
Chemical reactivity of O2, CO and CO2 on Cu surfaces
Zhang, D.

Citation
Zhang, D. (2024, April 9). Chemical reactivity of O2, CO and CO2 on Cu
surfaces. Retrieved from https://hdl.handle.net/1887/3732054
 
Version: Publisher's Version

License: Licence agreement concerning inclusion of doctoral thesis
in the Institutional Repository of the University of Leiden

Downloaded from: https://hdl.handle.net/1887/3732054
 
Note: To cite this publication please use the final published version (if
applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3732054


Chemical reactivity of O2, CO
and CO2 on Cu surfaces

Proefschrift

ter verkrijging van

de graad van doctor aan de Universiteit Leiden,

op gezag van rector magnificus prof.dr.ir. H. Bijl,

volgens besluit van het college voor promoties

te verdedigen op dinsdag 9 april 2024

klokke 16:15 uur

door

Diyu Zhang

geboren te Haiyan, China

in 1992



Promotores: dr. L. B. F. Juurlink
prof. dr. M. T. M. Koper

Promotiecommissie:
prof. dr. M. Ubbink
prof. dr. T. H. Oosterkamp
prof. dr. G. J. Kroes
prof. dr. A. W. Kleyn
prof. dr. S. Schauermann (Kiel University, Germany)
dr. M. Gleeson (DIFFER, Eindhoven)

The research reported in this thesis was financially supported by the China
Scholarship Council (CSC).



Contents

1 Introduction 1
1.1 Heterogeneous catalysis . . . . . . . . . . . . . . . . . . . . . 2
1.2 Copper-based catalysts for CO2 conversion . . . . . . . . . . 4
1.3 Simple surface . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4 Ultra-high vacuum . . . . . . . . . . . . . . . . . . . . . . . 5
1.5 Challenges in CO2 studies . . . . . . . . . . . . . . . . . . . 6
1.6 Scope of this thesis . . . . . . . . . . . . . . . . . . . . . . . 8

2 Experimental apparatus and techniques 9
2.1 Ultra-high vacuum apparatus . . . . . . . . . . . . . . . . . 10

2.1.1 Lionfish . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.1.2 Boxfish . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.1.3 Shrimp . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2 Experimental techniques . . . . . . . . . . . . . . . . . . . . 13
2.2.1 Auger electron spectroscopy . . . . . . . . . . . . . . 13
2.2.2 Low energy electron diffraction . . . . . . . . . . . . 14
2.2.3 Time-of-flight technique . . . . . . . . . . . . . . . . 18
2.2.4 King and Wells technique . . . . . . . . . . . . . . . 22
2.2.5 Temperature programmed desorption . . . . . . . . . 25
2.2.6 Reflection Adsorption Infrared Spectroscopy . . . . . 26

3 Oxygen dissociation dynamics on Cu(111) 29
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

i



4 Electron-impact reactions of CO and CO2 on Cu(211) 45
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.4 Disscusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
4.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5 CO adsorption to oxidized Cu(111) 55
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
5.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . 59
5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

6 CO adsorption to oxidized Cu(211) 75
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
6.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . 80
6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
6.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

6.4.1 Oxidation of Cu(211) by O2 . . . . . . . . . . . . . . 88
6.4.2 CO adsorption to Cu(211) . . . . . . . . . . . . . . . 89
6.4.3 CO adsorption to CuxO/Cu(211) . . . . . . . . . . . 92

6.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

A Supplementary information for Chapter 6 123
A.1 AES of O/Cu(211) . . . . . . . . . . . . . . . . . . . . . . . 124
A.2 RAIRs fitting results for CO/Cu(211) . . . . . . . . . . . . . 126
A.3 RAIRS results for CO/CuxO/Cu(211) . . . . . . . . . . . . 133
A.4 A comparison of (Cu2O/)Cu(111) prepared with thermal and

supersonic O2 sources . . . . . . . . . . . . . . . . . . . . . . 134
A.5 Integrated CO TPD spectra . . . . . . . . . . . . . . . . . . 136
A.6 RAIR spectra for CO adsorbed to a weakly contaminated

Cu(211) single crystal . . . . . . . . . . . . . . . . . . . . . . 137

List of Publications 139

Acknowledgments 143

ii


