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Zusammenfassung 

Die präferentielle Oxidation (PROX) von CO ist eine wirksame und praktische Strategie zur 

Reduzierung von CO-Spurenmengen auf ein sehr niedriges Niveau (< 5 ppm) aus dem als Brennstoff 

für Protonenaustauschmembran-Brennstoffzellen verwendeten H2-reichen Gasstrom.  

Cu-Katalysatoren haben sich aufgrund ihrer hohen Aktivität, Selektivität und Stabilität als 

kostengünstige Alternative zu den teuren Katalysatoren auf Edelmetallbasis erwiesen. Bei den meisten 

früheren Untersuchungen wurde jedoch eine höhere Cu-Beladung verwendet, in der Regel mehr als 5 

wt%, so dass keine zuverlässigen Rückschlüsse auf die Art der aktiven Zentren (Cu-Einzelzentren, 

Dimere, Cluster und/oder Nanopartikel) möglich sind. Einatomige Katalysatoren (englisch: single site 

catalysts, SACs) mit isolierten Metallzentren gewinnen aufgrund ihrer maximalen Metallausnutzung 

und einzigartigen Strukturen große Aufmerksamkeit in der Forschung. In den letzten zehn Jahren 

wurden viele Anstrengungen unternommen, um hocheffiziente und kostengünstige SACs für die CO-

Oxidation zu entwickeln. SACs haben nicht nur ihr hohes Potenzial zur Verbesserung der katalytischen 

Aktivität gezeigt, sondern auch einen detaillierten Einblick in den Mechanismus der Reaktion und den 

Ursprung der aktiven Zentren ermöglicht. 

Inspiriert von diesen motivierenden Erkenntnissen besteht das Hauptziel dieser Doktorarbeit in der 

Entwicklung hochaktiver und stabiler Cu-Trägerkatalysatoren und dem Nachweis, dass einzelne Cu-

Atome (SAC) auf der Oberfläche von reduzierbarem Ceroxid aktive Zentren für die PROX-Reaktion 

ist. Ein weiteres Ziel ist es, den Mechanismus der Reaktion zu klären. 

Unsere Strategie zur Erreichung dieser Ziele bestand zunächst in der Herstellung, Charakterisierung und 

Erprobung hochaktiver geträgerter einatomiger Cu-Katalysatoren (SACs) für die PROX-Reaktion im 

Temperaturbereich von 50 bis 150 °C. Darüber hinaus wurden verschiedene operando- und in situ- 

spektroskopische Techniken wie EPR, DRIFT und NAP-XPS in Kombination mit grundlegenden 

Charakterisierungen angewandt, um die aktiven Zentren zu identifizieren und eine zuverlässige 

Struktur-Reaktivitäts-Beziehung abzuleiten.  

Daher wurde im ersten Abschnitt (3.1) ein heterogener Katalysator mit sehr geringer Cu-Beladung (0,05 

wt%) und einem CeO2-TiO2-Träger mit hoher Aktivität und Selektivität für die CO-Oxidation im 

Temperaturbereich von 60-100 °C getestet. Der katalytische Stabilitätstest ergab, dass der Katalysator 

während der 17-stündigen CO-PROX-Oxidation bei 120 °C in einem H2-reichen Strom (80%) keine 

Deaktivierung zeigte. Die ex-situ- und operando-spektroskopischen Ergebnisse deuten darauf hin, dass 

die Wechselwirkung von isolierten Cu-Zentren mit CeO2 zur Bildung einer hoch redoxaktiven Cu2+-O-

Ce4+-Einheit führt, die leicht CO durch Gittersauerstoff oxidieren und Cu+- -Ce3+ bilden kann. Wir 

fanden heraus, dass Cu+- -Ce3+-Anteile die Fähigkeit haben, molekularen O2 effektiv zu aktivieren und 
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Superoxid-Spezies zu bilden, die mit CO reagieren können, um CO2 zu bilden und die Sauerstofflücken 

aufzufüllen und die Cu2+-O-Ce4+- Anteile für einen weiteren katalytischen Zyklus zu regenerieren. 

Der zweite Abschnitt (3.2) konzentriert sich auf Cu-Katalysatoren mit handelsüblichem CeO2 ohne 

Verwendung von TiO2. Für deren Herstellung wurde eine einfache Präparationsmethode (Kugelmahlen) 

verwendet. Der Grund dafür ist die Vermeidung der hohen Kosten, der Komplexität, des Zeitaufwands 

und der chemischen Toxizität, die bei der Herstellung des Cu-Katalysators in Abschnitt (3.1) auftreten 

könnten. Ein weiterer Grund ist die Untersuchung des Einflusses der Cu Agglomeration auf die 

katalytische Aktivität und Selektivität von Cu/CeO2 Katalysatoren unter PROX-Reaktionsbedingungen. 

Daher wurden drei Cu/CeO2 Katalysatoren mit unterschiedlichen Cu Gehalten (0.25, 0.5 und 1 wt%) 

nach dieser einfachen Methode hergestellt. Eine Verringerung des Cu Gehalts von 1 auf 0.25 wt% führte 

zu einem signifikanten Anstieg der Cu-massennormierten CO-Oxidationsrate von 103 auf 303 μmol.gCu
-

1.S-1 bei 90 °C, was auf die Bildung von mehr einzelnen Cu-Zentren auf der Oberfläche von CeO2 

zurückzuführen ist. Darüber hinaus wiesen alle Cu-Katalysatoren eine hohe katalytische Stabilität und 

eine 100%ige CO2-Selektivität während der Betriebszeit von mehr als 75 Stunden bei 90 °C auf. 

Hervorragende Aktivität und 100% Selektivität wurden mit dem Cu0.25CeO2-Katalysator erreicht, der 

eine fünfmal höhere CO-Oxidationsrate als in der Literatur berichtet aufwies. 

Der dritte Abschnitt (3.3) befasst sich mit der Untersuchung der Auswirkungen der Sauerstofflücken, 

der Sauerstoffmobilität und der Redoxeigenschaften verschiedener handelsüblicher CeO2-Träger mit 

unterschiedlichen Kristallitgrößen (3 und 25 nm) auf die katalytische Leistung. Die Studie zeigte, dass 

die Art des Trägers eine sehr wichtige Rolle spielt. Der Cu0.25CeO2-25nm-Katalysator zeigte eine höhere 

Aktivität als der Cu0.25CeO2-3nm-Katalysator. Die hohe Aktivität dieses Katalysators ist auf das 

ausgezeichnete Redoxverhalten (wie durch EPR nachgewiesen) und die große Oberfläche 

zurückzuführen. Die Ergebnisse der H2-TPR des Cu0.25CeO2-25nm-Katalysators lassen darauf 

schließen, dass die Reduzierbarkeit viel einfacher ist als bei Cu0.25CeO2-3nm, was wiederum mit der 

hohen Aktivität dieses Katalysators zusammenhängt. 
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Abstract 

The preferential oxidation (PROX) of CO is an effective and practical strategy to reduce trace amounts 

of CO to a very low level (< 5 ppm) from the H2-rich stream used as fuel for proton exchange membrane 

fuel cells.  

Cu catalysts have been proven to be cheap alternatives to the costly noble metal-based catalysts due to 

their high activity, selectivity, and stability. However, most of the previous investigations used a higher 

Cu loading, normally more than 5 wt% preventing any reliable conclusions about the nature of the active 

sites (Cu single sites, dimmers, clusters and/or nanoparticles). 

Single-atom catalysts (SACs) with isolated metal sites are gaining great research attention owing to their 

maximized metal utilization rates and unique structures. During the last decade, many efforts have been 

made to design highly efficient and cost-effective SACs with CO oxidation. SACs have not only shown 

their high potential for improving catalytic activity but also provided an ideal insight for understanding 

the mechanism of the reaction and the origin of the active sites. 

Inspired by these motivating findings, the major aim of my Ph.D. work is to develop highly active and 

stable supported Cu catalysts and to demonstrate that Cu single-atom catalyst (SAC) supported on the 

surface of highly reducible cerium oxide is the active site for PROX reaction. A further goal is to 

elucidate the mechanism of the reaction. 

Our strategy to achieve these goals was firstly to prepare, characterize, and test highly active supported 

single-atom Cu catalysts (SACs) for PROX reaction in the temperature range of 50 to 150 °C. 

Furthermore, various operando and in situ spectroscopic techniques such as EPR, DRIFT, and NAP-

XPS combined with basic characterizations have been applied to identify the active sites and derive 

reliable structure-reactivity relationships. 

Therefore, in the first section (3.1), heterogeneous single-atom catalysts (SACs) based on a tiny Cu 

loading (0.05 wt%) supported on CeO2-TiO2 has shown high activity and selectivity for CO oxidation 

in the range of temperature 60-100 °C. The catalytic stability test revealed that the catalyst showed no 

deactivation during 17 h time on stream during CO-PROX at 120 °C under an H2-rich stream (80 Vol%). 

The ex-situ and operando spectroscopic results indicate that the interaction of isolated single-atom Cu 

sites with CeO2 results in the formation of a highly redox-active Cu2+-O-Ce4+ moieties that can easily 

oxidize CO by lattice oxygen and forming Cu+--Ce3+. We found that Cu+--Ce3+ moieties have the 

ability to effectively activate molecular O2 and form superoxide species that can react with CO to form 

CO2 and refill the oxygen vacancies and regenerate the Cu2+-O-Ce4+ moieties for another catalytic cycle. 

The second section (3.2) focuses on: (i) increasing the atomic efficiency of Cu-based catalysts by 

supporting Cu single-atom sites on highly reducible and commercial CeO2 without using TiO2. 
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(ii) Simple preparation method (ball-milling) was used to prepare single-atom (SACs) catalysts. The 

reason for this is to avoid the high cost, complexity, consuming time, and chemical toxicity that might 

occur during the preparation of the Cu catalyst in section (3.1). A further reason is studying the state of 

Cu agglomeration effect on the catalytic activity and selectivity over Cu/CeO2 catalysts under PROX 

reaction conditions. Therefore, three Cu/CeO2 catalysts were prepared by this simple method with 

different Cu loadings (0.25, 0.5, and 1 wt%). Decreasing Cu contents from 1 to 0.25 wt% resulted in a 

significant increase in the Cu mass-normalized CO oxidation rate from 103 to 303μmol.gCu
-1.S-1 at 90 

°C. This is attributed to the formation of more single Cu ions on the surface of CeO2. Superior activity 

and 100% selectivity were achieved with Cu0.25CeO2 catalyst that showed a 5 times higher CO oxidation 

rate than reported. Moreover, all Cu catalysts exhibited high catalytic stability and 100% CO2-selectivity 

during the time on stream for more than 75 hours at 90 °C.  

The third section focuses (3.3) on: studying the effect of the oxygen vacancy, oxygen mobility, and 

redox properties of different commercially available CeO2 supports having different crystallite sizes (3 

and 25 nm) on the catalytic performance. The study showed that the nature of the support plays a very 

important role. The Cu0.25CeO2-25nm catalyst showed higher activity than the Cu0.25CeO2-3nm catalyst. 

The high activity obtained by this catalyst is attributed to the excellent redox behaviour (as evidenced 

by EPR) and high surface area. The results of H2-TPR of Cu0.25CeO2-25nm catalyst inferred that the 

reducibility is much easier than Cu0.25CeO2-3nm and this further factor correlated to high activity of this 

catalyst. 

 

 



ix 
 

Contents 

Acknowledgment .................................................................................................................................... iv 

Zusammenfassung.................................................................................................................................... v 

Abstract .................................................................................................................................................. vii 

List of abbreviations ............................................................................................................................... xi 

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

1.1 Motivation ................................................................................................................................. 1 

1.2 Fuel cells and fuel processor ..................................................................................................... 2 

1.3 Hydrogen purification methods ................................................................................................. 3 

1.4 Preferential Oxidation of CO (CO-PROX) ............................................................................... 4 

1.5 Catalytic systems for the CO-PROX reaction: state of the art .................................................. 4 

1.6 CuO/CeO2 catalysts: state of the art .......................................................................................... 5 

1.7 Objective ................................................................................................................................... 9 

2 Experimental section ...................................................................................................................... 11 

2.1 Catalyst preparation................................................................................................................. 11 

2.1.1 Sol-gel method ................................................................................................................. 11 

2.1.2 Ball-milling method ......................................................................................................... 11 

2.2 PROX activity test ................................................................................................................... 12 

2.3 Catalyst characterization techniques ....................................................................................... 13 

2.3.1 Inductively coupled plasma optical emission spectrometry (ICP-OES).......................... 13 

2.3.2 X-ray diffraction (XRD) .................................................................................................. 14 

2.3.3 Low-temperature N2 adsorption ....................................................................................... 15 

2.3.4 Scanning transmission electron microscopy (STEM)...................................................... 17 

2.3.5 Temperature programmed reduction by H2 (H2-TPR) ..................................................... 18 

2.3.6 Laser Raman spectroscopy (Raman) ............................................................................... 19 

2.3.7 Operando Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) .... 20 

2.3.8 Electron paramagnetic resonance (EPR) ......................................................................... 23 

2.3.9 Near ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) .......................... 26 



x 
 

3 Results and discussions .................................................................................................................. 29 

3.1 Developing of CuxCeTiO2 (x = 0.05 wt%) catalyst for CO PROX reaction .......................... 29 

3.1.1 Catalytic performance of Cu0.05CeTiO2 ........................................................................... 29 

3.1.2 Catalyst characterization .................................................................................................. 30 

3.1.3 Operando NAP-XPS investigation. ................................................................................. 34 

3.1.4 Ex Situ and Operando EPR studies. ................................................................................. 35 

3.1.5 Operando DRIFT investigation........................................................................................ 37 

3.1.6 Conclusions ...................................................................................................................... 38 

3.2 Effect of preparation method and Cu loadings on the PROX catalytic activity of CuxCeO2 (x = 

0.25, 0.5 and 1 wt%) catalysts ........................................................................................................... 40 

3.2.1 Catalytic performance of Cux (x = 0.25, 0.5 and 1 wt%) CeO2 catalysts ........................ 40 

3.2.2 Catalyst characterization .................................................................................................. 42 

3.2.3 Hydrogen temperature-programmed reduction (H2-TPR) ............................................... 45 

3.2.4 Operando DRIFT ............................................................................................................. 47 

3.2.5 Ex Situ and Operando EPR Studies ................................................................................. 50 

3.2.6 Operando NAP-XPS ........................................................................................................ 53 

3.2.7 PROX Reaction mechanism over the CuCeO2 catalyst. .................................................. 55 

3.2.8 Conclusions ...................................................................................................................... 57 

3.3 The impact of the support on the PROX activity of Cu0.25CeO2-3nm and Cu0.25CeO2-25nm 

catalysts .............................................................................................................................................. 58 

3.3.1 Catalytic performance of Cu0.25CeO2-3nm and Cu0.25CeO2-25nm catalysts ................... 58 

3.3.2 In situ DRIFTS investigations ......................................................................................... 62 

3.3.3 Ex Situ and in situ EPR studies........................................................................................ 64 

3.3.4 Ex Situ XPS investigations .............................................................................................. 65 

3.3.5 Conclusions ...................................................................................................................... 67 

4 General conclusions and Future works .......................................................................................... 68 

5 References ...................................................................................................................................... 71 

6 Appendix ........................................................................................................................................ 75 

 



xi 
 

List of abbreviations 

PEMFC proton exchange membrane fuel cell 

PROX preferential oxidation of a carbon monoxide 

WGSR water gas shift reaction 

Cu-SACs Cu single-atom catalysts 

MOF Metal-organic framework 

a.u. Arbitrary units 

DRIFTS Diffuse reflectance infrared Fourier transform spectroscopy 

EPR Electron paramagnetic resonance 

GC Gas chromatography 

GHSV Gas hourly space velocity 

hfs Hyperfine structure 

ICP-OES Inductively coupled plasma optical emission spectrometry 

H2-TPR Hydrogen temperature-programmed reduction 

Wt% Weight percentage 

Vol.% Volume percentage 

XRD X-ray diffraction 

STEM Scanning transmission electron microscopy 

NAP-XPS Near ambient pressure X-ray photoelectron spectroscopy 

OSC Oxygen storage capacity 

TCD Thermal conductivity detector 

HAADF-STEM high-angle annular dark-field scanning transmission electron microscopy 

EEL electron energy loss spectrometer 

EDX energy-dispersive X-ray 

25 nm Crystallite size of the support per nanometer 

3 nm 

NPs 

Crystallite size of the support per nano meter 

nanoparticles 



xii 
 

 



1 
 

1 Introduction 

1.1 Motivation  

Over the past centuries, using of carbon-rich fossil fuels has allowed an unprecedented era of prosperity 

and development for human development. After the industrial revolution, the amount of CO2 in the 

atmosphere has consequently increased from  ̴ 280 ppm to  ̴ 390 ppm in 2010, which is further expected 

to be  ̴ 570 ppm by the end of the century.1 It can be claimed that the increase in carbon dioxide emissions 

is a major contributor to increasing global temperatures and climate changes due to the greenhouse 

effect. Recently, it has been reported by the United States environmental protection agency that the 

largest sources of greenhouse gas emissions in the United States come from human activities, mostly 

through burning fossil fuels for electricity, transportation, and industry (25%, 27%, and 24% greenhouse 

gas emissions, respectively). The combustion of fossil fuels is a major source of increasing carbon 

dioxide content and other gases in the atmosphere. 

In terms of greenhouse emissions, it is fair to mention that CO2 is not the only gas contributing to the 

greenhouse effect. In particular, chlorofluorohydrocarbons, NOx, and CH4 are also greenhouse gases 

which are much more destructive to the environment than CO2.2  

To end the climate crisis, various alternative renewable energy sources are being proposed for power 

generation, including solar cells, wind energy, biomass, and proton exchange membrane (PEMFC) fuel 

cells.  

PEMFC technology is one of the best clean energy sources compared to traditional ones. This 

technology uses hydrogen as fuel; therefore, using hydrogen to produce power and zero-emission is 

highly welcome to avoid emissions causing the greenhouse effect. Hydrogen delivered to PEMFC is 

usually non-pure (contaminated by 0.5-1% CO) leading to a decrease in efficiency of PEMFC. 

Preferential oxidation of CO is a promising approach for CO removal from an H2-rich stream. The 

discovery of Cerium supported Cu catalysts for CO oxidation at low temperatures inspired us to explore 

the activity and selectivity of this catalyst to oxidize of CO in the presence of high concentration of 

hydrogen (CO PROX). However, to minimize the oxidation of hydrogen by Cu NPs and thus increase 

CO2-selectivity, our study was designed to explore the activity and selectivity of Cu single sites.3 

 



2 
 

1.2 Fuel cells and fuel processor 

Over 100 years ago, fuel cell technology was discovered by Sir William Grove and Christian Friedrich 

Schoenbein.4 There are many kinds of fuel cells such as proton exchange membrane (PEMFC) fuel cells, 

alkaline fuel cells, solid oxide fuel cells, Phosphoric acid fuel cells, differentiated by the type of 

electrolyte which is separating the fuel from thy oxygen. Depending on the characteristics of each 

category, they can be used for various applications. For example, PEMFC fuel cells are typically 

interesting for the automotive industry. In specific, a proton exchange membrane (PEMFC) fuel cell is 

a continuously operating galvanic cell which it can convert chemical energy directly into electricity 

through the reaction between hydrogen and oxygen. These devices are very interesting due to their high 

efficiencies relative to traditional combustion engines and zero emission, producing only heat and water 

as waste products. Using of these strategies is expected to grow as the energy sector moves toward 

hydrogen as an energy carrier. 

 

Figure 1.1. General scheme of a hydrogen fuel cell simple configuration.5 

Figure 1.1 shows the schematic representation of the reactions in a fuel cell operating with hydrogen 

and air with a hydrogen-ion conducting electrolyte. The molecules of hydrogen are separated into ions 

and electrons when they flow over the anode. The electrons flow through the outer circuit energizing an 

electric load, and the hydrogen ions migrate through the ionically conducting but electronically 

insulating electrolyte to the cathode. Eventually, the electrons react with oxygen molecules on the 

surface of the cathode and hydrogen ions migrate through the electrolyte, producing water.  

They could be used in various applications, including transportation, industrial, commercial/residential 

buildings, and long-term energy storage for the grid in reversible systems. The proton exchange 

membrane (PEMFC) fuel cell (Figure 1.1) has many attractive features, such as a low operating 
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temperature (80°C), sustained operation at high current density, low weight, cost-effective, quick start-

up and shutdown.6  

The PEMFC uses hydrogen as a fuel which can be produced by steam reforming of hydrocarbons or 

alcohols (fuel + O2 + H2O ↔ COx + H2) followed by water gas shift reaction (WGSR) units (CO + H2O 

↔ CO2 + H2). The feed gas mixture obtained by these two processes always contains a typical 

composition of 45-75% H2, 15-25% CO2, 0.5-2% CO, 10-20% H2O and N2.7-9 However, it has been 

reported that the anode catalyst of PEMFC is highly susceptible to be poisoned by CO, even in the 

presence of a tiny amount of CO in the hydrogen-rich stream at low temperatures,10, 11 which leads to 

decrease the efficiency of the fuel cell. Hence, it should be further reduced to a trace level below 10 

ppm.12 

1.3 Hydrogen purification methods  

During the last decade, significant efforts have been made to develop advanced strategies for the 

selective removal of CO from the H2-rich stream without losing hydrogen. There are three approaches, 

such as H2-selective membranes,13 selective methanation,14 pressure swing adsorption and preferential 

oxidation of CO in hydrogen stream (PROX).15-18  

H2-selective membranes can effectively remove CO by using a semi-permeable membrane that 

selectively allows hydrogen to pass through while preventing other gases. However, this technique 

requires relatively high pressure, and the best membranes are currently Pd-base, making it a costly 

method.19 In addition, these membranes are prone to embrittlement and hydride formation, which results 

in a loss of selectivity.20 

Selective methanation has also been widely used to remove CO in hydrogen reformate. Hydrogen is 

used to convert CO to CH4 over ruthenium or nickel-based catalysts in this method. There are a few 

main disadvantages when this method is used: (i) CO conversion to methane requires hydrogen and, 

hence, reduces the amount of hydrogen which could potentially be utilized in the PEMFC since the 

conversion of one mole CO to methane consumes three moles of hydrogen (Eq. 1.1). (ii) The presence 

of a higher amount of CO2 than CO in the hydrogen stream after steam reforming also leads to a decrease 

in the selectivity since CO2 reduction to methane requires four moles of hydrogen which then increase 

the hydrogen consumption further in comparison to CO conversion to methane (Eq. 1.2).21 

Due to the large dimensions and high costs of the compressor which is used to adjust a high pressure in 

order to separate the hydrogen form other gases, the pressure swing adsorption method is not suitable 

for non-stationary applications.22 It seem to be that the first three mentioned strategies, pressure swing 

adsorption, membrane separation and selective methanation are not very promising methods for PEMFC 

applications. 
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                                   CO + 3H2 → CH4 + H2O 

                                  CO2 + 4H2 → CH4 + H2O 

∆H = -206 kJ/mol (1.1) 

∆H = -165 kJ/mol (1.2) 
 

1.4 Preferential Oxidation of CO (CO-PROX) 

Among the three purification methods mentioned above, the preferential oxidation of CO (CO-PROX) 

is a very attractive and promising method.23 The main principle of this method involves the oxidation 

of CO to CO2 by oxygen over heterogeneous catalysts in the presence of a hydrogen stream (1.3).  

The advantage of this technique is a cost-effective industrial process compared to all processes already 

mentioned above and simplicity of implementation without significant hydrogen fuel loss.  

Carbon monoxide at the outlet of the water gas shift reactor is selectively oxidized in the PROX reactor 

over oxidation catalysts using externally supplied oxygen. The following three reactions can be occurred 

in the PROX system. 

                               CO + ½ O2 → CO2 + H2 

                               H2 + ½ O2 → H2O 

                               CO + 3H2 → CH4 + H2O 

∆H = -282.98 kJ/mol (1.3) 

∆H = -241.82 kJ/mol (1.4) 

∆H = -205.81 kJ/mol (1.5) 

The PROX catalysts must show high activity and high CO2-selectivity, to avoid the undesired side 

reaction such as water formation (Eq.1.2) and CO-methanation (Eq.1.3). An efficient catalyst should be 

able to selectively oxidize 0.5-2% CO present in the reformate. Hydrogen is the primary component in 

the reformate, any oxidation of hydrogen by the catalyst would lead to a decrease in the overall fuel 

efficiency. Furthermore, the H2O through hydrogen oxidation can have a negative impact on the catalytic 

activity of the catalyst. Therefore, the essential requirements for PROX catalysts are high CO oxidation 

and low hydrogen oxidation.9, 24 

Based on the catalytic performance of the PROX reaction, active catalysts can be classified into two 

groups. The first group comprises noble metals, including (Pt, Au, and Ru) while the second group 

contains non-noble transition metals, such as Cu and Co. 

1.5 Catalytic systems for the CO-PROX reaction: state of the art 

Pt-based catalysts, which showed good resistance to the adsorption of CO2 and H2O, 25 are known as 

higher temperature CO-PROX catalysts with an optimal operating temperature being around 200 °C.26-

28  However, Pt catalysts show higher intrinsic activity for H2 rather than for CO oxidation. The 

selectivity to CO2 (~40%) remains constant across a wide temperature range (170-300°C), indicating 

that the activation energies of CO and H2 oxidation reactions are comparable. Gold-based catalysts have 
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also attracted great attention for PROX applications,  especially Au supported on reducible oxides such 

as Au/CeO2,29, 30 Au/CeCuOx,31 and Au/TiO2
32

 due to their low temperature performance.29, 30 Supported 

Rh and Ru catalysts have also been applied for CO-PROX, to some extent. However, they showed low 

CO2 selectivity (about 25%) ,mostly due to the conversion of CO to methane.33, 34 

Despite the superior activity of the supported noble metal catalysts, there are three main drawbacks 

preventing their practical large-scale applications: (i) agglomeration of Au species at high temperatures 

to large particles which leads to a decrease in the number of the active sites, (ii) 

the low PROX selectivity of these catalysts due to the undesired oxidation of H2 and/or CO reduction to 

methane, and (iii) their high cost and scarcity preventing them from sustainable large-scale 

applications.35, 36 To overcome all these drawbacks, it is highly required to find alternatives to noble 

metals catalysts such as transition metal-based catalysts.  

According to the literature, supported copper 3, 37-41 and cobalt 42-44 catalysts based on reducible supports 

showed comparable activity and high selectivity at low temperatures for CO-PROX. Moreover, they are 

much cheaper than noble metal catalysts. However, Co catalysts have been used only to a small extent 

since the formation of carbonate intermediates in the presence of CO2 poisoning the Co-catalysts and, 

hence, limits their application.45, 46 

1.6 CuO/CeO2 catalysts: state of the art 
In recent years, copper ceria catalysts have emerged as outstanding catalysts for a number of 

heterogeneous catalytic reactions involving redox steps, such as methanol synthesis, low-temperature 

CO oxidation,47 NO reduction,48 N2O decomposition49 and water gas shift reaction.50 These reactions 

play a critical role in fundamental and industrial processes.  

Lately, comprehensive studies using Cu/CeO2 catalysts have shown that these systems provide high 

performance for CO oxidation in the presence of hydrogen at a temperature window of 50–150 °C.15, 39, 

51-53  

Most advanced studies of structure-reactivity relationships showed that the high catalytic activity of 

CuCeO2 catalysts typically attributed to the synergistic redox behaviour between copper and CeO2, 

which is the key to forming a high amount of oxygen vacancies, and therefore, generating redox-active 

Cu2+/ Cu1+ and Ce4+/ Ce3+ pairs.  

Using ceria as a support is specifically advantageous for CO oxidation reaction and PROX, due to its 

capability to store and release oxygen under oxidizing/reducing conditions. An improved oxygen storage 

capacity (OSC) can be obtained through ceria doping. Substituting some of the Ce species in the fluorite 

structure is introduced a lattice strain that weakness Ce-O bonds and thus decreasing the oxygen vacancy 

formation energy and thus enhances oxygen ion diffusion. 54-57 
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The redox behavior of CeO2 can even be improved when isovalent cations such as Zr4+, Ti4+ and Sn4+  

are incorporated into Ce lattice positions which are known to enhance the oxygen mobility and 

reducibility of CeO2.58 However; it has been reported by Chang et al. that the catalytic performance of 

CO2 hydrogenation to methanol over Cu-CeTiO2 was 4-260 times higher than over the corresponding 

binary CuTiO2 and CuCeO2 materials, respectively, due to a significant synergistic effect between CeO2 

and TiO2.59  Ching et al. have shown that the CO oxidation rate was dramatically improved by increasing 

the amount of Ce additive deposited on Cu/TiO2. This superior catalytic activity was attributed to the 

presence of small CeO2 particles on TiO2 and highly dispersed Cu-Ce species which caused a high 

amount of Ce+3 and abundant oxygen vacancies.60  

Zhiwei et al. have prepared a series of CuO/Ce1−xTixO2 catalysts by sol–gel impregnation and tested 

them under CO-PROX conditions, whereby the catalyst CuO/Ce0.8Ti0.2O2 exhibited the highest activity 

compared to pure CeO2 and TiO2. The authors concluded that the excellent  activity of CuO/Ce0.8TiO2 

may be contributed to the strong interaction between TiO2 and CeO2 in the support as well as the 

interfacial between CuO and the support.52  

Chen et al. reported that the CO2 selectivity was significantly improved when Sn4+ ions were 

incorporated in CeO2 to form CuO/CexSn1−xO2 catalysts.61 Also, they found that appropriate amounts of 

Zr4+ incorporated into CeO2 to form CuO/CexZr1−xO2 and CuO/CexZr1−xO2-Al2O3 catalysts could not 

only enhance the mobility of lattice oxygen but also improve the activity and CO2-selectivity.62, 63 

However, it is also noteworthy that modifying of CeO2 with other elements did not always improve the 

activity of CuO/CeO2 catalyst in CO oxidation. Ratnasamy et al. have prepared a series of CuO-CeO2, 

CuO-CeO2ZrO2 and CuO-ZrO2 materials by a coprecipitation method and tested them under CO-PROX 

reaction conditions. They observed that CuO-CeO2 showed higher activity than CuO-CeO2ZrO2 and 

CuO-ZrO2.64 Manzoli et al. and Caputo et al. also found that doping cerium with zirconia had no positive 

effect on CO-PROX performance.65, 66  

The metal dispersion and redox properties are not only enhanced by added isovalent elements but also 

can be significantly improved when CuO/CeO2 catalysts modify with another promoter such as iron or 

Nickel. It was reported that the modification of iron and nickel oxides increased the catalytic activity of 

CuO/CeO2 catalysts in CO-PROX despite the Cu-content in this catalyst was very low; this suggests 

that the role of iron and nickel in the redox cycle.67  

Jichange et al. reported that the addition of Fe to CuO/CeO2 led to an increase in the turnover frequency 

from 3.62 ×10-2 to 4.50 ×10-2 s-1, since Fe was incorporated into the CeO2 lattice, which led to the 

formation of Fe-O-Ce moieties and oxygen vacancies. Moreover, the resistance against CO2 and H2O 

was enhanced, and the long-term stability was largely improved from 170 to 400 h.57 
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The synthesis procedure plays a significant role in the catalytic properties of the base metal catalysts. 

Liu et al. studied the influence of the preparation method, and they reported that CuO/CeO2 catalysts 

prepared by co-precipitation have a lower catalytic activity for the preferential oxidation of CO in excess 

hydrogen compared to similar catalysts prepared by a chelating method.40 

Another study by Avgouropoulos et al. reported that the ranking of the activity of CuO/CeO2 catalysts 

which have been prepared by various preparation methods is as follows: urea-nitrates combustion > 

citrate-hydrothermal > coprecipitation > impregnation method. The physicochemical characterization 

of the samples revealed that the urea-nitrates combustion and citrate-hydrothermal preparation methods 

produced a higher amount of easily reducible copper oxide strongly interacting with the surface of CeO2, 

while coprecipitation and impregnation methods produced a large amount of copper particles weakly 

associated with CeO2 surface.68 

Tremendous efforts have been made in the past 20 years to gain a deeper understanding of the origin 

and nature of the active site(s) responsible for PROX in the Cu/CeO2 catalyst. Yet still these issues are 

not fully understood. Some investigations have shown that the conversion of CO to CO2 in the presence 

or without H2 largely depends on the Cu+-CO species. 69-73  

Yao et al. have used a combined operando XANES/DRIFTS technique to study the mechanism of the 

CO + O2 process (3.3% CO/, 1.7% O2/He) without H2, over a CuO/ CeO2 catalyst, and showed that 

highly dispersed Cu+ ions on the catalyst surface were the active species for CO oxidation.74 This is 

consistent with the active site which was identified in the CO-PROX reaction.60, 75, 76  

However, few details on the local structure of active species in CuCeO2 catalysts have been found for 

CO-PROX. By using EXAFS, Zhang et al. have identified the local coordination of the active oxygen 

ions and the active Cu species in ceria-supported copper catalyst under real CO-PROX conditions.77 

They have established that the active/labile oxygen is the first oxygen neighbour of Cu2+ species that 

isolated with CeO2 in a mixed oxide solution of CuCeO2. 

Other authors postulated that isolated Cu single sites at the interface between CuO and CeO2 particles 

are responsible for the high CO conversion rate while CuyCe1–yO2–x solid solutions were less active.78, 79  

X-ray absorption spectroscopic investigations confirmed that the transition metal (copper) species are 

stabilized in the 3+ oxidation state upon incorporation into the CeO2 lattice.80 In opposition to previous 

reports suggesting Cu+ or Cu2+ to be the active sites for catalysis. Joseph et al. reported that the high 

catalytic activity of Cu0.1Ce0.9O2-x  is due to the accessible Cu3+/Cu2+. 81 

In a few reports, Cu-Cu dimers have also been claimed to be active sites for CO oxidation.82, 83  

Recently it has been reported that atomically dispersed Cu+ cations supported on a zirconia-based 

metal−organic framework (MOF), Cu/UiO-66, are highly active for CO oxidation both in hydrogen or 

without hydrogen at high temperatures (above 200 °C).84 
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In most studies of CO oxidation in the presence or absence of hydrogen between 2010 and today, Cu 

contents of about 10-5 wt% have been used to prepare ceria supported Cu catalysts, and such high 

contents led to the formation of different copper species (single atoms sites, dimers, oligomers, clusters 

and nanoparticles).15, 41, 47, 57, 85-87 Due to this, it is hard to obtain reliable information about the active 

sites. In contrast, our group has recently published highly active Cu/CeO2-TiO2 (Ce/Ti 0.3) catalysts 

for CO oxidation with Cu contents well below 1 wt%. In these catalysts, single Cu ions exposed on the 

surface of CeO2 particles were identified as active sites based on results from a comprehensive 

multimethod analysis. It was found that oxygen for CO oxidation is provided by reversible Cu2+-O-Ce4+ 

 Cu+--Ce3+ redox shuttles on the catalyst surface.88 With these catalysts, unprecedented Cu-based 

CO oxidation rates have been obtained.  
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1.7 Objective 

The use of noble metals-based catalysts in the preferential oxidation of CO is not highly desirable for 

industrial applications due to the elevated cost and lower CO2-selectivity. Therefore, Cu catalysts 

represent a cheap and available alternative for those processes traditionally based on noble metals 

catalysts. The recent discovery of high activity and selectivity properties in the CO-PROX process of 

copper oxide catalysts supported on ceria has renewed interest in materials other than noble metals. 

However, an urgent need to enhance the catalytic performance of PROX catalysts by maximizing both 

the CO oxidation rate and the CO2 selectivity at low temperatures. 

Based on the previous studies which were used CuCeO2 catalysts for CO-PROX reaction, there are many 

conflicting’s and open questions about the nature of active sites over CuCeO2 system, specifically: i) 

What is the redox-active couple of Cu (Cu3+/Cu2+) or (Cu2+/Cu+), ii) which is the structure of the active 

sites for CO oxidation, Cu single sites or CuOx particles.  

To efficiently answer these questions, a targeted comparison of catalysts containing varying proportions 

of CuO clusters and Cu single sites should be conducted. By systematically reducing the Cu content, it 

is possible to induce a transition from a predominantly cluster-based system to one that is enriched with 

the desired single sites.89 Therefore, the aim of this Ph.D. thesis to enhance the atomically dispersed Cu 

single-atom catalysts (Cu-SAC) using a highly dispersed CeO2 on TiO2 and a commercial pure CeO2.  

To achieve this goal, special attention is dedicated to the impact of the preparation method and the 

identification of active sites and reaction mechanisms using a combination of various in-situ 

spectroscopies under the most relevant reaction conditions. To this end, the following aspects have been 

investigated: 

• Preparation of Cu/CeTiO2 (Ce/Ti ratio = 0.18) catalyst with very low Cu loading (0.05 

wt%) by sol-gel method to demonstrate that Cu-SAC on CeO2 is highly active and stable 

for CO-PROX reaction (section 3.1). 

• Explore the opportunity to prepare Cu-SAC supported on highly reducible and available 

commercial CeO2 by using a ball-milling and thermal annealing method (Section 3.2) 

and maximize the number of the active sites by increasing the Cu loading (0.23, 0.5 and 

1 wt%).  

• Study the effect of the oxygen vacancies, oxygen mobility, and redox properties of 

different commercially available CeO2 supports having different crystallite sizes (3 and 

25 nm) on the catalytic activity and selectivity of Cu0.2CeO2 during CO-PROX reaction 

(Section 3.3).  
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Among the various spectroscopic techniques, in-situ electron paramagnetic resonance (EPR) 

spectroscopy was used to monitor and characterize different Cu species and their redox behaviour during 

PROX conditions. In-situ infrared spectroscopy in diffuse reflectance mode (DRIFTS) was performed 

to identify the adsorbed surface species as a basis for deriving the reaction mechanism. Near ambient 

pressure X-ray photoelectron spectroscopy (NAP-XPS) was applied to follow changes in the oxidation 

state of the Ce species on the surface of the materials under reaction conditions. Moreover, basic 

characterization techniques such as X-ray diffraction (XRD), determination of the specific surface area 

by the Brunauer/Emmet/Teller method (BET), scanning transmission electron microscopy (STEM), 

inductively coupled plasma-optical emission spectrometry (ICP-OES), hydrogen temperature 

programmed reduction (H2-TPR), and Raman spectroscopy were used to characterize the structure of 

the catalysts.  
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2 Experimental section 

Since the present work aims to improve the catalytic performance of the CeO2 supported Cu catalysts to 

reduce CO in the hydrogen rich stream. Various supports such as CeO2-TiO2 and CeO2 (commercial) 

with different texture properties have used to prepare a highly active Cu single atom catalysts for 

preferential CO oxidation. In this section, preparation procedures of the support and Cu-containing 

catalysts are described. Then, PROX activity tests are described, including calculation of CO oxidation 

rate normalized on copper, CO conversion and CO2-selectivity. In the following section, the basic 

concept, and the purpose of all the characterizations followed by their experimental descriptions are 

explained. 

2.1 Catalyst preparation  

2.1.1  Sol-gel method .. 

To prepare highly active and selective Cu single atom catalyst supported by CeTiO2 for PROX reaction 

(section 3.1.1). CuxCeTiO2 (x = 0.05 wt%) catalyst was prepared by sole-gel method.3, 55All chemicals 

used in this method were obtained by Sigma-Aldrich with 98-99% purity. The support (CeO2-TiO2) with 

a fixed Ce/Ti molar ratio of 0.2 and the copper containing catalyst were prepared by a sol-gel method as 

follows: An amount of 1.37 g of (NH4)2Ce(NO3)6 salt was dissolved in 8.75 ml of anhydrous ethanol at 

60 °C with continuous magnetic stirring until a homogeneous solution was obtained. A complexing 

agent of 3.75 mL of Ti4+ isopropoxide and 1.62 mL of ethyl acetoacetate was added to the Ce4+ salt 

solution. The mixture was then magnetically stirred at room temperature for 1 h. After that, 2.25 mL 

HNO3 solution (0.1M) was added dropwise under continuous stirring to form a suspension by 

hydrolysis, which turned under stirring into a spongy orange gel. The gel was eventually extracted under 

supercritical conditions by ethanol in an autoclave (T = 245 °C, p = 60 bar) to create an aerogel, followed 

by calcination at 500 °C for 3 h in static air. The Cu/CeO2-TiO2 catalyst with 0.05wt% of copper, was 

synthesized using a one-step sol-gel method as described above for the pure support CeO2-TiO2 by 

adding CuCl2.2H2O to the Ce and Ti precursors in anhydrous ethanol. The product was extracted under 

supercritical conditions by ethanol, as mentioned above. Finally, the solid catalyst was calcined at 500 

°C in static air for 3 h. 

2.1.2 Ball-milling method  

To increase the atomic efficiency on the surface of highly dispersed cerium oxide and avoid the 

complexity of sol-gel method used in previous section (3.1). A ball milling method was used to prepare 

three catalysts with different Cu loadings supported on commercial cerium oxide (Merck).  
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Briefly, appropriate amounts of copper nitrate trihydrate Cu (NO3)2.3H2O (0.023, 0.047 and 0.095 mg), 

and 2.45 g of CeO2 were placed in an agate mortar with adding 5 ml of acetone to better increase the 

dispersion of Cu on the CeO2 support. The mixture was grounded manually for 15-20 min, and a 

homogeneous pale green powder was obtained. After that, the solid powder was milled at 3 r/min for 

one hour with a mass ratio of ball to the solid powder of 76:1 (190 g ball per 2.5 g powder) at room 

temperature under ambient conditions. Finally, the catalysts were subsequently calcined in static air for 

5h at 500 °C (thermal ramp rate 3 °C/min). The catalysts obtained by this method were named as Cux 

CeO2 (x = 0.25, 0.5 and 1 wt%) (section 3.2). 

To study the influence of redox properties, crystallite sizes and reducibility on the catalytic performance, 

a ball milling method was also used to prepare Cu catalysts on CeO2 with different crystallite sizes (25 

nm (Sigma-Aldrich) and 3 nm (Thermo Fischer Science.)) with 0.25 wt% Cu. The characterization and 

the catalysts' performance of these two catalysts are discussed in section 3.3. The obtained catalysts 

were named according to the crystallite size of the support. For example, the Cu0.25CeO2-3nm catalyst 

indicated that the crystallite size of the support used in this catalyst is 3nm; other catalyst was named as 

the Cu0.25CeO2-25nm. Cu catalysts used in the present investigations, which are prepared by sol-gel and 

ball-milling, are identified in Table 2.1.1. 

 
Table 2.1.1. Molecular formula, Cu loadings and preparation methods of 

prepared Cu catalysts used in the present work. 

Cu catalysts Cu loadings Wt% Preparation method 

Cu0.05CeTiO2 0.05 Sol-gel  

Cu0.25CeO2 

Cu0.5CeO2 

Cu1CeO2 

0.25 

 0.5  

1 

 

Ball-milling  

Cu0.25CeO2-25nm 0.25 Ball-milling 

Cu0.25CeO2-3nm 0.25 Ball-milling 

 

2.2 PROX activity test 

The PROX catalytic activity tests were performed using 100 mg of sieved material (250-315 µm) in a 

continuous-flow fixed-bed quartz reactor (length 200 mm, internal diameter 6 mm). The feed contained 

1% CO, 1% O2 and 80% H2 and the rest He in a total flow of 30 ml/min, corresponding to gas hourly 

space velocity (GHSV) of 18000 ml. g-1. h-1. Before starting the experiment, the catalyst was activated 

in 10% of hydrogen for 1 hour at 250 °C, and then cooled down to 50 °C in He to switch on the inlet 

feed mixture in order to start the reaction at a temperature range 50-150 °C.  

https://www.google.de/search?q=thermo+fischer+science,+cerium+oxide&nfpr=1&sa=X&ved=2ahUKEwjKnpLI7eD9AhV0S_EDHe9FBscQvgUoAXoECAgQAg
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The CO2 product and un-converted molecules were analyzed by using online chromatography 

(Shimadzu), which it was equipped with two columns, a Molsieve 5 Å to separate CO, O2, and H2, and 

a Poraplot-Q to isolate CO and CO2. The CO conversion rate normalized to the mass of copper, CO 

conversion, and CO2-selectivity were calculated by using the (Eq.2.1), (Eq.2.2) and (Eq.2.3). The 

intrinsic catalytic activity constant kL  has been calculated by using the (Eq. 2.4) 90 in which PCO and PO2 

are the partial pressures of CO and O2 and KL is the CO adsorption equilibrium constant. Lopez et al. 

used kL in an attempt to rank copper-based CO-PROX catalysts from literature91 and we used the same 

approach to compare the intrinsic activity of Cu0.05CeTiO2 catalyst (section 3.1) with the state of the art.  

 

Reaction Rate =
XCO × nCO,in

mCu
    (2.1) 

XCO (%) =
nCO,in −  nCO,out

nCO,in
 × 100  (2.2) 

SCO2 =  
nCO,in −  nCO,out 

nO2,in − nO2,out
 0.5 × 100  (2.3) 

𝑘𝐿 =
𝑟𝐶𝑂 (1+ 𝐾𝐿 .𝑃𝐶𝑂 )

𝐾𝐿 .𝑃𝐶𝑂.𝑃𝑂2
    (2.4) 

𝐾𝐿  = 7.53 𝑒𝑥𝑝(
8700

𝑅𝑇
)    (2.5) 

2.3  Catalyst characterization techniques  

Characterization is essential in any practical catalytic study and industrial application since it provides 

necessary parameters, such as structure and chemical composition, texture properties, and surface 

properties which are related to catalytic activity. The catalysts were characterized by ICP-OES, BET, 

XRD, (HAADF-TEM with EEL and EDX elemental mapping techniques), Raman, H2-TPR, DRIFT, 

EPR, NAP-XPS. 

2.3.1 Inductively coupled plasma optical emission spectrometry (ICP-OES) 

It is not uncommon for the composition of a catalyst at the end of preparation to be different from the 

expected stoichiometry of the target compound. This can be due to several factors, including incomplete 

reaction, impurities in the starting materials, or side reactions that result in the formation of unintended 

products. Hence, for comparing catalytic activity, it is crucial to check the elemental composition of 

synthesized materials. ICP-OES (Inductively Coupled Plasma Optical Emission Spectroscopy) is a 

powerful analytical technique used to determine the elemental composition of materials. In this method, 

the sample is first digested in an acid to dissolve all the metal ions existing. The resulting solution is 

then introduced into an inductively coupled plasma source where it is atomized, excited, and ionized. 

The high temperatures in the plasma source cause significant amounts of collisional excitation, resulting 
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in the emission of light at characteristic wavelengths. The atomic emission from the plasma is then 

collected using a lens or mirror and imaged onto the entrance slit of a wavelength selection device such 

as a grating or prism. The device separates the emitted light into its component wavelengths, which are 

then detected using a photomultiplier tube or a charge-coupled device. The intensity of the emitted light 

at each wavelength is proportional to the concentration of the corresponding element in the sample. By 

measuring the intensities of the emitted light at specific wavelengths for each element of interest, the 

weight percentages of the metal ions in the sample can be quantified.92 

Experimental description: In a typical procedure, the sample (10 mg) was dissolved in an acidic 

mixture of 8 ml aqua regia and 2 ml hydrofluoric acid. Then, the mixture was treated by microwave-

assisted equipment at 200 °C and 60 °C. The solution was diluted with 90 ml of distilled water and 

analyzed by using Varian 715-ES ICP-emission spectrometer and the ICP Expert software. 

2.3.2 X-ray diffraction (XRD) 

X-ray diffraction (XRD) is one of the most important non-destructive tools to identify the crystalline 

phases, crystallite sizes, and disorder of the materials. The X-ray Diffraction technique works based on 

the interaction between the electron cloud of the atoms present in the material and the X-ray radiation, 

which leads to diffraction effects when the X-ray radiation passes through the material with geometrical 

changes on the length scale of the radiation wavelength. Due to the similarity in scales between the 

distances between the atoms and the wavelength of X-rays, phenomena such as constructive and 

destructive interference occur when these materials are exposed to X-rays (Figure 2.1).93 These 

phenomena result in diffraction patterns where X-rays are scattered at specific angles depending on the 

distance between the atoms within a sample. By analysing the intensity and position of these diffraction 

peaks, important information about the crystal structure and composition of the material can be obtained, 

which is particularly useful in catalysis for understanding the active sites catalysts.  

 

 

Figure 2.1. Visualization of Bragg diffraction. 
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Crystals exhibit multiple sets of planes with different interplanar distances. X-rays are diffracted from 

these planes at characteristic diffraction angles. The relationship between the wavelength of the X-rays, 

the atomic spacing within the crystal lattice, and the diffraction angle is described by the Bragg equation 

(2.6). This equation states that for a particular reflection order (represented by the integer "n"), the 

wavelength of the incident X-ray beam (represented by "λ"), the distance between parallel lattice planes 

(represented by "d"), and the angle of diffraction (represented by "θ") are related as follows: 

n. λ = 2d. sin θ    2.6 

Experimental description: At room temperature, the XRD powder patterns were recorded by using a 

θ/2θ diffractometer (a X’Pert Pro, Panalytical, Almelo, Netherlands), which is equipped with a 

X’Celerator RTMS Detector and Cu Kα radiation (λ = 1.5418 Å. 40 kV, 40 mA). The 2θ data were 

collected in the range from 5 to 80 °C. The WinXPOW by STOE&CIE program with an inclusion of 

the Powder Diffraction File PDF2 of the ICDD (International Centre of Diffraction Data) was used to 

determine the phase composition of samples.  

2.3.3 Low-temperature N2 adsorption 

In the field of heterogeneous catalysis, it is widely known that a better understanding of catalytic 

behaviour can be achieved through knowledge of the surface area and pore properties. Thus, the surface 

area, specific pore volume, and pore size distribution are considered to be exceptionally important 

factors. Consequently, determining these properties is highly attractive. The Nitrogen adsorption 

technique at its boiling point temperature (77K) is most commonly used for this purpose. The surface 

of solid materials is exposed to the liquid nitrogen. Brunauer-Emmett-Teller (BET) theory is a widely 

utilized technique to determine the surface area of solid  porous materials.94 It is as follows.  

 
𝑃

𝑉(𝑃օ − 𝑃)
 =  

(𝐶−1)

𝑉𝑚.𝐶
.

𝑃

𝑃օ
 +  

1

𝑉𝑚.𝐶
    2.7 

P is the equilibrium pressure for a specific surface coverage 

Pօ
 is the saturation pressure of adsorbates at the temperature of adsorption 

V is the volume of adsorbed gas 

Vm is the monolayer adsorbed gas quantity 

c is the BET constant 

𝑐 = exp(
𝐸1− 𝐸𝐿 

𝑅𝑇
)  2.8 

Where E1 is the heat of adsorption for the first layer 
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EL is the heat of adsorption for the second  and higher layers and is equal to the heat 

of liquefaction or heat of vaporization. 

Equation (2.7) represents an adsorption isotherm, which can be graphed as a straight line with the y-

axis representing 1/[V(P-P0)] and P/P0 is the x-axis. This graphical representation is referred to as a 

BET plot. The linear relationship described by this equation holds within the range of 0.05 < P0/P < 

0.35. To calculate the monolayer adsorbed gas quantity (Vm) and the BET constant (c), the slope (A) 

and y-intercept (I) of the line are utilized. The following equations (2.9 and 2.10) can be employed for 

these calculations:  

𝑉𝑚 =
1

𝐴+𝐼
  2.9    𝑐 = 1 +  

𝐴

𝐼
  2.10 

 

The BET method is a commonly employed technique in materials science to determine the surface 

area of solids through physical adsorption of gas molecules. It allows for the calculation of both the 

total surface area (Stotal) and the specific surface area (SBET), which can be expressed as follows: 

 

 

Stotal=  
𝑉𝑚.𝑁.𝑠

𝑉
      2.11   SBET=  

𝑆𝑡𝑜𝑡𝑎𝑙

𝑎
    2.12  

Vm is the units of the monolayer volume of the adsorbate gas. 

N is the Avogadro number (6.02214076×1023) 

S is the adsorption cross section of the adsorbate 

V is the molar volume of the adsorbate gas  

a is the mass of the solid sample or adsorbent. 

 
Figure 2. 2. a) is the BET model of multilayer adsorption on the surface of the catalyst, b) BET plot results. 

https://en.wikipedia.org/wiki/Liquefaction
https://en.wikipedia.org/wiki/Heat_of_vaporization
https://en.wikipedia.org/wiki/Avogadro_number
https://en.wikipedia.org/wiki/Molar_volume


17 
 

Experimental description: Brunauer-Emmett-Teller (BET) method, the measured N2 adsorption at 77k 

were used to calculate the BET surface are and pore volume using a Micromeritics, ASAP 2010 

apparatus (Micromeritics GmbH, Achen, Germany). Before starting the analysis, the sample was 

vacuumed at 200 °C at 0.01 bar for three hours. 

2.3.4 Scanning transmission electron microscopy (STEM) 

STEM is commonly utilized to indicate the size of the particles existing in the sample, particularly in 

the nanometer range and it provides information related to the morphology, composition, and 

distribution, making it a valuable technique for research and development in both academic and 

industrial settings. With advancements in technology, the STEM can now even monitor samples with 

atomic resolution, enhancing its capabilities and contributions to scientific inquiry. In STEM, electrons 

are used instead of light when compared to light microscopy. However, STEM operates on the same 

principle of light microscopy. The aid a high voltage (around 200 KV), an electron gun emits electrons, 

which are then directed through a series of electromagnetic lenses and tightly focused into a narrow 

beam. The electrons pass through the thin materials (around 100 nm) and the unscattered electrons 

produce an image on the fluorescent screen at the bottom, then a CCD camera can be utilized to collect 

the image in the computer. In our facility, STEM is attached to the energy dispersive spectroscopy (EDS) 

which is used to conduct the elemental analysis of the materials. Every element possesses a distinct 

atomic structure that results in unique X-ray emission energies. When high-energy photons or electrons 

collide with the specimen's electron shells, they excite the electrons, causing them to be knocked out 

from the inner shell and leave a hole. As a result, an electron from a higher-energy shell fills the gap and 

produces an X-ray that corresponds to the energy difference between the two shells. The detector 

recognizes the X-ray signal, and a crystal inside the detector turns the signal into an electrical voltage 

signal. The pulse processor measures the electrical signals, which are then transmitted to the analyzer. 

 

Experimental description: Scanning transmission electron microscopy (STEM) experiments were 

carried out with an aberration-corrected JEM-ARM200F (Jeol, Corrector: CEOS) at 200 kV, also the 

microscope is equipped with a Gatan Enfinium ER electron energy loss spectrometer (EELS) and JED-

2300 (JEOL) energy-dispersive X-ray (EDX) spectrometer having a silicon drift detector (dry SD60GV) 

(Figure 2.3). The Annular Dark Field (ADF) detector was used to obtain the positional reference image 

during the EELS acquisition. For STEM imaging, a High-Angle Annular Dark Field (HAADF) and an 

Annular Bright Field (ABF) detector were used. Without further treatment, the dry powder samples were 

placed onto a copper grid or nickel grid with holey carbon film (mesh 300), which was then transported 

to the microscope. 
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Figure 2.3. Schematics of STEM imaging showing various detectors (Adapted from ref.95). 

2.3.5 Temperature programmed reduction by H2 (H2-TPR) 

The redox properties of copper deposited on Ceria are essential for improving its performance over 

CeO2-based catalysts at low temperatures. The H2-TPR technique is widely used to characterize the 

reducibility of catalysts. Reduction peaks corresponding to different species are observed at the 

temperatures required for their complete reduction. The amount of hydrogen consumed during the 

reduction process can be used to quantify the reduction capacity of the active species. 

Experimental description: H2-temperature-programmed reduction (TPR) was carried out using an 

Autochem II 2920 instrument (Micromeritics, Norcross, USA). A U-shaped quartz reactor was 

employed to load 200 mg of the sample. Before starting the measurement, the samples were pre-oxidized 

under the flow of 5% O2/He (50 ml/min) at 400 °C with a heating ramp of 10k/min. For 30 min, the 

temperature was held to remove any adsorbed species, and then the system was cooled down to room 

temperature under 5% O2/He. The TPR experiments were performed from room temperature to 900 °C 

in 5% /H2/ Ar flow (50 mL min-1) with a heating rate of 10k min-1. A thermal conductivity detector 
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(TCD) was used to record the hydrogen consumption peaks. The quantity of hydrogen consumed was 

determined from the peak area.  

2.3.6 Laser Raman spectroscopy (Raman) 

Raman spectroscopy, which falls under the category of vibrational spectroscopy, was initially observed 

experimentally by Raman and Krishnan in 1928.96 This spectroscopic technique focuses on the 

measurement of frequency shifts in the light that is scattered inelastically by materials when photons 

from the incident light interact with molecules and generate scattered photons (Figure 2.4). The 

difference in frequency between the incident and scattered light is called Raman shift (calculated by 

equation 2.13), which is provided information of lattice vibrations.97 

Raman shift =  
1

λ0−λ
− 

1

λ0
 (cm−1)  2.13 

λ0 is the wavelength of the excitation laser, and λ is the wavelength of the Raman scatter in cm-1. 
 

 
Figure 2.4. The Three kinds of scattering processes that can occur when light interacts with a molecule.  

In most scattering events, the energy of a molecule remains the same after it interacts with a photon; 

therefore, the scattered photon has the same energy and wavelength as the incident photon. This type of 

scattering is known as Rayleigh scattering and is a dominant process. Especially this kind of scattering 

energy is used to determine the structure of molecules. While during the scattering, the molecule gains 

energy from the photon, and then the scattered photon loses energy, and its wavelength increases. This 

is called Stokes Raman scattering. On the contrary, if the molecule's energy loses by relaxing to a lower 

vibrational level and the scattered photon gains the corresponding energy, its wavelength decreases, 

called Anti-Stokes Raman scattering (Figure 2.5). 
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Figure 2.5. Jablonski Diagram showing the origin of Rayleigh, Stokes and Anti-Stokes Raman Scatter (Adopted from 
ref.98). 

Today, Raman spectroscopy is a highly effective technique in the field of catalysis. It is widely used to 

analyze catalyst structures and investigate chemical reactions occurring on the bulk and surface of 

catalysts under reaction conditions. Raman spectroscopy technique has a lot of advantages, such as 

offering exceptional resolution (around 1 cm⁻¹) and a broad spectral range (50-5000 cm⁻¹), enabling the 

study of molecular vibration features (e.g., NH3, peroxide ions), and identification of crystalline oxide 

phases and determination of the structure of non-crystalline surface species. Due to all these advantages, 

Raman spectroscopy has been extensively applied in heterogeneous catalysis. 

Experimental description: Raman spectra were recorded with a Horiba Jobin Yvon LabRam micro 

spectrometer iHR 550 using a 660 nm laser. An entrance slit in the spectrometer of 200 μm and a 

diffraction grating of 1800 mm−1 were used. To check the homogeneity of the sample, the spectra were 

obtained at different points of the sample by using a laser power on the samples of ≈0.1 to ≈10 mW with 

a power density of 2.8 × 105 W·cm-2. Data analysis was performed by LabSpec 6, Jobin Yvon Horiba 

built-in software.  

2.3.7 Operando Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) 

The surface properties of catalysts play a crucial role in heterogeneous catalytic reactions. To gain 

insights into the interaction between adsorbed molecules and the catalyst, it is essential to employ 



21 
 

appropriate vibrational spectroscopic techniques like FTIR spectroscopy. This method allows for the 

direct monitoring and analysis of molecular interactions occurring on the catalyst's surface.99 In addition, 

employing in situ FTIR approaches offers valuable insights into the nature of surface sites on a catalyst 

such as acid, base, and redox sites, during catalytic reactions. This information is crucial for developing 

a comprehensive understanding of the underlying mechanisms of the catalytic reaction. The electric 

field component of light in the infrared region is responsible for inducing transitions between two 

vibrational states of a molecule. IR radiation can be divided into three main regions: the far-IR (<400 

cm-1), the mid-IR region (400-4000 cm-1) and the near-IR (13000-4000 cm-1). In heterogeneous 

catalysts, the mid-infrared region is the most attractive for adsorbate studies as most of the molecular 

vibrations are excited with the radiation of this region. The infrared absorption frequency of a 

heteronuclear diatomic molecule's stretching vibration is influenced by the bond strength (expressed by 

the force constant, f) and the reduced masses (µ) of the bonded atoms. In this simplified model, the 

molecule can be envisioned as two masses connected by a spring, where the bond distance oscillates 

around an equilibrium position. When the bond is stretched or compressed beyond this equilibrium, the 

potential energy of the system increases. Like a harmonic oscillator, the bond's energy oscillates between 

kinetic and potential forms as it vibrates. The resonance frequency of vibration of a bond is given by the 

equation (2.14)  

𝜈 =   
1

2π
 √

𝑓

µ
  2.14 

 

ν is the resonance frequency of vibration 

f is the force constant 

µ is the reduced mass of the bonded atoms 

The degree of freedom refers to the number of variables required to fully describe the motion of a 

particle. In a 3-dimensional space, an atom has three degrees of freedom, corresponding to its 

translational motion. For a molecule consisting of N atoms, the total degree of freedom becomes 3N 

since each atom contributes three degrees of freedom. However, due to the bonding between atoms, not 

all motions are translational. Some motions are rotational, and others are vibrational. In the case of non-

linear molecules, the rotational motion can be described in terms of rotations around three axes, resulting 

in three rotational degrees of freedom. The remaining 3N-6 degrees of freedom correspond to vibrational 

motion. On the other hand, linear molecules (such as CO2) do not exhibit rotation around their own axis 

as it leaves the molecule unchanged. Hence, linear molecules have only two rotational degrees of 

freedom, leaving 3N-5 degrees of freedom for vibration. 
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The IR band intensity, however, is significantly relative to the change in the dipole moment of the 

molecule during the vibration (selection rule). Therefore, there are IR-active and IR-inactive vibrations 

(see Figure 2.6 for CO2). 

 
Figure 2.6. The four vibrational modes of a linear three-atomic molecule (CO2). 

The traditional FTIR technique, such as transmission IR, has certain limitations as it can only be utilized 

for samples that are partially transparent to infrared radiation. In cases where the sample is opaque and 

exhibits low infrared transmittance, an alternative approach known as Diffuse Reflectance Infrared 

Fourier Transform Spectroscopy (DRIFTS) can be employed.99 In this mode, the infrared beam does not 

need to go through the bulk sample like in transmission mode. In the diffuse reflectance mode, the 

infrared beam is directed onto a shallow layer of catalyst powder, penetrating approximately 1-10 

microns into it. The beam is then reflected back to an optical system. To achieve this, a configuration of 

mirrors is used, as shown in Figure 2.7. These mirrors are arranged to allow the incident infrared beam 

to be directed towards a pair of parallel elliptical mirrors. One side of the elliptical mirror directs the 

incident beam towards the sample, and the reflected radiation from the sample is collected by the second 

elliptical mirror. Finally, the collected radiation is directed towards a detector. 



23 
 

 
Figure 2.7. DRIFT reactor. A) Optical setup for a DRIFTS experiment (Harrick). B) Reaction Cell (Harrick) (Adopted 
from ref. 100). 

 

In this thesis, this powerful technique has been used to follow the state of Cu species on the surface of 

the support through the IR peak of Cu+-CO.  

Experimental description: Operando Diffuse Reflectance Infrared Fourier Transform Spectroscopy 

measurements were performed using a Nicolet 6700 FTIR spectrometer (Eurotherm), which was 

equipped with high temperature Praying Mantis reaction cell (Harrick), CaF2 windows and a temperature 

control unit. The gas flow system with Bronkhorst mass flow controllers was connected to the reaction 

cell to enable dosas of reactants. The spectra were recorded in the frequency range 4000-400 cm-1 

(averaged 64 scans). 50 mg of pure sample particles were deposited on top of a layer of 60 mg KBr. 

Initially, a reductive pretreatment in a stream of 10% H2/He (15 ml min -1) was performed for one h at 

250 °C. Afterwards, the reaction cell temperature was reduced to 50 °C and switched to the reaction 

mixture of 1% CO, 1% O2, and 80% H2 (15 ml/min) in He. After one hour reaction, the temperature 

increased to (80 °C, 90 °C, and 100 °C, respectively) and at relevant temperatures the reaction was kept 

for 60 min. 

2.3.8 Electron paramagnetic resonance (EPR)  

In heterogeneous catalysis, electron paramagnetic resonance has been widely used to study the nature 

of paramagnetic species which are containing unpair electrons such as free organic or inorganic radicals, 

and some oxidation state of transition metals. As well known in literatures, copper is the leading active 

site for preferential oxidation of CO, and redox pair of Cu2+/Cu+ is play decisive role in the catalytic 

performance. Cu2+ has unpair electron and, therefore, is possible to detect by EPR spectroscopic 

technique. 
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Electron paramagnetic resonance (EPR) is widely used to investigate the oxidation states (oxidized and 

reduced) of Cu-based catalysts. In general, more information about the nature and symmetries of Cu2+ 

ion sites can be obtained from the EPR signal of Cu2+. Based on anisotropy and the EPR parameters of 

the EPR signal, the Cu2+ ions can be demonstrated to be existing as monomers, dimers, and clusters in 

tetrahedral or octahedral symmetries.101, 102 Moreover, the intensity of the EPR signal from isolated Cu2+ 

can be considered as a measure of the degree of oxidation of Cu catalysts. For example, when Cu2+ ions 

are exposed to progressive reduction conditions, the EPR signals intensity of Cu+2 must be significantly 

decreased due to the reduction of Cu+2 ions to EPR silent species such as Cu+ or Cu0. 

In this Ph.D. thesis, the EPR technique was primarily used to characterize how the copper (Cu2+) ions 

based on CeO2 are located and to understand how the Cu2+ involved in the catalytic activity cycle.  

 The basis of EPR spectroscopy lies in the spin of an electron and its associated magnetic moment. When 

a single electron placed within an applied magnetic field, B0, the two possible spin states of the electron 

have different energies. This energy difference is a result of the Zeeman effect (Figure 2.8). The lower 

energy state occurs when the electron magnetic moment, μ, is aligned parallel with the magnetic field 

and a higher energy state occurs where μ is aligned antiparallel the magnetic field. The two states are 

distinguished by the projection of the electron spin, mS, on the direction of the magnetic field, 

where mS = -1/2 is the parallel state, and mS = +1/2 is the antiparallel state. The energy difference levels 

between the two spin states are given by the equation (2.15) 

ΔE = ge β. B0    2.15 

β is the Bohr magneton (9.274 x 10-28 J.G-1) 

B0 is the strength of the magnetic field 

ge is known as the g-factor of the free electron (≈2.0023) 

 
Figure 2.8. (a) The orientations of the electron μ in the magnetic field B0, (b) corresponding the spin state energies. 

In a molecule, electron occupy orbital where spin-orbit coupling can occur. This causes a deviation in 

the g-value from its expected value ge and can be utilized to detect the presence of species containing a 
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single unpaired electron within the molecule. The g-value is calculated based on the frequency (v) of 

the EPR signal in units of megahertz (MHz) and the strength of the magnetic field (B0) (equation 2.16). 

𝑔 =  
ΔE 

β.Bօ
=  

ℎ.𝑣

β.Bօ
= 0.7145  .

𝑣(𝑀𝐻𝑧)

𝐵օ(𝑔𝑎𝑢𝑠𝑠)
    2.16 

h is the Planck’s constant (6.626 x 10-34 J s-1) 

v is the value of the frequency (MHz)  

β is the Bohr magneton (9.274 x 10-28 J.G-1) 

EPR spectra can be recorded using two distinct methods. The first method is continuous wave (cw) 

spectroscopy, where the applied frequency remains constant. In this approach, the magnetic field is 

adjusted until the microwave energy matches the energy difference required for allowed spin transitions. 

Concurrently, peak absorption of energy occurs, and the EPR signal is measured. The resonance energy 

for EPR falls within the microwave range, typically around 9-10 GHz in the X-band frequency. The 

second method is known as pulsed EPR, where short pulses of high-power microwave radiation are 

directed towards the sample, and the sample's response is recorded in the absence of radiation. However, 

in this thesis, exclusively the continuous wave (cw) method was applied. 

In the case of Cu2+, the magnetic interaction between the magnetic momentums of the unpaired electron 

and nuclear spin results in a slightly different magnetic energy for each spin state into different levels as 

shown in Figure 2.9 for Cu2+ ion (d9, I = 3/2). The selection rule allows only transitions between levels 

with ΔmS = ± 1 and ΔmI = 0. Therefore, four transitions will be allowed as shown in the energy level 

diagram. Thus, the obtained EPR spectrum comprises four-lines signal centered at giso and split by aiso. 

For anisotropic spectrum, four-lines splitting are observed for the individual lines.  
 

 
Figure 2.9. Energy level diagram and resulting EPR spectrum for a spin system with one electron S = 1/2 and a nucleus I = 
3/2 with isotropic electron Zeeman (giso) and hyperfine (aiso) interactions. 
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Experimental description: Electron paramagnetic resonance (EPR) spectra were recorded with a    

Bruker ELEXSYS 500 –10/12 spectrometer run at x-band cw-spectroscopy. Microwave power was used 

6.3 mW, an amplitude of up to 5 G and a modulation frequency of 100 kHz. Operando EPR experiments 

were carried out in a home-made quartz plug-flow reactor with a 3.0 mm inner diameter and a 0.5 mm 

wall thickness under continuous feed flow. Typically, a 50 mg sample particle (250-350 µm) was 

deposited inside a quartz plug-flow reactor connected to a flow gases unit equipped with mass flow 

controllers (Bronkhorst) at the inlet and a quadrupole mass spectrometer (Omnistar, Pfeiffer Vacuum 

GmbH) at the outlet for online product analysis.  

Before the catalytic reaction, the catalyst was reduced by 10% H2/Ar for one hour at 250 °C. Then, the 

following experiments were performed by exposing the reduced Cu catalysts and the bare support at 90 

°C to: 1) PROX mixture 1% CO + 1% O2 + 80% H2 in He.  2) 5% O2/He for 1h to check the ability of 

Cu catalysts to activate oxygen, flushing with 50 ml/min of Ar for 15 min followed by feeding 5% 

CO/He for 60 min to check the role of surface oxygen in CO oxidation.  

2.3.9 Near ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) 

Near atmospheric pressure (NAP)-XPS is a technique frequently used to characterize catalysts under 

working conditions and to investigate the surface chemistry associated with the catalytic process at the 

solid-gas interface. It is a powerful surface analysis method which provides information about the 

oxidation state, elemental composite ion, and electronic properties of the surface of the materials.  

NAP-XPS has been utilized to study a comprehensive set of catalytic reactions (CO oxidation, NO 

reduction, forward and reverse water-gas shift reaction, CO and CO2 hydrogenation to methanol or 

methane, methane dry reforming, methane conversion to methanol, hydrogenation of olefins, 

desulfurization, etc.). In the field of heterogeneous catalysis, NAP-XPS has shown its ability to identify 

catalytic active phases, variations in the concentration of surface species, and associated reaction 

mechanisms, where reactions primarily take place at the gas-solid interface. This method provides in 

situ and surface-sensitive information that cannot be obtained by other "bulk" characterization 

techniques like X-ray diffraction. Therefore, in this work, Near Ambient Pressure X-ray photoelectron 

spectroscopy (NAP-XPS) was used to determine the changes in the oxidation state of Ce species on the 

surface of the catalyst under CO-PROX reaction conditions and in control experiments, and also to gain 

more information about the amount of the O-vacancy which is associated with the presence of Ce3+ 

species.  

The basic principle of XPS is based on the photoelectric effect, which was first discovered by Heinrich 

Hertz in 1887. In XPS, the sample was illuminated by high energy photons lower than ∼6 KeV (soft X-

rays) and the kinetic energy was analysed for the emitted electrons (Figure 2.10). The emitted 
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photoelectron was the result of the full transfer of the X-rays energy to a core level electron. This also 

can be expressed mathematically in equation (2.17). It simply claims that the energy of the x-ray (hv) 

was equal to the binding energy (BE) of the electron plus the kinetic energy (KE) of the electron that 

was emitted, plus the spectrometer work function (Φ), a constant value.  

ℎ𝑣 = 𝐵𝐸 + 𝐾𝐸 +  Φ   2.17 

Equation (2.17) can be rearranged to obtain equation 2.18, in order to determine the binding energy of 

the electron. 

𝐵𝐸 = ℎ𝑣 − 𝐾𝐸 −  Φ   2.18 

 
Figure 2.10. Processes that result from x-ray bombardment of a surface include emission of a photoelectron. 

 

This concept was also illustrated diagrammatically in Figure 2.11 Note that the photoelectron binding 

energy was measured with respect to the sample Fermi level (not the vacuum level) which was the reason 

that Φ was included. 

 

 
Figure 2.11. Energy level diagram illustrates schematically the basic XPS equation, including the x-ray source energy (hυ), 
the binding energy of the electron (BE), the measured kinetic energy of the electron (KE measured), and the work function of 
the spectrometer (Φ spectrometer).  
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One notable advantage of X-ray Photoelectron Spectroscopy (XPS) compared to other techniques is its 

capability to determine the chemical surroundings of the atoms present in a sample. The chemical 

environment encompasses factors such as the closest neighboring atoms and the oxidation state of the 

element, which directly influence the binding energy observed in the photoelectron peaks.  

An XPS instrument consists of an X-ray source, sample stage, analyzer, extraction lenses, and detector 

placed in an ultra-high vacuum environment. A schematic diagram of an XPS system is demonstrated 

in Figure 2.12, showing all the main components. For two reasons, the XPS instruments are housed in 

an ultra-high vacuum. First, in order to prevent the emitted electrons from scattering off air molecules 

as they travel to the analyzer, and this requires vacuum levels on the order of 10–5–10–6 mbar. Second, 

to reduce the surface contamination that occurs within the chamber. 

 

 
Figure 2.12. Schematic diagrams show the major components of an (a) XPS instrument and (b) monochromator (Adopted 
from ref. 103) 

 

Experimental description: Near Ambient Pressure X-ray photoelectron spectroscopy (NAP-XPS) 

spectra were recorded on a laboratory NAP-XPS (SPECS Surface Nano Analysis GmbH, Germany). 

The NAP-XPS apparatus consists of (i) differentially pumped phoibos 150 electron energy analyzers, 

(ii) a nozzle of 500 µm diameter, (iii) a monochromated Al Ka radiation source (E = 1486.6 eV), and a 

laser system for sample heating. The feed gas mixture was introduced by using Mass flow controllers 

(Brooks, GF40). The total pressure in the analysis chamber was set at 2 mbar. The pressed sample was 

deposited in a stainless-steel holder. A thermocouple was attached to the sample's surface to control the 

temperature. The binding energy peaks of the sample were referenced according to the corresponding 

binding energy peak (284.6 eV) positions of C 1s. 
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3 Results and discussions  

3.1 Developing of CuxCeTiO2 (x = 0.05 wt%) catalyst for CO PROX reaction  

The majority of prior studies on CO oxidation and CO-PROX have used Cu concentrations of at least 5 

wt% or higher, which ultimately results in the formation of separate but loosely attached CuOx 

nanoparticles. Recently, our group have presented highly active Cu/CeO2-TiO2 catalysts for CO 

oxidation with a Cu content well below 1 wt%. Their activities in terms of Cu-mass normalized rate 

were higher than those of Cu/CeO2 catalysts with higher Cu loadings.55 We have demonstrated that 

active sites in these catalysts are Cu single site ions exposed on the surface of CeO2 that undergo 

reversible Cu2+−O−Ce4+  Cu+−−Ce3+ redox shuttles. Despite these very promising results, a CuCeO-

TiO2 (Ce/Ti = 0.18) catalyst with very low amount of Cu (0.05wt%) has prepared by sol-gel method.  

Firstly, CuCeO-TiO2 (Ce/Ti = 0.18) catalyst has successfully applied for preferential CO oxidation 

(section 3.1.1). The next section focuses on structure, and surface properties of the bare support and Cu 

containing catalysts (3.1.2). In the following parts, various in situ/operando spectroscopic techniques 

such as NAP-XPS (3.1.3), EPR (3.1.4), and DRIFTS (3.1.5) are used to derive structure-reactivity 

relationships under most relevant reaction conditions. Last section, Conclusions are drawn in 3.1.6.  

3.1.1 Catalytic performance of Cu0.05CeTiO2 

The CO conversion over the Cu-free support was low, whereas much higher activity was observed over 

the supported Cu catalyst under the same reaction conditions (Figure 3.1.1d). The catalytic activity of 

the copper catalyst expressed as rate of CO-oxidation is shown in Figure 3.1.1a. An almost the rate of 

CO oxidation (based on Cu mas) increase linear was observed with increased temperature and 100% 

CO2 selectivity even when temperature reached 100 °C. Only at high temperature, the H2 oxidize was 

observed and this led to form water at the expense of CO2. López et al. have used Eq. 2.4 to rank the 

intrinsic catalytic performance of more than 40 CuOx-CeO2 catalysts from previous studies.91 To 

compare, the KL values of this catalyst and their best catalyst A (prepared by a citrate method with 10 

wt% Cu)104 are plotted in Figure 3.1.1.b. It is evident that our catalysts clearly outperforms catalyst A.91 

and all other Cu-based cerium oxide catalyst used for CO-PROX catalysts in this ranking of 2008 (not 

shown in Figure 3.1.1b), since it displays higher intrinsic activity at much lower Cu loadings. Note that 

our catalyst contains 0.05 wt% Cu compared to 10 wt% of catalyst A. Moreover, This catalyst shows 

higher intrinsic CO-PROX activity than those reported.57, 86, 105, 106.However, it showed very stable 

performance and almost did not deactivate within 17 h time of stream at 120 °C (Figure 3.1.1c), although 

slight H2 oxidation at this temperature resulted to form some water, competitive adsorption of which is 
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known to cause deactivation of CuOxCeO2 catalysts.107-109 To see the reasons for this unprecedented 

activity, we should consider the results of structure characterization presented in the following sections. 
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Figure 3.1.1. (a) Cu mass normalized rate of CO conversion and H2O formation (left axis) and CO2 formation selectivity 
(right axis), b) intrinsic catalytic activity constants kL for the Cu catalyst of this work in comparison to the best catalyst (A) 
of ref, 104 (c) Long-term stability test at 120 °C under CO-PROX conditions, (d) CO conversion during CO-PROX reaction 
(1% CO, 1% O2, 80% H2; 30 ml min 1) on the Cu catalyst and support obtained after H250 treatment over the temperature 
range from 60 to 150 °C. 

3.1.2 Catalyst characterization 

Elemental analysis by ICP-OES established a Ce/Ti ratio of about 0.2 for the pure support and the Cu-

containing catalyst as well as a Cu loading of 0.05 wt% for the latter, which are close to the values used 

in the synthesis solution. Both the pure support and the Cu catalysts are showed type IV N2 

adsorption/desorption isotherm with hysteresis loops typical for mesopores (Figure 3.1. 2).110 The BET 

surface area slightly decreased upon addition of Cu whereas the average pore diameters increased, and 

the total pore volume was not changed much.  
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Table 3.1.1. Elemental composition, surface and pore properties. 

Sample Element composition SBET 

(m2·g-1) 

Pore 

volume 

(cm3·g-1) 

Average pore 

diameter 

(nm) 
Cu 

(wt. %) 

Molar ratio 

Ce/Ti 

CeTiO2 - 0.19 143 0.32 6.4 

Cu0.05CeTiO2 0.05 0.18 111 0.27 7.3 
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Figure 3.1. 2. (a) N2 adsorption and desorption isotherms (filled and open symbols, respectively) and (b) pore size distribution 
calculated from the desorption branch of support and Cu-catalyst. 

Figure 3.1.3 depicts that the XRD powder patterns of the pure support and the Cu catalyst are nearly 

identical. Both, support and catalyst show characteristic peaks of the CeO2 cubic fluorite structure 

(ICDD PDF 00-034-0394) and anatase phase of TiO2 (ICDD PDF-2 2017). 111 This indicates that the 

crystalline phase does not change even when is Cu added. Due to very copper loading, there are no 

reflection peaks corresponding to Cu oxide (CuO).  
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Figure 3.1.3. Powder XRD patterns of the fresh CeO2-TiO2 support and the Cu catalyst. 
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Figure 3.1. 4 shows Raman spectra of both the support and the Cu catalyst. They are also virtually 

identical and in agreement with the XRD patterns. The typical bands of anatase appear at 148, 403, 517, 

and 640 cm -1. Besides,  a weak band attributed to the F2g is seen at 463 cm-1 vibration mode of the cubic 

fluorite-type structure of CeO2.
111, 112 As expected, no Raman bands related to the vibration of Cu-O 

could be detected and this a good evidence that the Cu species are highly dispersed. 
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Figure 3.1. 4. Raman spectra of the fresh CeO2-TiO2 support and Cu-containing. 

STEM-HAADF images also with corresponding energy-dispersive X-ray spectroscopy (EDS) maps of 

the pure support and the Cu catalyst to visualize the distribution of Ti (red) and Ce (green) are displayed 

in Figure 3.1.5. ED spectra of the catalyst area are plotted in Figure A.1. The Ti and Ce are 

homogenously distributed throughout the whole sample in the Cu-free support, indicating a fairly 

uniform distribution of CeOx on TiO2 (Figure 3.1.5b). In addition, the Cu catalyst (Figure 3.1.5d) shows 

regions of enriched TiO2 and almost pure CeO2 (marked with a circle in Figure 3.1.5d) as well as areas 

with uniform distribution of Ce and Ti. No Cu species can be seen in the HAADF STEM images (Figure 

3.1.5c and e), possibly due to the very low Cu content. Moreover, the contrast in the HAADF STEM 

images is dominated by heavy, strongly scattering Ce atoms, which makes it difficult to see tiny Cu 

species in their vicinity. Likewise, distinguishing between Cu and Ti is difficult because they have 

similar or close atomic numbers (i.e., low Z-contrast). Also, Cu could not be found by EDS mapping 

(Figure 3.1.5d), which indicates that it is present as a highly dispersed single atoms or in very few large 

separate entities not comprised by mapping. Interestingly, the presence of isolated Cu single sites is 

shown below by EPR and DRIFT spectroscopy results. The electron energy loss spectra (EEL) at the 

Ce M-edge from different positions marked as 1 and 2 in the ADF image (Figure 3.1.5e) are shown in 

(Figure 3.1.5f), they provide information on the Ce oxidation state. Area 1 is located on a large particle 
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consisting of pure CeO2 (similar to the  green entity in (Figure 3.1.5d), while in region 2 Ti and Ce are 

relatively homogeneously dispersed as in the Cu-free support (Figure 3.1.5d).113 The Ce white lines 

appear at energy losses characteristic of Ce4+ in the EEL spectrum of area 1 (black trace in Figure 3.1.5f). 

In contrast, the corresponding signals of area 2 are slightly shifted to lower loss energies. This 

observation indicates that big separate CeO2 particles in the Cu catalysts contain Ce basically in its 

highest valance state +4 while Ce evidently reduced to +3 when it is highly dispersed on TiO2.113  

 
Figure 3.1.5. HAADF-STEM images (a, c), ADF image (e), EDS maps of Ti (red) and Ce (green) (b, d) and EEL spectra 
(f) of the Cu-free support (a, b) and the Cu catalyst (c-f). 
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3.1.3 Operando NAP-XPS investigation. 

 All spectra of the bare support and the copper catalyst in the region of Ce 3d show the characteristic 

doublet of Ce+4 at 916.86/898.59 eV (u/v), 901.09/882.7 eV (u/v) and 907.67/887.29 eV (u/v) in 

addition to those of Ce3+ at 903.65/885.05 eV (u/v) and 899.75/880.87 eV (u0/v0) (Figure 3.1.6).114, 115 

The amount of Ce3+ on the surface has been  determined from the area of the signal sub-components 

defined by Eq. 3.1.1114 and is written on the left side of the spectra.  

    𝐶𝑒3+(%) =
𝑢0+𝑣0+𝑢´+𝑣´

∑ 𝑢𝑖+𝑖 𝑣𝑖    (3.1.1) 

At 127 °C in N2 the surface of the pure support is already partially reduced and exposes 34% Ce3+ 

(Figure 3.1.6), in agreement with previous works of literature.116-118 Also, this is evidenced by EPR 

spectroscopy discussed below. Reductive pretreatment in 10% H2/N2 at 250 °C of the support led to a 

slight increase of surface Ce3+ to 39%. Upon subsequent switching to the complete CO-PROX feed at 

120 °C no reoxidation of Ce3+ was observed and on CO2 formation could be detected by mass 

spectroscopy. In contrast to bare support, the surface of the fresh Cu-containing catalyst (Figure 3.1.6b). 

in N2 at 127 °C has only 21% of Ce3+ but this amount markedly increased to 32% after reduction at 250 

°C. Upon turning on the CO-PROX mixture at 120 °C, most of the Ce3+ formed during prereduction in 

H2/N2 was re-oxidized to Ce4+ and formation of CO2 and H2O was observed (see Figure A.2)  

 
Figure 3.1.6. NAP-XPS spectra in the Ce 3d region of the support (a) and the Cu catalyst (b) measured under different 
conditions at a total pressure of 2 mbar. 

Remarkably, The Ti valance state was unchanged and remained essentially Ti4+ on the surface of both, 

the pure support, and the Cu catalyst under all conditions (Figure 3.1.7). This indicates that the unique 
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Ce3+/Ce4+ redox activity on the surface of the catalyst might be due to the presence of copper, which 

however is hardly detectable by NAP-XPS due to its very low content of only 0.05 wt%. Therefore, to 

obtain more information about the impact of Cu on the redox behaviour of the catalyst, we have used 

operando EPR spectroscopy which is a very sensitive and more powerful method to detect Cu single 

atoms.  
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Figure 3.1.7. In situ NAP-XP spectra of the Ti2p region of the Cu catalyst measured at 120 °C under 1% CO, 1% O2, 80% 
H2 flow at a total pressure of 2 mbar (a) and spectrum of the Cu2p region of the Cu catalyst under He conditions at 90 °C 
temperature (b). 

3.1.4 Ex Situ and Operando EPR studies.  

The EPR spectrum of the pure support displays a weak isotropic line at g= 2.004 from electrons trapped 

in oxygen vacancies 119, and another weak axial signal with g⊥ = 1.967 and g|| = 1.943 (poorly resolved), 

that was also detected before in pure ceria as well as in CeO2-TiO2 materials. It is attributed to electrons 

trapped in vacancies next to cerium ions, to Ce3+ or to some kind of Ce3+‒O-−Ce4+defect sites (Figure 

3.1.8a).120-122 It suggests the presences of Ce3+ in both support and Cu catalyst which is also evident 

from the XPS and EELS data as discussed above. In addition to these signals, the bare support shows a 

strong roughly isotropic line at g = 2.020 from O2•- species which is formed by electrons transferred 

from anionic vacancies to adsorbed O2 molecules. The EPR spectrum of the Cu-containing catalyst 

shows two signals of isolated Cu2+ single sites with hyperfine structure (his) due to the coupling of the 

single electron spin (d9, S = 1/2) with copper’s nuclear spin (I=3/2). The g and A values were determined 
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by spectra simulation (Figure A.3a). Tetragonally distorted octahedral Cu2+ species are detected by the 

signal I with g|| = 2.425, g⊥ = 2.075, A|| = 266 MHz and A|| = 80 MHz in the bulk of the CeO2-TiO2 

support.123 Signal ‖ is characterized by a higher A‖ (g‖ = 2.300, g⊥ = 2.058, A‖ = 290 MHz, AꞱ = 65 MHz) 

and a lower g‖ value. Both values indicate a higher tetragonal distortion of the Cu2+ environment and are 

perhaps consistent with a Cu2+ site in square-pyramidal geometry exposed on the catalyst surface.123, 124 
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Figure 3.1.8. (a) EPR spectra of the fresh calcined support (black) and the Cu-containing catalyst (red) recorded at -180 °C; 
(b) of the Cu catalyst during 1 h pretreatment in 10% H2/Ar flow at 250 °C. 

When the catalyst was heated up to 250°C under argon flow, the EPR signals of Cu2+ collapsed into a 

broad asymmetric line with g|| = 2.327 and g⊥ = 2.063 in which only A|| is poorly resolved (Figure 

3.1.8b). The reason for the loss of resolution is increase of Cu2+ site mobility and loss of coordinated  

H2O, that changes their local environment and hence, also the spin Hamiltonian parameters.125, 126 The 

Cu2+ single sites on the surface were reduced to EPR silent Cu+, upon switching to hydrogen at 250 °C, 

and this decreased in the EPR signal intensity of Cu2+ while that the oxygen vacancies seem to be slightly 

increased at g= 2.004 (Figure 3.1.8b). After 1 h reduction pretreatment, only about 53% of Cu2+ single 

species were reduced to Cu+ whereas the rest remined Cu2+ (calculated from the double integrals of the 

EPR signals before and after exposure to H2/Ar flow). The Cu2+ sites persisting reduction are likely 

incorporated in the bulk of the catalyst, and thus protected from contact with the reactants. A similar 

behaviour of Cu2+ species has been observed in our previous CuCeTiO2 catalysts55 and other CuCeO2 

materials.123  

When the reduced Cu catalyst was subsequently exposed to PROX feed mixture of 1% CO, 1% O2, in 

80% H2/Ar, the EPR signal intensity of Cu2+ (g‖ = 2.329, g⊥ = 2.065) significantly increased due to the 

reoxidation of reduced Cu species with time (Figure 3.1.9a). This reoxidation process was very fast and 

comprised the majority of Cu sites already within the first 10 min (Figure 3.1.9b). However, only about 

https://www.wordhippo.com/what-is/another-word-for/change_into.html
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90% of the initial Cu2+ intensity was reached at steady state under PROX reaction conditions. This 

suggests that the reoxidation of Cu+ to Cu+2 by O2 molecules is slower than the reduction of Cu+2 active 

EPR-silent Cu+ species by CO, making the total EPR-active Cu+2 quantity in time average under steady-

state reaction conditions slightly lower than in the freshly Cu-based CeTiO2 catalyst.55 The Cu2+ ionic 

radius is slightly lower than that of Ce4+ (0.77 pm and 0.87 pm in 6-fold coordination, respectively), but 

higher than that of Ti4+ (0.61 pm).127 This might favour the incorporating of Cu in Ce4+ instead of Ti4+ 

lattice positions, and the smaller particle size of CeO2 in Cu-containing catalyst may increase the 

percentage of accessible Cu single site on the surface of CeO2. The online mass spectrometry data in 

Figure A.3b also indicated the production of CO2 during the PROX conditions at the outlet of the EPR 

flow reactor. 
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Figure 3.1.9. (a) Operando EPR spectra at 120°C of the Cu catalyst (pre-reduced for 1h in H2 at 250 °C) during exposure to 
PROX feed flow of 1% CO + 1% O2 + 80% H2 (spectrum after 1 h pretreatment in H2 at 250 °C and cooling to 120 °C 
subtracted), (b) intensity ratio of the Cu2+ EPR signal in plot (a) to the one in the in the initial calcined catalyst (based on 
double integrals). 

3.1.5 Operando DRIFT investigation  

DRIFT spectra of the Cu-free support and the copper catalyst (both after reductive pretreatment in 10% 

H2/He at 250 °C for 1h) recorded at 80 °C under PROX feed mixture are displayed in Figure 3.1.10. The 

pure support shows the two broad weak bands  at 2127 and 2160 cm-1 attributed to the modes of gaseous 

CO(g) and decreased significantly within the first 10 min (Figure 3.1.10b).128 

 Figure 3.1.10a shows the two characteristic bands of gaseous CO2 gas phase at 2362 and 2339 cm-1 in 

spectra of Cu catalyst, which can be seen after introducing the CO-PROX feed, suggesting that the 

catalyst was working. In contrast, these bands do not appear in the spectra of the pure support, on the 

other hand, no catalytic activity was observed in the temperature range of 60-150 °C (Figure 3.1.1d). A 
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strong band of adsorbed could be seen at 2125 cm-1 right after switching to the CO-PROX feed mixture. 

This refers to the fact that the CO is much stronger adsorbed on Cu species than on Ce3+ sites. The Cu 

species on the surface should have an oxidation state lower than +2 since the catalyst was pr-reduced at 

250 °C prior to exposure to the PROX conditions. This agrees with the TPR results of our previous work 

over the CuCeTiO2 catalyst 55 and also with NAP-XPS result discussed above. We ascribe the band at 

2125 cm-1 to CO adsorbed on interfacial Cu+ species.129-132 The band intensity of Cu+-CO continuously 

decreases during reaction time. This suggests the reoxidation of reduced copper species to Cu2+, and this 

agrees well with EPR results (Figure 3.1.9.a).  
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Figure 3.1.10. DRIFT spectra recorded as a function of time at 80 ℃ in a flow of 1% O2, 1% CO, 80% H2/He of a) the Cu 
catalyst and b) the bare support (both pre-reduced for 1h at 250 °C in H2). From top to bottom: 30 s to 120 min. 

3.1.6 Conclusions 

Comparison with the state of literature reveals that catalyst 0.05wt% Cu/CeO2-TiO2 (Ce/Ti = 0.18) 

prepared by a sol-gel method outperformed the best known CeO2- based PROX catalysts significantly. 

The support CeTiO2 consists of separate TiO2 anatas and CeO2 cubic fluorite structure that are finely 

mixed and homogenously distributed throughout the pure support. Under PROX reaction conditions, 

NAP-XPS results confirmed that Ti4+ coexists with Ce4+ and Ce3+ on the surface of this support, whereas 

neither Ti nor Ce displayed any significant redox activity. This may be the reasons why the Cu-free 

support does not show catalytic activity. In contrast to the support, the Cu catalyst shows a significant 

and reversible Ce4+/Ce3+ redox shuttle under PROX reaction conditions whereas the Ti oxidation state 

essentially remains (Ti4+) tetravalent.  
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Copper was detected only by EPR due to its tiny quantity, which confirms its predominant single-site 

nature. Around 50% of these Cu single sites undergo reversible redox cycle under PROX conditions and 

this percentage is much higher than detected in our previous 0.06% (Ce/Ti = 0.32) catalyst, which 

exposed only about 3% redox reversible Cu sites during CO oxidation conditions55 and had very large 

CeO2 particles in the micrometer range. Clearly the high amount of TiO2 (Ce/Ti = 0.18) in this catalyst 

lead to promote the dispersion of CeO2 particles.133, 134  

It seems that the extent of redox reversibility of Ce and Cu under CO-PROX conditions is similar, 

indicating that the Cu is located close to Ce, possibly on the surface of highly dispersed CeO2 particles.  

Therefore, we suggest that the active sites for CO oxidation reported on our previous catalyst 0.06% 

Cu/CeTiO2 (Ce/Ti = 0.32)  are same as for PROX on the 0.05% Cu/CeTiO2 (Ce/Ti = 0.18) catalyst, 

namely single Cu ions within redox-active Cu2+−O−Ce4+  Cu+−−Ce3+ moieties associated by labile 

oxygen on the surface of CeO2 particles, yet due to the lower Ce/Ti ratio and much smaller CeO2 

particles lead to an increase the concentration Cu2+−O−Ce4+  Cu+−−Ce3+ moieties.  
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3.2  Effect of preparation method and Cu loadings on the PROX catalytic activity 

of CuxCeO2 (x = 0.25, 0.5 and 1 wt%) catalysts  

The spectroscopic investigations over Cu/CeTiO2 (with very low copper content only 0.05 wt%) in 

previous section (3.1) showed that active sites are single Cu ions on the surface of highly dispersed 

Ceria, shuttling between Cu2+−O−Ce4+ and Cu+−−Ce3+. Surprisingly, we found that TiO2 did not play 

any direct role during the catalytic reaction. Instead, its role is attributed to promote the formation of 

highly dispersed and easily reducible ceria sites with a high number of oxygen vacancies.3 Moreover, 

we found that a major part of Cu single sites is incorporated in the bulk during the preparation of the 

Cu/CeO2-TiO2 by sol-gel method and hence plays no direct role in CO oxidation, i.e., decreased the 

atomic efficiency of Cu. Therefore, this section aims to increase the atomic efficiency of Cu species on 

the surface of the support by depositing different Cu contents on highly reducible and commercial CeO2 

(without TiO2). Moreover, to avoid the high cost, complexity, and chemical risks by applying our 

previously used sol-gel, a ball milling method was used to prepare different Cu/CeO2 catalysts by solid-

state reaction. Different Cu loadings, namely, 0.25, 0.5, and 1 wt%, have used to investigate how the 

state of Cu agglomeration effect the catalytic activity and selectivity of the PROX reaction. These 

catalysts have tested for preferential carbon monoxide oxidation and characterized by conventional 

analytic methods (sections, 3.2.1 and 3.2.2, respectively). To illustrate the interrelationship between 

physicochemical properties and redox behaviour of the Cu/CeO2 catalysts and their catalytic 

performance, Hydrogen temperature-programmed reduction (H2-TPR, section 3.2.3) and in situ and 

operando FTIR spectroscopy in diffuse reflectance mode (DRIFTS, section 3.2.4), Electron 

Paramagnetic Resonance (EPR, section 3.2.5), near ambient pressure X-ray photoelectron spectroscopy 

(NAP-XPS, section 3.2.6) have been applied.  

3.2.1 Catalytic performance of Cux (x = 0.25, 0.5 and 1 wt%) CeO2 catalysts  

The PROX catalytic activity test over the pure support and Cu catalyst was performed in the temperature 

range 50-150 °C after reducing the samples with 10% H2/He. As shown in Figure 3.2.1.c, the catalytic 

test of the pure support was inactive while the CeO2 supported Cu catalysts showed much higher activity. 

This indicates that the synergy between Cu and Ce at the copper catalysts plays an essential  role for the 

enhanced catalytic performance of the combined catalyst as reported.77, 135, 136 To obtain more 

information about this significant interaction and catalytic activity over Cu continuing catalysts, we will 

consider the structural characterization results studied in detail in this section. Figure 3.2.1a displays the 

intrinsic activity over the prepared catalyst under PROX reaction conditions. A linear increase in CO-

oxidation rate was observed with increasing temperatures, and Figure 3.2.1b shows CO2-selectivity 
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which was ≤ 100% up to 100°C for all catalysts. Further increase in the reaction temperature led to a 

decline of the CO2-selectivity. The decrease of the CO2-selectivity could be attributed to formation of 

water caused by undesirable H2 oxidation. It can be seen that CO-oxidation rate normalized on Cu 

decreased with increasing Cu content and it is clear from Figure 3.2.1a, that catalyst with lowest Cu 

loading (Cu0.25CeO2) is much more active than other catalysts in this section. However, comparing the 

reaction rate obtained by the best catalyst with lowest Cu loading (Cu0.25CeO2) in this work with those 

reported in the state of the art confirms that our catalyst exhibits activity higher than the best active 

catalyst reported (Table A.1) and nine times higher than the catalyst (Cu0.05CeTiO2) which was prepared 

by the sol-gel method as shown in the previous section 3. In addition to this superior activity, our 

catalysts were also prepared by a simple method (ball-milling), while complex and expensive 

preparative method was always used in literature (sol gel, hydrothermal and Co-precipitation… etc.). 

For the potential industrial application, the catalytic stability of the catalyst under actual reaction 

conditions is very important. The long-term stability tests of the Cu catalyst have been performed under 

the same PROX reaction conditions which were used in the kinetic measurements. Figure 3.2.1.d shows 

that no deactivation could be observed on all the prepared catalysts after around 75 h reaction 90 °C. On 

the other hand, the CO2-selectivity remains stable during the time-on-stream experiment (98-100%). To 

find out what reasons are attributed to the higher catalytic performance, we must consider the results of 

the structural characterization presented in the following sections. 
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Figure 3.2.1. (a) CO oxidation rate normalized on the Cu mass, (b) CO2-selectivity, CO2-conversion (c) and (d). Long-term 
test of CO PROX over all prepared catalysts. 

3.2.2 Catalyst characterization  

Table 3.2.1 demonstrates the Cu content of the catalysts as determined by ICP. The content of Cu in all 

catalysts was close to the nominal values. The texture properties of the support and Cu catalysts are 

measured by N2 adsorption/desorption, and the obtained results are summarized in Table 3.2.1. The N2 

adsorption-desorption isotherm of the support and catalysts shows type-II isotherms (Figure 3.2.2) 

which are characteristic for nonporous materials.137 As expected, the surface area and pore volume 

corresponding to the support and Cu catalysts are more or less the same. 
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Figure 3.2.2. N2 adsorption and desorption isotherms (filled and open symbols, respectively). 

The XRD analysis of the support and Cu catalysts which is depicted in Figure 3.2.3, showed similar 

diffraction pattern of the fluorite structure of Ceria (ICDD PDF 01-080-5547).111 No reflection peak 

attributed to CuOx species was observed due to the low Cu loading.  

Table 3.2.1. Elemental composition, surface, pore properties and crystallite size. 

Catalysts Cu wet% SBET 

(m2·g-1) 

Pore volume 

(cm3·g-1) 
Average pore 

size (nm) 

Crystallite size 

(nm). 

CeO2 - 51 0.18 9.89 19 

Cu0.25CeO2 0.25 56 0.20 11.2 19 

Cu0.5CeO2 0.47 53 0.18 11.5 21 

Cu1CeO2 1 52 0.22 12.0 20 
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Figure 3.2.3. X-ray diffractograms of the Cu catalysts and bare CeO2 support. 

 
High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) was carried 

out to obtain further information about the structure of catalysts. Due to the higher atomic number of Ce 

and thus its brighter appearance in the HAADF images, dispersed Cu cannot be seen directly in all 

materials (Figure 3.2.4, Figure A.5a-b, Figure A.7a-b). A differentiation between Ce and Cu is however 

possible with energy-dispersive X-ray spectroscopy (EDX), but in the case of Cu0.25CeO2, no Cu was 

detected. This is an indication of Cu being present either in highly dispersed form (and in this 

concentration below the detection limit of the EDX detector) or as bigger separate entities. As Cu is 

visible in minor amounts in the EDX spectra of Cu0.5CeO2 and Cu1CeO2 (See Figure A.6 and Figure 

A.8), an atomic dispersion of Cu on CeO2 is implied. An agglomeration of Cu was not observed which 

is in accordance with recently reported results that Cu species are atomically dispersed on CeO2 even 

when the Cu loading was higher than 1wt%.138, 139 Electron energy loss spectra (EELS) were recorded 

in the region of the Ce M-edge (Figure 3.2.4c-d), in order to gain insight into the Ce oxidation state in 

Cu0.25CeO2, The EEL spectra revealed the presence of Ce3+ (area 2) and Ce4+ (area 1) in the catalyst, 

and the Ce3+ seems to appear predominantly at the surface of the CeO2 particles. The intensity of EELS 

signal of Ce+3 for the Cu-free support seems less than for the Cu-containing catalysts (Cu0.25CeO2 Figure 

3.2.4d, Cu0.5CeO2 Figure A.5d, Cu1CeO2  Figure A.7d). These findings inferred that the presence of Cu 

species on the surface led to enhance the reducibility of the support (Figure A.4). 
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Figure 3.2.4. (a-b) Selected HAADF-STEM images of Cu0.25CeO2; (c) STEM-ADF image of Cu0.25CeO2 is shown with 
highlighted areas 1 and 2, of which the respective Ce M edge electron energy loss (EEL) spectra are provided in (d). 
Further results of STEM investigations are provided in the Appendix. 

3.2.3 Hydrogen temperature-programmed reduction (H2-TPR) 

The H2-TPR method has been carried out to investigate the reducibility of the Cu catalysts. The TPR 

profile of the bare support exhibits two reduction peaks at 428 °C and 852 °C. (Figure 3.2.5black line). 

The first reduction peak at 428 °C assigned to the reduction of the surface Ce4+ into Ce3+, while the peak 

at 852 °C is attributed to the reduction of bulk CeO2.140 The TPR profile of the Cu0.25CeO2 (Figure 3.2.5-

green line) showed  two reduction peaks, a very sharp reduction peak at 148 °C (denoted α peak) which 

it is attributed to highly dispersed surface CuO50, 106, 141 and at 181 °C (denoted β peak) corresponding 

to the reduction of Cu strongly interacting with CeO2, i.e. in the Cu-O-Ce moieties.57, 140 The reduction 

temperature peak (α) in this Cu0.5CeO2  is higher than the in other samples indicating the lack of 

formation of large particles of CuO on the surface and that the Cu species distribution is quite uniform.140 

Table 3.2.2 shows the quantitative analysis of the total hydrogen consumption in the temperature range 

100-200°C for reduction of copper catalysts. It can be seen that the total H2 consumption is higher than 

the stoichiometric amount required to obtain 100% reduction of CuO (Cu2+ to Cu0) of the catalysts. It 
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was calculated from the integration of the overlap peaks (α) and (β). There is a large difference between 

the theoretical and experimental values of H2 consumption. This suggests that reduction of cerium 

species on the surface must occur at low temperatures. This could also explain the disappearance of low 

temperature peak reduction at 428 °C in the TPR profile of the support when copper was added, because 

the presence of Cu improves the reducibility of the support in the catalyst forms more active surface 

oxygen species. The TPR profile of high copper concentration in Cu0.5CeO2 shows a broadening of the 

reduction peak (α) in the range of 100-160°C. This peak attributed to different copper species in this 

catalyst. More probably due to the formation of small CuO clusters which are strongly interacting with 

the CeO2. With further increases in Cu content up to 1 wt% (Cu1CeO2) a broadening of the reduction 

peak (β) and the appearance of a new reduction peak (denoted γ) in the range (200-275 °C) are observed 

in H2-TPR. This might be due to the formation of large and crystallized CuO particles since they are 

usually reduced at higher temperature than small CuO clusters.140 This could be the reason for the low 

catalytic activity of Cu1CeO2.142, 143 These results indicate that the Cu species in these two catalysts are 

not uniform on the surface, in contrast to the lowest copper concentration of Cu0.25CeO2 which shows 

only sharp reduction peak centered at 148 °C (α). It could be suggested that the Cu species in this sample 

(Cu0.25CeO2) are homogenously distributed on the surface of the support and this observation is an 

agreement with the EPR spectrum at low temperature (105K) of the Cu0.25CeO2 since it shows more 

Cu2+ single sites.  

Table 3.2.2. H2-TPR results 

Catalysts 
Total amount of H2 

theoretical (µmol/g) 

Total amount of H2 measured 

(µmol/g) 

Cu0.25CeO2 39.37 262.15 

Cu0.5CeO2 74.01 303.8 

Cu1CeO2 157.48 360.7 
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Figure 3.2.5. H2-TPR profiles of pure support and Cu-containing catalysts from room temperature to 900 °C in 5% H2/ Ar. 

It obvious from Figure 3.2.1c that the Cu0.5CeO2 and Cu1CeO2 catalysts exhibit similar catalytic activity. 

To be sure that the catalytic activity is reproducible, new batches of Cu0.5CeO2 and Cu1CeO2 have been 

prepared and re-examined for PROX reaction. Surprisingly, the new prepared catalysts show similar 

catalytic activity (Figure A. 9) to that obtained from old batch (Figure 3.2.1), indicating the 

reproducibility of the adapted preparative procedure (ball milling). Since Cu0.5CeO2 and Cu1CeO2 show 

similar catalytic performance, in this section, we will investigate only Cu0.25CeO2 and Cu1CeO2 by 

operando methods. 

3.2.4 Operando DRIFT 

The operando DRIFT measurements were carried out under PROX reaction conditions to identify the 

adsorbed surface species. The DRIFT spectra were recorded for the pure support and Cu catalysts at 

temperature range 50 to 100 °C after reduction pretreatment in 10% H2/ He at 250 °C. Figure 3.2.6 

shows DRIFT spectra of support and two catalysts (Cu0.25CeO2 (a), and (b) Cu1CeO2) under PROX 

conditions. At all temperatures, the DRIFT spectra of Cu0.25CeO2  exhibits three IR bands at 2348, 2169 

and 2106 cm-1.The band at wave number 2106 cm-1 is ascribed to the CO adsorbed on Cu+ 15, 144 and the 

intensity of this band gradually decreased as temperatures increased. The decrease in the Cu+-CO 

intensity with temperatures is due to the decrease in the number of adsorbed CO molecules, indicating 

that the CO conversion rises as temperatures of reaction increase. For Cu1CeO2, the intensity of Cu+-

CO is still higher than the Cu+-CO intensity of Cu0.25CeO2 even at 100 °C. This indicates that the number 
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of adsorbed CO molecules in this sample is much higher than on Cu0.25CeO2. A peak observed in all 

samples at 2348 cm−1 for gas phase CO2 indicates the beginning of the CO oxidation reaction at 50 °C, 

and the intensity of this peak was significantly increased as temperatures increases. For Cu1CeO2 

catalyst, the intensity of IR peak at 2348 cm-1 higher than on Cu0.25CeO2 catalyst due to the high CO 

conversion to CO2. A small shoulder at 2051 cm-1 only at 50  °C observed only in the spectra of Cu1CeO2 

is attributed to CO adsorbed Cu0.73, 135 In addition, a band appears at 2169 cm-1 between 50 and 80 °C 

(Figure 3.2.6a,b), its assignment is not clear based on literature data. It has been reported that the band 

at 2169 cm-1 was attributed to Cu+-(CO)3 or Cu2+-CO 145, 146 while in other literature this band was 

attributed to the CO gas contribution.128 To clarify the assignment of the band (2169 cm-1) in Figure 

3.2.6a, we performed a control experiment (inset in Figure 3.2.6a) after feeding the reactants of the CO 

PROX reaction at RT into the DRIFT cell in absence and presence of catalyst (Cu0.25CeO2). It is obvious 

that, in absence of catalyst (black line), the spectrum shows a doublet band centered around 2107 cm-1 

and 2169 cm-1 assigned to gaseous CO, whereas in presence of catalyst, the spectrum shows a similar 

band at 2169 cm-1, while the band at 2116 cm-1 overlaps with Cu+-CO (red line). Finely, this experiment 

revealed that the band at 2169 cm-1 obtained in this IR (Figure 3.2.6a, b) spectra is attributed the CO 

contribution. 

The DRIFT spectra (Figure 3.2.6c) of the pure support show a broad doublet band between 2090 and 

2179 cm-1 typically assigned for gaseous CO whereas the IR band of CO2 was not present since no 

catalytic activity was observed when the supported was tested in flu-plug reactor  in the range of 50-

150°C. These results indicated that the CO adsorption on the Cu+ species is an essential step in the cycle 

of catalytic activity in CO-PROX reaction. The results of mass spectroscopy recorded in parallel with 

reaction conditions for support and Cu-containing catalyst are displayed in (Figure A.10)  
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Figure 3.2.6. Operando DRIFT spectra of (a) Cu0.25CeO2, (b) Cu1CeO2 and (c) CeO2 at 50, 80, 90 and 100 °C under CO-
PROX gases 1% CO, 1% O2, 80% H2 and the rest is He. 
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3.2.5 Ex Situ and Operando EPR Studies 

Since no direct evidence was observed from operando DRIFTS about the role of Cu2+ species, in 

situ/operando EPR investigations were conducted to follow the behaviour of Cu2+ species during the 

CO-PROX reaction. The bare support in this work exhibited, similar to previous studies on the CeO2 

and CeO2-TiO2 supports,147, 148 two weak signals: one at g = 2.005 assigned to oxygen vacancies and the 

other axial signal at g⊥ = 1.963 and g = 1.938 (Figure A.11c), which has been ascribed to Ce3+ ions 

associated with a defect centre (Ce3+-□).15 Since the support itself is inactive for CO-PROX, we only 

show the operando EPR results at 90 °C for Cu0.25CeO2 and Cu1CeO2. The EPR spectra of the pre-

oxidized Cu-containing catalysts (treated at 250 °C in 5% O2/He) in Figure 3.2.7 show an axial signal A 

at g||(A) = 2.271, g⊥(A)= 2.052 with A||(A) = 156.5 G and A⊥(A)= 19.4 G for both catalysts Cu0.25CeO2  

and Cu1CeO2, and an additional axial signal B g||(B) = 2.290, g⊥(B)= 2.059 with A||(B) = 119.5 G and 

A⊥(B)=13.8 G for Cu1CeO2 assigned to Cu2+ ions species in tetragonally distorted octahedral 

coordination since g|| > g⊥ > ge.149, 150 The well-resolved hyperfine structure of the perpendicular 

component arises from a magnetic interaction between the spin of a single electron (d9, S=1/2) with the 

nuclear spin of Cu (I= 3/2), suggesting the presence of isolated Cu sites in both catalysts. The higher g|| 

and lower A|| values of signal B compared to those of signal A suggest a change in the Cu2+ coordination 

of signal B to square planar sites located at ceria subsurface positions. These sites normally showed 

lower reactivity towards CO oxidation compared to isolated Cu2+ species which are atomically dispersed 

on the surface of CeO2.151.The EPR signal intensity of isolated Cu2+ in Cu1CeO2 is lower than that in 

Cu0.25CeO2 (Figure 3.2.7).This may be due to the presence of EPR silent CuO particles at higher Cu 

loading (1wt%). This is suggested, too, from H2-TPR which showed a broad reduction peak at a range 

200-275 °C. Moreover, during the pre-treatment of the oxidized catalysts in 10% H2/Ar flow at 250 °C 

for 1h, the EPR signal of the monomeric Cu2+ species decreased gradually with time in Cu0.25CeO2 but 

very fast in Cu1CeO2 (Figure A.11a-b) due to reduction of Cu2+ to EPR-inactive Cu+ ions. This indicates 

that the reduction of Cu2+ species in Cu1CeO2 is easier than in Cu0.25CeO2 due to the presence of CuO 

particles. This also agrees with H2-TPR results which showed a reduction peak (α) at lower temperature 

for Cu1CeO2. 
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Figure 3.2.7. Ex situ EPR spectra of the pre-oxidized support and Cu catalysts at 90 °C. 

When the reduced catalysts were exposed to a CO-PROX feed, the intensity of the EPR signals of Cu2+ 

ions remarkably increased again due to the reoxidation of the EPR-silent Cu+ species to Cu2+ with 

different coordination environments (Figure 3.2.8). This effect was very quick for the most active 

catalyst (Cu0.25CeO2) which reached a steady state already after 4 minutes in which the intensities of the 

Cu2+ and O-vacancy signals do not change anymore at prolonged reaction times. This points to a rapid 

dynamic reduction/reoxidation cycle of Cu species by CO and O2, respectively, that renders the EPR 

intensity constant in time average.152, 153 (Figure 3.2.8, red line). In contrast, for the less active catalyst 

(Cu1CeO2), there was observed rapid growth of the Cu2+ signal intensity in the first 4 minutes which 

then decreased slightly before reaching a steady state after about 30 minutes. This suggests that initial 

Cu+ sites in the pre-reduced catalyst are quickly re-oxidized in the first 4 min under PROX feed to Cu2+ 

species (Figure 3.2.8, Cu1CeO2, red line). In subsequent redox cycles, these Cu2+ sites are reduced by 

CO and re-oxidized by O2 again, whereby reduction seems faster than reoxidation as indicated by the 

decreasing EPR intensity between 4 and 60 min. This may be a reason for the lower CO oxidation rate 

on Cu1CeO2, also observed in the catalytic tests (Figure 3.2.1. a). The CO2 formation during operando 

EPR was also detected by online MS (Figure A.12). 
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Figure 3.2.8. Operando EPR spectra at 90 °C of the catalysts (a) Cu0.25CeO2 and (b) Cu1CeO2 after pretreatment with 10% 

H2 /Ar flow and flushing with Ar, subsequent to a flow of (1% CO + 1% O2 + 80% H2)/ He for 60 min. (* EPR lines with a 

hyperfine structure sextet attributed to the presence of a trace amount of Mn2+ species). 

A control EPR experiment was conducted for Cu0.25CeO2 catalyst to check whether the molecular of O2 

feed and/ or the lattice oxygen are involved in CO oxidation, Figure 3.2.9a showed no changes in the 

EPR signals after switching from H2 to O2 at 90 °C (Figure 3.2.9a, red and green lines), whereas a 

significant decreased was observed in the intensity at g = 2.005, which indicated that the oxidation of 

Cu+ to Cu+ 2 occurs slowly by O2. This implies that the oxygen vacancies activate O2 from the gas phase 

during the catalytic reaction. However, the EPR signal of Cu2+ species drastically decreased when 

Cu0.25CeO2 was exposed to a flow of CO (compare Figure 3.2.9a, red and blue lines). Previous studies 

reported that CO reduced a fully oxidized CuCeO2 catalyst (around 70% of Cu2+) at 27 °C, and the Cu+ 

did not re-oxidize in the O2 feed even at 100 °C,154, 155 indicating a stabilized Cu+ oxidation state on the 

catalyst. These results prove that surface lattice oxygen, which may originate mainly from Cu2+-O-Ce4+ 

moieties, plays a decisive role in the preferential oxidation of CO molecules. The oxidation of CO 

molecules by surface lattice oxygen leads to the formation of oxygen vacancies and subsequent 

reduction of the EPR active Cu2+ species to EPR inactive Cu+. To elaborate the relationship between the 

amount of Cu2+ single sites and the catalytic activity, the variation of the double integral area of the EPR 

signals of Cu2+ under PROX conditions is shown in Figure 3.2.9b. Apparently, Cu0.25CeO2 showed 1.72 

times a higher amount of the Cu2+ single species than Cu1CeO2. This could be a major reason related to 

the higher activity obtained by Cu0.25CeO2 and this is in good agreement with recent work reported by 

our group, where we found that the rate of CO oxidation was increased by increasing the presence of 

single-site Cu ions on the surface.55 Therefore, increasing Cu contents to 1 wt% led to form much less 

active Cu species cluster (Cu2O) and that the lower activity observed by Cu1CeO2 catalyst attributed to 
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a large part of the Cu site might be hidden in those clusters and excluded from contact to reactants. 

Figure A.11d shows the relative amount of reduced copper species in the Cu0.25CeO2 catalyst (calculated 

from the subtraction of double integrals of EPR signals during 60 min oxidizing pretreatment by O2 and 

reduction by CO) is much more than Cu1CeO2. This indicates that the amount of Cu2+ in Cu0.25CeO2 

which reduced to Cu+ by CO is much more than Cu1CeO2, suggesting that the Cu single sites on the 

surface which participated in the PROX reaction in Cu0.25CeO2 are higher than the other samples. 

Finally, it is more probably that Cu0.25CeO2 is a highly reducible catalyst, these results could explain the 

superior catalytic performance was obtained by Cu0.25CeO2. 
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Figure 3.2.9. (a) Cu0.25CeO2 (recorded at 90 °C) after reductive pretreatment (red line) then exposure to 5% O2/ He (green 
line) and exposure to 5% CO/ He (blue line). (b) Double integral area of the EPR signals of Cu2+under PROX reaction. 

3.2.6 Operando NAP-XPS 

Operando NAP-XPS is carried out to acquire more information about the oxidation state of Ce species, 

since by EPR, it could not be shown any direct participation of Ce during the reductive pretreatment and 

PROX conditions, even at low temperature (-170 °C). Figure 3.2.10 demonstrates the binding energies 

corresponding to the Ce3d region of the pure support and Cu0.25CeO2 catalyst. The XPS spectra contain 

four spin-orbit doublets. The spectra were deconvoluted by four characteristic spin-orbit doublets, which 

can be attributed to the 3d5/2 and 3d3/2 spin−orbit components marked v and u, respectively. In general, 

the three spin-orbit doublets with peaks at 882.1/900.5 eV (v/u), 888.2/907.4 eV (v/u) and 

897.8/916.1 eV (v/ u) are ascribed to Ce4+ and the other two doublets at 881.1/900.1 eV (v0/ u0) and 

884.5/903.0 eV (v/ u) are attributed to Ce3+.115 The same calculation method (Eq 3.1.1) was used to 

estimate the Ce3+ as in the previous section. 

The NAP-XPS spectra were recorded under different reaction conditions over CeO2 support in Figure 

3.2.10a. However, the results of this support are typically similar to those obtained by NAP-XPS for 

CeTiO2 support in the previous section 3.1.3. Therefore, we will be not discussed these results in detail. 
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In contrast to the support, the Cu-containing catalyst (Cu0.25CeO2) showed a different behaviour. It can 

be seen from the Figure 3.2.10b that the percentage of Ce3+ on the surface significantly increased to 

about 26.3% when the Cu0.25CeO2 catalyst was pretreated with 10% H2/He at 250 °C. This suggests that 

the reducibility of CeO2 in the Cu-containing catalyst significantly improved when the Cu was added. 

However, the percentage of Ce3+clearly decreased to 5.2% when the 5% O2/He was introduced to the 

surface of the catalyst at 90 °C. This suggests that the O2 feed refilled the oxygen vacancies thus formed 

by the reductive pretreatment under H2, which led to oxidize around 70% of reduced cerium species on 

the surface. This observation clearly explains the drastic decrease in the EPR signals at g = 2.005 after 

switching to oxygen (Figure 3.2.9a, compare red and green lines). Noteworthy, it is seen that the 

percentage of Ce3+ is significantly increased again from 5.2 % to 19.1 after switch the gas flow to 5% 

CO/He. This indicates that the removal of lattice oxygen the is possible by CO, which led to the 

formation of oxygen vacancies and thus formation of more Ce3+ species. Finally, upon switching to the 

complete PROX mixture gases, the Ce3+ percentage on the surface dropped to 10.9%. This percentage 

value is higher than that observed under O2/He, but lower than that under H2/He, and at this step the 

catalyst starts to produce CO2 as observed by mass spectrometer data. This indicates that the catalyst 

reached steady state reaction conditions. Due to the low content, Cu has not been directly observed in 

the Cu 2p spectra, this is a further indication that the Cu species is in the atomically dispersed form 

(Figure A. 13). The Cu1CeO2 catalyst also showed a similar NAP-XPS results (Figure A. 14) but due to 

the high copper content in this sample, the amount of Ce3+ present on the surface is much higher than 

the Ce3+ proportions on the lowest Cu content catalyst Cu0.25CeO2. This explains why this sample 

showed high activity in term of CO oxidation.  
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Figure 3.2.10. operando NAP-XPS of free Cu-support (a) and (b) Cu-containing catalyst (Cu0.25CeO2) in Ce region under 
different conditions.  

3.2.7 PROX Reaction mechanism over the CuCeO2 catalyst. 

It has been widely reported that the mechanism of CO oxidation over a CuCeO2 catalyst followed a 

Mars-van Krevelen mechanism, which involves chemical adsorption of CO on surface Cu+ species to 

form Cu+-CO species, and further reaction with lattice oxygen species in Cu-O-Ce moieties. 

Subsequently, oxygen vacancies are refilled by the oxygen gas phase to complete the CO oxidation 

catalytic cycle reaction. According to the results from DRIFTS and EPR as well as NAP-XPS described 

in this section, we can propose the mechanism of PROX reaction over the CuCeO2 catalyst. It can be 

seen that the easily reducible Cu single sites substituted in CeO2, i.e. -Cu-O-Ce- is the active site for CO 

oxidation in the presence of hydrogen. After reductive treatment in hydrogen (Scheme 3.2.1B) the 

surface is reduced and thus some oxygen vacancies are generated as evidenced by the EPR. The 

formation of oxygen vacancies is accompanied by formation of Ce3+ and Cu+ as shown by NAP-XPS 

and DRIFTS respectively. The reaction mechanism can be described in following steps given in Scheme 

3.2.1. First, the CO is adsorbed on the Cu+ species to form Cu+-CO (Scheme 3.2.1C) as indicated by the 
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IR band centered at 2106 cm-1 which it is clearly observed by operando DRIFTS. In the presence of 

molecular O2, the EPR spectra show that the Cu2+ signal slightly increased at the same time as the 

intensity of EPR signal at g = 2.005 decreased, while the amount of Ce3+ significantly decreased as 

proven by NAP-XPS. These results suggest that O2 is activated by oxygen vacancies because the 

molecular O2 selectively oxidizes the Ce3+ to Ce4+, keeping Cu+ more or less the same. Then surface-

active oxygen species are able to oxidize carbon monoxide (Scheme 3.2.1D). After feeding only CO, 

The EPR signal of Cu2+ shows a remarkably decrease whereas the amount of Ce3+ significantly increased 

(as shown by NAP-XPS). This means that the surface oxygen reacts with CO leading to formation of 

CO2 (Scheme 3.2.1E). Finally, all the operando techniques during the PROX conditions described above 

exhibit the existence of all three species Cu+, Cu2+ and Ce3+. That means these species are responsible 

for the CO oxidation reaction over the CuCeO2 in the presence of hydrogen. Therefore, we can propose 

that the active sites for PROX reaction are Cu2+−O−Ce4+  Cu+−−Ce3+ moieties which are connected 

by bridging oxygen on the surface of CeO2. These results are an agreement with the spectroscopic 

investigation in recently published work in the CO oxidation condition over CuCeTiO2 catalyst.55   

 

 
Scheme 3.2.1. The proposed reaction mechanisms of the PROX reaction over CuCeO2 Catalyst. 
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3.2.8 Conclusions  

CO oxidation in the presence of 80% H2 was performed in the range of 50-150 °C over CuCeO2 catalysts 

with Cu loadings of 0.25, 0.5 and 1 wt. %. In the temperature window of 50-100 °C, a superior CO-

oxidation rate and 100% CO2-selectivity were observed by the lowest Cu contents (Cu0.25CeO2) catalyst. 

These catalysts were prepared by a simple ball-milling technique and offer an improved catalytic 

behaviour in the PROX reaction conditions than the most active catalyst reported in literature. 

 The Cu atomic efficiency greatly improved by decreasing the Cu content from 1 to 0.25 wt% and using 

a surface preparation method that led to a significant increase in the activity of Cu catalyst. 

Organic solvents, toxic chemicals, and templates which were used in the sole-gel method and other 

complex methods are not required in this preparation method, making it a potentially practical approach 

for manufacturing copper-ceria catalysts in industrial applications. This simple strategy can also be 

extended to other inexpensive single atom catalysts such as Cu, Ni and Co etc., which may open the 

door for preparing highly efficient catalysts not only for the PROX reaction but also for other reactions 

such as methanol synthesis, water gas shift reaction, and CO-oxidation.  

Based on the extensive spectroscopies investigation by in-situ/operando EPR, DRIFTS and NAP-XPS, 

we can suggest that the rapid shuttling of electrons between neighbouring Cu and Ce species and the 

vicinity cerium proportions on the support under PROX conditions form a dynamic redox pair 

Cu2+−O−Ce4+  Cu+−−Ce3+ which is the active site for CuCeO2 catalysts, whereas the pure support 

shows no redox behaviour under PROX reaction conditions. This could be the mean reason why it is 

inactive.  

For the CuCeO2 catalysts investigated in this work, the Cu0.25CeO2 possesses the highest contents of 

Cu2+ single sites, and a strong interaction between Cu and ceria (as evidenced by EPR and H2-TPR 

characterizations), indicating that the Cu species in this sample are highly dispersed on the surface. 

Therefore, this enhances the CO adsorption on Cu+ and activation of oxygen molecules, thus showing 

the highest activity for CO oxidation.  

The high CO2-selectivity values of Cu0.25CeO2 sample even at high temperatures (125-150 °C) are 

attributed to low tendency of Cu single sites for hydrogen activation at such high temperatures. This 

could be clearly confirmed be H2-TPR profile for this sample (Figure 3.2.5, green line).  
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3.3 The impact of the support on the PROX activity of Cu0.25CeO2-3nm and 

Cu0.25CeO2-25nm catalysts  

Previous section 3.2 has given considerable insight into the influence of Cu loadings on the catalytic 

activity of CuCeO2 system under CO-PROX conditions. However, there is still an open question: How 

does the crystallite size, reducibility, and redox properties of CeO2 affect the activity? Therefore, in this 

section, two Cu catalysts with optimal Cu loading (0.25 wt%) were prepared by ball- milling using two 

CeO2 with different crystallite size. 

3.3.1 Catalytic performance of Cu0.25CeO2-3nm and Cu0.25CeO2-25nm catalysts 

The catalytic activities of the catalysts were examined after reductive pretreatment in 10 % of H2 at 250 

°C for 1 h. In Figure 3.3.1, the CO conversion and CO2-selectivity over the pure supports and Cu 

catalysts are plotted in the temperature range of 50-150 °C. The CeO2 supports showed negligible 

activity, in agreement with the previous reports.39, 67, 156 This implies that the active site for CO oxidation 

should involve the participation of Cu species. In contrast to the bare supports, all Cu0.25CeO2-25nm and 

Cu0.25CeO2-3nm catalysts show catalytic activity for CO oxidation to CO2 which increases with 

increasing reaction temperature (Figure 3.3.1). However, the Cu0.25CeO2-(25nm) catalyst exhibits a 

higher CO conversion in comparison with the other catalyst and reached 100 % conversion at 150 °C 

(Blue line in Figure 3.3.1a). While Cu0.25CeO2-(3nm) catalyst displayed a slight increase in the CO 

conversion with increasing reaction temperature and reached only 20% at 150 °C. The major difference 

in the catalytic performance for both samples is the CO2-selectivity values. Cu0.25CeO2-(3nm) catalyst 

has 90% CO2-selectivity in the range of high temperature 150 °C, while the CO2-selectivity of 

Cu0.25CeO2-(25nm) remarkably decreased to 64% when the temperature of the reaction reached 150 °C. 

The catalytic stability is plotted as a function of time on stream in  Figure 3.3.1c, d. Moreover, catalytic 

stability is a critical parameter for heterogeneous catalysts, particularly for industrial production. The 

stability of Cu0.25CeO2-(25nm) was performed in the range of low temperature (PEMFC) fuel cell 

working temperature window (90 °C). As displayed in Figure 3.3.1c, no deactivation was observed for 

Cu0.25CeO2-(25nm) catalyst after 75 h of the CO-PROX reaction, the CO conversion remaining around 

50 % and the CO2 selectivity always fluctuating between 92 to 97 %. The Cu0.25CeO2-3nm catalyst 

showed negligible activity at reaction temperatures lower than 100 °C (XCO ˂ 2%). Therefore, the 

catalytic stability was performed at high temperatures (150 °C, Figure 3.3.1d). Achieving high 

selectivity (90% CO2-selectivity) at high temperatures is a key factor for improving the overall 

efficiency and performance of high-temperature proton exchange membrane fuel cell applications. One 

possibility to explain the better CO2-selectivity of Cu0.25CeO2-(3nm) at high temperatures might be 
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attributed to the high existence amount of Cu single species on the surface. Indeed, as will be illustrated 

below, in situ EPR results detected higher Cu single sites on Cu0.25CeO2-(3nm) catalyst. The desirable 

stability can be ascribed to the strong metal support interaction. The results showed that catalysts 

prepared in this work have a promising application prospect in the long-time reaction process.  
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Figure 3.3.1. (a) CO conversion, (b) selectivity towards CO2 as a function of the temperature over the catalysts Cu0.25CeO2-
(25nm), Cu0.25CeO2-(3nm) and supports, and (d) catalytic stability over the catalyst Cu0.25CeO2-(3nm). 

N2 adsorption/desorption isotherms of the supports and Cu catalysts are displayed in Figure 3.3.2a, b. 

All samples show type II isotherms. This indicates that these catalysts are nonporous materials.137 The 

surface area, average pore size, pore volume, and Cu content of the catalysts are listed in Table 3.3.1. 
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Figure 3.3.2. N2 adsorption and desorption isotherms (filled and open symbols, respectively): (a) CeO2-25nm, Cu0.25CeO2-
25nm and (b) CeO2-3nm, Cu0.25CeO2-3nm. 

The XRD patterns of the supports and prepared Cu catalysts with the same Cu content in Figure 3.3.3 

shows the existence of cubic fluorite CeO2 structure (JCPDS card no: 01-080-5547).111 The broadening 

of the diffraction patterns of CeO2-3nm indicates that this support has a very small crystallite size. In 

contrast, the XRD peaks of the Cu0.25CeO2-3nm catalyst become sharper, indicating that some bigger 

crystallite formation due to the high temperature was used under calcination conditions. For CeO2-25nm, 

no changes were observed in crystallite size when Cu was loaded due to the lower content. No diffraction 

peaks correspond to the presence of Cu species.  

Table 3.3.1. Elemental composition, surface area, pore properties and crystallite size. 

Catalysts Cu wt% 
SBET 

(m2·g-1) 

Pore volume 

(cm3·g-1) 
Average pore 

size (nm) 

Crystallite size 

(nm). 

CeO2-3nm - 25 0.02 3.49 3 

CeO2-25nm - 45 0.13 10.5 26 

Cu0.25CeO2-3nm 0.22 26 0.03 4.23 8 

Cu0.25CeO2-25nm 0.26 43 0.12 9.13 27 
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Figure 3.3.3. X-ray diffractograms of the supports and Cu catalysts. 

The H2-TPR of bare support (CeO2-25 nm) shows a broad reduction peak expanded over a temperature 

range of 300-525 °C with well-defined two peaks at 314 and 475 °C. The first reduction peak at 314 °C 

is attributed to the reduction of Ce4+ on the surface of the support, while the second reduction at 475 °C 

is ascribed to the reduction of Ce4+ on the sub-surface. Due to oxygen mobility, this reduction peak 

appears at higher temperatures.140 The TPR profile of supported Cu catalysts (Cu0.25CeO2-25nm) 

showed a distinct reduction behaviour with two small shoulders at 117 and 129 °C which can be assigned 

to the reduction of Cu2+ species on the surface of the support (Figure 3.3.4).142 In addition, a sharp 

reduction peak at a higher temperature of 158 °C was also observed in this H2-TPR profile, which 

ascribed to the reduction of highly interacted Cu species. 58 The disappearance (Figure 3.3.4, compare 

black and blue lines) of the reduction peaks of surface Ce4+
 of the bare support could be attributed to the 

facile reduction of these species after Cu loading due to H2 activation over Cu and subsequent spillover 

over the support. Based on these results, one may attribute the sharp peaks at 158 °C to the reduction of 

both Cu2+ and surface Ce4+ in Cu-O-Ce moieties.106 The TPR profile of the CeO2-3nm (Figure 3.3.4 red 

line) shows a broad reduction peak at higher reduction temperatures of 400-575 °C in comparison with 

CeO2-25nm, which is also ascribed to the reduction of surface Ce4+.55, 106  For Cu0.25CeO2-3nm, there is 

a very small shoulder at 166 °C also attributed to the reduction of Cu2+ and a very broad reduction peak 
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centered at 360 °C, which is ascribed to the reduction of Cu2+ as well as Ce4+ on the surface.157 These 

results reveal that Cu0.25CeO2-25nm is much more reducible in comparison with other catalyst and this 

could explain the high catalytic activity obtained at low temperatures (50-150 °C) over Cu0.25CeO2-

25nm. Conversely, the smallest shoulder peak at 166 °C suggests that the amount of easily reducible Cu 

species (reduced at ≤ 250 °C) that are responsible for the PROX activity are very less on Cu0.25CeO2-

3nm in comparison with Cu0.25CeO2-25nm catalyst. 
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Figure 3.3.4. H2-TPR profiles of pure supports and Cu-containing catalysts from room temperature to 900 °C in 5% H2/ Ar. 

3.3.2 In situ DRIFTS investigations  

In situ DRIFTS of Cu0.25CeO2-25nm and Cu0.25CeO2-3nm catalysts (Figure 3.3.5) displays a spectral 

region of the formation of CO2 and carbonyl species over both catalysts. After reductive pretreatment in 

hydrogen 10% at 250 °c for 1h, the temperature decreased to 90 °C, and then the sample was exposed 

to PROX mixture (1% CO, 1% O2, 80% H2)/ He. Two weak peaks appearing at 2107 and 2171 cm-1 

could be attributed to gaseous CO over Cu0.25CeO2-3nm (Figure 3.3.5b).128  For Cu0.25CeO2-25nm 

catalyst, the IR spectra show a sharp peak at 2100 cm-1 ascribed to the C=O stretch of CO species 

indicating the adsorption of CO on Cu+ sites,158 while no peak of CO adsorption on Cu+ was detected 

over Cu0.25CeO2-3nm catalyst. The reason for this behaviours is not clear in all details, but it could be 

attributed to the deep reduction of Cu species to inactive Cu0 during CO oxidation. The oxidation of the 

reduced Cu species to Cu2+ was excluded since no increase of the Cu2+ signal was observed from EPR 
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investigations (Figure 3.3. 7b). Another reason one could be considered is reaching the fast oxidation of 

Cu+ into Cu2+ during the reaction (by O2), which cannot be seen by DRIFTS. Therefore, a control 

experiment under flowing only CO/He was performed in an attempt to detect Cu+ and the obtained 

DRIFT spectra are shown in Figure 3.3.5c. The spectra clearly reveal the absence of Cu+-CO band, 

which, therefore, excludes the assumption of the rapid oxidation of Cu+ during the reaction. According 

to these results, one can attribute the absence of Cu+-CO in the DRIFT spectra in Figure 3.3.5c to the 

reduction of Cu2+ into Cu metal. 

Both catalysts show two peaks centered at 2349 cm-1 corresponding to the gaseous CO2. With an increase 

in the reaction temperature, the peak of Cu+-carbonyl species decreased and slightly shifted to the lower 

wavenumber (Figure 3.3.5a). This was accompanied by increasing the CO2 peak intensity due to the 

increase of the CO conversion to CO2 over Cu0.25CeO2-25nm. The redshift for the band of Cu+-carbonyl  

indicates a strong CO adsorption and a strong π-back-bond, and thus there is a strongly interacting 

between the Cu species and support for Cu0.25CeO2-(25nm) catalyst.144 The high intensity of Cu+-

carbonyl is shown in Figure 3.3.5a, indicating that a higher amount of Cu+-carbonyl species is formed 

over the Cu0.25CeO2-(25nm) which is attributed to the superior catalytic activity of this catalyst. 
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Figure 3.3.5. In situ DRIFT spectra of (a) Cu0.25CeO2-25nm, (b) Cu0.25CeO2-3nm at 90 and 100 °C under CO-PROX 
conditions, (c) DRIFTS spectra of the Cu0.25CeO2-3nm catalyst exposed to a flow of 15 ml/min of 1% CO/He at 90 °C for 
30m min (after reductive pretreatment under 10% H2/ He for 1h. 
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3.3.3 Ex Situ and in situ EPR studies 

EPR spectra of Cu-free supports and Cu catalysts are shown in Figure 3.3.6. The EPR spectrum of CeO2-

3nm support (Figure 3.3.6a) shows a sharp signal arising from paramagnetic oxygen defects such as O•- 

and /or O2
- in the range of g = 2.009 and minor Ce3+ species (g⊥ = 1.963).120, 159, 160  

The EPR spectra of Cu0.25CeO2-25nm and Cu0.25CeO2-3nm catalysts recorded at -170 °C are presented 

in Figure 3.3.6b. The EPR spectra of both samples show the presence of isolated Cu2+ while the EPR 

intensity of Cu2+ species in the Cu0.25CeO2-3nm sample is around 12.6 times higher than the EPR 

intensity of Cu0.25CeO2-25nm catalyst. This suggests that the presence of Cu species Cu0.25CeO2-25nm 

is highly dispersed in comparison with the Cu0.25CeO2-25nm sample. 
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Figure 3.3.6. EPR spectra of the pre-oxidized Cu-containing catalysts recorded at -173°C (a) and supports (b). 

After 1h reductive pretreatment in 10 %H2 at 250 °C, the EPR signals of Cu2+ in both catalysts 

remarkably decreased due to the reduction of Cu2+ ions to EPR silent, more probably Cu+ species or to 

inactive Cu0 (compare black and red lines, Figure 3.3. 7). However, the DRIFTS results of Cu0.25CeO2-

3nm Figure 3.3.5b did not detect any Cu+-CO species, this could be due to the direct formation of Cu0. 

The EPR spectrum of reduced Cu0.25CeO2-3nm catalyst shows two different values of g (remarked as 

(g|| (A1) = 2.295 and g|| (A2) = 2.236). This shift might be attributed to the change in the geometry of 

Cu2+ species. When the reduced Cu0.25CeO2-3nm sample was exposed to a mixture of ROX (1% CO, 

1% O2 and 80% H2) in He, the EPR spectrum shows that the sample remained in the reduced form and 

did not change even after 1 h at 90 °C. This suggests that the reoxidation of the Cu0 species process in 

this sample is very difficult. Figure 3.3.6a shows that CeO2-3nm has much higher amounts of oxygen 

vacancy than CeO2-25nm. These oxygen vacancies could be responsible for stabilizing Cu0, which leads 

to preventing the reoxidation of these species to Cu2+. This conclusion is consistent with XPS results in 

Figure 3.3.8, which shows a decrease in the signal intensity of Ce3+ (oxygen vacancy) after adding 
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copper, providing direct evidence of interaction between oxygen vacancy and copper species. The EPR 

spectra of Cu0.25CeO2-3nm under reduction and PROX conditions became very complicated. In this 

case, we will not be discussed this in detail. For the Cu0.25CeO2-25nm catalyst, after exposing the 

reduced catalyst to PROX feed the EPR signal of Cu2+ remarkably increased again due to the reoxidation 

of Cu+ silent EPR species to Cu2+. These results indicate that the redox activity of Cu0.25CeO2-25nm is 

very easy in comparison with Cu0.25CeO2-3nm catalyst. The highest activity was observed by the 

Cu0.25CeO2-25nm catalyst, which is attributed to the higher redox activity of this sample. 
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Figure 3.3. 7. Operando EPR spectra at 90 °C of the catalysts (a) Cu0.25CeO2-25nm and (b) Cu0.25CeO2-25nm in the pre-
oxidized form (black line), after pretreatment with 10% H2/Ar flow and flushing with Ar (red line), subsequent to a flow of 
(1% CO + 1% O2)/ He + 80% H2/ He for 60 min (blue line). 

3.3.4 Ex Situ XPS investigations  

The XPS results of CeO2-3nm (Figure 3.3.8a) show that the amount of Ce3+ species on the surface is 

higher than on the surface of Cu0.25CeO2-3nm catalyst. This is consistence with the sharp EPR signal at 

g = 2.009 (Figure 3.3.6a, black line). According to the Mars and Van Krevelen mechanism, a high 

amount of Ce3+ suggests more oxygen vacancy formation (Table 3.3.2).161  

In general, small CeO2 particle size can be enhanced the existence of a high Ce3+ concentration and thus 

improve the stability of Cu single-site species. The large difference in the Ce3+ content between pure 

support CeO2-3nm and Cu0.25CeO2-3nm catalyst after adding Cu might be attributed to the direct 

interaction between Cu species and oxygen vacancy.  
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Figure 3.3.8. XPS spectra of Ce 3d for CeO2-3nm (a), Cu0.25CeO2-3nm(b), CeO2-25nm(c), and Cu0.25CeO2-25nm(d). 

Table 3.3.2. XPS deconvolution results of CeO2-3nm, Cu0.25CeO2-3nm, CeO2-25nm and Cu0.25CeO2-25nm 

Sample CeO2-3nm Cu0.25CeO2-3nm CeO2-25nm Cu0.25CeO2-25nm 

Species Label B. E 
Ratio of 

Ce3+% 
B. E 

Ratio of 

Ce3+% 
B. E 

Ratio of 

Ce3+% 
B. E 

Ratio of 

Ce3+% 

 

 

Ce3+ 

v0 880.1 
 

 

28.5 

880.0 
 

 

9 

880.3 
 

 

12 

880.1  

 

11 

u0 898.7 898.6 898.9 898.8 

v 884.5 884.3 884.2 884.2 

u 903.3 902.9 902.6 902.3 

 

 

Ce4+ 

 

v 881.8 

 

882.2 

 

882.3  882.1  
u 900.4 900.5 900.8  900.6 

v 886.3 887.7 888.3  888.3 

u 905.9 907.4 907.3  907.4 

v 897.7 898.0 898.2  898.0 

u 916.2 916.5 916.6  916.5 

B.E. refers to the binding energy. 
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3.3.5 Conclusions 

This section pointed out the significant influence of the crystallite size of CeO2 supports. Therefore, two 

catalysts with 0.25 wt% of Cu supported on two different CeO2 and tested under CO-PROX reaction 

conditions. XRD and XPS results showed that CeO2-3nm has a smaller crystallite size and rich oxygen 

vacancy (evidenced by EPR). Thus, the Cu0.25CeO2-3nm catalyst was shown to have the best CO2-

selectivity at high temperatures of 125-150 °C compared to the Cu0.25CeO2-25nm catalyst. Its highest 

CO2-selectivity was attributed to the existence high amount of Cu single species in this catalyst as 

evidenced by EPR. On the other hand, the activation of H2 over Cu0.25CeO2-3nm required high 

temperature as revealed by H2-TPR, suggesting that Cu2+ single species are a lower tendency for 

activating hydrogen. The high activity of Cu0.25CeO2-25nm is attributed to high reducibility and high 

redox properties as provided by H2-TPR and EPR.  

 



68 
 

4 General conclusions and Future works 

Preferential oxidation of CO is the most efficient and cost-effective technique to produce CO-free 

hydrogen for fuel cell application. Finding an inexpensive, highly active, highly selective, and stable 

catalyst is still a major challenge for the CO-PROX reaction. Cu/CeO2 systems have been known as 

promising catalysts due to their high catalytic performance and low cost. 

Throughout this PhD thesis, specific conclusions are put forward in each of the different sections. As an 

outline compendium, theses main study findings and most significant results can be summarized in 

general conclusions: 

1. This work aims to develop highly active Cu single atoms catalysts for preferential 

CO oxidation reaction. Therefore, we prepared CuCe/TiO2 (Ce/TiO2=0.18) catalyst 

with a tiny amount of Cu (0.05 wt.%). This catalyst exhibited high activity and CO2-

selectivity compared with the best-known CeO2-based PROX catalysts. For the 

stability of this catalyst, there was no deactivation observed after 17 h at 120 °C. The 

NAP-XPS results of the support did not show any significant redox activity under 

PROX conditions despite the coexistence of Ti4+ with Ce4+ and Ce3+ on the surface 

of the support. This might be the main reason why the bare support displayed 

negligible activity. In contrast to the support, the Cu catalyst demonstrated a 

significant and reversible Ce4+/Ce3+ redox shuttle under PROX conditions, whereas 

the oxidation state of Ti was unchanged. Copper was only detected by EPR as Cu2+ 

which confirmed its predominant single-site nature. Cu species in the bulk of the 

support are inactive (as evidenced by EPR). From operando EPR, NAP-XPS, and 

DRIFTS investigations, we could demonstrate that active sites for CO oxidation in 

the presence of hydrogen are single Cu ions incorporated in the surface of highly 

dispersed ceria where they shuttle between −Cu2+−O−Ce4+− and −Cu+−□−Ce3+ by 

supplying active oxygen for oxidation of CO to CO2, which is then refilled by 

molecular oxygen according to Mars-van Krevelen and/or Langmuir−Hinshelwood 

mechanisms (i.e., oxidation of CO via oxygen lattice). Cu+ species were 

demonstrated by operando DRIFTS to be preferred sites for the adsorption and the 

activation of CO molecules. 
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2. Previously the in-situ and operando spectroscopic investigations showed that Cu 

single sites on the ceria surface are the active sites. Therefore, to maximize the 

number of Cu atomic active sites on the surface of Ce, different Cu contents (0.25, 

0.5 and 1wt%) were supported on commercially available CeO2 by mechanochemical 

reaction (ball-milling). The activity test results showed that the Cu-mass normalized 

CO oxidation rate significantly increased as Cu content decreased from 1 to 0.25wt%. 

The Cu-mass normalized CO oxidation rate of the lowest Cu loading (Cu0.25CeO2) 

catalyst is five times higher than reported in literature. According to all the results 

previously shown, it can be suggested that the superior CO-PROX catalytic activity 

of the Cu0.25CeO2 catalyst is related to the high dispersion of the Cu2+ single sites on 

the surface associated with the high amount of oxygen vacancies after reduction 

pretreatment (as evidenced by EPR and NAP-XPS). The higher CO2-selectivity 

obtained by Cu0.25CeO2 catalyst at high temperatures range of 125-150 °C is 

attributed to the low tendency of Cu single sites to activate hydrogen (provided by 

H2-TPR). Interestingly, these catalysts were prepared by a straightforward method 

(ball-milling). This preparation method does not require organic solvents, templates, 

acid or base media and much power, making this preparation strategy highly desirable 

in the industry. Appealingly, there are no changes in CO conversion and CO2 

selectivity resulting from the experiment of 74 h time-on-stream even at 90 °C over 

all these three catalysts, making them reasonable for practical fuel cell application. 

Increasing Cu content to 1wt% led to a decrease in the Cu-mass CO oxidation rate of 

Cu1CeO2. This is because higher Cu loadings favour the formation of less active Cu 

clusters (as evidenced by EPR) because a large part of the Cu sites may be hidden in 

those clusters and excluded from contact with reactants. Increasing Cu content from 

0.5 to 1 wt%, the activity in term of CO conversion of Cu0.5CeO2 and Cu1CeO2    was 

unchanged. This indicates that the number of active sites in these two catalysts is 

comparable. By combining various spectroscopic methods, we can show that the 

direct interactions of Cu single sites with cerium, and oxygen vacancy species are 

greatly correlated to CO oxidation activity and CO2-selectivtiy. 

3. The redox properties, oxygen vacancies and reducibility of the supports play an 

essential role in the catalytic performance of supported copper catalysts. Two Cu 

(0.25 wt%-Cu) catalysts supported on two different commercial CeO2 having 

different crystallite sizes were also prepared by ball-milling. The activity order for 

these Cu catalysts is Cu0.25CeO2-25nm < Cu0.25CeO2-3nm. The high activity of 
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Cu0.25CeO2-25nm catalyst is attributed to the redox properties and reducibility of this 

sample (as evidenced by EPR and H2-TPR, respectively). Therefore, we can conclude 

that the redox properties and reducibility of the support are seen as the key factor 

determining the CO PROX activity. EPR and XPS results showed that the lower 

crystallite size CeO2-3nm support is rich in oxygen vacancies compared to bigger 

crystallite support (CeO2-25nm). The higher oxygen vacancies in this support led to 

stabilize the reoxidation of Cu species to Cu2+. And therefore, the process of 

reduction/oxidation in a Cu0.25CeO2-3nm catalyst is very difficult.  

 

Future works: 

1. Despite significant progress has been made on Cu/CeO2 catalysts, further 

improvements in the CO PROX over these catalysts are still required to enable the 

commercialization of these catalysts. The challenge is to design new Cu/CeO2 

catalyst generations that have the ability to achieve full CO conversion at low 

temperatures without any hydrogen oxidation reaction. Catalysts with a high 

reducibility, redox-active, oxygen vacancy and high Cu dispersed are required to 

achieve high catalytic performance. Therefore, further studies have to focus on the 

synthesis of Cu-single atoms catalysts (SACs) using highly reducible CeO2. In 

addition, the oxygen storage and oxygen mobility of CeO2 are seen to play a very 

important role in enhancing the reaction rate. It has been shown that the addition of 

lower valent cations such as Fe2+ or Mn2+ during the preparation of Cu/CeO2 catalysts 

led to creating of materials with higher oxygen mobility and OSC. Therefore, the 

existence of such cations with redox properties might be an attractive way to enhance 

the redox cycle of the catalyst. 

2. The stability is a significant challenge for CO PROX reaction at low temperatures. 

The gas mixture obtained from hydrocarbon steam reforming followed by water gas 

shift reaction usually has 15-25% CO2 and 10-20% H2O. Therefore, a long-term 

stability test under flow of PROX gas mixtures contain both 15-25% CO2 and 10-

20% H2O are necessary. However, further studies should be done to transfer the 

developed catalysts on a laboratory scale to practical industry. Thus, further work 

aims to design an experimental set-up activity test more directly related to catalysts 

working under industrial conditions.  
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6 Appendix  
 

 
Figure A.1. Complementary to the EDS map shown in Figure 4.1. in the main manuscript, selected ED spectra of the marked 
areas of the Cu catalyst (STEM-HAADF image on the left) are shown on the right. The share of CeO2 in area 1 is much 
higher than in area 2, where much more TiO2 and only a small amount of CeOx is present. 
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Figure A.2. Quadrupole mass spectroscopy data taken during the NAP-XPS experiment for pure support (a) and (b) copper 
catalyst over time at different temperatures. After a pretreatment at 250 °C in 10% H2 the sample was cooled down to 120 
°C and the reaction mixture was applied at a total pressure of 2 mbar. Thereafter the temperature was lowered to 80 °C. 
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Figure A.3. (a) Normalized EPR spectra recorded at -180 °C and simulated spectra of the fresh calcined Cu-containing 
catalyst, (b) Quadrupole mass spectroscopy data taken during operando EPR for Cu-containing catalyst over time after a 
pretreatment at 250 °C in 10% H2 and cooling down to 120 °C and during the PROX reaction. 
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Table A.1. Specific rates of CuCeO2 catalysts compared with the most active supported Cu catalysts reported in 

literature. 

Samples Cu  

Wt% 

Catalyst 

preparation 

Reaction conditions Temperature

/ °C 

Rate CO *  

µmol gcu-1. s-1 

SCO2% Ref 

Cu0.25CeO2 

Cu0.5CeO2 

Cu1CeO2 

  0.25 

0.5 

1 

 

Ball-milling 1% CO, 2% O2, 80% 

H2/ He 

60 196 

121 

70 

100  

(50-100) °C 

This 

work 

CuCeTiO2 0.05 Sol-gel 1% CO, 1% O2, 80% 

H2/ 

60 21 100  

(60-100) °C 

3 

CuCeO2 5 Impregnation 1.5%CO, 1.5% O2, 

50 % H2/ He 

60 57.99 100  

(50-100) °C 

162 

CuCeO2 2 coprecipitation 1.5%CO, 1.5%O2, 50 

% H2/ He 

60 111.5 100  

(40-60) °C 

163 

CuCeO2 10 freeze-dried 1% CO, 1% O2, 50 % 

H2/ He 

60 4 100  

(50-80) °C 

164 

CuCeO2 5 Impregnation 2% CO, 2% O2 30% 

H2/ N2 

75 39.66 100  

(50-100) °C 

54 

CuCeMnO2 8 Impregnation 1.5% CO, 1.5% O2, 

47% H2/ N2 

60 29.28 92  

(120) °C 

165 

CuCeO2 

CuFeCeO2 

10 Solvent-free 

combustion 

1% CO, 1% O2, 50% 

H2/ He 

60 1.98 
5.95 

100  

(50-80) °C 

100  

(50-80) °C 

57 

CuCeO2 5 Deposition-
precipitation 

1% CO, 1% O2, 50% 

H2/ He 

60 19.12 100  

(60-120) °C 

105 

CuCeO2 7.5 Solvent-free 
combustion 

1% CO, 1% O2, 50% 

H2/ He 

60 4.49 100  

(80) °C 

86 

CuCe0.8Zr0.2O

2 

5 Impregnation 2% CO, 2% O2, 30% 

H2/ He 

75 31.73 95 ≤ (125) 

°C 

166 

CuCeO2 

CuCeO2 

5 

10 

Deposition-

precipitation 

1%CO, 1% O2 50% 

H2/ N2 

60 10.41 

13.38 

100 

(80−110) 

°C 

106 

CuCeO2 

CuCeO2 

5 

5 

Deposition–

precipitation 

Co-precipitation 

1%CO, 1% O2, 98% 

H2  

70 9.5 

14 

100 

(70−100) 

°C 

100  

(70−90) °C 

167 

CuMnCeO2 7.30 Co-precipitation 1% CO, 1% O2, 50% 

H2/ N2 

60 5.7 100  

(60-120) °C 

168 

*CO oxidation rates was calculated on the basis CO conversion in the range (20 %≤) using Eq. A1: 

Reaction Rate =
XCO × nCO,in

mCu
      A1 
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Figure A.4. (a, b) Selected HAADF-STEM images of the support (CeO2). The electron energy loss EEL spectra (d) taken at 
the positions 1 and 2 marked in the STEM-ADF image in (c) show the presence of Ce in the oxidation state Ce4+ (spectrum 
1) and Ce3+ (spectrum 2). 
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 Figure A.5. (a, b) Selected HAADF-STEM images of Cu0.5CeO2 catalyst. The images (a-b) are very similar to those of the 
support. Because Ce is heavier than Cu, it is brighter in the HAADF images and thus, copper is not visible in these images. 
Electron energy loss (EEL) spectra (d) were taken at the positions highlighted in the STEM-ADF image (c). Like in Cu 
0.25CeO2, Ce4+ (spectrum 1) and Ce3+ (spectrum 2) are visible. 

 

 
Figure A.6. Selected EDX spectra of the marked areas in the STEM-HAADF image of Cu 0.5CeO2 (a) are shown in (b). Even 
though the Ce signal is very prominent in area 1, also the minor peak of Cu Kα can be seen, which is proving the presence 
of Cu in this material. Spectrum 2 is taken at a position of smaller sample thickness (and thus lower amount of all constituents) 
so that no Cu could be observed 
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Figure A.7. (a, b) Selected HAADF-STEM images of Cu1CeO2 catalyst. These images also resemble those obtained for the 
support and Cu 0.5CeO2. Electron energy loss (EEL) spectra (d) were taken at the positions highlighted in the STEM-ADF 
image (c). As observed for Cu 0.25CeO2   and Cu 0.5CeO2, Ce4+ (spectrum 1) and Ce3+ (spectrum 2) are visible. 

 

 
Figure A.8. Selected EDX spectra of the marked areas in the STEM-HAADF image of Cu1CeO2 (a) are shown in (b). Again, 
the minor peak of Cu Kα can be seen in spectrum 1, which is proving the presence of Cu in this material. Spectrum 2 is taken 
at a position of smaller sample thickness (and thus lower amount of all constituents) so that no Cu could be observed. 
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Figure A. 9. CO conversion (a) and CO2-selectivity over new batches of Cu0.5CeO2 and Cu1CeO2 
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Figure A.10. CO converted to CO2 detected by mass spectrometric analysis of the effluent gas stream over all samples (a) 
Support CeO2, (b) Cu0.25CeO2, and (c) Cu1CeO2 in the range of temperatures (50-100 °C), carried out parallel to the operando 
DRIFT measurements. 
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Figure A.11. Operando EPR spectra at 250 °C of Cu0.25CeO2, Cu1CeO2 (a-c) after 1 h pretreatment with 10% H2/Ar flow. (d) 
Relative amount of Cu reduced in the Cu-containing catalyst by CO/He. 
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Figure A.12. CO2 formation and CO oxidation detected by mass spectrometric analysis of the effluent gas stream over all 
samples (a) Support CeO2, (b) Cu0.25CeO2, and(c) Cu1CeO2 at different 90 °C, carried out parallel to the operando EPR 
measurements. 
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Figure A. 13. In-situ NAP-XP spectrum of the Cu2p region of the Cu0.25CeO2 catalyst under He conditions at 90 °C 
temperature. Due to the presence of Ce at slightly lower binding energies and the low concentration of Cu, no signal 
corresponding to Cu can be found. 
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Figure A. 14.In-situ NAP-XP spectra of the Ce3d region of the Cu1CeO2 catalyst measure under different conditions.  
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