝛷                                                 Eq. 2.8 

Eq. 2.8 can be used to calculate the binding energy Eb, if the frequency 

ν of the X-ray photons, the kinetic energy Ek of the photoelectrons and Φ, the 

spectrometer work function are known.  

XPS is a surface sensitive technique, since the elastic mean free path 

within a solid is limited to about 1-2 nm for electrons with kinetic energy in 

the range 15 to 1000 eV 49. Due to inelastic scattering, the kinetic energy of 

the liberated electrons from deep inside of the material is decreased by 

collisions with lattice atoms, resulting in insufficient energies to escape from 

the sample. These electrons can thus not be detected by the setup. The 

emitted photoelectrons from the surface are collected by a detector and 

recorded in accordance with their kinetic energy. A conventional photo 

electron spectrum is usually plotted versus binding energy (Eq. 2.8) and is 

characteristic for each element. A typical XPS spectrum of a silica supported 

Cu catalyst is shown in Figure 2.10. All elements, Cu, O, C and Si, present at 

the surface of the sample can be identified by their photoelectron peaks, 
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corresponding to each core level electron with a binding energy that is lower 

than the photon energy of the X-rays. 

 

Figure 2.10. XPS wide scan of Cu nanoparticles supported on Si wafer 

Because of the photoemission, electrically insulating samples may 

become positively charge during the measurement. This results in that all 

XPS peaks in the spectrum shift, by the same amount, to higher binding 

energies, which requires calibration. In the spectrum, Si peaks that belong to 

the supporting SiO2-wafter are observed in addition to the Cu peaks. Since 

the silica photoelectron peaks are well documented in the literature and 

silica is chemically relatively stable, these peaks are conventionally used for 

calibration. In this thesis, all XPS spectra were normalized by using the Si 2p 

peak, at 103.4 eV. 

Besides photoelectron peaks, the XPS spectrum also show peaks from 

Auger electrons. After a photoelectron is emitted, as shown in Figure 2.9, an 

electron hole is left in one of its inner cores and the atom becomes unstable. 

The atom regains stability by filling the core hole with an electron from a 

higher shell. Either this leads to the release of a fluorescent X-ray or the 

released energy from this transition can be applied to eject one of the outer 

electron, an Auger electron. Since the energy level of each element is fixed, 

the kinetic energy of Auger electrons is independent of the X-ray source 



Experimental and Analytical Details 

39 
 

2 

energy. Therefore, if the X-ray source is switched to a source with another 

photon energy, XPS peaks will appear at the same binding energies, while 

Auger peaks will shift in the spectrum (if plotted vs Eb). 

Although each oxidation state of an element gives rise to a unique shift 

of the photoelectron spectrum, it can be difficult to distinguish one oxidation 

state from another when the binding energies are almost identical. This 

stresses the importance of Auger electron peaks, which are sometimes 

shifted more strongly than the photoelectron peaks. 

For example, the Cu 2p3/2 peak of Cu+ appears at 932.2-932.4 eV, which 

is very close to that of Cu0 at 932.5-932.7 eV 50–55.  In this case, it is feasible to 

discern Cu0 from Cu+ by using the modified Auger parameter, which is 

defined as: 53 

 𝛼𝐶𝑢 = 𝐾𝐸(𝐶𝑢 𝐿𝑀𝑀) + 𝐵𝐸(𝐶𝑢 2𝑝3/2)                    Eq. 2.9 

where the parameter αCu represents the difference between the kinetic 

energy of CuLMM Auger electrons and the binding energy of the Cu 2p3/2 

photoelectrons. The parameter for Cu0 is 1851.2-1851.6 eV and that of Cu+ is 

1849.2-1849.6 eV 50–55. In Figure 2.11, the binding energy of Cu+ in the Cu 2p 

region is 932.2 eV and the kinetic energy of Cu LMM is 917 eV, which gives an 

Auger parameter, αCu, of 1849.2. A similar process shows that αCu for Cu0 is 

1851 eV, which gives a difference of nearly 2 eV while the difference in 

binding energy is about a tenth of an eV. Thus, it is convenient to apply the 

modified Auger parameter to distinguish Cu0 from Cu+.  

The kinetic energy of an ejected photoelectron can be partially 

imparted to another electron and promote a valence electron to a higher, 

unoccupied orbital (shake-up) or to an unbound state (shake-off). This takes 

place simultaneously with the core electron emission and leads to that the 

kinetic energy of the core electron decreases. Therefore, a shake-up peak 

usually appears on the higher binding energy sides of the main peaks. As 

shown in Figure 2.11(a), the shake-up satellite peaks are exclusive to the XPS 

spectra of Cu2+ in the 2p region and can therefore be applied as fingerprint 

of Cu2+ 56–60. This is because the electron configuration of Cu2+ (3d9) allows a 
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valence electron transition from the 3d-orbital to the empty 4s-orbital, 

accompanied by the photoelectron emission 57,59,61. 

 

Figure 2.11. XPS spectra of the (a) Cu 2p and (b) Auger regions of a Cu 

catalyst (5 nm thickness) after gas treatments at 400 °C resulting in Cu0, Cu+ 

and Cu2+, respectively. 

Figure 2.12, shows the Ce 3d spectra of Ce3+ and Ce4+, which are 

obtained by reduction and oxidation of a CeOx/Cu catalyst, respectively. The 

binding energies of each oxidation state of Ce has been intensively 

investigated and is well documented 38,62–64. Although there is still no 

consensus about the origins of satellite and core level peaks, the 
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characteristic binding energies for each oxidation state of Ce are still well 

identified 38,62–75. In Figure 2.12, the spectrum of Ce3+ shows four peaks, 

which can be divided into two sets, u and v, at 881.4 (u1), 900 eV (v1) and 885.7 

(u0), 904.2 eV (v0) 66–75. The spectrum of CeO2 is more complicated and shows 

a six-line spectrum. It can be divided into three sets of multiplets, v’’’ and u’’’ 

peaks located at 917 and 898 eV, v’’ and u’’ peaks located at 907.9 and 889.5 

eV, v and u at 901.7 and 883.2, respectively 66–75. Clearly, the v’’’ peak can be 

applied as an indicator of the existence of Ce4+ in that it does not overlap 

with the other peaks of Ce4+ and Ce3+ 66,75, which are all close to each other.  

 

Figure 2.12. XPS spectra of Ce4+ and Ce3+ obtained from a flat model CeOx/Cu 

catalyst (Ce/Cu=0.3/2) after oxidation and reduction at 500 °C for 50 min, 

respectively. 

The area of each peak is proportional to its relative atomic 

concentration on the surface but it is necessary to correct each peak area with 

a Relative Sensitivity Factor (RSF), which is dependent on the cross-section 

for photoemission from the respective electron subshell 76,77. By dividing all 

the peaks by their RSFs, the quantitative surface composition can be 

obtained. A high resolution region scan is usually applied for a selected and 

relevant photoelectron peak for each element, which aids in analysis on the 

relative abundance of atoms in a certain oxidation state. For instance, the Ce 
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3d region can provide information on the relative concentration of Ce surface 

species. As shown in 2.13, the Ce3+ concentration is calculated as the summed 

area of all Ce3+ peaks divided by the total area (Ce3+ + Ce 4+). This can be used 

to quantify the degree of CeOx reduction at the surface of the sample. 

 

Figure 2.13. XPS spectra of Ce 3d region obtained from a flat model Cu/CeOx 

catalyst (Cu/Ce=2/5) after reduction at 500 °C for 50 min. 

2.7 Applications of UV-vis spectroscopy  

2.7.1 Interpretation of in situ UV-vis spectra and application in 

CO oxidation 

As demonstated in section 2.5, LSPR peaks contain information about 

metal nanoparticles, like oxidation state, particle size and morphology etc. 

During an in situ measurement of a catalytic process, where one optical 

spectra is recorded every 10 seconds or even more often, a vast amount of 

data is generated. This makes it desirable to introduce a generalized 

interpretation of the optical spectra to indicate when significant changes take 

place. In many published results, the LPSR-peak position or intensity is used 

as an indicator to display changes in the nanopartilces 1,15,42,78. However, this 

approach is of limited use under very oxidizing conditions, since the 

plasmonic peak is completely eliminated when full oxidation takes place. 
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Therefore, we introduce another way to interpret the spectra by calculating 

the “optical center”, defined as the wavelength, λ, at which the integrated 

extinction spectra equals half of the total integral value:  

∫ 𝐸(𝜆)𝑑𝜆
𝜆

𝜆𝑚𝑖𝑛
=

1

2
∫ 𝐸(𝜆)𝑑𝜆

𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛
                              Eq. 2.10 

in which E(λ) is the corresponding intensity of the extinction spectra. 

In the following part, we compare two methods, the conventional LPSR-

intensity and our optical center, in the study of Cu catalyst in CO oxidation.  

Figure 2.14 shows in situ MS and UV-vis results from a CO oxidation 

experiment at 250 °C on a prereduced Cu catalyst, where the oxygen content 

in the gas is gradually increased. Initially the rate of CO2 formation increases 

with every increase in the amount of O2, while it suddenly starts to decline 

at higher O2 content (O2/CO=0.03). Finally the catalyst deactivates 

completely as the O2/CO ratio increases further. In the initial phase, a clear 

Cu-LSPR peak is seen at 580 nm in the spectrum , indicative of metallic Cu 

nanoparticles 1,3,27. Nearly no change can be seen in the LSPR peak during 

the first part of the experiment, while it changes drastically at O2/CO=0.03. 

At O2/CO=0.035, the LSPR peak is completely eliminated. These changes 

stem from the formation of a Cu2O shell around the Cu nanoparticles and 

subsequent complete oxidation, as demonstrated in several studies 3,27. As 

the amount of O2 increases further, the optical intensity at the wavelengths 

shorter than 500 nm increases, suggesting that the Cu was oxidized further 

into CuO. Clearly, the Cu oxidation is correlated well to the observed catalyst 

deactivation. It means that the combination of mass- and in-situ UV-vis 

spectroscopy allows the correlation of reactivity to the catalyst oxidation 

state during a reaction. 
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Figure 2.14. (a) Mass spectrometry measurement, (b) optical center position 

and (c) in-situ UV-vis extinction spectra of a pre-reduced flat model Cu 

catalyst at 250 °C at constant CO flow and step wise increasing O2/CO ratios. 

The dotted grey curve in (a) corresponds to a blank measurement without 

catalyst and serves as a reference to show the amount of O2 in the gas flow 

when no reaction takes place. The Cu catalyst was prepared by sintering a 

5nm-thickness film.  

The corresponding optical spectra, analyzed by peak intensity and the 

optical center are shown in Figure 2.14(b). Both the Cu peak intensity and 

the optical center shows the changes in the optical spectra at O2/CO between 
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=0.03 and 0.35, corresponding to Cu+-shell formation. However, the Cu peak 

intensity curve shows no changes as the amount of O2 increases further. In 

contrast, the optical center position clearly displays the further oxidation, 

which is well correlated to the changes in the spectra. Thus, shifts in the 

optical center is applied as an indicator to display changes in the UV-vis 

spectra in real time. Detailed illustration of this method to investigate the 

catalytic mechanism of CO oxidation on Cu catalyst can be found in chapters 

3 & 4. 

2.7.2 Applications in (R)WGS  

Since metallic Cu is prone to be oxidized, it affords us the opportunity 

to apply UV-vis technique to investigate many reactions involving oxidants, 

via the LSPR peak. The water gas shift (WGS) and its reverse (RWGS) 

reaction are industrially relevant examples. For these reactions, it is well 

accepted that activation of the most oxidized product, i.e. CO2 for RWGS or 

H2O for WGS, is the rate-limiting step 79–81. This inspired us to take advantage 

of in situ UV-vis to study activation of CO2 and H2O on Cu(0) and its CeOx-

promoted catalysts. To stress the role of the oxide, a very small amount of 

CeOx, 0.3 nm-thickness, was deposited onto the surface of Cu nanoparticles 

with an average diameter of 30 nm.  

Figure 2.15 shows the UV-vis extinction spectra of Cu and CeOx/Cu 

catalysts (Ce/Cu=0.3/5), after reduction, subsequent extended exposure to 

H2O or CO2 and H2O/CO or CO2/H2 gas mixtures. A clear peak can be seen 

around 560 nm for both the Cu and the CeOx/Cu catalysts after reduction 

and cooling to 250 °C, which is at time zero. This is attributed to the LSPR 

peak of Cu(0) 1,3,27. As H2 is replaced by CO2, only a small shift can be seen in 

the LSPR peak of the pure Cu catalyst after 240 min in Figure 2.15(a). In 

contrast, a clearer shift and peak-broadening can be seen when the  reducing 

gas at the beginning of the experiment is CO and where it is replaced by H2O 

as shown in Figure 2.15(b). Although LSPR shifts can stem from many 

different physical processes, this shift can be attributed to a reversible 

oxidation/reduction of the Cu nanoparticles 3,27. In both cases, the peak-shift 

and broadening is much more pronounced and faster in the CeOx/Cu case 
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(Figure 2.15 (c & d)) suggesting that Cu oxidation in the CeOx/Cu catalyst is 

also more pronounced and faster than in the pure Cu catalyst. This means 

that CO2 interacts more weakly with Cu(0) than with H2O. In the presence of 

CeOx, interaction between Cu(0) and both CO2 and H2O is greatly enhanced. 

Finally, for both catalysts, the Cu-LSPR peak shift and broadening is 

reversed by adding the reducing gases again (i.e. in CO2/H2 and H2O/CO 

gas flows, respectively), corresponding to formation of Cu0. 

 

Figure 2.15. In situ UV-vis spectra of (a, b) Cu and (c, d) CeOx/Cu catalysts 

with a Ce/Cu ratio of 0.3/5 under conditions simulating the WGS and RWGS 

reactions at 250 °C, at atmospheric pressure. The catalysts were pre-reduced in 

H2 for 50 min at 500 °C.  

   Also in this case, the Cu LSPR shifts can be described by the optical 

center position, as mentioned in 2.7.1. Here we use the optical center to 

illustrate the shift from the position just before switching from the reducing 

(CO or H2) to the oxidizing gas (H2O or CO2). This number serves as a 

convenient indicator to show and compare the optical changes stemming 
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from Cu particle oxidation during the process. In short, a large shift of the 

optical center position indicates a significant oxidation of the catalyst. 

 

Figure 2.16. Optical center shifts of the Cu and CeOx/Cu catalysts with a 

Ce/Cu ratio of 0.3/5 during the same treatments as shown in Figure 2.15.  

Figure 2.16 shows the optical center position shifts of the spectra 

presented in 2.15. Similar conclusions can be drawn from the optical center 

shifts. Thus, there is a stronger interaction between Cu(0) and H2O than that 

with CO2. CeOx promotes dissociation of both CO2 and H2O. Detailed 

illustration of the catalytic mechanism of WGS and RWGS reactions on Cu-

based catalyst and the role of the oxide in the reactions can be found in 

chapter 5. 
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2.8 Summary 

In this thesis, a powerful way, that combines flat model catalyst and in 

situ spectroscopy, has been applied to investigate catalytic properties of Cu-

based catalyst and the related reaction mechanism. This chapter has been 

dedicated to describing the most important experimental techniques used in 

this work. Mass spectrometry provides information about the reactivity of a 

catalyst during a reaction. In situ UV-vis and XPS were the most intensively 

used characterization techniques for this research. In situ UV-vis provided 

comprehensive in situ information of the oxidation state of the catalyst, while 

XPS was used for surface oxidation state characterization and aids in 

interpretation of the optical spectra. This combination of methods is 

convenient and accurate in providing information over the oxidation state of 

a catalyst during a reaction. This, in turn, makes it possible to correlate 

reactivity to its corresponding oxidation state and shed light over the 

reaction mechanism.  
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Abstract 

The oxidation state of Cu nanoparticles during CO oxidation in CO+O2 gas 

mixtures was sensitively monitored via the localized surface plasmon resonances. A 

newly developed micro reactor, equipped with in situ UV-Vis and mass 

spectroscopy, was used for the measurements. The Cu nanoparticles of ~30 nm 

average diameter were supported on optically transparent, planar quartz wafers. The 

aim of the study is two-fold, i) to demonstrate the performance and usefulness of the 

set-up and ii) to use the combined strength of model catalysts and in situ 

measurements to investigate the correlation between the catalyst oxidation state and 

its reactivity. Metallic Cu is significantly more active than both Cu (I) and Cu (II) 

oxides. The metallic Cu-phase is only maintained under conditions where close to 

full oxygen conversion is achieved. This implies that kinetic measurements, aimed at 

determining the apparent activation energy for metallic Cu under realistic steady 

state conditions, are difficult or impossible to perform. 
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3.1 Introduction 

Properties of Cu-based catalysts are of particular interest in that they 

are applied in many different reactions, e.g., methanol synthesis, water-gas 

shift and methane reforming. There is still much interest and controversy 

regarding the oxidation state of Cu catalysts, especially under reaction 

conditions. For example the correlation between reactivity and oxidation 

states is not well established because of the complexity of the catalysts and 

reaction conditions, and because of the difficulty to monitor the oxidation 

states of the catalysts, while in use.  

Carbon monoxide oxidation is frequently used as a test reaction to 

study basic properties of catalysts 1–19 and abundant work concerning CO 

oxidation on Cu catalysts has been performed 1,6–19. The kinetics of CO 

oxidation have been studied on copper single crystal surfaces of various 

orientations in UHV conditions 6,17–19. It is proposed that high oxygen 

coverages retard the reaction rate and that the surface reaction takes place 

between adsorbed CO molecules and O atoms, following the Langmuir-

Hinshelwood (L-H) mechanism, on all single crystal surfaces. Studies of CO 

oxidation on “real” catalysts have also been carried out. Huang and Tsai 

proposed that Cu2O is the more active among three commercial Cu, Cu2O 

and CuO powder catalysts, in CO oxidation under oxygen lean and rich 

conditions. They refer this to a high mobility of lattice oxygen 13. In contrast, 

Jernigan and Somorjai, using a batch reactor to measure the activity of thin 

evaporated films, concluded that metallic Cu is the most active phase 

according to apparent activation energies 12. They proposed that CO 

oxidation over metallic Cu and Cu2O involves adsorbed O atoms and CO 

molecules 12,16, while over CuO, lattice oxygen participates in the reaction 

and later gets replenished from the gas phase in a redox type mechanism 12,15. 

The diverging conclusions arrived at from these studies are likely deriving, 

at least partly, from the choice of catalyst. Although the “real“ powder 

catalysts may be more relevant for studies aimed at optimizing catalyst 

formulations, the flat model catalysts offers a more homogeneous system 
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with better control over process conditions making them better suited for 

fundamental studies. 

None of the work mentioned above applied in situ techniques to 

investigate the oxidation state of Cu catalysts and direct measurements of 

the reaction rate under steady state conditions. However, it is well 

established that both the oxidation states and reactivity of catalysts depend 

on the gas atmosphere. Therefore, it is difficult to use post-reaction 

measurements to study the correlation between the oxidation state and 

reactivity. Reversible changes of the catalysts, to states that are only present 

during use can be missed, thereby introducing errors in the measurement 

interpretation. Hence, in situ techniques are of great necessity for reliable 

studies. Recent studies by Xu et al. and Eren et al. used in situ techniques to 

study Cu single crystal properties under different CO-oxidation conditions 
1,8,20. These studies elucidate the sensitive correlation between gas 

composition, Cu-oxidation state and morphology, but provide estimates of 

the catalyst activity only via indirect measurements.     

In this work we have used in situ UV-Vis and mass spectroscopy to 

investigate the correlation between oxidation states of flat model Cu 

catalysts and reactivity during carbon monoxide oxidation. X-ray 

Photoelectron Spectroscopy (XPS) was applied to complement the in situ 

study. A set of experiments were performed and we found that metallic Cu 

is the most active phase in carbon monoxide oxidation but that the metallic 

phase is only stable under conditions where close to full oxygen conversion 

is achieved.  

3.2 Experimental section 

3.2.1 Sample preparation  

The Cu model catalysts were prepared by evaporation of Cu metal 

(99.99% pure Cu, Kurt J. Lesker) onto 1.2 cm x 0.9 cm x 0.05 cm quartz wafers 

in the home-built evaporator. All wafers were calcined at 500 °C overnight in 

an oven to remove contaminants from the surface prior to Cu-deposition. 

The nominal thickness of the Cu-film was 5 nm for all samples as measured 
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by an in situ quartz crystal micro balance (Q-pod Quartz Monitor, Inficon). 

This means that each sample contains ~5 μg of Cu.  

The Cu/quartz wafer samples were heated to 400 °C, (10 °C/min) and 

held at that temperature for 1.5 h, first in 200 ml/min, 2.5 vol% O2/Ar and 

subsequently in 5 vol% H2/Ar prior to all measurements, in order to form 

sintered, stable Cu nanoparticles. 

3.2.2 Optical and reactivity measurement   

Firstly, we demonstrate the simultaneous UV-Vis and mass 

spectroscopy measurements during CO oxidation experiments over Cu 

catalysts in different oxidation states. O2 or H2 pretreatments were carried 

out to oxidize or reduce the Cu catalysts. The samples were heated up in a 5 

vol% O2/Ar or 5 vol% H2/Ar gas flow to 400 °C at a rate of 10 °C/min, kept 

at this temperature for 1h and subsequently cooled down. At 50 °C, the 

oxidizing/reducing gas was purged out and a 6.6 vol% CO/3.3 vol% O2 gas 

flow in Ar was switched on. 60 min at 50 °C was allowed to collect a baseline 

at stable conditions before the samples were heated up in the reactant gases, 

at a rate of 10 °C/min to 400 °C. This pre-oxidation/reduction - reaction cycle 

was repeated three times to assure reproducibility of the results. The reaction 

flow (through the sample holder pocket) was kept at 1 ml/min.  

Secondly, we introduce an approach to interpret the optical spectra of 

the Cu catalyst during a reduction process, from Cu0 to Cu+ and Cu2+, in real 

time. The catalyst was heated to 400 °C at a rate of 10 °C/min, in a 5 vol% 

H2/Ar gas flow, and kept at this temperature for 1h. It was subsequently 

cooled down, in a 40 vol% CO/Ar gas flow, to 300 °C where O2 gas was 

introduced into to the reactor, in small, stepwise increments. Finally all CO 

gas was removed from the gas flow, to fully oxidize the catalyst. During this 

experiment, the reaction flow was kept at 5 ml/min.  

Finally, addressing kinetic measurements, the samples were heated up 

in a 5 vol% H2/Ar gas flow to 400 °C at a rate of 10 °C/min and kept at this 

temperature for 1h. It was followed by cooling down in the H2/Ar gas flow 

to reaction temperatures (80, 150 or 250 °C). A 40 vol% CO/Ar flow was 
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switched on and O2 gas was added, in small stepwise increments. In this 

case, a constant flow of He, 3 ml/min, was added into the gas flow during 

the whole measurement process. To compensate for signal drift, the MS 

readouts for O2 and CO2 were normalized to the He-reference. The CO2 

signal was further corrected by subtracting reference data from an identical 

measurement where no catalyst was present in the reactor. The reaction flow 

was 1 ml/min.  

3.2.3 X-ray Photoelectron Spectroscopy  

 In order to study the oxidation state and particle dispersion of Cu 

catalysts, XPS experiments are carried out with a Kratos AXIS Ultra 

spectrometer, equipped with a monochromatic Al Kα x-ray source (Al Kα= 

1486.6 eV). The measurements were performed at a 40 eV pass energy with 

a 0.1 eV step size and the background pressure in the chamber was typically 

lower than 10-8 mbar.  

Reactions were performed in a high-temperature gas reaction cell 

(Kratos Analytical Ltd, Manchester, U.K.), which consists of a dome-shaped 

quartz chamber, allowing for in vacuo transfer into the measurement 

chamber. A quartz stub was used as sample support and the chamber 

pressure was kept at 1.5 bar during all treatments. Initial oxidation 

treatments at 400 °C, were performed in a 10 vol% O2/Ar gas flow, to fully 

oxidize the catalyst and remove adventitious carbon prior to experiments. 

For the O2, H2 and CO/O2 treatments (presented in 3.3.1) the sample was 

heated up to 400 °C at a rate of 10 °C/min and kept at this temperature for 1h, 

followed by cooling down to 50 °C. For the experiment investigating 

oxidation of a pre-reduced catalyst under stoichiometric reaction conditions 

(presented in 3.3.2), the sample was pre-reduced in H2 at 400 °C for 1 h 

followed by cooling down to 50  °C. Then a 6.6 vol% CO/3.3 vol% O2 gas flow 

in Ar was was introduced. The sample was heated to the indicated 

temperatures. At the targeted temperature the gas flow was switched off and 

the reaction cell was immediately evacuated, rapidly cooled down and 

transferred into the measurement chamber.  
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The results were analyzed with Casa XPS software (version 2.3.16 Pre-

rel 1.6) and all spectra were calibrated using the Si 2s peak at 154.4 eV. For 

quantitative analysis, the Si 2s, Cu 2p and O 1s and the Wagner relative 

sensitivity factors were used. In order to distinguish Cu0 from Cu+, the 

modified Auger parameter was calculated according to Eq. 3.1: 

 𝛼𝐶𝑢 = 𝐾𝐸(𝐶𝑢 𝐿𝑀𝑀) + 𝐵𝐸(𝐶𝑢 2𝑝3/2)                    Eq. 3.1 

where hν is the X-ray photon energy, KE(Cu LMM) and KE(Cu 2p3/2) are 

the kinetic energy of the LMM Auger electron and the 2p3/2 photoelectron, 

respectively. 

3.2.4 SEM  

Scanning electron microscopy (SEM) was carried out in a FEI Quanta 

3D FEG dual beam instrument to obtain morphology information of Cu 

nanoparticles. 

3.3 Results  

3.3.1 Cu, Cu2O and CuO XPS and UV-Vis Reference Spectra 

In order to obtain reference spectra of Cu, Cu2O and CuO, UV-vis 

measurements were performed after treatments at three well defined 

conditions. Inspired by the work by Jernigan and Somorjai 12, we used pre-

treatments at 400 °C for 1 h, in three different gas environments (5 vol% H2, 

9 vol% CO/1 vol% O2, and 5 vol% O2 in Ar) to convert the 5 nm thick, 

evaporated Cu films into metallic Cu(0), Cu+ and Cu2+-oxides, respectively. 

XPS analysis was then applied to verify the resulting oxidation states. Figure 

3.1(a, b) displays the Cu 2p and O 1s spectra and the analysis details are 

shown in Table 3.1. 
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Figure 3.1. (a) Cu 2p XPS spectra, (b) O 1s and Cu LMM spectra and (c) 

UV-Vis spectra of Cu catalysts after gas treatments at 400 °C resulting in 

Cu(0), Cu+ and Cu2+ respectively. 



CO Oxidation 

63 
 

3 

The satellite peaks present in the Cu 2p spectrum of the O2-pretreated 

Cu, confirms the formation of CuO 10. Furthermore, the peak at 529.8 eV 

observed in the O1s region, corresponds to lattice oxygen of CuO 11,21 while 

the larger peak at 532.5 eV corresponds to the lattice oxygen of SiO2 22. The 

molar O/Cu ratio is 0.81, close to but slightly below what is expected for 

CuO. This is likely due to that part of the O is bound to surface defect sites, 

which are inherent to the CuO phase. This gives rise to a photoelectron peak 

at a higher binding energy and has been reported in the literature for many 

pure oxides, including copper, nickel and chromium 23–25.  The defect related 

peak can comprise as much as 20 - 40 % of the main peak but due to the 

higher binding energy it is overlapping with the large O peak related to SiO2 
23, thus explaining the low O/Cu ratio. It should be kept in mind that these 

surface defect sites are likely to contribute to the catalytic activity of the oxide 

phase. In contrast, no satellite peaks appear in the spectra of the catalyst 

treated in CO/O2 gas mixture. The Cu 2p3/2 peak appears at 932.4 eV and the 

modified Auger parameter is 1849.2 eV. Simultaneously, the lattice oxygen 

peak, corresponding to copper oxide, shifts to 530.4 eV and the atomic O/Cu 

ratio decreases to 0.48, confirming the formation of Cu2O 9,11,,21,23,26. Metallic 

Cu is formed after H2-pretreatment according to the modified Auger 

parameter (1851 eV) and the absence of a peak corresponding to lattice 

oxygen of copper oxides. The Cu 2p peak appears at a slightly lower binding 

energy than expected after the H2-treatment. This is likely due to a difference 

in charge build-up in the SiO2 surface layer when the metallic overlayer is 

present 27. Another interesting observation is that the O 1s peak at 532.5 eV, 

corresponding to lattice oxygen in SiO2, is observed after all three treatments, 

suggesting that the Cu film does not form a continuous layer after any of the 

three pre-treatments, but rather a discontinuous particle film. Moreover, the 

Si/Cu ratio changes according to the oxidation states after different 

treatments, from 1.13 – 1.31 for the copper oxides to 4.85 for the metallic Cu. 

This indicates significant particle reshaping upon oxidation and reduction. 
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Table 3.1. XPS information of Cu catalysts after different treatments from this work 
and from literature references 

Samples 
T 

(°C) 

BE  
Cu 2p 3/2 

(eV) 

Modified Auger 
parameter (eV) 

BE O1s 
(eV) 

O/Cub Si/Cuc 

O2 
treatment 

400 933.8 Sa 529.8 0.81 1.31 

H2 
treatment 

400 932.1 1851 - 0 4.85 

CO/O2 
treatment 

400 932.4 1849.2 530.4 0.48 1.13 

Reduced 
Cu in 6.6 

vol% 
CO/3.3 
vol% O2 

50 932.0 1849 530.1 0.46 5.51 

200 932.5 1849 530.3 0.54 2.13 

300 933.8 Sa 529.8 0.81 1.35 

400 933.4 Sa 529.7 0.79 1.14 

CuO - 
933.4-933.8 

9,23,26,28-30 
Sa 

529.5-
529.7 11,21 

-  

Cu2O - 
932.2-932.4 

9,23,26 
1849.2-1849.6 

9,26 
530.2 
11,21,26 

-  

Cu - 
932.5-932.7 

9,23,26,28–30 
1851.2-1851.6 

9,23,28–30 
- -  

a. S denotes the existence of satellite peaks of CuO 

b, c. The Si 2s, Cu 2p and O 1s and the Wagner relative sensitivity factors peaks 

were used to calculate atomic O/Cu and Si/Cu ratios.  
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Figure 3.2. SEM-images of a 5 nm thick Cu-film after sequential treatment at 

400 °C in (a) H2 1h, O2 1h and 6.6 vol% CO/3.3 vol% O2 1h (oxidized) and 

(b) H2 1h, O2 1h, 6.6 vol% CO/3.3 vol% O2 1h and H2 1h (reduced).   

The XPS results show that Cu, Cu2O or CuO are obtained after H2, 

CO/O2 and O2 pretreatments, respectively. Therefore these three treatment 

conditions were applied to get UV-Vis extinction reference spectra of Cu, 

Cu2O and CuO, which are displayed in Figure 3.1(c). Each pretreatment was 

applied for 1h although the optical spectra were stable already after the first 

15 min. This indicates that the phase transformation was readily completed 

during the pre-treatment and not hampered by slow diffusion limited 
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processes. After H2-treatment a clear peak at around 580 nm appears in the 

spectrum. This peak stems from the localized surface plasmon resonance 

(LSPR), which is a signature of metallic Cu nanoparticles 7,31,32. The two 

optical patterns of CuO and Cu2O are lacking the LSPR peak but are 

mutually distinguishable by the difference in extinction between 400 and 700 

nm. Thus the optical spectra of Cu nanoparticles in these three different 

oxidation states are used as references in the following analysis.  

In addition to the chemical and optical differences between the 

evaporated thin Cu-films after different gas treatments, significant 

morphological differences are observed. Figure 3.2 shows SEM images of the 

5 nm Cu-films after heating for extended time at 400 °C in Ar-diluted O2, H2 

and 6.6 vol% CO/3.3 vol% O2 mixtures. 

From these images, it is clear that the Cu-film is discontinuous and 

exhibits different morphologies after oxidizing and reducing treatments. The 

oxidizing treatment (Figure 3.2a) leads to the formation of a network of flat 

nanoparticles. This corresponds well with the XPS results where a smaller 

Si/Cu ratio was seen in this case. In contrast, the reducing treatment leads to 

clearly separated nanoparticles with a rounder shape, which is responsible 

for the larger Si/Cu ratio as measured by XPS. The average diameter of the 

metallic Cu-nanoparticles in Figure 3b is estimated to 31±12 nm. 

3.3.2 CO oxidation on reduced and oxidized Cu in CO/O2  

In order to demonstrate the power of simultaneous UV-Vis and mass 

spectroscopy measurements, CO oxidation experiments were carried out in 

6.6 vol% CO/3.3 vol% O2 in Ar, over a pre-oxidized and a pre-reduced Cu 

catalyst. The pre-oxidized sample is expected to remain as CuO in the 

stoichiometric gas composition, while the reduced, metallic Cu is expected 

to oxidize during the experiment 12. Figure 3.3 displays CO2 formation from 

the MS and the UV-Vis spectra, taken during the experiments (solid lines) as 

well as the reference spectra from Figure 3.1 (dash-dotted lines). 
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Figure 3.3. (a) Mass spectrometer measurements of CO2-formation over pre-
oxidized and pre-reduced Cu catalyst, and in situ UV-Vis spectra of (b) a pre-
oxidized and (c) a pre-reduced Cu catalysts during CO oxidation in Ar-diluted 
6.6 vol% CO/ 3.3 vol% O2 mixture. The temperature was increased by 10 
°C/min to 400 °C, where it was kept for 200 min.  
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Figure 3.3(a) shows the CO2 evolution from a pre-reduced and a pre-

oxidized Cu sample during temperature ramps and subsequent isothermal 

reaction at 400 °C in the CO/O2 gas mixture. The rate of CO2 formation 

increases smoothly with increasing temperature and both samples show 

significant catalytic activity at temperatures above 200 °C. However, the rate 

of CO2 formation is lower over the pre-reduced than over the pre-oxidized 

catalyst during the entire experiment. During the extended, isothermal 

reaction at 400 °C the CO2 formation of the pre-oxidized catalyst is fairly 

stable, exhibiting only a slight decrease in activity. In contrast, the isothermal 

reactivity of the pre-reduced catalyst initially decreases slightly and then 

increases with time. After running the reaction for 200 min, it appears that 

the reactivity still approaches that of the pre-oxidized catalyst, indicating 

that the catalyst adaptation to the gas environment is rather slow, even at 

400 °C.  

In Figure 3.3(c), the corresponding UV-Vis spectra for the pre-reduced 

catalyst are shown. These spectra exhibit a number of interesting changes 

during the CO-oxidation experiment. The first thing to notice is the LSPR-

peak at around 580 nm after H2-reduction, which confirms the presence of 

metallic Cu nanoparticles 7,31,32. The LSPR-peak position shifts slightly to 

longer wavelengths already at 50 °C when the H2/Ar gas mixture is replaced 

with CO/O2, implying formation of a surface oxide on the Cu nanoparticles 
7,31,32. As temperature is increased, the peak is broadened and shifts further 

to longer wavelengths. At 175 °C the LSPR-peak is completely gone, 

demonstrating that the Cu nanoparticles are further oxidized. As 

temperature is increased to 400 °C, the optical extinction at wavelengths 

shorter than 500 nm increases, thereby resembling the reference spectra of 

Cu+. During the extended period at 400 °C, the spectral intensity at the 

wavelength between 500 and 700 nm gradually increases, eventually 

resembling the reference spectra of Cu2+.  

To complement the in situ UV-Vis measurements, XPS was applied to 

study the pre-reduced catalyst after exposure to the same, oxidizing reaction 

conditions. Figure 3.3 shows the Cu 2p and O 1s peaks of the pre-reduced 

catalyst after exposure to the CO/O2 gas at various temperatures as well as 
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the reference spectra of a pre-reduced and a pre-oxidized catalyst. In 

addition, the peak positions, modified Auger parameter and the O/Cu ratios 

are presented in Table 3.1. 

 

Figure 3.4. XPS spectra of the (a) Cu 2p and  (b) O 1s region of the pre-

reduced Cu catalyst after treatment in the 6.6 vol% CO/3.3 vol% O2 gas 

mixture at different temperatures.  

After switching from H2 to the CO/O2 gas mixture at 50 °C, a peak in 

the O1s spectra (Figure 3.4b) at 530.1 eV appears, corresponding to oxygen 

in cuprous oxide 11,21,26. Furthermore, the modified Auger parameter changes 
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from 1851 to 1849 eV and the O/Cu molar ratio is 0.46. This indicates 

oxidation of the surface of metallic Cu into Cu2O 9,26, which confirms that the 

red-shift of the peak in the UV-Vis spectra is due to the formation of an oxide 

shell around the metallic Cu nanoparticles. As temperature increases to 200 
°C, the Cu 2p3/2 peak shifts to 932.5 eV, while the modified Auger parameter 

and O1s peak position of Cu oxide remains stable, indicating that the 

oxidation state of the catalyst does not change. The O/Cu molar ratio 

increases to 0.54, which indicates a slight further oxidation. At 300 °C, 

satellite peaks appear in the Cu 2p spectra and the oxygen peak 

corresponding to copper oxide shifts to 529.8 eV. At the same time, the 

atomic O/Cu ratio increases to around 0.81, indicating that the catalyst 

surface was further oxidized into CuO. Increasing the temperature to 400 °C 

leads to no further changes in the spectra. During the reaction process, it is 

also noted that the Si/Cu ratio (Table 3.1) steadily decreases as temperature 

is increased. This implies that Cu nanoparticles wets the Si surface, thereby 

covering a larger fraction of the surface.  

The amount of C on the catalyst surface (not shown) is around a few 

percent after all treatments, which shows that the pre-treatments effectively 

remove adventitious carbon. In particular, no increase is seen in the C 1s 

signal after the CO/O2 treatments, indicating that no extra carbon species are 

introduced that can obstruct the subsequent reactions.   

In summary, the pre-reduced catalyst forms a surface oxide upon 

exposure to the 6.6 vol% CO/ 3.3 vol% O2 gas mixture, leading to the 

formation of a core-shell structure. With increasing temperature, the oxide 

shell becomes thicker and the metallic Cu core smaller until the catalyst is 

completely oxidized. During the isothermal reaction at 400 °C, the oxidized 

Cu is further oxidized into CuO whereupon the nanoparticles wet the 

surface, thereby exposing a larger surface area. The pre-reduced catalyst is 

thus exposing a surface with mixed oxidation states during the ramp 

experiment while the pre-oxidized catalyst is completely CuO terminated.  
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3.3.3 Generalized interpretation of UV-Vis spectra  

As demonstrated in the previous section, the optical spectra collected 

during the catalytic experiments provide a valuable link between the catalyst 

activity and oxidation state. Optical spectra can be obtained at a time 

resolution down to a few milliseconds thus generating a vast amount of data. 

It is therefore desirable to introduce a generalized interpretation of the 

optical spectra to indicate when significant changes take place during an 

experiment. When LSPRs are used in sensing applications, the peak position 

and/or peak width is frequently used to achieve a convenient readout of 

optical changes 32-35. For the experiments demonstrated above, such an 

approach would only be of limited use, since the plasmonic peak is 

completely eliminated upon full oxidation of the nanoparticles. We therefore 

choose to calculate the “optical center”, defined as the wavelength at which 

the integrated extinction spectra equals half of the total integral value: 

 ∫ 𝑬(𝝀)𝒅𝝀
𝝀

𝝀𝒎𝒊𝒏
=

𝟏

𝟐
∫ 𝑬(𝝀)𝒅𝝀

𝝀𝒎𝒂𝒙

𝝀𝒎𝒊𝒏
                 Eq. 3.2 

in which λ is the wavelength and E(λ) is the corresponding intensity of 

the extinction spectra. 

This approach allows us to detect minor changes in the optical spectra 

and to conveniently follow optical changes over time, both from metallic to 

oxidized Cu and from one oxide to another. The usefulness of this approach 

is demonstrated by an experiment where a pre-reduced Cu catalyst is 

exposed to a constant flow of CO, 40 vol% diluted in Ar, with a gradually 

increasing O2-content in the gas flow at 300 °C, thereby inducing sequential 

oxidation of metallic Cu to Cu2O and eventually CuO. To assure a uniform 

response over the sample, a high flow rate (5 ml/min) and thus low rates of 

O2 conversion was applied. Figure 3.5(a, b) shows the calculated optical 

center and selected UV-Vis spectra during the experiment, plotted versus 

time (bottom x-axis) and the relative oxygen concentration (top x-axis).  

The optical center position displayed in Fig. 3.5(a) shows major shifts 

in two regions, i) O2/CO ratios between 0.95×10-2 and 1.25×10-2 and ii) higher 



Chapter 3 

72 
 

3 

than 4.5×10-2. By looking closer into the optical spectra in these regions the 

nature of these shifts can be clarified.  

 

Figure 3.5. (a) Optical center position of the in situ UV-Vis spectra during 

phase transitions from Cu0 to Cu2O and to CuO in O2/CO gas mixtures with 

increasing oxygen content at 300 °C, (b) Selected optical spectra from points 

where the optical center shows large shifts.  
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The large shift of the optical center for the O2/CO ratios between 

0.95×10-2 and 1.05×10-2 derives from a shift towards longer wavelengths and 

a broadening of the Cu nanoparticle LSPR-peak in Fig 3.5(b). This LSPR-shift 

stems from the formation of a Cu2O shell around the Cu nanoparticles, as 

demonstrated in several previous studies 7,31,36,37. For O2/CO ratios between 

1.1×10-2 and 1.25×10-2, the optical center shifts back towards shorter 

wavelengths again. The optical spectra from this part of the experiment, 

shown in Fig 3.5(b) reveals that the plasmonic peak is completely eliminated 

while the extinction at wavelengths between 400 and 500 nm increases, 

eventually resembling the Cu+ reference spectra. This indicates that the 

surface oxidation has reached all the way into the Cu-particle cores. The first, 

sharp peak in the optical center plot can thus be associated with oxidation of 

the metallic Cu nanoparticles to Cu+. 

The second, large shift in the spectra, observed for O2/CO ratios larger 

than 4.5×10-2 can then be associated with oxidation of the Cu+ to Cu2+. The 

optical spectra reveals decreasing extinction between 400 and 500 nm and 

increasing extinction for wavelengths between 500 and 700 nm, gradually 

transforming the optical spectra from that of the Cu+ reference to one closely 

resembling the Cu2+. 

The third and more subtle shift in the optical center plot can be 

observed at the point where oxygen is first introduced into the CO gas 

stream. This initial, tiny shift in the LSPR peak position would not be 

detectable without the mathematical analysis. It can tentatively be attributed 

to O replacing CO as the majority species adsorbed on the surface of the Cu 

nanoparticles. Similar effects have previously been seen on Pt nanoparticles 

supported on silica embedded Au discs and during water 

adsorption/desorption from Au-particles 33,38. 

In summary, the optical center analysis enables us to monitor the 

oxidation of Cu nanoparticles in real time and thus to compare the stability 

of the Cu oxidation states under different conditions. 
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3.3.4 Kinetic measurements of CO oxidation on metallic Cu  

The results presented in section 3.3.2 and 3.3.3 shows that our micro 

reactor can be used to measure the reactivity of a flat model catalyst during 

CO-oxidation, while simultaneously monitoring the oxidation state. We 

therefore decided to study the kinetics of CO oxidation on metallic Cu, which 

shows fairly contradictory results in the literature 6,8,12,13,17–19,39. Experiments 

to measure O2 reaction orders in CO oxidation were performed in a constant 

CO-flow (40 vol% in Ar), with various O2/CO molar ratios, first increasing 

stepwise from 0 to 4×10-2 in intervals of 0.5×10-2 step-1 and then decreasing 

back to 0 in equivalent steps. Figure 3.6 shows the in situ O2 and CO2 MS 

curves from experiments at three different temperatures and the 

corresponding optical center plots of the UV-Vis spectra. These temperatures 

were chosen to investigate the stability of the catalyst at different levels of 

oxygen conversion, at temperatures up to or below where Cu-catalysts are 

typically used. 

The dotted curve in Figure 3.6(a) corresponds to a blank measurement 

without catalyst and serves as a reference to show the amount of O2 in the 

gas flow when no reaction takes place. At 250 °C all of the O2 is consumed for 

O2/CO ratios below 3×10-2 while at O2/CO = 3×10-2 roughly half of the O2 is 

left in the gas flow after passing the catalyst. For higher O2/CO ratios, the 

conversion is negligible in comparison, implying a catalyst deactivation. It is 

also interesting to point out that O2-conversion is not regained when the 

oxygen concentration is decreased again. A similar behavior is observed at 

150 °C although full O2-conversion is only achieved for the two lowest 

O2/CO ratios and catalyst deactivation is observed already at 

O2/CO=1.5×10-2. Compared with the reactions at high temperature, roughly 

one fourth of the O2 is left in the gas flow at the first step and almost no O2 

consumption is observed for a gas stream with the O2/CO ratios higher than 

1×10-2 at 80 °C.  

Corresponding changes are also observed in the CO2 curves in Figure 

3.6(b). Initially, the amount of CO2 produced is increased with increasing the 

O2/CO ratios, while the CO2 production decreases drastically for higher 
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O2/CO ratios. No reactivity is recovered during the O2 decrease processes at 

all three temperatures, which indicates that an irreversible catalyst 

deactivation has occurred. This set of experiments shows that the reactivity 

of the initially metallic Cu-catalysts gradually declines and eventually 

deactivates as the O2-partial pressure is increased beyond the point where 

full O2-conversion is achieved and that it is an irreversible process.   

 
Figure 3.6. (a) Mass spectrometer measurement of (a) O2 content and (b) CO2-

formation during CO oxidation on a pre-reduced flat model Cu catalysts at 80, 

150 and 250 °C at constant CO-flow and various O2/CO ratios. The dotted 

curve in (a) shows the oxygen content when no catalyst is present, i.e. with no 

conversion.  (c) Optical center position (indicating the observed LSPR-shifts), 

calculated from the in situ UV-Vis measurements during the CO-oxidation 

experiments.  
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The in situ UV-Vis spectroscopy can now be applied to monitor the 

oxidation states of the Cu catalysts during the kinetic measurements. Figure 

3.6(c) shows the shifts in the optical center for the reactions at three 

temperatures. An initial, slight shift to longer wavelengths is seen at all three 

temperatures when O2 is introduced into the gas flow, tentatively assigned 

to a shift in the Cu LPSR peak position when the CO molecules adsorbed on 

the Cu surface is replaced by O 7,31-33. However, the most important 

observation from these curves is that large shifts in the optical center position 

correlate in time with the observed decrease in catalyst activity. According 

to the results presented in 3.3.2 and 3.3.3, these shifts indicate oxidation of 

the metallic Cu to Cu2O. 

It is also interesting to note that the oxide shell continues to grow, 

rather than reduce back to metallic Cu, even when the O2-concentration is 

decreased again. At 250 °C, the Cu-oxidation is suppressed up to a relatively 

high oxygen concentration but proceeds quickly to Cu2O once it has begun. 

At 80 °C, in contrast, oxidation starts already at the O2/CO ratio 1×10-2, but 

does not proceed to completely oxidized Cu2O, while the experiment at 150 
°C shows an intermediate behavior. Finally, it should be pointed out that no 

re-reduction of the Cu catalysts takes place, as long as O2 is present in the 

gas flow. However, when CO was the only reactive gas in the flow, a rapid 

re-reduction was observed for the experiments at 150 and 250 °C, as seen by 

the sharp spikes towards the end of the optical center plots, while at 80 °C, 

the catalyst stays oxidized.  

3.4 Discussion  

The newly developed micro reactor facilitates simultaneous 

measurements of reactivity and oxidation states of flat model catalyst using 

a combination of in situ MS and UV-Vis spectroscopy. This is especially 

powerful for catalysts consisting of metallic Cu nanoparticles, since these 

exhibit localized surface plasmon resonances (LSPR). The spectral position 

of these LSPR-peaks is extremely sensitive to the formation of surface oxides, 

which has been demonstrated in many previous publications 7,31,32,35. This 

experimental setup is therefore exceptionally well suited to study how the 
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oxidation of metallic Cu catalysts changes the catalytic activity. By 

mathematical integration of the optical spectra, it is possible to continuously 

monitor very subtle changes in the catalyst state. Analysis of the integrated 

optical spectra allows us to follow, not only oxidation of Cu 0 to Cu2O 

(through shifts in the LSPR peak position) but also the oxidation of Cu2O to 

CuO in real time.  

The activity during temperature-programmed surface reaction (TPSR) 

experiment from 50 to 400 °C in a stoichiometric gas composition 

(CO/O2=6.6/3.3), is higher on a pre-oxidized than on a pre-reduced Cu 

catalyst, seemingly suggesting that CuO is more active than metallic Cu. 

However, the oxidation state of the pre-oxidized Cu catalyst remained stable 

as Cu 2+ under the entire experiment. In contrast, the pre-reduced Cu catalyst 

gradually oxidized during the reaction, as evidenced by the in situ UV-Vis 

and supporting XPS. Already at 50 °C the metallic Cu surface was oxidized 

into Cu2O by the reactant gases, eventually forming fully oxidized CuO. This 

experiment thus rather shows that CuO is more active than the surface 

oxidized Cu catalyst, already at low temperatures.  

The oxidation of metallic Cu to Cu2O at 50 °C is confirmed by the XPS 

measurements. However, the XPS-measurements indicate that CuO is 

formed already during the temperature ramp (at T ≥ 300 °C), while the UV-

Vis measurements suggest that CuO formation takes place mainly during 

the extended reaction at 400 °C. At this point it is not clear if this discrepancy 

stems from the different geometry and flow conditions in the micro reactor 

and the XPS-reaction cell or if a slight CuO surface oxidation can remain 

undetected in the UV-Vis spectra. In any case, it is clear that the surface of 

the pre-reduced catalyst is transformed into CuO, already during the 

temperature ramp or the early stages of reaction at 400 °C, yet the reactivity 

of the pre-reduced catalyst remains lower than the pre-oxidized.   

It is assumed that the reaction on CuO takes place between adsorbed 

CO molecules and lattice oxygen of CuO, which is replenished by gas phase 

O2 12,14,15. Therefore, the amount of lattice oxygen of CuO should be related 

to its reactivity. In other words, more lattice oxygen from CuO is available 
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for CO oxidation in the pre-oxidized Cu catalyst than from the CuO shell-

Cu2O core of the pre-reduced Cu catalyst. This suggests that sub-surface 

oxygen is important for the reaction rate, as demonstrated in previous 

research 6. An additional explanation to the observed differences in reactivity 

could be that the nanoparticle shape (SEM) and hence the exposed surface 

area (XPS) is different for the pre-reduced and the pre-oxidized samples and 

that reshaping of the CuO nanoparticles proceed slowly during the reaction 

conditions.  

In section 3.3.4, isothermal, kinetic measurements of CO oxidation on 

metallic Cu were carried out at three different temperatures. Gradual 

deactivation of metallic Cu was observed with increasing O2 partial pressure 

at all temperatures, coinciding with oxidation of the catalyst. It is well 

accepted that the reaction order in O2 is negative over metallic Cu, which is 

due to that absorbed atomic O interacts strongly with the metal surface and 

blocks active sites so that CO cannot adsorb 12,17–19. However, lack of 

knowledge about the oxidation state of the catalyst during the reactions post 

uncertainties in studies of the reaction mechanism and active phase. Metallic 

Cu is well known to be sensitive to oxygen content in the gas atmosphere 

and in situ characterization techniques are therefore of great necessity to 

indicate whether it remains stable during measurements. Indeed, a recent, 

near ambient pressure XPS study by Eren and co-workers 8, demonstrates 

how CO adsorbed on a Cu surface is replaced by O when 3% of O2 is added 

to the CO gas stream during CO oxidation. Under these conditions, O was 

adsorbed on the metallic Cu, rather than forming an oxide, while virtually 

no CO could be observed on the surface. At higher O2 concentrations, they 

observed both surface and subsurface oxidation to Cu2O. This is consistent 

with our observations that metallic Cu is stable, only as long as near to full 

O2 conversion is achieved. During the reaction, free surface sites will 

continuously be formed upon desorption of the products, allowing new 

reactants to adsorb. At near full O2 conversion, only CO is available to adsorb 

on these free sites thus sustaining the reaction. At a lower rate of O2 

consumption, the free surface sites will instead be occupied by O, blocking 

the adsorption of CO, thereby hindering the CO2 formation. The adsorbed 
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oxygen will then instead form an oxide with the Cu. The rate of Cu-oxidation 

depends strongly on temperature, since it requires diffusion through the 

bulk of the Cu particles. This can also be seen from our measurements, where 

Cu oxidation, once it begins, proceeds quickly at 250 °C. In contrast, at 80 °C 

full conversion is not achieved, even for the lowest oxygen contents. Cu 

oxidation and deactivation thus starts immediately but does not complete 

during the entire time it is exposed to O2 containing gas (7.5 h).  

Furthermore, reducing the oxygen content in the CO/O2 gas mixture 

does not restore the catalyst activity. The stability of metallic Cu requires 

close to full O2-conversion, but the oxidized Cu is significantly less active 

than the metallic phase. Therefore, once the catalyst surface has been 

oxidized, the O2-conversion drops significantly and the catalyst remains 

oxidized even though the gas composition is restored to conditions where 

the metallic phase was initially stable.   

Kinetic measurements should be attained at reaction conversion below 

20 % to ensure the reaction takes place within the kinetically limited regime, 

avoiding transport limitations. Our measurements points to a fundamental 

problem in this respect, since metallic Cu is only stable in low O2 flow and 

high conversion. In other words, full or nearly full O2 conversion is necessary 

to ensure the stability of metallic Cu under continuous reaction conditions, 

which are not suitable for kinetic measurements. 

Altogether, our measurements shows that the reactivity of Cu (0) > 

CuOx. This is in agreement with previous results by Jernigan and Somorjai 

and by Szanyi and Goodman 12,19 but in disagreement with other studies 8,13. 

The extreme sensitivity of metallic Cu towards surface oxidation is likely at 

the root of these conflicting reports.  

In addition, the fundamental difference between powder and flat 

model catalyst is likely to contribute to the diverging results reported in the 

literature. The combination of in situ UV-Vis and in situ catalytic testing has 

been tried out on powder catalyst in some reported work 40–42. Smeets et al. 

and Kondratenko et al. measured characteristic electronic transitions of 

copper containing powder catalysts in the diffuse reflectance mode (DRS) 
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40,41. However, the DRS measurements only provide information about the 

material close to the surface of the packed bed, which is not necessarily 

representative for the material at the center of the catalyst bed. In the later 

work, the Cu LSPR peak was used as indicator to study the catalyst oxidation 

state under steady-state and transient reaction conditions 42. However, these 

studies did not use any complementary measurements to identify the 

characteristic optical spectra corresponding to the different oxidation states. 

 The obvious advantages of using powder catalysts for the studies are 

that it is easier to perform activity tests and that real, commercial catalysts 

can be used. However, DRS measurements from a packed bed reactor only 

provide information about the material at the surface of the bed, close to the 

reactor wall. The reactor wall can act either as h heat sink, for the case of 

exothermic reactions, or as a heat source, when the reactor is externally 

heated by an external oven 43. Furthermore, catalyst particles at the reactor 

boundary are surrounded by catalytic material on one side and the reactor 

wall on the other side. It is therefore likely that the conversion is locally 

different near the reactor wall in comparison to that at the center of the 

reactor. These effects can cause radial gradients in the temperature and gas 

composition. Therefore, it cannot easily be excluded that catalyst material 

close to the reactor wall in a packed bed reactor is different from the material 

at the center of the catalyst bed. In contrast, using flat model catalysts in 

combination with transmission mode UV-vis spectroscopy has the clear 

advantage that all of the material contributing to the activity is accessible to 

optical characterization. Therefore, even if temperature or gas-phase 

gradients result in a catalyst with spatially different properties (e.g., 

oxidation state), this will not remain undetected. Furthermore, gases are 

subject to diffusion limitations in the pores of supported powder catalysts 44. 

Therefore, a faster, more homogeneous response is expected from a flat 

model catalyst, where diffusion limitations within the support pores, within 

the metal particles, and in the gas phase are kept at a minimum. In 

combination with the acquisition of reference spectra taken under conditions 

where the three different Cu phases are shown to be stable, our study results 
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in a more reliable interpretation of the optical spectra and correlation 

between the oxidation state and catalytic activity. 

3.5 Conclusions  

We have developed a new flow reactor, equipped with in situ UV-Vis 

and mass spectroscopy, capable of measuring the reactivity of flat model 

catalysts with as little active material as a few μg. This combination makes it 

a powerful technique to correlate reactivity and oxidation state of the catalyst 

during reaction conditions, while the flat model catalyst ensures that all 

catalyst material is exposed to the gas phase reactants under minimum 

diffusion limitations. CO oxidation on Cu-catalysts have been used to 

demonstrate that we can get simultaneous information about reactivity and 

oxidation state from tiny amounts of evaporated Cu model catalysts (~5 μg) 

during a reaction process. 

In the CO-oxidation experiment, metallic Cu was found to be the most 

active phase. Backed up by XPS measurements, the in situ UV-Vis allowed 

us to follow the oxidation of Cu0 to Cu2+, via a core (Cu0)-shell (Cu+) 

structure, in detail during the CO-oxidation experiment. Moreover, we have 

introduced the optical center as an analog to the peak position 

conventionally used to display subtle changes in nano plasmonic sensing. 

This allows us to follow, not only the phase transition from metallic Cu to 

Cu+, but also from Cu+ to Cu2+ in real time. Kinetic measurements were 

attempted on metallic Cu. It was found that catalyst deactivation took place 

due to an irreversible oxidation of the metallic Cu for oxygen concentrations 

as low as 0.03 vol% and below, depending on temperature and the resulting 

level of oxygen conversion during the reaction. Full O2 conversion is 

necessary to ensure the stability of metallic Cu, suggesting that kinetic 

measurements under realistic, steady state conditions are difficult or 

impossible to perform. 
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Abstract 

Flat model Cu and Cu/CeOx catalysts were studied for the preferential 

oxidation of CO in H2 by in situ ultraviolet-visible and mass spectrometry. It was 

found that oxidation of CO preferentially takes place on Cu(0) and that no significant 

H2 oxidation took place under any of the investigated conditions. The presence of 

CeOx accelerated Cu(0)-oxidation which leads to catalyst deactivation. In contrast, 

CeOx promotes the reactivity of oxidized Cu in the preferential oxidation of CO 

reaction. The coexistence of CO and H2 is important to sustain the stability of 

metallic Cu and thereby a high CO2 rate of formation. In pure CO/O2, the metallic 

phase can only be sustained as long as full O2 conversion is reached. In pure H2/O2, 

Cu is always partly but never fully oxidized, suggesting that a passivating surface 

layer is formed. This is also the case for H2 rich gas mixtures with small amounts of 

CO and O2. The most active surface termination, Cu(0), can therefore not be 

maintained under the industrially most interesting reaction condition where full 

conversion of trace amounts of CO in H2 is required.   
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4.1 Introduction 

Currently, H2 is mainly produced from steam reforming of hydro 

carbons. Usually, this process is followed by a water-gas shift reaction to 

increase the amount of hydrogen and remove CO 1–4. However, the produced 

H2 inevitably contains a very small amount of CO. Therefore, an additional 

CO removal step is needed if very pure H2 is required, e.g. for use in fuel 

cells. Preferential CO oxidation in H2-rich gas (PROX) is one of the most 

effective methods for CO abatement 3–8.  Crucial requirements for catalysts 

aiding this reaction are high reactivity towards CO oxidation and low 

activity towards H2 oxidation so that the CO can be removed by without 

major H2 consumption. 

Cu-based catalysts are shown to be promising in the PROX reaction 9,10. 

Working with self-consistent density functional theory calculations, Kandoi 

et al. suggest that the activation energy barrier for reaction between CO and 

O on Cu (111) (0.82 eV) is lower than that for OH formation (1.28 eV), which 

is the first and most difficult step in H2 oxidation 10. This makes selective 

removal of CO from a H2 flow favorable on Cu catalysts. Recently, 

fundamental research has demonstrated that metal-CeOx catalyst is a 

promising candidate in many oxidation-related reactions, which is 

attributed to strong interaction between the metal phase and CeOx 9,11–13. 

When contacting with metallic Cu, Ce4+ at the interface will be easily reduced 

into Ce3+ via electron transfer from Cu(0) to CeO2 9,12,13. These Ce3+ sites are 

active for O2, CO2, H2O dissociation into O/OH, which promotes CO 

oxidation as well as the (R)WGS and methanol synthesis processes 9,11–13. 

Some work has proven that the presence of CeOx promotes reactivity of Cu 

in selective oxidation of CO in the H2 gas flow, suggesting that the high CO2 

selectivity relates to Cu+ sites on the Cu-Ce interface 1,3,4,7,14–16. It is 

noteworthy that this conclusion was based on the comparison between a 

fully oxidized CuO-CeO2 catalyst and a partial reduced one.  

As to the reaction on CuOx-CeOx catalysts, there is still controversy 

about whether there exists a competitive mechanism between oxidation of 

CO and H2 3,4,7,14,16,17. Gamarra et al. carried out tests over oxidized Cu-Ce 
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catalysts and compared CO2 selectivity of Cu(0), Cu+ and Cu2+ in the 

CO/H2/O2 gas mixtures by increasing reaction temperature from 30 to 300 
°C 4. They concluded that selective oxidation of CO preferentially takes place 

on Cu+ on the Cu-Ce interface, while that of H2 is on the Cu+ sites, not in 

direct contact with ceria. Lee et al. carried out a kinetic study and proposed 

that oxidation of CO and H2 are two independent processes and take place 

on Cu+ and Cu(0), respectively 7. In contrast, some work suggest that 

adsorbed CO and H2 compete for active redox sites and prohibit the other’s 

adsorption 3,16. Sedmak et al. proposed that oxidation of CO is independent 

of H2 oxidation as long as there is enough oxygen in the gas flow at all 

measured temperatures 14. 

Most of this work was based on (partially) oxidized CuOx-CeOx 

catalysts, while very little information related to the process on Cu(0) sites can 

be found. In addition, studies applying efficient in situ techniques to monitor 

the oxidation state of the catalyst during the reactions and the changes in 

surface chemical characteristics upon interaction with the reactant gas 

mixture are still lacking. Therefore, fundamental questions remain 

unanswered regarding the nature of the active sites and how Cu(0) interacts 

with CO, H2 and O2 molecules under reaction conditions. Some fundamental 

studies on single crystals are available but not for the CO/H2/O2 gas mixture 

and several studies looking at CO-oxidation in a range of conditions can be 

found. Our own work points out that metallic Cu is much more active 

towards CO-oxidation than the oxide(s) but that it readily forms a surface 

oxide 18. We were therefore motivated to investigate CO PROX under 

conditions where we can show that the catalyst remains in the metallic 

phase. 

This study is aimed at developing a better understanding of the 

interaction between Cu(0) and CO, H2 and O2 molecules and the effects of 

CeOx on Cu in this process. We have studied CO PROX on Cu and Cu/CeOx 

catalysts simultaneously with in situ UV-vis and mass spectroscopy. A set of 

experiments was carried out, and we found that Cu(0) in both Cu and 

Cu/CeOx catalysts is active for selectivity oxidation of CO. The presence of 

CeOx, especially Ce3+, accelerates metallic Cu deactivation. The details about 
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how catalysts interact with reactant gases are discussed and the coexistence 

of CO and H2 is key to keep Cu(0) stable and sustain the activity of the 

catalyst.  

4.2 Experimental 

4.2.1 Sample preparation 

Flat model catalysts were prepared by evaporation of Cu and Ce metal 

(99.99% pure, Kurt J. Lesker) onto 1.2 cm × 0.9 cm × 0.05 cm quartz wafers in 

a home-built, stainless steel thermal evaporator. The nominal thickness was 

measured by an in situ quartz crystal microbalance (Q-pod Quartz Monitor, 

Inficon). All wafers were calcined at 500 °C overnight to remove 

contaminants from the surface prior to deposition. The Cu and CeO2 

catalysts model catalysts were obtained by depositing a 5 nm thick layer of 

Cu or Ce on top of empty quartz wafers followed by subsequent treatments 

in O2 and H2 gas flow at 550 °C for 1.5h. Cu/CeOx catalysts were prepared 

by subsequently depositing 5 nm of Cu onto a 5 nm CeOx catalyst. For the 

experiments described in section 4.3.4, the CeOx/Cu catalysts were prepared 

by evaporation of a 1nm-thick Ce-layer on top of a 5 nm Cu catalyst.  

4.2.2 Optical and Reactivity Measurements  

The optical and reactivity measurements were carried out in a custom 

made, pocket micro reactor based on a quartz tube flow reactor with 

integrated UV-vis spectroscopy (Insplorion AB, Gothenburg, Sweden), 

which has been described in detail in a previous publication 18. A lamp and 

detector set with a range of 280-950 nm was used in transmission mode to 

measure the optical extinction. The reactivity data was recorded by a mass 

spectrometer (Pfeiffer Vacuum D-35614, PrismaPlus QME 220) sampling the 

gas passed through the pocket sample holder.  

To get sinter resistant and stable Cu and Cu/CeOx catalysts, the flat 

model catalysts were pretreated at 500 °C (10 °C/min) and kept at this 

temperature for 50 min, first in a 10 vol% O2/Ar mixture (100 mL/min) and 

subsequently in an 80 vol% H2/Ar mixture (100 mL/min).  
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All activity measurements were carried out at 250 °C with a reaction 

flow (through the pocket sample holder) of 10 mL/min. To compensate for 

signal drift, a constant flow of He (3 mL/min) was added into the gas flow 

during the entire experiment and the MS readouts for CO2, H2O and O2 were 

normalized to the He reference. 

4.3 Results 

The first set of experiments aims at clarifying the behavior of Cu and 

Cu/CeOx catalysts for CO PROX in a H2 flow. This part of the work is 

focused on the reaction conditions where metallic Cu is stable, since Cu(0) has 

been shown to be the most active phase for CO oxidation 18,19. However, it 

has also been shown that the stability of metallic Cu is related to the gas 

composition. For the 1 cm2, flat model catalysts and the gas flows studied 

here, this means that the oxygen content should be kept at about 1% or 

below, during CO-oxidation to avoid catalyst oxidation. Therefore, the tests 

are carried out on pre-reduced Cu and Cu/CeOx catalysts and with very low 

oxygen contents.  

In the following three sections, we investigate the mechanism of 

selective oxidation of CO on the Cu and Cu/CeOx catalysts by varying the 

composition of gas mixtures. H2 or CO was added into constant CO/O2 or 

H2/CO gas mixtures, respectively, or the CO and H2 ratio was changed in a 

constant O2 gas flow. For all of these experiments, the content of the added 

gas was increased step wise to a maximum value and then decreased again 

in a symmetric fashion. The main conclusions can be drawn from the part of 

the experiments where the gas content is increased and that is what is 

presented in the main text. The full experiments are presented in 

Supplementary 4A.  

The UV-vis data is presented both through the optical center shift and 

as selected individual spectra at interesting points of the experiment. The 

former serves as a practical descriptor for where big changes in the optical 

spectra takes place and is defined as the shift of the characteristic wavelength 

at which the integrated UV-vis spectra reaches half of the total integral value 
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(more details can be found in refs 13,18). This is comparable with presenting a 

shift in peak position but is more conveniently used for spectra where peaks 

can appear and disappear during the experiment. 

4.3.1 Preferential oxidation of CO in H2-lean gas mixtures  

The mechanism of selective CO oxidation on Cu and Cu/CeOx 

catalysts was first investigated by stepwise adding H2 into a constant CO/O2 

gas flow (40 vol%/0.8 vol%). For comparison, the experiment was repeated 

in constant CO/O2 gas flow (without adding H2) and the results are shown 

as dashed lines.  

 

Figure 4.1. CO-oxidation in CO-rich gas at 250 °C in a constant flow of 

CO/O2 (40 vol%/0.8 vol%) with increasing H2/CO ratios. Mass spectrometer 

measurements of (a) O2 content, (b) H2O and (c) CO2 formation during the 

reaction and (d) optical center shifts and (e, f) selected UV-vis spectra from flat 

model Cu (orange) and Cu/CeOx (blue) catalysts. The dashed lines show the 

reaction of the two catalysts in a constant CO/O2 gas flow without H2. The 

H2O curves of Cu and Cu/CeOx catalysts in figure (b) are offset.  
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Figure 4.1 shows the in situ O2, H2O and CO2 MS (a-c) and in situ UV-

vis results (d-f) of the pre-reduced Cu (blue) and Cu/CeOx (orange) 

catalysts. From time, t=0 – 30 min, the pre-reduced catalysts were exposed 

to a constant CO/O2 gas flow. During this period, the O2 content remains 

stable and only small amounts of CO2 is produced. It is noted that the 

amount of CO2 formation on the Cu/CeOx catalyst is slightly higher than on 

the Cu catalyst. The UV-vis spectra in Figure 4.1(e & f) show that both 

catalysts are completely oxidized into Cu+. This is evident from the absence 

of a peak at between 550 and 650 nm, corresponding to the localized surface 

plasmon resonance (LSPR) of metallic Cu nanoparticles, 18,20,21 which is seen 

for the H2 pre-reduced samples. At t=30 min, a small amount of H2 

(H2/CO=0.2) was added into the gas mixtures. At this point a sharp increase 

in the O2 conversion and a simultaneous CO2 production is observed on both 

catalysts, while no H2O is formed. The corresponding UV-vis spectra shows 

the appearance of a LSPR peak at between 560 and 600 nm, which suggests 

partial reduction of the Cu nanoparticles 13,18,20,21. Thus, both CO-oxidation 

and Cu-reduction is promoted by the addition of H2 into the gas stream. As 

the H2/CO ratio is increased to 0.4, the Cu phase is further reduced. For the 

Cu catalyst, the reduction is complete as indicated by the LSPR peak shift 

back to the position of the H2 pre-reduced catalyst (in the Cu(0) phase). Still 

no H2O formation can be seen, but the O2 conversion to CO2 increases further 

(with a slight overshoot).  

Also for the Cu/CeOx catalyst, the H2 addition leads to a two-step 

increase in the O2 consumption/CO2 production and no H2O formation. 

However, the amount of O2 consumption and CO2 formation is much lower 

than on the Cu-catalyst. For H2/CO=0.2, the optical intensity of the UV-vis 

spectra at wavelengths below 500 nm starts to decrease and at H2/CO=0.4, 

the LSPR peak at between 560-600 nm, appears, suggesting that the Cu phase 

is reduced. However, the reduction is only partial, as revealed by the 

comparison with the spectrum of the H2 pre-reduced catalyst. For both 

catalysts, the O2 conversion and CO2 formation decline slightly as the 

amount of H2 is increased further, while neither H2O formation nor further 

changes in the oxidation state of Cu are observed. Full O2-conversion is 



Preferential Oxidation of CO in H2 

93 
 

4 

observed for neither of the catalysts indicating that the reaction rate is 

limited by the catalyst performance rather than by mass transfer. The shifts 

in the optical center, as displayed in Figure 4.1(d), clearly show that the 

changes in reactivity of both catalysts coincide with the changes in oxidation 

state of the Cu.  

The observations regarding oxidation in gas mixtures composed of CO 

with a small amount of O2 and small to moderate amounts of H2 can be 

summarized as follows:  

 Without H2, Cu is present as Cu+ in both catalysts (Cu and 

Cu/CeOx). Both catalysts show very low O2 conversion  

 Upon H2 addition, the Cu catalyst is completely reduced 

from Cu+ to Cu(0), which results in dramatically increased 

O2 conversion.  

 In the presence of CeOx, Cu reduction is retarded and only 

partial. This results in a lower O2 conversion than for the 

pure Cu catalyst.  

 O2 conversion leads mainly to CO2 formation and no 

significant H2O formation is found. 

The conclusions are that Cu(0) is much more active than Cu+ for CO-

oxidation whereas none of the phases are very active towards H2-oxidation 

suggesting excellent selectivity. CeOx retards Cu-reduction whereas H2 

promotes it.  

4.3.2 Preferential oxidation of CO in H2-rich gas mixtures 

The experiments presented above were conducted to study the 

selective oxidation of CO in the presence of a moderate H2 flow. Here, the 

focus is on CO oxidation on the same, pre-reduced Cu and Cu/CeOx 

catalysts in a H2 rich gas flow, which is more relevant from and industrial 

point of view.  
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Figure 4.2. CO-oxidation in H2-rich gas at 250 °C in a constant flow of H2/O2 

(40 vol%/0.8 vol%) with increasing CO/H2 ratios. Mass spectrometer 

measurements of (a) O2 content, (b) H2O and (c) CO2 formation during the 

reaction and (d) optical center shifts and (e, f) selected UV-vis spectra of flat 

model Cu (blue) and Cu/CeOx (orange) catalysts. The dash gray curve in figure 

(a) shows O2 content when no catalyst is present in the same H2 addition 

process: i.e., with no conversion. The dashed blue and orange lines show the 

reaction of the two catalysts in a constant H2/O2 gas flow, without CO. The 

H2O curves of Cu and Cu/CeOx catalysts in figure (b) are offset.  

Figure 4.2 shows the same set of measurements as in Figure 4.1 from 

an experiment with a H2/O2 (40 vol%/0.8 vol%) gas mixture with increasing 

amounts of CO added. In addition, the dashed gray curve, corresponding to 

a blank measurement without a catalyst, is included. Again, dashed blue and 

orange curves show a reference experiment, where not CO was included in 

the gas flow. In the pure H2/O2 mixtures (t=0-30 min), the O2 curves (Figure 

4.2 (a)) of the Cu and Cu/CeOx catalyst overlap with the reference curve and 

no H2O formation can be found, indicating no measurable activity of the two 
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catalysts towards H2 oxidation. The corresponding UV-vis spectra in Figure 

4.2(e, f) suggest that Cu in both catalysts is metallic but slightly oxidized, 

which is evidenced by the broad Cu-LSPR peak at longer wavelengths 

compared to the H2 pre-reduced catalyst 13,18,20,21. 

Upon CO addition (t=30 min), the O2 curves of the two catalysts and 

the reference curve increases slightly, while no corresponding H2O nor CO2 

production is seen.  This is likely due to a measurement artifact (such as a 

small O2-contamination in the CO) rather than a decrease in O2 conversion, 

since the same behavior is observed for the reference measurement without 

a catalyst present. Compared with the reference curve, no significant O2 

conversion is seen on any of the catalysts. The slight LSPR peak-shifting 

toward shorter wavelengths in the in UV-vis spectra (Figure 4.2(d-f)) 

indicates only a slight reduction of the catalysts. As the CO/H2 ratio is 

increased above 0.6, the amount of the O2 conversion and CO2 formation 

increases sharply on both the Cu and the Cu/CeOx catalysts. Initially, both 

catalysts perform identically, but at higher CO-contents the Cu outperforms 

the Cu/CeOx catalyst. The UV-vis results indicate that further Cu reduction 

takes place on both catalysts. However, it is noted that the Cu phase is not 

fully reduced in the presence of CeOx.  

The observations regarding oxidation in gas mixtures composed of H2 

with a small amount of O2 and small to moderate amounts of CO can be 

summarized as follows: 

 Without CO, Cu is present as a mix of Cu(0) and Cu+ in both 

catalysts (Cu and Cu/CeOx). Both catalysts show very low O2 

conversion   

 Upon CO addition, the Cu catalyst is completely reduced from 

Cu+ to Cu(0), which results in dramatically increased O2 

conversion. Both Cu reduction and O2 conversion increase 

gradually with increasing CO-content.  
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 In the presence of CeOx, Cu reduction is retarded and only 

partial. This results in a lower O2 conversion than for the pure 

Cu catalyst.  

 For low CO content, both catalysts show similar O2 conversion. 

 O2 conversion leads mainly to CO2 formation and no significant 

H2O formation is found. 

The conclusions are, again, that Cu(0) is much more active than Cu+ for 

CO-oxidation whereas none of the phases are very active towards H2-

oxidation. CeOx retards Cu-reduction whereas CO promotes it. In H2 

containing gas, none of the catalysts are completely oxidized (in contrast 

with the experiments in H2 free gas discussed in the previous section) 

suggesting that H2 and O2 forms a passivating surface layer. 

4.3.3 Preferential oxidation between CO and H2  

To further investigate the reaction details, experiments were carried 

out on pre-reduced Cu and Cu/CeOx catalysts in a gas mixture with a lower, 

constant O2 flow, 0.4 vol%,  40 vol% of the reducing gas(es) (CO and/or H2). 

Figure 4.3 shows in situ O2, H2O and CO2 MS curves and UV-vis results of 

Cu and Cu/CeOx catalysts during the reaction, which is divided into four 

regions with distinctly different catalytic performance (denoted with roman 

numbers). 

The UV-vis spectra in Figure 4.3(e, f) show that Cu(0) is present in both 

pre-reduced catalysts in the CO flow (t=0 min). However, upon O2 addition, 

a big difference is observed between the Cu and Cu/CeOx catalysts. In region 

I, full O2 conversion is observed for the Cu catalyst, which is kept as Cu(0) as 

evidenced by the unchanged optical spectra (Figure 4.3(d, e)). In contrast, a 

fast deactivation of the Cu/CeOx catalyst takes place leading to total loss of 

O2 conversion (Figure 4.3(a)). Simultaneously, an immediate large change is 

seen in the optical center position of Cu/CeOx catalyst, which is caused by 

the shifting/disappearing Cu-LSPR peak, suggesting that Cu(0) is completely 

oxidized into Cu+.  
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For the Cu catalyst, in region II, full O2 conversion is still seen as a small 

amount of CO is replaced by H2, but it slightly decreases as more CO is 

replaced. As CO is further replaced in region III, the O2 consumption and 

CO2 formation decreases by stepwise, although no oxidation state changes 

are seen, as confirmed by the UV-vis spectra in Figure 4.3(d, e). This suggests 

that the activity change derives from the gas phase composition rather than 

from changes in the catalyst oxidation state and that the reaction is positive 

order in CO or negative order in H2. Nearly no O2 conversion nor CO2 

formation is seen in region IV, when most of the CO is replaced by H2. 

Simultaneously, a slight Cu(0) oxidation takes place (Figure 4.3(d, e)).  

 

Figure 4.3. CO-oxidation with interchanging CO and H2 contents at 250 °C 

in a constant flow of O2 (0.4 vol% in Ar) with various CO/(CO+H2) ratios 

(CO+H2=40 vol%). Mass spectrometer measurements of (a) O2 content, (b) 

H2O and (c) CO2 formation during the reaction, (d) optical center shifts and 

(e, f) UV-vis spectra of the flat model Cu (blue) and Cu/CeOx (orange) 

catalysts. The dashed gray curve in figure (a) show O2 content when no 

catalyst is present: i.e., with no conversion. The H2O curves of Cu and 

Cu/CeOx catalysts in figure (b) are offset. 
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In contrast, more complicated changes take place in the Cu/CeOx 

catalyst. In region II (Figure 4.3(a, b)), a gradual increase is seen in the O2 

conversion and CO2 formation as CO is replaced by H2. This is accompanied 

by a gradual, partial Cu+ reduction, indicated by the corresponding UV-vis 

results in Figure 4.3(d, f). However, the O2 conversion and CO2 formation 

decrease step by step, as more CO is replaced by H2 within region III. During 

this period, the Cu is further reduced into Cu(0), as evidenced by the Cu-LSPR 

peak, which gets narrowed and shifts back to shorter wavelengths. Finally, 

nearly no O2 consumption can be observed when almost all CO is replaced 

by H2 in region IV, where the Cu phase once again experiences oxidation. 

Once again, no significant H2O formation is seen during the experiment. 

Finally, when H2 is gradually replaced back by CO, both the reactivity and 

the Cu oxidation state show reversible change on both Cu and Cu/CeOx 

catalysts when H2 is again replaced by CO (Supplementary 4A).  

The observations regarding oxidation in various gas mixtures 

composed of CO and H2 with a very small amount of O2 can be summarized 

as follows: 

 In pure CO, Cu is present as Cu(0) in both catalysts (Cu and 

Cu/CeOx).  

 Upon O2 addition, (i.e. in pure CO with a very small 

amount of O2) the Cu catalyst remains as Cu(0), while the 

Cu/CeOx catalyst is immediately and completely oxidized 

to Cu+. The former shows full O2 conversion while the 

latter shows none. 

Upon gradual replacement of CO with H2:  

 The Cu catalyst shows decreasing O2 conversion but 

maintains in the Cu(0) phase. 

 The Cu/CeOx catalyst is first reduced to Cu(0), resulting in 

a significantly increased O2 conversion. After the initial 
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catalyst reduction, further CO replacement leads to 

decreased O2 conversion. 

 Upon severe CO replacement by H2, both catalysts are 

partially oxidized to Cu+ coinciding with further loss of 

activity. 

 In the presence of CeOx, Cu oxidation is promoted and 

reduction retarded. This results in a lower O2 conversion 

than for the pure Cu catalyst.  

 O2 conversion leads mainly to CO2 formation and no 

significant H2O formation is found.  

The conclusions are, again that Cu(0) is much more active than Cu+ for 

CO-oxidation whereas none of the phases are very active towards H2-

oxidation. For the reduced Cu catalyst, the rate of reaction is limited by the 

lack of O2 in the gas. Upon replacing CO with H2, the reaction is limited by 

the lack of CO or the excess of H2 on both catalysts. The latter seems less likely 

though, since no major reaction decrease is seen in section 4.3.1 where the H2 

content is increased at a constant CO pressure. 

4.3.4 The role of CeOx on Cu catalyst in CO oxidation 

To investigate the role of the Ce promoter and its oxidation state for 

the catalyst activity, CO oxidation experiments were performed on Cu and 

CeOx/Cu catalysts, pre-reduced in H2 at 250 and 500 °C, under a constant CO 

flow (40 vol % in Ar), with increasing O2/CO molar ratios. After pre-

reduction at 250 °C the Ce is known to be in the Ce4+ oxidation state while 

the 500 °C treatment leads to partial reduction to Ce3+ 13. Figure 4.4 shows the 

in situ MS measurements (a & b) with Cu (blue) and pre-reduced CeOx/Cu 

catalysts (green and orange) and the corresponding UV-vis results (c & d). 

In these experiments, O2-conversion leads primarily to CO2 formation (since 

no other reactant is present). For reference, the same experiment was 

conducted on a CeOx catalyst (gray). The catalytic conversion overlaps with 

that of an empty chamber test (not shown), indicating that the CeOx catalyst 
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is inactive for CO-oxidation and hence serves as a reference. For the pure Cu 

catalyst (blue), full O2 conversion is seen for the first two oxygen 

concentrations. No changes take place in the Cu oxidation state as indicated 

by the stable optical center position. For O2/CO = 0.015, the O2 conversion 

decreases and negligible conversion is found at higher O2/CO ratios. 

Simultaneously, Cu(0) is fully oxidized into Cu+, which is evidenced by the 

optical center shift caused by the first shifting then disappearing Cu-LSPR 

peak in Figure 4.4(c, d). 

 

Figure 4.4. CO-oxidation at 250 °C in a constant flow of CO (40 vol%) with 
increasing O2/CO ratios. Mass spectrometer measurements of (a) O2 content 
and (b) CO2 formation during the experiment, (c) optical center shifts and (d-
f) selected corresponding UV-vis spectra of a prepared flat model Cu, pre-
reduced at 500 °C, and CeOx/Cu catalysts (Ce/Cu=1/5), pre-reduced at 250 
and 500 °C. The O2 content and CO2 formation of a CeOx catalyst, pre-reduced 
at 500 °C, was included in figure (a, b) to serve as reference. Results of the Cu 
and CeOx catalysts are displayed in blue and grey color and that of CeOx/Cu 
catalyst pre-reduced at 250 and 500 °C are shown in green and orange 
respectively.  
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Deactivation is also found on the CeOx/Cu catalysts, but at relatively 

lower O2/CO ratios. For the catalyst pre-reduced at 250 °C, the O2 conversion 

on the CeOx/Cu catalyst deactivates sharply at the second oxidation step 

(O2/CO=0.01), which is well correlated to the large shifts in the optical center 

position (Figure 4.4(c)) caused by Cu oxidation. For the catalyst pre-reduced 

at 500 °C, full O2 -conversion was not achieved, even at the lowest oxygen 

concentration and the Cu(0) surface is slightly oxidized. As O2 content is 

increased further, the O2 conversion decline sharply, accompanied by full Cu 

oxidation. At the highest oxygen concentrations, where Cu is completely 

oxidized to Cu+, it is interesting to note that the O2 conversion increases again 

and is higher in the presence of CeOx.  

The observations regarding oxidation of CO with increasing amount 

of O2 on Cu and Cu/CeOx catalysts after pre-reduction at different 

temperatures can be summarized as follows: 

 In pure CO, Cu is present as Cu(0) in all catalysts (Cu and 

Cu/CeOx).  

 Upon addition of very small amounts of O2, all catalyst 

remain mainly as Cu(0) and show full or nearly full O2 

conversion. 

 With increasing O2 content, the catalysts are oxidized to 

Cu+ and the O2 conversion decreases simultaneously. The 

Cu/CeOx pre-reduced at 500 °C is oxidized/deactivated at 

the lowest O2 content followed by the catalyst pre-reduced 

at 250 °C followed by the pure Cu catalyst.  

 Upon further increasing the O2 content, the Cu/CeOx 

catalysts starts to exhibit increasing O2 conversion again 

with an opposite trend, i.e. the Cu/CeOx catalyst pre-

reduced at 500 °C is more active than the catalyst pre-

reduced at 250 °C while the pure Cu catalyst is basically 

inactive. 
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The conclusions are, again that Cu(0) is much more active than Cu+ for 

CO-oxidation. The oxidation of Cu(0) is promoted by CeOx, especially after 

high temperature reduction but once Cu is oxidized to Cu+, the CeOx acts as 

a promoter for CO oxidation.    

4.4 Discussion 

This work aims at clarifying the details of catalytic selective oxidation 

of CO in the presence of H2 on Cu(0) and the role of CeOx in the reaction. Since 

Cu(0) is readily oxidized in O2-containing  atmospheres 18, it is necessary to 

monitor the oxidation state during the experiments. In situ UV-vis is a 

convenient technique to achieve this and has been successfully applied in the 

study of CO oxidation and (R)WGS reactions by measuring oxidation state 

of Cu via LSPR peak 13,18. Although LSPR shifts can derive from many 

different physical changes in the Cu catalyst, such as particle shape, size and 

surrounding, the big changes observed in this study are likely stemming 

mostly from changes in the oxidation state, especially since complete and 

reversible elimination of the LSPR peak is observed in most cases.  

The main observations from the research conducted in this paper are 

discussed around Figure 4.5, which describe the catalyst oxidation state and 

activity under the different conditions investigated in this paper and propose 

how this relates to the surface coverage and reaction mechanism: 

Catalytic oxidation of H2 and CO follows the necessary reaction steps 

described below, where * denotes a surface adsorption site and X* denotes a 

surface adsorbed species X.  

a, b. Pure CO or H2. 

In the oxygen free gases, Cu is present in the metallic form. CO 

adsorption and H2 dissociation and adsorption take place establishing a 

temperature dependent equilibrium surface coverage of adsorbates.  

𝐶𝑂 + ∗ ↔ 𝐶𝑂∗                                               (1) 

𝐻2 + ∗ ↔ 2𝐻∗                                                (2) 
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Compared with CO, H atoms interact much stronger with Cu(0), which 

gives a larger equilibrium surface coverage 10,22.   

 

Figure 4.5. Schematic illustrations of catalytic performance of a Cu catalyst 

in a gas flow containing a CO/O2 gas flow, where CO is gradually replaced by 

H2 from a-h. In the figure, subscripts lat, ad and g stand for species from lattice, 

adsorption and gas phase, respectively.  

c, d. CO or H2 with trace amounts of O2. 

Oxidation of CO and H2 on Cu(0) follows the Langmuir-Hinshelwood 

(L-H) mechanism, which takes place between adsorbed CO or H and O 

atoms 23–26. Among the three reactants, the interaction strength between 

metallic Cu and adsorbed O, H and CO follows a decreasing trend 10,27. For 

CO oxidation, the following steps need to take place in addition to step 1: 

𝑂2 +  2 ∗ ↔ 2𝑂∗                                                   (3) 
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𝐶𝑂∗ + 𝑂∗ ↔ 𝐶𝑂2 +∗                                 (4) 

However, strongly adsorbed O atoms can either oxidize the CO 

molecules or the metallic Cu. The following two reaction steps need to be 

included: 

2𝐶𝑢(0) + 𝑂∗ → 𝐶𝑢2𝑂 +∗                                 (5) 

𝐶𝑢2𝑂 + 𝐶𝑂∗ → 𝐶𝑂2 + 2𝐶𝑢 +∗                    (6) 

Although the activation energy for CO oxidation is higher than that for 

Cu(0) oxidation 28, metallic Cu is kept stable in the CO/O2 gas flow as long as 

the O2 content is low enough to be fully converted 18, i.e. step 3 is balanced 

by step 4 and step 5 is balanced by step 6.  

In contrast, oxidation of H2 is a relatively slow and complex process, 

which requires the following steps in addition to steps 2 and 3: 

 𝐻∗ + 𝑂∗ ↔ 𝑂𝐻∗ +∗                                      (7) 

𝑂𝐻∗ + 𝐻∗ ↔ 𝐻2𝑂𝑔 +∗                              (8)  

𝑂𝐻∗ + 𝑂𝐻∗ ↔ 𝐻2𝑂𝑔 + 𝑂∗ + ∗                   (9) 

It starts from the formation of OH, step 7, and subsequently follows 

either 8 or 9, where step 8 has been reported to have the lowest activation 

barrier 10. For the sake of completeness, the reaction step 10 should also be 

added. 

𝐶𝑢2𝑂 + 2𝐻∗ → 𝐻2𝑂 + 2𝐶𝑢(0) + 2 ∗       (10) 

 During this process, OH formation, the rate-limiting step, requires a 

larger activation energy (1.28 eV), compare with that of reaction between 

adsorbed CO and O (0.82 eV) 10. The slower reaction rate between O and H 

explains the partial oxidation of metallic Cu in the H2/O2 gas flow even at 

the lowest oxygen content, which is not seen in CO/O2. The formation of 

Cu2O then decreases the rate of step 2 and 3, which would further decrease 

the activity towards H2 oxidation and slow down the Cu2O reduction. In 
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other words, CO oxidation is fast enough so that the reaction is limited by 

transport of oxygen, therby avoiding oxidation and subsequent deactivation 

of the Cu surface. H2 oxidation is slower, leading to surface oxidation and a 

self-sustaining decrease in the oxidation rate. 

e, f. CO or H2 with small amounts of O2.  

When the amount of O2 in the CO/O2 gas flow is further increased, 

oxidation of the Cu surface is observed. With a higher O2 content, the 

oxidation rate of both CO and Cu(0) is enhanced because the reactions are 

limited by the supply of oxygen at the lowest concentrations. The activation 

energy for CO oxidation is higher than for Cu(0) oxidation 28 and additional 

O atoms that accumulate on the surface will eventually oxidize Cu(0) into Cu+ 

(step 5), resulting in a sharp decrease in the reactivity 18,28. On Cu oxides, it 

has been proposed that oxidation of CO follows a redox mechanism, 

involving gaseous CO molecules that react with O from the lattice (Olat) of 

Cu2O to create vacancies, which are then replenished by gaseous O2 19,29,30 

described by: 

𝑂𝑙𝑎𝑡 + 𝐶𝑂 ↔ 𝐶𝑂2𝑔 + 𝑣𝑎𝑐                        (11)  

2𝑣𝑎𝑐 + 𝑂2𝑔 ↔ 2𝑂𝑙𝑎𝑡                                  (12) 

This process is clearly slower than the direct reaction between surface 

adsorbed species. On the oxidized surface, the reaction rate is not limited by 

the supply of oxygen from the gas phase but by removal of intermediates or 

products, which blocks the sites for oxygen dissociation29,30. As a result, it is 

difficult to reduce Cu2O in a CO/O2 gas flow 18. It has also been shown that 

CO can occupy the oxygen vacancies, thereby blocking the O2 dissociation 

and thus poisoning the catalyst 31. 

In contrast, further Cu oxidation was not observed in the H2/O2 gas 

mixtures neither upon addition of small nor large amounts of O2 (not 

shown). It is probable that a passivating layer is formed in the H2/O2 but not 

in the CO/O2 gas mixtures, which prevents further Cu oxidation. Given the 

available molecules, this passivating layer should involve hydrogen. The 
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surface layer could be a Cu2O layer with a hydrogen terminated surface layer 

of CuOH 32,33 or Cu(OH)2 34.  

𝐶𝑢2𝑂 + 𝐻∗ → 𝐶𝑢2𝑂𝐻 + ∗                      (13)  

𝐶𝑢(0) + 2𝑂∗ + 2𝐻∗ → 𝐶𝑢(𝑂𝐻)2 +  4 ∗ (14) 

The hydrogen or hydroxyl surface termination would then result in a 

weaker interaction with the gas phase O2, thereby preventing O2 dissociation 

and thus any further oxidation (alternatively, the passivating layer decreases 

the mobility of O-atoms into the bulk of the Cu nanoparticles).  

g, h. CO/H2/O2 gas mixtures.  

Cu+ reduction takes place in the H2/CO/O2 but not in H2/O2 or CO/O2 

gas mixtures. It is worth mentioning that there is nearly no difference in the 

reducing ability of pure CO and H2 gas, which is confirmed by CuO-

temperature programmed reduction (TPR) experiments (Supplementary 

4A).  

In the CO/O2 gas flow, the added H2 molecules in the gas mixture aid 

in removing lattice O from Cu2O (step 10) or decrease the rate of O2 

dissociation through the formation of a passivating layer (steps 13 & 14). This 

would lead to a net increase in the rate of Cu2O reduction resulting in the 

formation of Cu(0), which promotes the reactivity in CO oxidation. This in 

turn decreases the amount of O2 available for Cu oxidation, resulting in 

further Cu reduction 18. In the H2/O2 gas flow, the catalyst surface could be 

reduced by recombination of two OH groups (1.38 eV) 10. Evidently, this is a 

rather difficult and slow process since the surface oxidation is always seen 

in the H2/O2 gas flow. We propose that in the presence of CO, a CO-OH 

intermediate can form and subsequently decay into CO2 and H2, as 

suggested for the reverse water gas shift reaction mechanism. 

𝑂𝐻∗ + 𝐶𝑂 ↔ 𝐶𝑂𝑂𝐻∗                                     (15) 

2𝐶𝑂𝑂𝐻∗ ↔ 2𝐶𝑂2 + 2𝐻2 + 2 ∗                   (16) 
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This could explain why Cu2O is more readily reduced in a CO/H2/O2 

mixture than in the H2/O2 or CO/O2 gas flow. 

 With these explanations, one function of CeOx would be to provide 

extra dissociation sites for O2. Cu near the interface with CeOx would thus 

be oxidized already at lower O2 contents compared with the unpromoted 

catalyst. This is in line with literature 9,12,13 and explains why the CeOx 

promoted catalysts are less active for CO-oxidation than the unpromoted 

catalyst at very low oxygen contents. It would also explain why.CO 

oxidation proceeds faster on the CuOx/CeOx catalyst. Oxygen replenishment 

from the gas phase is slow on CuOx because the active sites for oxygen 

dissociation are bloceked by reaction products19,29,30. If oxygen can be 

supplied via spillover from the CeOx, this would improve the reaction rate 

of the oxidized Cu catralyst as observed in our experiments. 

4.5 Conclusions 

We have applied in situ UV-vis and Mass spectrometry to study flat 

model Cu and Cu/CeOx catalysts under preferential oxidation of CO in the 

H2 flow conditions. The combination of in situ UV-vis and MS reveals that 

the selective oxidation of CO preferentially takes place on the Cu(0) sites. The 

main observations from the research conducted in this paper are that: 

For H2 oxidation: 

 Neither Cu nor Cu/CeOx show significant activity. 

For CO-oxidation: 

 Cu(0) is much more active than Cu+  

 Cu(0) is more active than Cu(0)/CeOx due to a slight oxidation of Cu in 

the latter case 

 Cu+/CeOx is more active than Cu+. 

Catalyst stability in different gas compositions: 
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 Cu is always partially oxidized in H2/O2 gas mixtures with no or very 

small inclusions of CO. 

 H2 promotes Cu reduction while CeOx promotes Cu oxidation. 

The promoted O2 dissociation by CeOx accelerates Cu deactivation, but 

enhances the reactivity of oxidized Cu in the selective oxidation of CO.  

The stability of Cu(0) relates closely to gas compositions. The 

coexistence of CO and H2 in the O2 is key factor to sustain the stability of 

metallic Cu and high reactivity in oxidation of CO.  
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4A 
Preferential oxidation of CO in H2 on flat model Cu and 

Cu/CeOx catalyst studied by simultaneous in situ UV-vis 

and mass spectrometry 

In the experiments described in the main text the content of a minority 

gas was gradually increased while the catalyst response was monitored by 

UV-vis and mass spectrometry. However, in the full experiment, the added 

gas content was also decreased again. Although the most interesting 

observations are clear already from the first half of the experiments, for 

completeness we show the full experiments here in Figure 4A.1-4A.4. Also 

Figure 4A.5 is included the selective UV-vis spectra of a Cu catalyst during 

CO, H2-TPR experiments. 
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Figure 4A.1. CO-oxidation in CO-rich gas at 250 °C in a constant flow of 

CO/O2 (40 vol%/0.8 vol%) with increasing and decreasing H2/CO ratios.  

Mass spectrometer measurements of (a) O2 content, (b) H2O and (c) CO2 

formation during the reaction and (d) optical center shifts from flat model Cu 

(orange) and Cu/CeOx (blue) catalysts. The dashed lines show the reaction of 

the two catalysts in a constant CO/O2 gas flow without H2. The H2O curves 

of Cu and Cu/CeOx catalysts in figure (b) are offset. 
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Figure 4A.2. CO-oxidation in H2-rich gas at 250 °C in a constant flow of 

H2/O2 (40 vol%/0.8 vol%) with increasing and decreasing CO/H2 ratios.  

Mass spectrometer measurements of (a) O2 content, (b) H2O and (c) CO2 

formation during the reaction and (d) optical center shifts from flat model Cu 

(orange) and Cu/CeOx (blue) catalysts. The dashed lines show the reaction of 

the two catalysts in a constant H2/O2 gas flow without CO. The H2O curves 

of Cu and Cu/CeOx catalysts in figure (b) are offset. 
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Figure 4A.3. CO-oxidation with interchanging CO and H2 contents at 250 
°C in a constant flow of O2 (0.4 vol% in Ar) with various CO/(CO+H2) ratios 

(CO+H2=40 vol%). Mass spectrometer measurements of (a) O2 content, (b) 

H2O and (c) CO2 formation during the reaction, (d) optical center shifts of the 

flat model Cu (blue) and Cu/CeOx (orange) catalysts. The dashed gray curve 

in figure (a) show O2 content when no catalyst is present: i.e., with no 

conversion. The H2O curves of Cu and Cu/CeOx catalysts in figure (b) are 

offset. 
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Figure 4A.4. CO-oxidation at 250 °C in a constant flow of CO (40 vol%) with 

increasing and decreasing O2/CO ratios. Mass spectrometer measurements of 

(a) O2 content and (b) CO2 formation during the experiment, and (c) optical 

center shifts of a prepared flat model Cu, pre-reduced at 500 °C, and CeOx/Cu 

catalysts (Ce/Cu=1/5), pre-reduced at 250 and 500 °C. The O2 content and 

CO2 formation of a CeOx catalyst, pre-reduced at 500 °C, was included in 

figure (a, b) to serve as reference. Results of the Cu and CeOx catalysts are 

displayed in blue and grey color and that of CeOx/Cu catalyst pre-reduced at 

250 and 500 °C are shown in green and orange respectively. 
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Figure 4A.5. UV-vis spectra of a Cu catalyst after oxidation at 400 °C and 

reduction in a 25 vol% of CO or H2 gas flow from room temperature to 400 °C 

with a ramp of 10 °C /min.  
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Role of ZnO and CeOx in Cu-based model 

catalyst in activation of H2O and CO2 

dynamics studied by in situ UV-vis and XPS 
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Abstract 

Flat model and powder Cu, ZnO/Cu and CeOx/Cu catalysts were studied 

focusing on the role of the oxide phase as a promoter in the water gas shift (WGS) 

and its reverse reaction (RWGS). Activity measurements of the powder catalysts 

showed that both oxides enhance Cu reactivity with CeOx/Cu being more active than 

ZnO/Cu in the WGS reaction. In situ UV-vis spectroscopy, exploiting the localized 

surface resonances of metallic Cu nanoparticles, together with XPS were then used 

to elucidate the origin of the enhanced reactivity on flat model catalysts. These 

experiments showed that ZnO and CeOx promote H2O and CO2 dissociation, 

leading to oxidation of the Cu nanoparticles. CeOx performs better in this aspect 

than ZnO. This is important since the reactivity in the WGS and RWGS reactions 

is related to the ability to activate H2O and CO2. The Ce3+ are identified as the most 

efficient sites for H2O and CO2 dissociation while Cu(0) keeps Ce3+ stable by 

promoting reduction of Ce4+ during the dissociation process. In this sense, CeOx/Cu 

forms a bifunctional catalyst, which is more active in the (R)WGS than CeOx and 

Cu separately. 
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5.1 Introduction 

Investigation of the water gas shift (WGS) and its reverse reaction 

(RWGS) over Cu catalysts, the benchmark catalysts, for low-temperature 

applications, is relevant, both in its own right and for the fundamental 

understanding of many other important processes, such as methanol 

synthesis and steam reforming. Despite disagreement on the mechanistic 

details, the activation of the most oxidized product, i.e. H2O for WGS or CO2 

for RWGS, is generally considered to be the rate-limiting step 1–3. However, 

Cu alone interacts weakly with CO2 and H2O, leading to a low (R)WGS 

reactivity. Thus, an oxide phase is introduced to enhance Cu catalyst 

reactivity 4,5.  

Cu/ZnO catalysts are widely applied in industrial methanol synthesis 

and WGS processes, and it has been shown that ZnO does not only function 

as a support to disperse Cu nano particles. In a recent paper the active site in 

the Cu/ZnO catalyst is identified as Cu steps decorated with ZnOx, forming 

a CuZn alloy, which is assumed to strengthen the interaction between the 

intermediate species and the catalyst 4.  

Recently, catalysts based on ceria have been reported to be promising, 

their favorable effect  being attributed to the diverse oxidation states of ceria 

and the existence of oxygen vacancies within its structure 5,6. It has been 

acknowledged that the combination of ceria and a metallic phase (Cu, Au, 

Pt) facilitates high reactivity in various oxidation reactions, such as CO 

oxidation as well as in (R)WGS and methanol synthesis reactions 5–9. The 

presence of ceria nanoparticles promotes Cu(111) interaction with O2 

molecules and facilitates copper oxidation. Density functional theory (DFT) 

calculations have shown that the special electronic and chemical properties 

of CeOx/Cu(111) contribute to the higher reactivity 9. CeOx/Cu and 

CeOx/Au catalysts show higher reactivity in the (R)WGS and methanol 

synthesis reaction, in contrast to the negligible activity of either ceria or the 

metallic phase (Au, Cu) separately 5–8. From experimental and theoretical 

considerations, it has been proposed that the ceria-metal interface is highly 

active because reduced ceria is critical for the H2O and CO2 activation and 
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the metallic phase (Cu, Au) for the adsorption of CO and H2, which makes 

ceria-metal a bifunctional catalyst.  

Thus, the essential role of the interface between the metal phase and 

ceria in the (R)WGS reaction has been acknowledged, but few experiments 

have been reported that clarify the activation of H2O and CO2, which is 

suggested to be the rate-limiting step. Vecchietti and coworkers investigated 

water activation on Pt/CeO2 catalysts with in situ XRD 10. They applied the 

lattice parameter as an indicator of the oxidation state of Ce and found a 

filling of oxygen vacancies by water molecules. Wang and coworkers 

applied XAFS and in situ XRD to identify the active sites in a Cu/CeO2 

catalyst 11. They found that the ceria lattice but not the metallic Cu lattice 

changed in the H2O or H2O/CO gas atmosphere. They interpreted this as an 

indicator that the Cu phase is not involved in the H2O dissociation but that 

reduced ceria or the interface between Cu and reduced ceria is. However, in 

a following publication 12, the same group found that Cu2O can be formed 

although not seen in XRD, which only provides information about the 

average Cu oxidation state of crystalline phases, lacking the sensitivity for 

accurate information of the catalyst surface state. In addition, studying the 

catalytic process of bulk catalysts at the molecular level is challenging, due 

to the structural and chemical complexity of catalysts, mass transport 

limitations and inhomogeneous composition.   

In this Chapter, we use powder as well as flat model Cu and oxide/Cu 

catalysts and study them by in situ UV-vis spectroscopy to elucidate the 

intrinsic role of the oxide phase (ZnO and CeOx) in the activation of H2O and 

CO2 under conditions simulating those during the WGS and RWGS 

reactions. X-ray photoelectron spectroscopy (XPS) under the preserved 

conditions was applied to complement the in situ UV-vis study. We found 

that ZnO and CeOx indeed promote Cu reactivity in WGS and that the 

CeOx/Cu catalyst is more active than ZnO/Cu. The reactivity enhancement 

relates to the ability to dissociate H2O. We confirm the view of Ce-Cu as a 

bifunctional system, in which reduced ceria (Ce3+) activate CO2 and H2O, 

resulting in oxidation of Cu nanoparticles in contact with ceria. Cu(0) plays 

an essential role in reducing ceria, keeping it stable/reduced during the CO2 
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and H2O dissociation process, which indirectly promotes the reactant 

activation.  

5.2 Experimental section 

5.2.1 Sample preparation  

For WGS reactivity tests, pure Cu powder, consisting of copper oxide 

nanoparticles (30-50 nm, Alfa Aesar), and two oxide promoted catalysts were 

used. The two promoted catalysts were prepared by impregnating the Cu-

powder with zinc nitrate (Sigma-Aldrich) or cerium (III) nitrate hexahydrate 

(Sigma-Aldrich) to yield catalysts with a molar ratio of Zn/Cu and Ce/Zn of 

1/6. More details about the impregnation and powder/quartz preparation 

process are provided in the Supplementary 5A.  

Flat model catalysts were prepared by evaporation of Cu, Zn and Ce 

metal (99.99% pure, Kurt J. Lesker) onto quartz wafers in a home built 

evaporator, as described in a previous publication 13. The Cu flat model 

catalysts were obtained by depositing a Cu film with 2 nm nominal 

thickness, which was then heated to 550 °C (10 °C/min) and held at that 

temperature for 50 min, first under, 5 vol % O2/Ar (100 mL/min) and 

subsequently under 80 vol% H2/Ar (100 mL/min) in order to form sintered, 

stable Cu nanoparticles. The oxide/Cu-catalysts were prepared by 

deposition of a Ce or Zn layer with 0.3 or 1 nm nominal thickness, 

respectively, onto the pre-sintered, reduced Cu nanoparticles. The Zn or 

Ce/Cu ratio was 0.4/1 and 0.5/1, respectively, as determined by XPS after 

Zn or Ce deposition (note that these values overestimate the bulk Zn and Ce 

contents since these are deposited on top of the Cu but since Zn evaporation 

is suffering from poor reproducibility, the XPS derived ratios are preferably 

used when comparing catalysts with different Zn loadings). The sintering 

procedure was repeated after the Ce and Zn deposition. Pure Ce catalysts 

were prepared by evaporation of Ce metal with 2 nm nominal thickness. 
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5.2.2 Reactivity Measurements 

The reactivity measurements were carried out in a custom made, 

pocket microreactor based on a quartz tube flow reactor with integrated UV-

vis spectroscopy (Insplorion AB, Gothenburg, Sweden), which has been 

described in detail in a previous publication 13. The quartz supported 

powder catalysts were pre-heated, in situ, to 400 °C (10 °C/min) and held at 

that temperature for 60 min, first in a 10 vol% O2/Ar flow (100 mL/min) and 

subsequently in a 10 vol% H2/Ar (100 mL/min). After the reduction, the 

catalyst was cooled down to 340 °C, the first measurement temperature, in 

the H2/Ar gas flow. Then a gas flow was introduced, containing 3 vol% of 

CO and ~ 3 vol% of H2O (passing the Ar through a water bottle at 

atmospheric pressure, room temperature). The reactivity data was recorded 

by a mass spectrometer (Pfeiffer Vacuum D-35614, PrismaPlus QME 220) at 

temperatures stepwise decreasing from 340 to 290 °C. Each temperature was 

maintained for 40 min. To compensate for signal drift, a constant flow of He 

(3 mL/min) was added into the gas flow during the entire experiment and 

the MS readouts for CO2 were normalized to the He reference. The CO2 

signal was converted into a corresponding gas pressure after the reaction 

rates had reached steady state, and the results plotted and fitted to the 

Arrhenius equation.  

5.2.3 Optical Measurements  

The optical measurements were carried out on flat model catalysts in 

the same micro reactor. A lamp and detector set with a spectral range of 380-

950 nm (Avantes) was applied to measure Cu catalysts and another one with 

a range of 280-950 nm was used to measured ceria and oxide/Cu catalysts, 

respectively. The flat model catalysts were pre-treated at 500 °C (10 °C/min) 

and kept at this temperature for 50 min, first in a 10 vol% O2/Ar flow (100 

mL/min) and subsequently in a 80 vol% H2/Ar (100 mL/min). After the 

reduction, the catalyst was cooled down to 250 °C and held at this 

temperature in the H2/Ar flow for 30 min to collect a baseline under stable 

conditions before switching to reactant gases. Then an Ar flow containing 3 

vol% H2O or 3 vol% CO2 was used to replace the H2/Ar and maintained for 
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40 min (water addition was achieved by directing the Ar flow through a 

water bottle at atmospheric pressure, room temperature). Finally a 3 vol% 

CO or 3 vol% H2 flow was added into the gas flow and maintained for 40 

min.  

5.2.4 X-ray Photoelectron Spectroscopy  

In order to study the oxidation state of the catalysts, XPS experiments 

under preserved conditions were carried out in a Kratos AXIS Ultra 

spectrometer, equipped with a monochromatic Al Kα X-ray source (Al Kα 

1486.6 eV). The measurements were performed at 40 eV pass energy and 0.1 

eV step size, and the background pressure in the chamber was typically 

lower than 10-8 mbar. According to conventional procedures, we report 

photoelectron peaks positions using the binding energy (BE) and Auger 

peaks using kinetic energy (KE). 

Reactive treatments were performed in a high-temperature gas 

reaction cell (Kratos Analytical Ltd., Manchester, U.K.), which consists of a 

dome-shaped quartz chamber, allowing for in vacuo transfer into the 

measurement chamber. A quartz stub was used as the sample support, and 

the chamber pressure was kept at 1.06 bar during all treatments. To help 

interpreting the optical spectra, O2, H2, CO2 and CO2/H2 treatments were 

sequentially carried out on the Cu, CeOx and CeOx/Cu catalyst. To ensure 

comparability of the results, a Cu and a CeOx/Cu catalyst were fitted into a 

common quartz stub sample holder and treated at the same time. The CeOx 

catalyst was then treated and tested separately. The O2 and H2 treatments 

were performed in a gas flow of 10 vol% O2/Ar at 500 °C or in pure H2 at 250 
°C or 500 °C (10 °C/min) for 50 min, respectively. Between the two H2-

reduction treatments, the catalyst was re/oxidized at 500 °C. The reaction cell 

was then cooled down in the respective gas flows to below 250 °C, where it 

was evacuated and the sample removed from the heated chamber to quickly 

cool down before being transferred into the measurement chamber. Before 

the CO2 treatment, the H2-treated samples were re-heated in the pure H2 gas 

flow to 500 °C (10 °C/min) and held there for 10 min, before cooling down in 

the pure H2 gas flow to 250 °C. A pure CO2 gas flow was then introduced into 
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the reaction cell and maintained for 40 min. For the following CO2/H2 

treatment, the samples were heated up in a CO2/H2 (50 vol%/ 50 vol%) flow 

to 250 °C (10 °C/min) and held there for 40 min. For the CO2 and CO2/H2 

treatment, the reactant reaction cell was immediately evacuated and the 

samples transferred after the treatment.  

The results were analyzed with the Casa XPS software (Prerelase 1.6, 

version 2.3.16) and all spectra were calibrated using the Si 2s peak at 154.4 

eV. The surface elemental compositions were determined from the Si 2s, Cu 

2p, Ce 3d and O 1s peaks and the Wagner relative sensitivity factors were 

used. Peak fitting was applied to determine the relative concentrations of 

Ce3+, including both the Ce 3d5/2 and Ce 3d3/2 lines. For ceria, the relative Ce3+ 

percentage is expressed as 100×Ce3+/(Ce3++Ce4+). Shirley backgrounds and 

Gaussian-Lorentzian product functions were used to represent the line 

shapes of the components. The spin-orbit splitting of Ce was fixed to 18.5 eV 

and the area ratio of Ce 3d5/2/ Ce 3d3/2 was fixed to 1.5. Cu LMM Auger lines 

were used to estimate the relative concentration of Cu(0) after different 

treatments, expressed as 100×Cu(0)/(Cu(0)+Cu++Cu2+). The spectra were 

normalized and after background subtraction. Linear combination fitting 

analysis was performed using reference spectra of Cu(0), Cu+ and Cu2+, which 

were acquired from a pure Cu catalyst after treatments resulting in pure 

samples of each oxidation state, as described previously 13.In order to study 

the oxidation state and particle dispersion of Cu catalysts, XPS experiments 

are carried out with a Kratos AXIS Ultra spectrometer, equipped with a 

monochromatic Al Kα x-ray source (Al Kα= 1486.6 eV). The measurements 

were performed at a 40 eV pass energy with a 0.1 eV step size and the 

background pressure in the chamber was typically lower than 10-8 mbar.  

5.2.5 Transmission electron microscopy  

Bright-field TEM measurements were carried out using a Tecnai 20F 

(FEI) Sphera microscope with primary electron energy of 200 keV. Digital 

images were collected using a Gatan CCD system in the Gatan Digital 

Micrograph program. For characterization purposes, a Si3N4/SiO2 TEM grid 
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was applied, where the center part consists of a transparent “membrane” 

window, enabling imaging of the nano particles 14. 

5.3 Results  

5.3.1 Performance of Cu, ZnO/Cu and CeOx/Cu catalysts in the 

WGS reaction 

 

Figure 5.1. Arrhenius plots of the WGS reaction rate on Cu, ZnO/Cu and 
CeOx/Cu catalysts in a 3 vol% H2O/3 vol% CO gas flow at ambient pressure 
from 290 °C to 340 °C Cu 2p XPS spectra, (b) O 1s and Cu LMM spectra and 
(c) UV-Vis spectra of Cu catalysts after gas treatments at 400 °C resulting in 
Cu(0), Cu+ and Cu2+ respectively. 

Figure 5.1 shows the WGS activities of Cu, ZnO/Cu and CeOx/Cu 

powder catalyst, in the form of Arrhenius plots. The data were collected at 

temperatures between 340 and 290 °C at ambient pressure and CO 

conversion levels below 20%. The reaction rates on the CeOx/Cu and 

ZnO/Cu are 15 and 2-times higher than on Cu at 340 °C, respectively. The 

Arrhenius plots were used to calculate apparent activation energies for each 

catalyst. For Cu, the apparent activation energy of the reaction is 53 kJ∙mol-1, 

slightly lower than the reported values of 61 kJ∙mol-1 for a Cu(100) surface 

and 68 kJ∙mol-1 for a Cu(111) 1,7. The apparent activation energies are 46 

kJ∙mol-1 and 25 kJ∙mol-1 on the ZnO/Cu and CeOx/Cu catalyst, respectively, 

in comparison with the reported values of 49 kJ∙mol-1 on Cu/ZnO(0001) and 
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34 kJ∙mol-1 on Cu/CeO2(111) 7. Our values are slightly lower than those 

reported for single crystal samples but the trend is replicated. Clearly the 

oxides promote the reactivity of Cu nanoparticles in the WGS reaction, 

especially ceria. 

5.3.2 XPS of Cu, CeOx and CeOx/Cu Model Catalysts 

In order to shed light on the promoting effect of the oxide on Cu 

catalysts in the WGS and RWGS reactions, flat model catalysts that are 

compatible with in situ UV-vis spectroscopy studies were applied in the 

following study. TEM images, provided in the supplementary 5A (Figure 

5A.1), show that the Cu nanoparticles in both the Cu and CeOx/Cu catalyst 

are dispersed evenly on the SiO2 surface, with an average particle diameter 

of 15 nm for both catalysts. A small number of large particles is seen in the 

CeOx/Cu catalyst, which is attributed to the continued sintering of the Cu 

particles during the further pretreatment process. XPS was applied to gain 

detailed information about the oxidation state of Cu, CeOx and CeOx/Cu 

catalysts after RWGS-related treatments and to help interpreting in-situ UV-

vis spectra. Figure 5.2 displays Cu LMM (Auger) and Ce 3d (photoemission) 

spectra of the Cu, CeOx and CeOx/Cu catalysts, and the analysis is shown in 

Table 5A.1 (Supplementary 5A). 

In the Ce 3d region, the peak with a binding energy around 917 eV is 

characteristic for the Ce4+ oxidation state. It does not overlap with any other 

peaks and can therefore be used as a fingerprint 15,16. Figure 5.2 (b, d) show 

six peaks assigned to the three pairs of spin-orbit doublets of Ce4+ after O2-

treatment, indicating that ceria is present as +4 for both samples (CeOx and 

CeOx/Cu) 15–24. After the subsequent H2-treatment at 250 °C, no major 

changes are seen in the spectrum of the pure CeOx sample. In contrast, the 

Ce4+ satellite peak of the CeOx/Cu clearly decreases in intensity and four 

other peaks appear, which are assigned to the two pairs of spin-orbit 

doublets of Ce3+ 16–24. Quantification shows that the ceria is partially reduced 

into a mix containing 59% Ce3+ and 41% Ce4+. After hydrogen treatment at 

500 °C, ceria reduction is observed on both catalysts. For the pure CeOx, 65% 

is reduced into Ce3+ (Table 5A.1, Supplementary 5A), whereas complete 
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reduction to Ce3+ takes place in the presence of Cu. From these observations, 

it is clear that Cu promotes Ce4+ reduction to Ce3+ in the H2 flow.  

 

Figure 5.2. XPS spectra from flat model catalysts after the treatments 
indicated, and pump down to vacuum without intermediate exposure to air.  
Cu LMM regions of (a) Cu and (c) CeOx/Cu catalyst (Ce/Cu=0.5/1) and the 
Ce 3d region of (b) CeOx and (d) CeOx/Cu catalyst (Ce/Cu=0.5/1) after five 
subsequent treatments: i) oxidation at 500 °C for 50 min and subsequent H2-
treatment at ii) 250 °C and iii) 500 °C for 50 min. The 500 °C -reduced catalysts 
treated at 250 °C sequentially, first in iv) CO2, 40 min and then v) CO2/H2, 40 
min.   
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The catalysts reduced at 500 °C were then sequentially exposed to 

conditions simulating RWGS reaction, i.e. by first exposing them to pure CO2 

and then to CO2/H2 mixtures, at 250 °C. After CO2 treatment the intensity of 

the Ce4+ satellite peak in the pure ceria sample increases and the line-shape 

of the spectrum resembles that of the fully oxidized ceria sample after 

oxidation. The spectrum shows little change after the following CO2/H2 

treatment. Quantification shows (Table 5A.1, Supplementary 5A) that the 

amount of Ce3+ decreases from 65%, after reduction with H2 at 500 °C , to 31% 

after the CO2 treatment, which indicates that more than half of the Ce3+ was 

re-oxidized into Ce4+. Only a small fraction of the Ce3+ is subsequently re-

reduced after the CO2/H2 treatment, where the amount of Ce3+ reaches 41%. 

In contrast, in the presence of Cu, almost no Ce3+ oxidation takes place 

during the whole process. Instead, Cu(0) oxidizes to Cu+ during exposure to 

a pure CO2 flow, as seen in the Cu LMM region in Figure 5.2c. This indicates 

that the presence of Cu keeps Ce3+ stable and that the CO2-dissociation 

instead leads to oxidation of Cu(0). To assure that the increased Ce 

reducibility is due to the presence of Cu and not just due to the smaller 

amount of Ce present on the CeOx/Cu catalyst, complementary experiments 

were performed on a thicker Ce-layer (2 nm)  with Cu (0.5 nm) on top.  These 

results are presented in Figure 5A.2 (Supplementary 5A) and similarly 

exhibit enhanced Ce4+ reduction and stability of Ce3+ during the CO2 and 

CO2/H2 treatments thus confirming that the changes derive from the contact 

between Cu and Ce and not only from the thickness of the Ce-layer. Thus, 

CO2 dissociation is observed for both Ce-containing catalysts, leading to Ce3+ 

re-oxidation of the pure CeOx but only to Cu oxidation in the CeOx/Cu 

catalyst.  

To quantify the changes in oxidation states of Cu, linear combination 

fitting analysis of the Cu LMM Auger lines was performed as described by 

Holse et. al 25. After the O2 treatment Cu2+ forms in both the Cu and the 

CeOx/Cu catalyst as evidenced by the Cu LMM Auger line and the 

appearance of satellite peaks in the Cu 2p region (Figure 5A.3, 

Supplementary 5A) 26–28.  After H2-reduction at 250 and 500 °C, the fitting of 

the Cu LMM Auger lines indicates that Cu2+ is fully reduced to Cu(0) in both 
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catalysts, which is confirmed by the disappearance of the 2p satellite peaks 
8,29–31. Clear changes take place in the Cu LMM region after CO2 treatment. 

For the pure Cu catalyst, a new peak at 916.7 eV, attributed to Cu+, appears 

besides the one at 919 eV and quantitative evaluation shows that 56% of Cu(0) 

is oxidized by the CO2 flow 8,29–31. For the CeOx/Cu catalyst the Cu LMM 

peak at 916.5 eV is stronger and 84% of Cu(0) is oxidized by CO2 (Figure 5A.3, 

Supplementary 5A). This indicates that the Cu oxidation in the CeOx/Cu 

catalyst is more severe. Since no Ce3+ oxidation is observed, the XPS results 

show that CeOx promotes Cu oxidation during the CO2 treatment. The Cu 

phase in both the pure Cu and the CeOx/Cu catalyst is then reduced back 

into Cu(0) in the CO2/H2 flow at 250 °C, as indicated by that the Cu LMM 

peaks shift back to the higher kinetic energy.  

The Si/(Cu+Ce+Si) and Ce/(Ce+Cu) ratios are a qualitative measure 

of dispersion of the Cu and Ce phases and the near-surface presence of ceria, 

respectively. Their values, presented in Table 5A.1 (Supplementary 5A), are 

relatively stable during the RWGS treatments, indicating that catalyst 

morphology is fairly stable during all treatments. The Ce 4s photoemission 

peak overlaps with that of carbon, which makes it difficult to identify 

whether new C species, e.g. carbonates, form on the ceria-containing 

catalysts after the RWGS treatments. Nevertheless, the amount of Ce/C on 

all the catalysts surface (not shown) remains stable after all treatments, 

indicating that there is no significant build-up of carbon-containing species. 

5.3.3 UV-Vis of Cu Model Catalysts 

The XPS measurements taken after reactive treatments help to 

interpret the in situ UV-vis spectra recorded during the same sequence of 

treatments, displayed in Figure 5.3(a-c). The UV-vis spectra of CeOx/Cu in 

this study are dominated by the contribution from Cu, because the relatively 

small amount of ceria gives a much weaker optical signal. For the O2-treated 

Cu and CeOx/Cu catalyst, the extinction spectra lack the characteristic 

localized surface plasmon resonance (LSPR) peak, as expected for a CuO 

phase 13. The Cu-LSPR peak is, however, clearly seen in the spectra of both 

catalysts after the H2 treatments at 250 and 500 °C, indicating the formation 
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of Cu0 nanoparticles, in agreement with the XPS measurements. The Cu-

LSPR peak shifts to longer wavelengths after the CO2 treatment in the spectra 

of both the pure Cu and the CeOx/Cu catalyst. This change in the LSPR peak 

stems from the formation of a Cu2O shell around the Cu nanoparticles, as 

demonstrated in several studies 13,32,33. However, the peak-shift and 

broadening is much more pronounced in the CeOx/Cu case, where the 

LSPR-peak almost completely disappears. This agrees with the XPS results, 

showing that Cu oxidation in the CeOx/Cu catalyst is more severe than in 

the pure Cu catalyst. Finally, the Cu-LSPR peak shift and broadening is 

reversed by the CO2/H2 flow in the spectra of both catalysts, corresponding 

to formation of Cu0. These changes, in the optical spectra of the Cu and 

CeOx/Cu catalyst, thus clearly show the change in oxidation state with the 

corresponding gas atmosphere at RWGS conditions.  

The UV-vis spectrum of the pure ceria catalyst after the O2 treatment 

(Figure 5.3(c)) shows a peak at around 295 nm, assigned to Ce4+, which stems 

from electron-transfer from the O 2p to the Ce 4f states, in line with previous 

literature assignments 34,35. Since the intensity of the Ce4+ peak at 295 nm is 

correlated with the oxidation state of cerium it can be used to follow the 

oxidation and reduction of CeOx, under reaction conditions. No changes are 

seen in the spectrum after reduction at 250 °C while the intensity of the 295 

nm peak declines clearly after H2-treatment at 500 °C due to ceria reduction, 

as confirmed by XPS. After the CO2 treatment, the intensity of the Ce4+ peak 

increases, indicating that Ce3+ sites are re-oxidized, in agreement with the 

XPS results. No major change is seen in the Ce4+ peak intensity after the 

CO2/H2 treatment, indicating that nearly no reduction occurs. This indicates 

that Ce3+ participates in dissociation of CO2 but, once oxidized into Ce4+, it is 

not readily re-reduced in the CO2/H2 gas flow at 250 °C. Thus, in situ UV-vis, 

combined with XPS, gives detailed information about the oxidation states of 

Cu and Ce under the (R)WGS conditions, via the Cu-LSPR peak and the Ce4+ 

peak intensity. 
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Figure 5.3. (a-c) In situ UV-vis spectra of the same catalysts and treatments 

as in figure 5.2; pure Cu, CeOx/Cu and pure CeOx after sequential treatments 

in O2, H2, CO2 and CO2/H2 at 500 °C and 250 °C, as indicated in the figure. 

5.3.4 Activation of H2O and CO2 on Cu and oxide/Cu catalysts 

To investigate the role of the oxide promoter, in situ UV-vis 

spectroscopy was applied to compare a pure Cu flat model catalyst with 

ZnOx- and CeOx-promoted ones under WGS and RWGS conditions. The 

Zn/Cu and Ce/Cu surface ratios are 0.4 and 0.5, respectively, as obtained 

from XPS. Prior to each experiment, the samples were reduced in H2 at 500 
°C. The temperature was decreased to 250 °C in the H2 flow and the gas 

mixture was then sequentially changed. As the main interest is in the 
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dissociation of H2O and CO2, we first exposed the model catalysts to the 

oxidizing gas alone (H2O or CO2) for 40 min and then introduced the 

reducing gas (CO or H2) in order to simulate the conditions during WGS and 

RWGS respectively. 

 

Figure 5.4. (a-c) Optical spectra of pre-reduced Cu, ZnO/Cu and CeOx/Cu 

catalysts treated at 250 °C in H2O and H2O/CO, i.e. conditions simulating the 

WGS reaction. 

Figures 5.4(a-c) shows the UV-vis extinction spectra of the three 

catalysts, after reduction and subsequent extended exposure to H2O and 

H2O/CO gas mixtures. A clear peak can be seen at around 560 nm for all 
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three catalysts after reduction and cooling to 250 °C, that is, at t=0. It is 

attributed to the LSPR of the metallic Cu nanoparticles 32,33. For the pure Cu 

sample, no major changes are seen during H2O treatment. A small shift in 

the Cu-LSPR peak position to longer wavelengths can be seen after 40 min, 

which reverses as CO is switched on. This means that Cu alone interacts 

weakly with H2O. Although LSPR shifts can stem from many different 

physical processes, this slight shift, which originates from a thin Cu2O shell 

around the Cu core, can be attributed to a reversible oxidation/reduction of 

the Cu nanoparticles, as is made clear by the XPS measurements presented 

above.  

A much clearer Cu-LSPR peak shift and broadening is observed in the 

optical spectra of the oxide promoted Cu catalysts during H2O treatment, 

especially for CeOx/Cu. This suggests that compared with the un-promoted 

catalyst, Cu oxidation is significantly faster in the presence of an oxide phase. 

In other words, the oxide enhances the rate of H2O dissociation, which leads 

to oxidation of the Cu. Finally, the Cu phase, in both ZnO/Cu and CeOx/Cu, 

is re-reduced by the H2O/CO gas mixture, which is evidenced by the 

recovered Cu-LSPR peak. 

The Cu-LSPR shifts can be described mathematically by the optical 

center position, defined as the “center of mass” of the extinction spectra. This 

is obtained by finding the λ that solves the following equation as described 

in 13, 

∫ 𝑬(𝝀)𝒅𝝀
𝝀

𝝀𝒎𝒊𝒏
=

𝟏

𝟐
∫ 𝑬(𝝀)𝒅𝝀

𝝀𝒎𝒂𝒙

𝝀𝒎𝒊𝒏
                     Eq 5.1 

where λ is the wavelength and E(λ) is the corresponding intensity of 

the extinction spectra. 

Here the optical center is expressed as a shift from the position just 

before switching to the oxidizing gas (H2O or CO2). This number serves as a 

convenient, qualitative indicator to show and compare the optical shifts 

stemming from Cu particle oxidation during the process. In short, a large 



Chapter 5 

134 
 

5 

shift of the optical center position indicates a significant oxidation of the 

catalyst.  

 

Figure 5.5 (a, b) Optical center shifts of Cu, CeOx/Cu catalysts 
and (c) peak intensity at λ=295 nm wavelength of a CeOx 
catalyst under conditions simulating the WGS and RWGS 
reactions at 250 °C, atmospheric pressure. The catalysts were 
pre-reduced in H2 for 50 min at 250 and 500 °C, respectively. 
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Figure 5.5 shows the optical center position shifts of the three catalysts 

under conditions simulating WGS and RWGS. Figure 5.5(a) shows the shifts 

of the spectra presented in Figure 5.4. As pointed out, the shifts are larger 

and faster for the oxide/Cu catalysts and the peaks shift back when CO is 

added into the H2O/Ar gas stream. Similar observations are made in the 

RWGS case (Figure 5.5(b)). The magnitude of the optical center shifts for the 

three catalysts exhibit a trend where: CeOx/Cu > ZnO/Cu > Cu, similar to 

the trend observed in the WGS activity experiments shown in Figure 5.1. In 

other words, oxides that promote dissociation of both H2O and CO2, lead to 

a more extensive Cu oxidation, and the higher ability to activate H2O or CO2 

results in higher reactivity in WGS or RWGS.  A comparison between ZnOx 

and CeOx shows that ceria is the more effective promoter.  

Figures 5.5 (a, b) also include the optical center shifts of the CeOx/Cu 

catalyst, pre-treated in H2 flow at 250 °C under the same conditions (dotted 

lines). Compared with the catalyst pre-reduced at 500 °C, the shifts are 

smaller and slower, indicating less severe and slower Cu oxidation in both 

the CO2 and the H2O flow. Similarly, the Cu oxidation is reversed in the 

subsequent WGS and RWGS reactant gas flow. As pointed out by the XPS 

results in section 5.3.2, only partial reduction of ceria occurs after H2-

treatment at 250 °C, but full reduction takes place at 500 °C. This suggests that 

Ce3+ is more effective in the activation of H2O and CO2, which results in more 

extensive Cu oxidation. 

5.3.5 Bifunctional catalyst system 

To elucidate the interplay between ceria and Cu, experiments were 

carried out on pure ceria catalysts. In the absence of Cu reduction of ceria 

requires high temperatures. The XPS results discussed in section 5.3.2 show 

a negligible quantity of Ce3+ when the pure ceria catalyst is exposed to H2 at 

250 °C. Instead, when a temperature of 500 °C is used a significant quantity 

of Ce3+ is found afterwards. Ceria reduction can be followed in-situ using 

UV-vis, making use of the 295 nm absorption in the UV-vis spectrum, 

attributed to Ce4+.  
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Figure 5.5(c) plots the extinction intensity of the 295 nm peak of a pure 

ceria catalysts measured in situ during various treatments. The difficulty to 

reduce pure ceria is confirmed by the comparison between the results of a 

switch from O2 to H2 at constant temperatures of 500 or 250 °C, respectively. 

No changes are seen in the 295 nm peak intensity at 250 °C, whereas at 500 

°C, the peak intensity clearly decreases upon switching from O2 to H2, 

indicating that ceria reduction takes place.  

The extinction intensity attributed to the Ce4+ was then measured to 

study how the oxidation state of a reduced ceria catalyst changes when 

exposed to either H2O or CO2 in the context of the (R)WGS reactions. The in 

situ results shown in Figure 5.5(c) shows that the Ce3+ (formed during pre-

reduction in H2 at 500 °C) is oxidized in the CO2 or H2O gas flow at 250 °C, as 

evidenced by an increase in the peak intensity, in agreement with the XPS 

results. No changes are observed in the intensity plot in the flowing CO/H2O 

or CO2/H2 gas flow, which indicates that very little oxidized ceria is 

recovered to the Ce3+ state when the reducing gas is added.  

5.4 Discussion  

This work has been motivated by the question how ZnO and CeOx 

influence the performance of a Cu catalyst with respect to the rate-limiting 

step, activation of H2O and CO2, in WGS and RWGS reactions, respectively. 

For the study of Cu and Ce-based catalysts, in situ techniques are especially 

important because reduced Cu and Ce are extremely sensitive to the 

surrounding gas atmosphere, which complicates interpretation of results 

from ex-situ characterization. We therefore investigated flat model catalysts 

in a custom made microreactor, equipped with in situ UV-vis and mass 

spectroscopy. It provides real time information on the oxidation state of 

catalysts (Cu, Ce) under reaction conditions. 

5.4.1 Interpretation of the optical spectra 

As demonstrated by XPS and UV-vis, the extinction intensity of the 

Ce4+ peak clearly indicates the changes in oxidation state for the pure ceria 
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catalyst in different gas atmospheres 34,35. For the Cu containing catalysts, the 

LSPR peak could be used to show that Cu(0) was oxidized by H2O and CO2 

in both Cu and CeOx/Cu catalysts. However, since the Cu-LSPR peak is 

sensitive to many other factors such as temperature, particle size and 

morphology, alloy formation, dielectric environment and oxidation state, we 

have to consider possible alternative explanations for the LSPR peak shift 

found in our series of experiments 13,32,33,36,37.  

First, the reactions were carried out at isothermal conditions and no 

large exothermic energies are expected from the transient 

oxidation/reduction of the few μg of material during the measurements. We 

thus exclude that changes of the local particle temperature influence the Cu-

LSPR to a significant extent. Second, TEM images of a CeOx/Cu catalyst 

(Ce/Cu=0.5/5) before and after long (R)WGS treatments are presented in 

Supplementary 5A (Figure 5A.4). These show no major changes in size but a 

slight change in shape from irregular (after H2 treatment) to roundish after 

prolonged treatment in H2O/CO or H2/CO2 mixtures. However, Kazuma 

and coworkers found a red-shift of only 8 nm in the Cu-LSPR peak, with an 

increase in the peak intensity, when substantially increasing the particle size 

from 30 to 50-60 nm 38. This suggests that the influence of particle size, on the 

Cu-LSPR peak is negligible in our case. Furthermore, the observed shape 

changes agrees with Hansen and coworkers’ findings that the addition of 

H2O into H2 leads to subtle changes in the Cu NPs that turn more spherical 
39. It has been shown in literature that the plasmon peaks of particles with 

elongated or sharper apexes appear at longer wavelengths compared to 

symmetric/spherical particles 40–43. Consequently, the observed slight shape 

change is expected to lead to a Cu-LSPR peak shifting to shorter wavelength. 

In contrast, we observe peak shifts to longer wavelengths, together with 

broadening and decreasing intensity during both the CO2 and H2O 

treatments. This has been identified in the literature as the expected behavior 

upon Cu oxidation 13. Therefore, it is unlikely that particle size and 

morphology changes cause the observed Cu-LSPR peak shifts. Third, XPS 

quantification shows that the Ce/(Cu+Ce) ratio remains fairly stable during 

the RWGS treatments, indicating that no major redistribution of the catalyst 
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components takes place. Although the presence of a ceria coverage 

influences the Cu-LSPR peak position by changing the dielectric 

environment around the Cu, no Ce3+ oxidation is seen in the XPS results from 

the CeOx/Cu catalyst. This excludes changes in the dielectric environment 

as a reason for the observed LSPR shifts. Finally, no major carbon build-up 

was observed during the experiments. Based on all of the above, Cu 

oxidation is the main reason for the observed changes in the Cu-LSPR peak 

under the (R)WGS conditions.    

5.4.2 WGS and RWGS reactions on CeOx/Cu catalyst 

Based on our observations, we suggest the following schematic 

description of how a CeOx/Cu catalyst responds to changing gaseous 

environments of interest for (R)WGS, see Figure 5.6. We summarize the 

catalyst states as follows: 

 

Figure 5.6. Comparison of CO2, H2O activation mechanism on Cu, CeOx and 

CeOx/Cu catalyst 

The Cu, CeOx and CeOx/Cu catalysts are all fully oxidized to Cu2+ and 

Ce4+ under O2 at 500 °C.   

The Cu is readily reduced into Cu(0) in H2 flow, already at 250 °C. For 

the CeOx sample, no reduction takes place at the lower temperature (250 °C) 

and only partially at 500 °C. In contrast, significant Ce3+ formation takes place 
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when the ceria is in contact with Cu(0), indicating that Cu promotes ceria 

reduction, which agrees with many published results 5,8,9,38,44,45.  

At 250 °C, Cu(0) oxidation is slow, both in CO2 and H2O gas flows, 

indicating that the dissociation of CO2 and H2O is slow on the un-promoted 

Cu catalyst. Ce3+ itself readily participates in the dissociation of H2O and 

CO2, forming OH or/and O, and is consequently oxidized into Ce4+. This 

agrees with many researchers’ work, showing that Ce3+ is active for H2O and 

CO2 dissociation 8,46–48. Padeste et al. reported that Ce3+ in pure ceria can 

dissociate H2O, being oxidized and releasing H2 46. Rodriguez and coworkers 

proposed that the activation barrier of H2O dissociation on Ce3+ in 

CeOx/Cu(111) is lowered to 0.22 eV only, as compared with 1-1.4 eV on 

Cu(111) 8,47. Cheng et al. carried out a density functional theory study on 

CeO2 (110) upon CO2 dissociation. They found that activation of CO2 

molecules is favored at a reduced surface, which weakens the C-O bond and 

produces CO and O atoms, and leads to re-oxidation of the site 48. In contrast 

to the pure ceria catalyst, we observed no Ce3+ oxidation in the CeOx/Cu 

catalyst. Instead significant Cu(0) oxidation occurred, indicating that Ce3+ is 

responsible for the dissociation but that the products (O or/and OH) are 

transferred to the contacting Cu NPs via the ceria/Cu interface. Another 

possible reason is electron transfer from copper to ceria, leading to reduction 

of the former and oxidation of the latter 5,8,9,38,44,45. The former was previously 

supported by Yang and coworkers 9 and is likely to be the explanation of our 

observations considering the large extent of Cu oxidation observed. 

In the stoichiometric RWGS CO2/H2 (and WGS H2O/CO) reaction gas 

mixture, the oxidized Ce4+ in the pure ceria catalyst is only slightly re-

reduced, indicating that ceria alone cannot catalyze the reaction. This is 

similar to titania, which has been found efficient for the dissociation of water 

but binds O too strongly 49. In contrast, Cu(0) is regenerated easily in both of 

the Cu containing catalysts. This shows that reduction of Cu+ by the gas 

phase reducing agent, H2 (or CO), is faster than oxidation of Cu(0) by the 

dissociation products (O or OH), in good agreement with literature 

observations of the dissociation step as rate limiting for WGS on Cu catalysts 
1–3.  
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As it is important for a good WGS catalyst to dissociate H2O and CO2 

easily, Cu(0) acts indirectly as a promoter by preserving/regenerating Ce3+. 

In our UV-vis experiments, we found that the ability to dissociate H2O and 

CO2 of CeOx/Cu, ZnO/Cu and Cu catalysts follows a decreasing trend, in 

accordance with the trend observed in the initial WGS activity experiments. 

Thus, the reactivity is related to the ability of the oxide phase to activate H2O, 

which agrees with the findings of Rodriguez et al 7.  

In summary, at 250 °C the Cu surface interacts weakly with H2O and 

CO2 and strongly with CO and H2. Ceria exhibits the opposite behavior. 

Thus, on a CeOx/Cu catalyst, we propose that dissociation of H2O and CO2 

takes place on Ce3+, resulting in formation of OH and/or O. Then the 

dissociation products migrate from the ceria to the Ce/Cu interface and onto 

Cu.  

The following steps are mainly suggested to go through either a redox 
1,50,51 or an associative pathway 2,5,8,9,52–54. The redox mechanism involves CO 

or H2 oxidation by O atoms, from dissociation of H2O or CO2 1,50,51. In the 

absence of sufficient reducing agents (H2 or CO), the dissociation products 

bound to ceria will react with the Cu nanoparticles, leading to Cu+ formation, 

while Ce3+ keeps stable during the catalytic cycle. Our experiments thus 

implies that the (R)WGS reactions can proceed via a redox mechanism since 

the oxidized Cu can subsequently be reduced upon the addition of CO or H2 

into the gas flow, forming H2O or CO2 1,50,51.  

However, our observations also fit well with the often suggested 

associative mechanism 2,5,8,9,52–54. Taking the WGS reaction as an example; 

During the reaction, the H2O dissociation and CO adsorption take place on 

Ce3+ and Cu(0), respectively. Then the active OH species diffuse from the Ce3+-

site to the Ce/Cu interface and react with adsorbed CO molecules on Cu(0), 

forming carboxyl (COOH) or (less likely) formate (HCOO) species. The 

intermediate species then decompose forming CO2 and H (and eventually 

H2), in agreement with the results in many publications 8,9,52–54. Again, if there 

are not sufficient reducing agents (like in the case of exposure to pure H2O 

or CO2), the Cu will be oxidized, whereas the addition of H2 and/or CO in 
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the gas stream keeps the catalyst reduced. Therefore, for a CeOx/Cu catalyst, 

either or both the redox and associative mechanism can take place during 

(R)WGS reactions.   

Wang and coworkers express a slightly different view on the roles of 

Ce and Cu in the WGS reaction 11. By using in situ XRD to investigate 

Cu/CeO2 catalyst (5%Cu), they found that H2O fill in oxygen vacancies 

(created by CO) on ceria, which is consistent with our results. However, they 

conclude that only the reduced ceria participates in the dissociation process, 

leading to ceria oxidation while the oxidation state of the metallic Cu 

remains stable, even upon exposure to H2O without CO content. In their 

work, the role of Cu(0) is only to promote ceria reduction during the pre-

treatment process. In our view, this underestimates the role of Cu since we 

found that it also keeps Ce3+ stable in the activation of H2O and CO2 step, 

thereby indirectly promoting the reactivity also during the WGS and RWGS 

reactions 8,9,44,45. In Supplementary 5A, we have attached in situ UV-vis and 

XPS results of a Cu/CeOx catalyst with equal amount of Cu but with 17 times 

more Ce compared to the sample presented in the main sections (5.3.2– 5.3.5). 

On this catalyst, both Cu(0) and Ce3+ were oxidized by a CO2 and H2O flow. 

This suggests that in the presence of more Ce, the generation of dissociation 

products (O and/or OH) is faster, leading to full oxidation of Cu(0) into Cu+. 

Once Cu is fully oxidized, the dissociation products will then oxidize the 

Ce3+ sites.  

The root cause of the spread in experimental findings most likely lies 

in the extreme sensitivity of metallic Cu towards surface oxidation and the 

fundamental difference between bulk and flat model catalysts. In the study 

by Wang et al., in situ XRD was applied to study the oxidation state of the 

ceria-Cu catalysts, using the lattice parameters of Ce and Cu as indicators. 

However, XRD only provides information about the average oxidation state 

of a bulk catalyst. Furthermore, using the lattice parameters to detect a slight 

surface oxidation of Cu nanoparticles is fairly inaccurate. This was recently 

shown in a following publication by the same group, where a combination 

of XRD/DRIFTS was used to study a ceria/CuO catalyst used for CO 

oxidation 12. DRIFTS results indicate the existence of Cu2O but the 
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simultaneous XRD pattern indicates no Cu2O in the catalyst. This was 

attributed to either insufficient surface sensitivity of XRD or the formation of 

an amorphous surface of Cu2O. In contrast, using flat model catalysts in 

combination with UV-vis spectroscopy and XPS has the clear advantage to 

provide fast and comprehensive information of changes in the material 

directly exposed to the reactant gas. Therefore, the oxidation state changes 

that is detected stems from the most relevant material for catalysis, close to 

the surface, amorphous as well as crystalline. 

5.5 Conclusions  

In situ UV-vis and XPS were applied to study the role of the oxide 

phase in activation of CO2 and H2O under conditions simulating RWGS and 

WGS. Flat model and powder Cu, ZnO/Cu and CeOx/Cu catalysts were 

studied. Reactivity measurements show that CeOx and ZnO promote the Cu 

reactivity in the WGS and that the CeOx/Cu catalyst is more active than 

ZnO/Cu catalyst. The combination of in situ UV-vis and XPS reveals that the 

reactivity increase is related to the ability of the oxide phase to activate H2O 

and CO2.  

A clear picture of the catalytic cycle of activation of H2O and CO2 on a 

CeOx/Cu catalyst was suggested. During a pre-reduction process, the Cu 

phase is reduced into Cu0. The presence of Cu(0) then promotes Ce4+ 

reduction into Ce3+. The activation of H2O and CO2 takes place on the Ce3+ 

sites, leaving O and/or OH species behind. In the absence of Cu, this would 

lead to oxidation into Ce4+. However, Cu(0) in contact with Ce4+ reacts to form  

Cu+ and Ce3+, thus keeping ceria in the more active state. Cu+ is readily 

reduced to Cu(0) in both H2O/CO and CO2/H2 gas mixtures thus closing the 

catalytic cycle. Hence, both ceria and Cu are essential in the activation of H2O 

and CO2. It is this synergistic effect that affords the catalysts with high 

reactivity in the WGS and RWGS reactions. 
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5A 
Promotion Role of ZnO and CeOx in Cu-based model 

catalyst in activation of H2O and CO2 dynamics studied 

by in situ UV-vis and XPS  

Experimental  

Cu-based powder/ quartz catalysts preparation 

The impregnated catalysts were aged at room temperature for 12 h and 
dried at 110 °C for 24 h. ZnO/CuO and CeO2/CuO powder catalysts were 
obtained after calcination for 2 h in a 20 vol % O2/Ar gas flow at 400 °C (5 

°C/min).  

The powder catalysts were deposited onto a quartz wafer using a 
polymer carrier method 1. A polymer solution with a concentration of 10 
mg/mL was prepared by dissolving polystyrene (Sigma-Aldrich,) in toluene 
(Sigma-Aldrich) under stirring at room temperature. An amount of 0.05 g of 
powder catalyst was dispersed in 5 mL of polymer solution and sonicated 
for 30 min to get a homogeneous particle-polymer suspension, using a horn 
sonicator (SonicVibracell VC750, Newtown, CT, USA). Then 5 µl of the 
homogeneous suspension was pipetted onto a quartz wafer (depositing 
roughly 0.05 mg of the powder). Finally, the powder/quartz catalysts were 
calcined in a 20 vol% O2/Ar gas flow at 400 °C for 1h to remove the polymer 
carrier material. 
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Figure 5A.1. TEM images and corresponding histograms of (a, b) Cu catalyst 

(15±3nm, 1331 particles/μm2) from a 2 nm thick Cu film after sequential 

treatment at 550 °C in O2/Ar 1.5h and H2 1.5h and (c, d) CeOx/Cu (15±5nm, 

1280 particles/um2) with a 0.3 nm thick Ce layer deposition on the Cu after 

sequential treatment at 550 °C in O2/Ar 1.5h and H2 1.5h. The Ce/Cu ratio 

was determined by XPS.   

 

 

 

 

 

 

 



Supplementary 5A 

 

149 
 

5 

Table 5A.1. XPS quantification of Cu, CeOx and CeOx/Cu catalysts after different 

treatments 

Sample Treatment 
Cu(0)/ 

(Cu(0)+Cu++Cu2+) 
(%) 

Ce3+/( 
Ce3++Ce4+) 

(%) 

Si/(Cu+Ce+Si) 
(%) 

Ce/(Ce+
Cu) (%) 

Cu 

500°C O2 0 - 78 - 

250°C H2 99 - 80 - 

500°C H2 90 - 73 - 

250°C CO2 44 - 71 - 
250°C 

CO2/H2 
91 - 77 - 

CeOx 

500°C O2 - 0 58 - 

250°C H2 - 0 50 - 

500°C H2 - 65 56 - 

250°C CO2 - 31 48 - 

250°C 
CO2/H2 

- 41 48 - 

CeOx/
Cu 

500°C O2 0 0 55 14 

250°C H2 99 59 69 23 

500°C H2 96 100 67 17 

250°C CO2 16 100 63 13 

250°C 
CO2/H2 

98 100 67 16 
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Figure 5A.2. XPS spectra of Ce 3d region of a Cu/CeOx catalyst 

(Cu/Ce=0.5/2) after four subsequent treatments: i) oxidation at 500 °C for 50 

min, ii) H2-reduction at 500 °C for 50 min, iii) CO2 and iv) CO2/H2-treatment 

at 250 °C for 40 min. 
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Figure 5A.3. Complementary spectra taken from the experiments presented 

in figure 5.2 in the main text. XPS spectra of the Cu 2p (a, c) and the O 1s 

regions (b, d) of Cu and CeOx/Cu catalyst (Ce/Cu=0.5/1) after the five different 

treatments: i) oxidation at 500 °C for 50 min and subsequent H2-treatment at 

ii) 250 °C and iii) 500 °C for 50 min. The 500 °C -reduced catalysts treated at 

250 °C sequentially, first in iv) CO2, 40 min and then v) CO2/H2, 40 min.   
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Figure 5A.4. TEM image and the corresponding histograms of a CeOx/Cu 

(Ce/Cu=0.5/5) catalyst after (a, b) H2 treatment, 50 min at 500 °C, (28±10 nm) 

(c, d) H2O, 4h and H2O/CO treatment, 4h at 250 °C (29±9 nm) and (e, f) CO2, 

4h and CO2/H2 treatment, 4h at 250 °C (28±8 nm).  

 

 

 



Supplementary 5A 

 

153 
 

5 

 

Figure 5A.5. In situ UV-vis spectra (a) and optical center shifts (b) of a 

Cu/CeOx catalyst (Cu/Ce=2/5) treated at 250 °C in CO2 and CO2/H2, i.e. 

conditions simulating the RWGS reaction. This catalyst has the same amount 

of Cu but 17 times more Ce compared to the catalyst presented in sections 

5.3.2-5.3.4 in the main text. 
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Figure 5A.6. XPS spectra for the experiments described in supplementary 

information figure 5A.5 of the Cu 2p region (a), Cu LMM region (b) and Ce 

3d region (c) of Cu/CeOx catalyst (Cu/Ce=2/5) catalyst.
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Conclusions and perspectives 
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6.1 Summary 

In this thesis, a custom made micro reactor, equipped with in situ UV-

vis and mass spectrometry, was used in the study of flat model catalysts. The 

micro reactor facilitates simultaneous measurements of reactivity and 

oxidation state of flat model catalysts. This is particularly powerful for 

catalysts consisting of metallic Cu nanoparticles, since these exhibit localized 

surface plasmon resonance (LSPR). The spectral position of these LSPR 

peaks is extremely sensitive to changes in the oxidation state. This 

combination of model catalysts and in situ measurement techniques 

(Chapter 2) is therefore well suited for the study of the correlation between 

the oxidation state and reactivity, which was demonstrated on Cu and CeOx-

promoted catalysts in CO oxidation (Chapter 3), preferential oxidation of CO 

in H2 (Chapter 4) and (R)WGS reactions (Chapter 5), respectively.  

6.1.1 CO oxidation reaction 

CO oxidation is a test reaction (Chapter 3) that was used to i) 

demonstrate the performance and usefulness of the micro reactor setup and 

ii) to investigate the correlation between catalyst oxidation state and its 

reactivity. It was demonstrated that the micro reactor, equipped with in situ 

UV-vis and mass spectrometry, is capable of measuring the reactivity of flat 

model catalysts with as little active material as a few micrograms. This 

combination makes it a powerful technique to correlate reactivity and 

oxidation state of the catalyst during reaction conditions, while the flat 

model catalyst ensures that all catalyst material is exposed to the gas phase 

reactants under minimum diffusion limitations. The relative simplicity of the 

CO oxidation reaction, the simultaneous information about reactivity and 

oxidation state and the well-defined Cu model catalysts (~5 μg) made it 

possible to reveal how the catalyst activity and the reaction mechanism 

changes during a reaction process. 

In the CO-oxidation experiment, metallic Cu was found to be the most 

active phase. Backed up by semi in situ XPS measurements, the in situ UV-

Vis measurements allowed us to follow the oxidation of Cu0 to Cu2+, via a 
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core (Cu0) -shell (Cu+) structure, in detail during CO-oxidation experiments 

with various O2 and CO contents. Moreover, we have introduced the optical 

center as an analog to the peak position conventionally used to display subtle 

changes in nano plasmonic sensing. This allows us to follow, not only the 

phase transition from metallic Cu to Cu+, but also from Cu+ to Cu2+ in real 

time. Kinetic measurements were attempted on metallic Cu. It was found 

that catalyst deactivation took place due to an irreversible oxidation of the 

metallic Cu, depending on temperature and the resulting level of oxygen 

conversion during the reaction. Full O2 conversion is necessary to ensure the 

stability of metallic Cu, suggesting that kinetic measurements under 

realistic, steady state conditions are difficult or impossible to perform. 

6.1.2 Preferential oxidation of CO in H2 reaction 

This part of the work aims at clarifying the details of catalytic 

preferential oxidation of CO in H2 on Cu(0) and the role of CeOx in the 

reaction. To achieve this, experiments related to preferential oxidation of CO 

in the H2 gas flow (PROX) were carried out on reduced Cu and CeOx-

promoted Cu catalysts (Chapter 4).  

The combination of in situ UV-vis and MS reveals that the selective 

oxidation of CO preferentially takes place on the Cu(0) sites. Its 

deactivation/oxidation is accelerated by the presence of CeOx due to 

enhanced O2 dissociation. The extra O atoms accumulate on the surface and 

eventually oxidize Cu0 to Cu+. However, CeOx enhances the reactivity of 

oxidized Cu catalysts in the oxidation of CO.  

Neither Cu nor Cu/CeOx shows any significant activity for H2 

oxidation. During this process, OH formation, the rate-limiting step, requires 

a larger activation energy, compare with that of reaction between adsorbed 

CO and O2. We suggest that the slow reaction rate results in the formation of 

a passivating layer outside metallic Cu, which likely involes H and O, 

forming a hydrogen-terminated surface layer of CuOH or Cu(OH)2. This 

prevents further dissociation of H2 and O2. Thus, metallic Cu is only partially 
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oxidized in a H2/O2 gas flow, which cannot proceed further even at higher 

O2 concentrations.  

The coexistence of CO and H2 in an oxidizing gas flow is important to 

keep metallic Cu stable. A tentative explanation for this is that for CO/O2 

gas flow, H2 aid in oxygen removal from the oxidized Cu lattice, which 

indirectly promotes gasous O2 consumption. In the H2/O2 case, added CO 

molecules can react with OH, forming a CO-OH intermediate and 

subsequently decay into CO2 and H2, which is in accordance with the 

suggested reaction mechanism for reverse water gas shift reaction.  

6.1.3 Water gas shift and its reverse reaction 

This part of the work aims at investigating interaction between metallic 

Cu and related gases and to clarify the role of ZnO and CeOx in the activation 

of H2O and CO2. Experiments were carried out under conditions simulating 

RWGS and WGS (Chapter 5). Flat model and powder Cu, ZnO/Cu and 

CeOx/Cu catalysts were studied by in situ UV-vis and XPS. Reactivity 

measurements show that CeOx and ZnO promote the Cu reactivity in the 

WGS and that the CeOx/Cu catalyst is more active than the ZnO/Cu 

catalyst. The combined results from in situ UV-vis and XPS reveal that the 

reactivity increase is related to the ability of the oxide phase to activate H2O 

and CO2.  

A catalytic cycle including the activation of H2O or CO2 on a CeOx/Cu 

catalyst was suggested for WGS and RWGS, respectively. During a pre-

reduction process, the Cu phase is reduced into Cu(0). The presence of Cu(0) 

then promotes Ce4+ reduction into Ce3+. Cu(0) interacts weakly with H2O or 

CO2. In contrast, the activation of H2O or CO2 takes place on the Ce3+ sites, 

leaving O and/or OH species behind. In the absence of Cu, this would lead 

to oxidation into Ce4+. However, Cu(0) in contact with Ce4+ reacts to form  Cu+ 

and Ce3+, thus keeping ceria in the more active state. Cu+ is readily reduced 

to Cu(0) by CO or H2 in H2O/CO or CO2/H2 gas mixtures thus closing the 

catalytic cycle. Hence, both ceria and Cu are essential in the activation of H2O 
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and CO2. This synergistic effect affords the catalysts with high reactivity in 

the WGS and RWGS reactions.  

6.2 Future perspectives 

Research projects are never really completed, which is also the case for 

the work described in this thesis. Our approach to flat-model catalyst still 

has lots of scope for future research. 

 Further investigation into Cu-CeOx catalyst.  

Our research work proves that Cu-CeOx catalysts are suitable in 

reactions that involve CO2 or/and H2O activation, for instance, 

(R)WGS and methanol synthesis. This is a first exploration. More 

details about the active site, Cu-Ce3+ interface, are still needed for 

catalyst optimization. To achieve this, it would be desirable to 

develop a more well-defined Cu-CeOx catalyst and to apply more 

advanced catalyst characterization. Scanning tunnelling microscopy 

(STM) or high-resolution transmission electron microscopy 

(HRTEM) could shed more light onto the active sites, which is 

correlated to the reactivity.  

 Application of in situ UV-vis spectroscopy with powder catalysts. 

Transmission mode UV-vis spectroscopy was attempted to 

characterize powder catalysts dispersed onto quartz wafers in CO 

oxidation. However, the signal/noise ratio of the extinction spectra 

severely affected identification of the oxidation state. This is mainly 

due to inhomogeneous particle sizes and uneven particle distribution 

on the powders/wafers. Thus, first, powder catalyst preparation 

method needs to be improved to get catalyst with homogeneous 

particles. Second, it is necessary to find a better way to deposit a thin, 

homogeneous layer of powder catalyst on the quartz wafer or to 

modify the setup to work in reflectance mode. This would improve 

the quality of the optical spectra thus aiding measurements on 
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powder catalysts. This would be important for slow reactions where 

more active material is required to get a measurable rate of reaction.   

 Further exploration of the micro reactor for other reactions.  

The micro reactor, equipped with in situ UV-vis and Mass 

spectrometry, is powerful in heterogeneous catalysis, which makes it 

convenient to correlate catalyst oxidation state and its reactivity. This 

combination is promising in the heterogeneous catalysis and capable 

in many applications. For instance, it can be applied in TPR, TPO-

experiments. Also, plasmonic sensing can be used in the study of 

catalyst deactivation, such as sintering, coke deposition et al. 
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Summary 

Copper catalysts are widely used in various applications, for instance, 

catalytic oxidation of CO, water-gas shift and its reverse reaction, and 

therefore attract a lot of interest, both academically and industrially. It is well 

established that both the oxidation state and the reactivity of Cu catalysts 

depend on the reactant gas atmosphere. This makes it important, but 

difficult, to study the correlation between oxidation state and reactivity, 

especially, using post-reaction measurements. Reversible changes of the 

catalysts during use can be missed, which is important information during a 

reaction process. Therefore, in-situ techniques are of great necessity for 

scientific study.  

In this work, we investigated properties of Cu-based catalysts in 

catalytic oxidation of CO, selective oxidation between CO and H2, water-gas 

shift reaction and its reverse reaction with the combined strength of model 

catalysts and in situ measurements. A specially designed pocket micro 

reactor was applied for the study, which is equipped with in-situ UV-vis and 

mass spectrometry. The two techniques provide detailed information about 

the catalyst oxidation state and reactivity during the reaction process. XPS 

was applied to confirm the oxidation state of Cu catalysts formed under the 

different reaction conditions. 

First, CO oxidation was used as a test reaction i) to demonstrate the 

performance and usefulness of the setup and (ii) to use the combined 

strength of model catalysts and in situ measurements to investigate the 

correlation between catalyst oxidation state and its reactivity. In the CO 

oxidation experiment, metallic Cu was found to be the most active phase. 
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Backed up by XPS measurements, the in situ UV-vis allowed us to follow the 

oxidation of Cu0 to Cu2+, via a core (Cu0)−shell (Cu+) structure, in detail 

during the CO oxidation experiment. Moreover, we have introduced the 

optical center as an analogue to the peak position conventionally used to 

display subtle changes in nano plasmonic sensing. This allows us to follow 

the phase transition not only from metallic Cu to Cu+ but also from Cu+ to 

Cu2+ in real time. Kinetic measurements were attempted on metallic Cu. It 

was found that catalyst deactivation takes place due to an irreversible 

oxidation of the metallic Cu for oxygen concentrations as low as 0.03 vol % 

and below, depending on temperature and the resulting level of oxygen 

conversion during the reaction. Full O2 conversion is necessary to ensure the 

stability of metallic Cu, suggesting that kinetic measurements under 

realistic, steady-state conditions are difficult or impossible to perform.  

Second, we applied the micro reactor in a study of the performance of 

flat Cu and Cu/CeOx model catalysts in the selective oxidation between CO 

and H2 to investigate interaction between Cu and CO, H2 and the role of 

CeOx in the reaction. This part of the work aims at clarifying the details of 

catalytic selective oxidation of CO in the presence of H2 on Cu(0) and the role 

of CeOx in the reaction. To achieve this, experiments related to preferential 

oxidation of CO in the H2 gas flow (PROX) were carried out on reduced Cu 

and CeOx-promoted Cu catalysts. The combination of in situ UV-vis and 

mass spectrometry results proved that oxidation of CO is fast and selective 

on the Cu(0) sites. CeOx promotes O2 dissociation, resulting in Cu(0) oxidation 

and a subsequent activity decrease in the oxidation of CO, while it enhances 

the reactivity of oxidized Cu catalysts. The stability of Cu(0) relates closely to 

gas compositions. The coexistence of CO and H2 in the O2 is a key factor to 

sustain the stability of metallic Cu and high CO2 selectivity. 

Third, the micro reactor was applied to study the intrinsic role of oxide 

in the activation of H2O and CO2 under WGS and RWGS reaction conditions 

and compare flat model catalysts to powder catalysts. Reactivity data were 

collected during WGS reaction on Zn/Cu and Ce/Cu powder, confirming 

that CeOx is the more efficient promoter. In-situ UV-vis studies were then 
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performed to reveal the function of the catalyst promoter.  The oxide phase 

promotes H2O and CO2 splitting. Ceria is more effective than zinc oxide in 

this respect, which explains the higher reactivity of the powder. Combined 

with semi in-situ XPS results, it was concluded that CeOx/Cu forms a 

bifunctional catalytic system, where Ce3+ is oxidized to Ce4+ upon 

dissociation of H2O and CO2. Simultaneously, metallic Cu promotes the 

reduction of Ce back to Ce3+ by accepting the products from the splitting 

process, resulting in partial oxidation of the metallic Cu. Subsequently, the 

reaction between oxygen from the dissociation process and CO or H2 is 

catalyzed by the Cu. In situ UV-vis and XPS thus provide a clear picture of 

how the dissociation of H2O and CO2 takes place on the CeOx/Cu catalytic 

system. 

This work demonstrates the power of flat model catalysts and in situ 

measurements. It is convenient to apply in situ UV-vis technique to study 

Cu-based catalysts in many reactions involving Cu oxidation, based on 

localized surface plasmon resonance. 



Summary 

 

164 
 

A 



Postface 

 
165 

  

B 

  B 
Acknowledgements 

Finally, it comes to the end of this journey. There are so many stories, 

full of joy, behind this thesis and so many people I would like to express my 

thanks to. 

To my first promoter prof. Hans, I feel honored to carry out my PhD 

research work in your excellent group. Your knowledge of catalysis is truly 

impressive, but even more I have benefited from your valuable attitude 

towards science. Thanks very much for training me to grow as an 

independent researcher and not as a paper machine, only doing experiments 

and collecting data. You have a bigger picture, so you always ask the right 

questions and give advice at the right time to keep me on track. I really 

appreciate all your help.  

 To my co-promoter dr. Hans, I am grateful for being your PhD 

student. I hardly find anyone who got involved in this project as much as 

you did. You introduce Insplorion to our lab and I am so lucky that I could 

apply it in my research work. You taught me from a zero beginning and 

trained me to gradually build up my own research from a simple system. I 

really enjoy working with you. Your passions and attitude toward science 

inspire me. I appreciate your guidance, help and abundant time provided to 

my doctoral study and dissertation process. Thanks very much for your 

patience and encouragements in my research work. I share the successful 

completion of the PhD research work with you.  

To my second promoter prof. Ton, I would like to express my gratitude 

for all your support and encouragements in the past years.  



Acknowledgements 

 

166 
 

B 

I like to thank the other committee members: prof.dr. R. Tuinier, 

prof.dr. M.J. Bowker, prof.dr. G. Mul, prof.dr. W.M.M. Kessels and prof.dr. 

V. Hessel.  

Thanks very much for financial support from Syngaschem, BV and the 

China Scholarship Council. 

To Tiny, you are the sun in our lab because you always like to help 

people and makes people around you feel warm and happy. Thanks very 

much for great efforts to let the lab run smoothly and efficiently. This thesis 

would not have been possible without you. You are the person who first 

introduced me to analyze XPS spectra and always readily helped me out of 

trouble. It seems that a 16-year old boy is inside of your body, because you 

are always energetic and positive.  

I would like to thank Barbara, Therese-Anne, Jose and Susan for your 

administrative help. Jose, thanks very much for many nice talks. I wish you 

all the best.  

To Gijsbert, thanks very much for your help and advice for dealing 

with ceria raw material. 

To Arnold, thanks very much for your help on the matlab program. It 

is really nice to have you as a friend and an office mate.  

 It is a pleasure to work with people in the Physical Chemistry of 

Surfaces group: Jose, Emad, Deshen, Peter, Gilbère, Remco, Chenghua, Olus, 

Ali, Basar, Ajin, Miguel, Basale, Huapeng, Zhenghang, and in Syngaschem, 

Antonio, Foteini and Kees-Jan.  

Antonio, thanks very much for the drive to NCCC conference. Peter, 

thanks very much for your encouragement and nice talks. Gilbère, thanks 

very much for nice discussions about XPS spectra of Cu catalysts and all the 

best for you in China. Emad, thanks for advice on Kratos-measurements. 

Kees-Jan, thanks very much for a lot of nice discussions. Chenghua, thanks 

very much for discussions about science, a lot of nice talks, a trip to the tulip 



Postface 

 

167 
 

B 

field and many encouragements. Deshen, thanks very much for your 

support and motivation. I wish you all the best in Sasol. 

Many thanks to my Chinese friends and family. 感 谢 所 有 在

Hemelrijken 住过的朋友，很怀念一起聚餐的日子。老夏，非常感谢你的帮

助，希望你在国内一切顺利。小陶，希望你一切顺利，早日毕业。孙鹏，在

国外有真心相处的朋友很难，非常感谢过去几年友情和帮助，让留学生活变

得也不那么苦，希望你顺利毕业。 

感谢硕士期间曲老师的悉心培养。感谢师妹小辉辉帮我办理国内学校

的相关手续。 

非常感谢一直支持我的家人。爸爸，妈妈谢谢你们给我生命，养育我

长大成人以及理解和支持。臭臭，谢谢你对我的理解，支持，包容和关心。

大舅和舅妈，谢谢你这么多年以来的照顾和关心。 

   

  

 



Acknowledgements 

 

168 
 

B 



Postface 
 

169 
 

C 

C 
List of publications / thesis output 

Journal publications 

 Bu, Y.; Niemantsverdriet, J. W.; Fredriksson, H. O. A. Preferential Oxidation of 

CO in H2 on Cu and Cu/CeOx Catalysts Studied by Simultaneous in situ UV-vis and 

Mass Spectrometry, in preparation. 

 Bu, Y.; Weststrate, C. J.; Niemantsverdriet, J. W.; Fredriksson, H. O. A. Role of 

ZnO and CeOx in Cu-based Model Catalyst in Activation of H2O and CO2 Dynamics 

Studied by in situ UV-vis and XPS, ACS Catal. 2016, 6, 7994-8003. 

 Bu, Y.; Niemantsverdriet, J. W.; Fredriksson, H. O. A. Cu Model Catalyst 

Dynamics and CO Oxidation Kinetics Studied by Simultaneous in Situ UV−Vis and 

Mass Spectroscopy, ACS Catal. 2016, 6, 2867-2876. 

Oral presentations at conferences 

 Bu, Y.; Niemantsverdriet, J. W.; Fredriksson, H. O. A. Cu-based catalysts in 

water gas shift and its reverse, Dynamics Studied by Simultaneous in-situ UV-Vis 

and Mass spectroscopy, XVIIth Netherlands Catalysis & Chemistry Conference, 

Noordwijkerhout, The Netherlands, March 7-9, 2016. 

 Bu, Y.; Niemantsverdriet, J. W.; Fredriksson, H. O. A. Cu model Catalyst 

Dynamics and CO-oxidation Kinetics Studied by Simultaneous in-situ UV-vis and 

http://www.maneyonline.com/action/doSearch?ContribStored=Niemantsverdriet%2C+J
http://www.maneyonline.com/action/doSearch?ContribStored=Dad%2C+M
http://www.maneyonline.com/action/doSearch?ContribStored=Niemantsverdriet%2C+J
http://www.maneyonline.com/action/doSearch?ContribStored=Niemantsverdriet%2C+J
http://www.maneyonline.com/action/doSearch?ContribStored=Niemantsverdriet%2C+J
http://www.maneyonline.com/action/doSearch?ContribStored=Niemantsverdriet%2C+J


List of publication/ thesis output 

 

170 
 

C 

Mass spectroscopy, XVIth Netherlands Catalysis & Chemistry Conference, 

Noordwijkerhout, The Netherlands, March 2-4, 2015. 

Poster presentations at conference 

 Bu, Y.; Niemantsverdriet, J. W.; Fredriksson, H. O. A. CO oxidation over Cu-

Based Flat Model Catalysts, XIVth Netherlands Catalysis & Chemistry 

Conference, Noordwijkerhout, The Netherlands, March 11-13, 2014.  

 

http://www.maneyonline.com/action/doSearch?ContribStored=Niemantsverdriet%2C+J


Postface 

171 
 

D 

 

  D 
Curriculum vitae 

Yibin Bu was born on 8th of September, 1986, in Liaoning, China. After 

finishing higher secondary school education in July 2005, she commenced 

her degree studies at Shenyang Agriculture University. She completed her 

Bachelor of Science Degree (Environmental Engineering) in July 2009. In the 

same year, she started her post-graduation studies in Dalian University of 

Technology. Her major direction was Green Catalysis. The main focus of the 

project was catalytic oxidation of toluene on Cu-Mn/SBA-15 catalysts, under 

supervision of prof. dr. Zhenping Qu. In July 2012, she finished her master 

degree in Environmental Engineering. 

In September 2012, she started her PhD studies at the Laboratory for 

Physical Chemistry of Surfaces at the Eindhoven University of Technology, 

The Netherlands under supervision of prof. dr. J. W. Niemantsverdriet and 

prof. dr. ir. A. C. P. M. Backx. Her PhD research aims to investigate Cu 

catalysts promoted by cerium oxide and/or zinc oxide in reactions of carbon 

monoxide by using in situ spectrometry. The most important results of that 

work are described in this thesis.  

 


