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Preface 

 

When I came to Germany in November 2012, I just finished my master’s degree after three 

years of hard work in industrial catalysis. In those days I developed the catalyst for a process 

of trying to converse corrosive by-product hydrogen chloride (HCl) into more valuable 

chlorine (Cl2). This process was invented by a British chemist Henry Deacon in 1868 and 

therefore is called Deacon process. Though its history is as long as that of catalysis, a suitable 

catalyst for large-scale industrial production is still not found yet. As I was told, it is normal 

since the R&D of industrial catalysts nowadays still remains empirically like cooking. It was 

not funny at all for a rookie like me who had to handle HCl and Cl2 every day and was 

waving over whether to continue in this filed. Until I met THEO and our HESGM endstation 

at the synchrotron facility (BESSY II) and after worked on them over last three and half years, 

I have been often astonished that (model) catalysis studies can even be done so 

microscopically and so precisely. 

 

I know ceria back to my master phase when I added it routinely into my HCl oxidation 

catalyst as a promoter. It is so magic a material that can inhibit the sintering of the supported 

Cu particles and provide active O species for the reaction like a reservoir. Thus I was so 

excited that I can continue working with it during my PhD, and later I had the luck to find a 

source who can supply the precious bulk ceria single crystal samples. These bulk single 

crystals are believed to be very difficult to obtain. 

 

Combined our unique spectroscopic techniques and scarce bulk ceria single crystals, 

we produced many interesting results. These results enable us to settle some long-standing 

disputes, such as the assignments of IR-bands of probe molecules (CO and methanol) and 

whether the reduced ceria is re-oxidized by CO2, and thus it proves to me the elegance and 

great power of surface science approach. Some ongoing projects are not included in this thesis 

like O2 and N2O interaction with ceria, and I would like to accomplish them before I move 

back to China. After finishing this thesis, I just hope it is worth of reading and can help its 

readers, if possible, to some extent, at least help them to think about the underlying problems 

in this thesis. 

06.06.2016    Karlsruhe 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 
 

Contents 

 

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

1.1 Catalysis and surface science ...................................................................................... 1 

1.2 Cerium dioxide (ceria, CeO2) ...................................................................................... 3 

1.2.1 CeO2(111) ......................................................................................................... 7 

1.2.2 CeO2(110) ......................................................................................................... 8 

1.2.3 CeO2(100) ......................................................................................................... 9 

1.3 Organization of this thesis .......................................................................................... 11 

2 Theory background of techniques ......................................................................................... 13 

2.1 Infrared spectroscopy ................................................................................................ 13 

2.1.1 Infrared reflection absorption spectroscopy (IRRAS) ................................... 17 

2.2 Low energy electron diffraction (LEED) .................................................................. 20 

2.3 X-ray photoelectron spectroscopy (XPS) .................................................................. 21 

2.4 Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy ....................... 23 

2.4.1 Theory background......................................................................................... 23 

2.4.2 Acquisition of the NEXAFS spectra .............................................................. 24 

3 Experimental ......................................................................................................................... 27 

3.1 Sample preparation .................................................................................................... 27 

3.2 Dosing procedure ...................................................................................................... 28 

3.3 Ultrahigh vacuum apparatus THEO .......................................................................... 29 

3.4 Experimental NEXAFS system ................................................................................. 33 

4 Carbon monoxide (CO) adsorption on ceria surfaces ........................................................... 35 

4.1  CO adsorption on ceria (111) .................................................................................. 36 

4.2  CO adsorption on ceria (110) .................................................................................. 44 

4.3  CO adsorption on ceria (100) .................................................................................. 50 

4.4  CO adsorption on ceria films .................................................................................. 54 

4.4.1 CO adsorption on thin ceria film .................................................................... 54 

4.4.2 CO adsorption on thick ceria film .................................................................. 58 

5 Carbon monoxide (CO) adsorption on ceria nanocrystals .................................................... 61 

5.1 CO adsorption on ceria nanorods .............................................................................. 65 

5.2 CO adsorption on ceria nanocubes ............................................................................ 69 

5.3 CO adsorption on conventional ceria nanoparticles .................................................. 71 

 



viii 
 

6 Methanol adsorption on ceria (110) and ceria (111) ............................................................. 75 

6.1 Methanol adsorption on oxidized CeO2(110) and CeO2(111) ................................... 76 

6.2 Methanol adsorption on reduced CeO2-x(110) and CeO2-x(111) ................................ 86 

7 CO2 adsorption on ceria (110) ............................................................................................... 89 

7.1 CO2 adsorption on reduced CeO2-x(110) ................................................................... 92 

7.2 Charge transfer between reduced CeO2-x(110) and CO2 ........................................... 97 

7.3 CO2 adsorption on oxidized CeO2(110) .................................................................... 99 

Conclusions ............................................................................................................................ 103 

Abbreviation list ..................................................................................................................... 105 

Appendix 1 Characterizations of ceria single crystals ........................................................... 107 

Appendix 2 IRRAS data of CO2 adsorption on CeO2(110) ................................................... 109 

Bibliography ........................................................................................................................... 111 

Publication list ........................................................................................................................ 127 

Conference contributions ....................................................................................................... 128 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 

1 Introduction 

 

1.1 Catalysis and surface science 

 

The famous Swedish chemist Jöns Jacob Berzelius, from 1821 on, summarized and reviewed 

critically the scientific investigations conducted worldwide in his “Annual Report” 

(Jahresberichte). In his 1835 report, Berzelius coined the term "catalysis" to describe the 

phenomenon that certain substances influenced the progress of a chemical reaction without 

being consumed and hence apparently not being affected by this reaction [1]. Throughout the 

rest of the 19th century both the term and the phenomenon remained heavily debated [2] until 

around 1900 the German chemist Wilhelm Ostwald proposed a now generally accepted 

definition: "A catalyst is a substance which affects the rate of a chemical reaction without 

being part of its end products" [3, 4]. Ostwald’s contributions to catalysis were recognized 

with the Nobel Prize for Chemistry in 1909. The catalyst changes the kinetics of the reaction 

by forming intermediates with the molecules involved in the reaction, offering them an 

alternate, more rapid path to the final products, but does not change the thermodynamics. 

 

Catalysis is of vital importance. The applications of catalysis are numerous, and impact 

heavily on our daily lives. In living organisms, enzymes accelerate or catalyze almost all of 

the biochemical reactions. Manmade catalytic processes are pivotal to the production of fuels, 

foods, chemicals, pharmaceuticals, and a host of materials (e.g. plastics and fibers). 

In environmental chemistry, catalysts are essential to break down pollutants such as 

automobile and industrial exhausts. 

 

All three types of catalysts (i.e. enzymes, homogeneous, and heterogeneous) operate by the 

same fundamental principles, and their properties derive from the electronic and geometric 

(steric) characteristics of the active centers. More relevant in technical processes is 

heterogeneous catalysis, where the catalyst is a solid and the reacting molecules interact with 

its surface from the gaseous or liquid phases, and it has been estimated that ~90% of all 

chemical processes use heterogeneous catalysts [5]. The main advantage of using a 

heterogeneous catalyst is that, being a solid material, it is easy to separate from the gas and/or 

liquid reactants and products of the overall catalytic reaction. 
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The atoms in the surface of the solid catalyst have fewer nearest neighbors than those in the 

bulk. As a consequence, these surface atoms are chemically unsaturated and may give rise to 

bond formation with atoms in impinging molecules from the adjacent gas or liquid phase, 

a phenomenon known as chemisorption. By this step, existing bonds will be modified or may 

even be broken (dissociative chemisorption). The chemisorbed species are mobile on the 

surface and may react with others, and the produced molecules eventually leave the surface 

(desorption) as the desired reaction products. If operated in a flow reactor, the catalyst can in 

this way continuously operate without being consumed. 

 

However, the study on surface chemistry of “real” catalysts is hampered by fundamental 

problems. A catalyst with high activity generally has to exhibit a high specific surface area. 

Apart from the use of highly porous materials with large “internal” surface areas 

(e.g. zeolites), this is mostly achieved by depositing small particles of the active catalyst 

material onto (more or less) inert high surface area supports. Moreover, the reacting systems 

exist merely as two-dimensional phases for which most of the usual methods of investigation 

are not well suited. All these effects render the surface chemistry of a “real” catalyst rather 

complex. A possible strategy to overcome this problem was already proposed by 

Irving Langmuir [6] in 1922: “Most finely divided catalysts must have structures of great 

complexity. In order to simplify our theoretical consideration of reactions at surfaces, let us 

confine our attention to plane surfaces. If the principles in this case are well understood, it 

should then be possible to extend the theory to the case of porous bodies. In general, we 

should look upon the surface as consisting of a checkerboard…” 

 

The so-called “surface science approach” [7] that Langmuir had in mind was experimentally 

not yet accessible in his days, but began to become available during the 1960s with the advent 

of ultrahigh vacuum (UHV) and surface sensitive analytical methods [8-11]. Nowadays a 

whole arsenal of such techniques is available to study the structural, electronic, or dynamic 

properties of such well-defined single crystal surfaces. 

 

While the majority of surface science studies have been carried out on well-defined single 

crystal surfaces under UHV conditions, most catalytically active systems are employed at 

high pressure or at solid-liquid interfaces. This gap between UHV and industrial conditions is 

known as the “pressure gap”. In addition, since the properties of well-defined single crystal 

surfaces will generally be quite different from the surface properties of “real” catalysts, this 
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gives rise to the so-called “materials gap”. The pressure gap can be bridged directly by 

designing high pressure surface techniques such as high-pressure sum frequency generation 

(SFG), high-pressure scanning tunneling microscopy (STM), ambient pressure X-ray 

photoelectron spectroscopy (XPS), and in situ atomic force microscopy (AFM) [12]. 

In addition, the pressure gap can also be bridged indirectly by theoretical calculations using 

molecular-based models (e.g. kinetic Monte Carlo calculations, microkinetic models), which 

first describe the experimental results obtained at low pressures, and then extrapolate this 

information to high-pressure reaction conditions. The materials gap between model and real 

catalysts could be bridged by introducing defects and depositing nanoparticles with specific 

sizes and geometries on model surfaces [13, 14]. 

 

Unfortunately, most of the surface science studies were carried out on metal substrates, 

whereas the information on metal oxides, another one of the most important and widely 

employed categories of solid catalysts, is still rather scarce [15]. The lack of information on 

planar model surfaces of metal oxides is due to the inherent experimental difficulties arising 

from the insulating properties of many bulk oxides, whose low electrical and thermal 

conductivity resulting in charging or band-bending and cooling problems. In order to tackle 

these problems, growth of oxide thin films with well-ordered surfaces on conductive 

substrates has been introduced into surface science studies [16, 17]. And some other analytical 

methods, such as molecular beam scattering [18, 19] and AFM [20, 21], become active owing 

to the inherent insensitivity to charge effect. 

 

1.2 Cerium dioxide (ceria, CeO2) 

 

Cerium, named after the dwarf planet Ceres, is the first element of the lanthanide group with 

symbol Ce and atomic number 58. Cerium is the most abundant of the rare earth elements, 

and is about as abundant as copper and nearly three times as abundant as lead in the igneous 

rocks of Earth’s crust. It easily oxidizes in air at room temperature to form cerium dioxide 

(CeO2), which, also known as ceria, crystallizes in the fluorite structure (CaF2) [22, 23]. 

Ceria has a face-centered cubic (fcc) unit cell with space group Fm3m. The Ce cations are 

bonded to eight O nearest neighbors while the O anions are tetrahedrally bonded to four Ce 

nearest neighbors (cf. Figure 1.1). 
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Figure 1.1 The crystal structure of CeO2. Adopted from Prof. Alessandro Trovarelli’s 

presentation at MCE-2015. 

 

Ceria is a wide band-gap semiconductor. The band-gap lies within the range of 5.5–6.0 eV 

[24-27]. The valence band and conduction band are formed predominantly by O2p and Ce5d 

states, respectively [28]. Ce4f states, which are unoccupied in the defect-free bulk material, 

are located within the band gap. Due to resolution limits, it is difficult to experimentally 

determine the degree of localization of these f states, but they are assumed to be localized [29]. 

The energy difference between the lowest unoccupied 4f state and the valence band maximum 

(VBM) was experimentally found to be around 3.0 eV [25, 30]. 

 

Ceria is one of the most reducible metal oxides [31]. It is possible to accommodate a large 

number of mobile oxygen vacancies by removing oxygen atoms from CeO2, which can either 

be removed from the bulk by annealing with subsequent diffusion to the surface [32], 

or directly from the surface by annealing [33], sputtering [34], electron irradiation [25], 

exposure to X-rays [35], or chemical reduction [36]. Calculations have indicated that the 

oxygen vacancy formation energy, which is related to the reducibility, is approximately 30% 

lower on ceria surfaces compared to the bulk [31, 37, 38]. Upon one oxygen vacancy 

formation, there would be two excess electrons left behind, which can be accommodated in 

localized Ce4f orbitals of two cerium sites driving the Ce4+ to Ce3+ reduction (c.f. Figure 1.2). 

Thus, in the valence band photoemission spectra of reduced surfaces, a peak at a binding 

energy of 1.2–1.5 eV above the top of the O2p in the band gap is assigned to emission from 

the Ce4f states [27, 30, 34, 39, 40]. 
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Figure 1.2 The process of oxygen vacancy formation in ceria. An oxygen atom moves away 

from its lattice position leaving behind two electrons, which localize on two cerium atoms, 

turning Ce4+ into Ce3+. Adopted from [41]. 

 

Scientists at Ford Motor Company in 1976 first envisaged the key role of an oxygen storage 

component in the formulation of three-way catalysts [42]. Since then ceria has evolved from 

an almost unknown oxide of the rare earth family to become one of the major players in the 

catalysis game. The ability of ceria to rapidly switch its average oxidation state in a suitable 

temperature range, while maintaining structural integrity, is the key to its widespread 

applications. A great amount of research from fundamentals to applications has been devoted 

to ceria over the past forty years. The history has been tracked from the seminal review article 

by Trovarelli in 1996 [43] through two subsequent books in 2002 [44] and 2013 [45]. In the 

most recent overview Delgado et al. identified many catalytic applications of ceria-based 

materials [46] with respect to hydrogen production, pollution abatement, and chemical 

manufacturing. Organic syntheses catalyzed by ceria and related materials that involve more 

complex reactants and products have been reviewed by Vivier and Duprez [47]. Of these 

various applications the use of ceria in automotive three-way catalysts (TWCs) has been the 

most classical and unquestionably the most technologically successful. 

 

Although the “surface science approach” has proven extremely successful to gain 

fundamental information about the interactions between adsorbates and surfaces, it is only in 

recent decades that surface science studies on cerium oxide have been coming into their 
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own [48]. Ceria has three stable low-index crystallographic faces, (111), (110) and (100), 

which expose cerium cations and oxygen anions with different coordination environments. 

The ability to adsorb or give up oxygen varies from surface to surface on which redox type 

reactions are likely to be different. Additionally, the chemistry of the same adsorbate 

proceeding on a fully oxidized CeO2 surfaces may be substantially distinct from that on 

reduced ceria surface due to differing oxidation states of surface cerium cations. Therefore, 

thorough surface science studies on cerium oxides need to be done on both oxidized and 

reduced surfaces along all three low-index orientations. 

 

In this thesis, the surface chemistry of various ceria surfaces of single crystals, films and 

nanocrystals were studied systematically by using primarily ultra-high vacuum Fourier 

transform infrared spectroscopy (UHV-FTIRS) in combination with other spectroscopic 

techniques including X-ray photoelectron spectroscopy (XPS) and near-edge X-ray absorption 

fine structure (NEXAFS) spectroscopy. Our studies focused on the surface atomic and 

molecular composition, the geometric and electronic structure, as well as the dynamics and 

energetics of adsorption, desorption and surface reactions. Our collaborators carried out 

first-principles calculations to help interpret the experimental observations. It is worth noting 

that computational studies had been limited by the inability of traditional DFT methods to 

adequately describe the reduced CeO2-x. Upon the removal of one surface neutral O, two 

excess electrons are left behind and deposited in the 4f orbitals of cerium. DFT delocalizes 

these electrons through Ce in the substrate producing a fractional occupation of the 4f orbital 

with a metallic ground state [49]. Recent advances have largely overcome this obstacle and 

there are two extensive reviews covering computational studies on ceria [49, 50]. 

 

The three low-index faces of cerium oxide are prototypical examples of three types of ionic 

crystal surfaces whose stability was considered by Tasker [51]. CeO2(110) is a nonpolar 

surface with stoichiometric proportions of anions and cations in each plane, which results in 

zero dipole moment perpendicular to the surface (type 1, see Figure 1.3a). CeO2(111) is also a 

nonpolar surface, since along the [111] direction each plane is charged but a neutral 

three-plane repeat unit causes no net dipole moment (type 2, see Figure 1.3b). Both nonpolar 

(110) and (111) surfaces should have relatively low surface energies, thereby inducing 

surfaces with only modest relaxations compared to their respective bulk truncation. A bulk 

truncation along CeO2(100) creates a type 3 surface. In the bulk crystal, (100) planes are 

composed alternately of oxygen and cerium ions, leading to an unbalanced dipole at the 
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surface (Figure 1.3c). A straightforward way to eliminate the dipole moment is to remove half 

of the O anions in a checkerboard style from the top surface and place on the bottom surface. 

 

 

Figure 1.3 Schematic Tasker classification for low-index crystal surfaces of CeO2 [51]. 

μ – electric dipole moment associated with the lattice repeat unit. 

 

The structure and stability of these three low-index surfaces of cerium oxide has been 

theoretically studied in the past few decades [37, 52-60]. While the methods and absolute 

results may vary, the general consensus is that stability of these three surfaces (as reflected by 

surface energies) runs as (111) > (110) > (100). The surface energies decrease by relaxation 

with a contraction between the first and second layers, and the degree of relaxation runs in the 

reverse order of the surface energies. As for reducibility, the most stable (111) surface has the 

highest oxygen vacancy formation energy, while the value for (110) surface is the least, which 

is even lower than that of the polar (100) surface, suggesting that (110) is the most reactive 

surface [49, 50]. 

 

1.2.1 CeO2(111) 

 

Experimental studies of CeO2(111) by low energy electron diffraction (LEED) [61-64], 

ion scattering [39] and STM/AFM [61-63, 65-71] have determined its oxygen termination and 

are consistent with the surface structure depicted in Figure 1.4. Scanning probe microscopy 

(SPM) micrographs of the (111) surface demonstrate the expected lattice constant and 

hexagonal symmetry. In addition, a hexagonal (1×1) LEED pattern was also observed. 
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Figure 1.4 CeO2(111) surface structure. The black spheres are Ce and the white spheres are O. 

CV refers to the number of coordination vacancies around the Ce in the second layer and O in 

the top layer. Adopted from [48]. 

 

1.2.2 CeO2(110) 

 

Nörenberg and Briggs investigated the surface structure of single crystal CeO2(110) by low 

energy electron diffraction (LEED), reflection high energy electron diffraction (RHEED), and 

high-temperature STM [72]. LEED and RHEED indicated a (2×1) reconstruction upon 

annealing to 940 °C. Meanwhile, STM showed line features running along the [1-10] 

direction separated by 11 Å. Referring to Figure 1.5, these lines are along the rows of Ce 

cations, and the separation is equal to twice the distance between Ce rows in the [001] 

direction. By analogy with STM structures observed on the UO2(110) surface [73], Nörenberg 

and Briggs inferred that the surface reconstruction was possibly due to “missing rows” of both 

oxygen and cerium. Further annealing to 1030 °C leads to widening of these missing rows 

indicative of (111) facet formation, an interpretation confirmed by RHEED. This faceting is 

similar to that observed on (110) surfaces of some metal substrates [74, 75]. 
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Figure 1.5 CeO2(110) surface structure. The black spheres are Ce and the white spheres are O. 

CV refers to the number of coordination vacancies around the Ce and O ions in the top layer. 

Adopted from [48]. 

 

1.2.3 CeO2(100) 

 

The structure of polar CeO2(100) surface is currently still under debate, although extensive 

studies have been conducted on film and bulk single crystal (100) surfaces, and on ceria 

nanocubes on which it is believed that (100) facets are predominantly exposed. Square, (1×1) 

LEED patterns were observed for CeO2(100) thin films grown on Pd(100) [76] and on 

SrTiO3(100) [77]. However, these authors made no claim as to surface termination. 

Overbury and coworkers performed angle resolved low energy alkali ion scattering 

experiments [78]. The incident angle dependence was consistent with that expected for 

unreconstructed (100) but with a mixture of both oxygen and cerium terminated surface 

regions. Kim et al. reported the results of direct recoil spectroscopy and low energy ion 

scattering measurements, which suggested that the CeO2(100) surface was predominantly 

terminated by O [77]. Based on results from direct recoil scattering cross sections and angle 

resolved mass spectroscopy of recoil ions, Herman proposed a reconstructed model of (100) 

surface with half of the outermost surface O removed in a checkerboard style as depicted in 

Figure 1.6 [79]. Yang et al. imaged CeO2(100) thin films grown on oxidized Cu(111) by 
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STM [80]. However, they were using a positive sample bias which imaged the Ce cations. 

Therefore they could not come to any conclusion about the termination or O structure. STM 

studies of single crystal CeO2(001) by Nörenberg and Harding [81] revealed a √2/2(3×2)R45° 

surface reconstruction. After exposing the reconstructed CeO2(001) surface to air and 

annealing, a c(3×3) surface reconstruction was observed [81]. Lin et al. investigated the 

atomic structures of ceria nanocubes exposing predominantly (100) surface adopts a mixture 

of Ce, O, and reduced CeO terminations [82]. They also noted a pronounced tendency of 

these atoms to hop along the surface. 

 

Overall, a definite structure for the CeO2(100) surface may not exist due to small energetic 

differences between different surface models allowing various terminations that may be in 

constant flux. However, we can conclude that this surface is not terminated by a full layer of 

Ce or O atoms as obtained from simple bulk truncation. 

 

Figure 1.6 Reconstructed CeO2(100) surface structure. The black spheres are Ce and the white 

spheres are O. CV refers to the number of coordination vacancies around the Ce in the second 

layer and O in the top layer. Adopted from [48]. 



11 

1.3 Organization of this thesis 

 

In this thesis, I will present a thorough spectroscopic study of surface chemistry on ceria 

surfaces. Considering extensive applications of ceria in heterogeneous catalysis, the 

adsorption of various C1 molecules (CO, CO2, CH3OH) on ceria single crystals and 

nanocrystals was studied by ultra-high vacuum Fourier transform infrared spectroscopy 

(UHV-FTIRS) or near-edge X-ray absorption fine structure (NEXAFS) spectroscopy with the 

support of the core-level and valence band X-ray photoelectron spectroscopy (XPS), 

low energy electron diffraction (LEED), and first-principles calculations. Chapters 2 and 3 

briefly review the experimental techniques and setups. Chapter 4 reports IRRAS data of CO 

adsorption on all three low-index surfaces of cerium oxide, which subsequently are compared 

with the results for ceria films. We demonstrate that CO, as the most frequently used IR-probe 

molecule, is capable of probing surface oxygen vacancies and distinguishing facet 

orientations. Chapter 5 presents IR results of CO adsorption on ceria nanocrystals 

(conventional particles, rods, cubes). Based on the IRRAS data for various ceria single crystal 

surfaces, detailed insights into the atomic surface structure of CeO2 nanocrystals are obtained. 

Our IR results reveal that oxide nanocrystals are not always perfectly structured, but are of 

rather complex nature and contain surface reconstruction, nanofaceting and surface vacancies, 

which is in contradiction to previous assumptions. Chapter 6 presents IRRAS data of 

methanol adsorption on bulk single crystal CeO2(111) and (110) surfaces, which clarify the 

ambiguous assignments of methanol IR-bands derived from previous ceria powder and thin 

film data. In chapter 7, data of CO2 adsorption on CeO2(110) surface provides the final piece 

of the jigsaw for the NEXAFS study of CO2 on ceria single crystal surfaces, where the charge 

transfer between reduced CeO2-x(110) and adsorbed CO2 molecules is experimentally 

observed, thereby settling the controversy over whether the reduced ceria can be re-oxidized 

by CO2. 
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2 Theory background of techniques 

 

2.1 Infrared spectroscopy 

 

Infrared spectroscopy is one variant of vibrational spectroscopy that deals with the infrared 

region of the electromagnetic spectrum, which is light extending from the nominal red edge of 

the visible spectrum at 700 nm to 1 mm. Infrared spectroscopy is one of the most important 

and widely used analytical techniques available to scientists working in a whole range of 

fields. One of the great advantages of infrared spectroscopy is that virtually any sample in 

virtually any state may be studied. Liquids, solutions, pastes, powders, films, fibers, gases and 

surfaces can all be examined with a judicious choice of sampling technique [83, 84]. 

 

The instrument used for these spectroscopic measurements is called infrared spectrometer. 

A basic IR spectrum is essentially a plot of infrared light absorbance (or transmittance) as a 

function of wavenumber, which is defined as the inverse of the wavelength 

ߥ ൌ
1
ߣ
ൌ
ߥ
ܿ

 

where wavelength  is in units of cm, is the frequency, c is the speed of light in vacuum 

(3×1010 cm/s). 

 

Infrared radiation covers a wavenumber range from about 12800 to 10 cm-1 comprised of 

near-infrared (NIR, 12800 to 4000 cm-1), mid-infrared (MIR, 4000 to 400 cm-1) and 

far-infrared (FIR, 400 to 10 cm-1). Among them, the mid-infrared region is of greatest 

practical use, as the vibrations and rotations of most molecules can be excited with radiation 

of these frequencies. All infrared spectroscopic measurements carried out in this work are 

exclusively in the mid-infrared range. 

 

Infrared spectroscopy exploits the fact that transitions between discrete vibrational and 

rotational states of a molecule can take place by absorption of infrared radiation, when the 

frequency of the absorbed radiation matches the transition energy of the bond or group in 

motion. Consequently, different functional groups absorb light at different characteristic 

frequencies and the resulting IR spectrum can be seen as the fingerprint of a substance. 

 

The vibrational excitation in IR can occur only if the general selection rules are satisfied. 
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A vibration is IR-active, i.e. a corresponding band in IR spectroscopy is observed, when the 

electric dipole moment of the molecule changes during the vibration. Hence the stretching 

modes of symmetric diatomic molecules like N2 and O2 cannot be observed by IR 

spectroscopy, which yet are Raman-active due to a change in the polarizability of the 

molecule. Therefore, Raman spectroscopy can be used as a complementary method to IR 

spectroscopy. 

 

The change in the molecular dipole moment induced by a vibration resulting in a so-called 

transition dipole moment (TDM), which is the physical basis for the interaction of the electric 

field of the incident infrared light with matter. The interaction reaches a maximum when the 

frequency of the vibration and the exciting radiation are identical and the direction of TDM 

and of the exciting radiation are the same. 

 

The electrons in the chemical bond act like a classic spring between the nuclei. The plot of the 

potential energy of the molecule versus the distance between the nuclei is called potential 

curve (cf. Figure 2.1). The oscillation of the nuclei can be described in a first approximation 

as the oscillation of point masses in a harmonic potential. The following Schrödinger equation 

has to be solved 

െ

ߤ2

߲ଶ

ଶݔ߲
Ψሺݔሻ 

1
2
ଶΨଶݔ݇ ൌ  ୴Ψଶܧ

where k is the force constant,  = (m1m2)/(m1 + m2) the reduced mass, and x the deviation 

from the equilibrium. The corresponding energy levels En, obtained from the solution of the 

Schrödinger equation, are equidistant and are given by 

୴ܧ ൌ ሺvߥ݄ 
1
2
ሻ 

where h is the Planck constant,  the frequency, and v the vibration quantum number. 

ߥ ൌ
1
ߨ2

ඨ
݇
ߤ

 

The frequency increases for vibrations of stronger bonds (larger force constant) and decreases 

for molecules with heavier atoms. 

 

The model of the harmonic oscillator describes molecular vibrations approximately, where 

only transitions with Δv = ± 1 are allowed and thus overtone and combination vibrations are 

not included in this model. Moreover, the harmonic oscillator model is invalid to large 
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deviation from the equilibrium interatomic distance, which excludes the possible description 

of breaking of the chemical bonds. Therefore, a more realistic model, anharmonic oscillator, 

for accurate description of molecular vibrations is used, in which the potential energy V(x) is 

the Morse potential 

ܸሺݔሻ ൌ ሺ1ܦ െ ݁ିఉ௫ሻଶ with ߚ ൌ ሺଶఓߥߨ

ሻଶ 

where D is the dissociation energy of the vibrating bond. 

 

In this case, the most fundamental correction is the anharmonic distortion of the potential 

acting on the nuclei (cf. Figure 2.1): for high deflections the potential becomes shallower and 

finally reaches a limit at the dissociation energy; for contraction of the oscillator the potential 

becomes considerably steeper due to the Pauli repulsion (electrostatic repulsion alone cannot 

explain the effect). The anharmonicity produces some measurable consequences that 

 The vibrational levels are no longer equidistant. Their distance shrinks as the quantum 

number v increases. At the dissociation limit the energy levels are close enough to be 

considered as a continuum. 

 Harmonic frequencies, i.e. excitations contradicting the specific selection rules, can be 

observed in the spectrum (with low intensity). Here for example the transition from v = 0 to 

v = 2 (overtone) can be detected. 

 The average distance of the nuclei is no longer constant and independent of the vibrational 

quantum number v but increases as a function of the v. 

 

The energy eigenvalues for the anhamonic oscillator are obtained by solving the Schrödinger 

equation 

୴ܧ ൌ ሺvߥ݄  1ሻ െ ሺvݔݒ݄ 
1
2
ሻ 

where xe is the anharmonicity constant. 
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Figure 2.1 Potential energy of a diatomic molecule as a function of the atomic displacement 

during a vibration for a harmonic oscillator (broken line) and an anharmonic oscillator (solid 

line). Adopted from [85]. 

 

A molecule can vibrate in many ways, and each way is called a vibrational mode. The degrees 

of freedom of movement for linear polyatomic molecules containing N atoms are 3N-5 and 

3N-6 for non-linear molecules. Vibrations involve either a change in bond length (stretching) 

or bond angle (bending). Figure 2.2 represents different vibrational modes for the atoms in a 

CH2 group. 

 

Figure 2.2 Stretching and bending vibrational modes for a CH2 group. Adopted from [86]. 
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2.1.1 Infrared reflection absorption spectroscopy (IRRAS) 

 

Infrared reflection absorption spectroscopy (IRRAS) is the main technique in this thesis for 

investigations of interactions between various molecules with cerium oxide single crystals. 

The IRRAS approach was developed in the 1960s and has proved to be a particularly 

powerful research tool for the study of adsorbed layers on metal surfaces [87, 88]. Unlike the 

vibrational excitation of molecules in pure substances by infrared light, the absorption of 

infrared radiation by a molecule adsorbed on a metal surface is dominated by the dielectric 

behavior of the metal, since the electric field of the incident light as well as that of the dipole 

moment of a molecular vibration will interact with the metal electrons. Greenler [88-90] first 

demonstrated that the metallic surface imposes a strict surface selection rule, which demands 

that the incident light should have a component parallel to the plane of incidence, i.e. 

p-polarized, and that only vibrations with component dynamic dipole moment aligned 

perpendicular to the surface plane will be excited. 

 

Figure 2.3 illustrates the incident and reflected electric vectors of the so-called s and p 

components of the radiation where p refers to parallel polarized radiation and s to 

perpendicular polarized radiation with respect to the plane of incidence. The intensity of light 

reflected from a surface related to phase shift  upon reflection (cf. Figure 2.4). 

The p-polarized light almost doubles in amplitude via the vector summation of Ep and Ep’. 

Nonetheless, for the s-polarized radiation, the reflected electric vector Es’ undergoes a 

180-degree phase-shift with respect to incident electric vector Es, which causes these two 

vectors cancel each other out and so the net amplitude of the s component by reflection is 

zero. 

 

Figure 2.3 Schematic representation of the plane of incidence and the definition of p- and 

s-polarized radiation in the IRRAS experiment. Reproduced from [91]. 

IR

Ep Ep’

Es

Es’

Surface

Plane of incidence



18 

 

Figure 2.4 The phase shift for light reflected from a metal surface as calculated for light 

polarized parallel to (p) and perpendicular to (s) the plane of incidence. Modified from [88]. 

 

Additionally, considering all angles of incidence, the normal component of p-polarized light 

that is oriented perpendicular to the surface reaches a maximum near grazing incidence via 

the use of Maxwell’s equations, while the tangential component parallel to the surface has low 

amplitude, which is relatively structureless as a function of angle of incidence. 

 

Thus the best sensitivity for observing species adsorbed at metallic surfaces in IRRAS can be 

obtained, when using p-polarized radiation oriented perpendicularly to the surface plane at 

grazing incidence. 

 

By now there was little in the way of IRRAS studies on metal oxide single crystals. This 

unfortunate lack of information results from fundamental experimental problems. The two 

most important causal factors are the absence of an image dipole amplifying the excitations 

probability for vibrations with their transition dipole moment oriented normal to the metal 

surface and, second, the strongly reduced reflectivity of an oxide surface at grazing incidence. 

Together, these two facts result in a large decrease in intensity of IR-active adsorbate 

vibrations of at least in an order of magnitude relative to metal surfaces. Figure 2.5 

exemplifies the problem by comparison of calculated reflectivity differences between gold, 

a metal substrate, and glass, a dielectric substrate. The aforementioned “surface selection rule” 

is not applicable on dielectric substrates, and both perpendicular and parallel vibrations of 

adsorbed molecules can be detected, since s- polarized and p-polarized lights are absorbed 

and cause a change in reflectivity between the sample and the reference. The reflectivity 

change (R0-RF) induced by adsorbates here is not always positive, but can also be negative, 
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leading to negative bands in the reflection spectrum, where R0 and RF are the reflectivities of 

the clean substrate and the film-covered substrate, respectively. In the case of s-polarized light, 

negative bands are predicted by the model calculations in Figure 2.5 over the whole range of 

incidence angles, which means the reflectivity of s-polarized light becomes larger in the 

presence of an adsorbate compared to pure substrate (reference). As described above, 

the s-polarized surface electric field is zero on a totally reflecting metal surface due to mutual 

cancellation of the incident and reflected electric field vector. In contrast, on dielectric 

substrates the reflectivity of s-polarized light increases with the incidence angle and with the 

substrate’s refractive index, and the band intensities therefore decrease simultaneously. 

 

 

Figure 2.5 Reflectivity of gold compared to glass. Modified from [92]. 

 

For p-polarized light, the sign of (R0-RF) changes, i.e. it can be positive or negative band in 

the spectrum depending on the particular substrate and on the incidence angle. A band 

undergoes an inversion at the Brewster angle (B). Absorption bands point upwards for  > B 

and downwards for  < B (or vice versa), which is caused by the phase change of the 

reflected p-polarized radiation from 0° (for  < B) to 180° (for  > B).  
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2.2 Low energy electron diffraction (LEED) 

 

LEED is a powerful surface analytic technique for the determination of the surface structure 

of crystalline materials [93]. The electron energies used in LEED are generally located at 

20–500 eV. This is due to the following two reasons. First, the mean free path of electron in 

solid shows very small value in this energy region, which makes LEED very surface sensitive. 

Second, in this energy region the wavelength of electron is comparable to lattice constant of 

solid, which makes LEED suited for studying single crystals. 

 

In LEED experiment, an energy-tunable electron beam bombards on sample surface (in most 

cases perpendicular to the surface) and is reflected by the sample surface. After filtering 

inelastically scattered electrons by applying a retarding potential, only elastically scattered 

electrons are recorded by a fluorescent screen. The elastically scattered electrons form 

diffraction pattern on the fluorescent screen, which is considered as the reciprocal structure 

and reflects the periodicity of the sample surface. 

 

LEED is usually used in two ways to study surface structure: LEED pattern and LEED 

IV-curves analysis. From LEED pattern one can check the surface quality and periodicity. 

Surface reconstruction or superstructure formed by adsorbates can also be well monitored by 

LEED patterns. Note that from LEED pattern we can only get the information about surface 

periodicity, and no any local structure including position and orientation can be deduced from 

this method. The local structure information of surface can be obtained from LEED IV-curves 

in which the multi-scattering process of electrons is considered. However, the explanation of 

LEED IV-curves is a complicated process since prediction and test processes are involved. 

In this work, the structures of different oxide surfaces are checked only by recording LEED 

patterns with a microchannel plate LEED (MCP-LEED). 
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2.3 X-ray photoelectron spectroscopy (XPS) 

 

X-ray photoelectron spectroscopy (XPS), also referred to as electron spectroscopy for 

chemical analysis (ESCA), is the most widely used surface analysis technique for identifying 

chemical elements and their chemical states [94, 95]. XPS analysis is based on the 

photoelectric effect, where the photon source is X-rays of constant wavelength. Photons 

penetrate into material and excite electrons from the core levels to vacuum states. The kinetic 

energy distribution of the emitted photoelectrons (i.e. the number of emitted photoelectrons as 

a function of their kinetic energy) can be measured using an electron energy analyzer, and a 

photoelectron spectrum can thus be recorded. The process of photoionization can be 

considered in this way 

ܣ  ݊ݐ݄ → ାܣ  ݁ି 

Conservation of energy then requires that 

ሻܣሺܧ  ߥ݄ → ାሻܣሺܧ   ሺ݁ିሻܧ

Since the electron possesses solely kinetic energy (KE), the above equation can be rearranged 

to give the following expression for the KE of the photoelectron 

ܧܭ ൌ ݒ݄ െ ሺܧሺܣାሻ െ  ሻሻܣሺܧ

The final term in the bracket, representing the difference in energy between the ionized and 

neutral atom, is generally called the binding energy (BE) of the electron. This then leads to the 

following equation 

ܧܭ ൌ ߥ݄ െ  ܧܤ

The BE is now taken to be a direct measure of the energy required to remove the electron 

from its initial level to the vacuum level, and the KE of the photoelectron is again given by 

equation above. In case of a solid sample, because the photoelectrons are measured with an 

analyzer, the work function should be also taken into account. The work function is the 

minimum energy required to remove an electron from the Fermi level of a solid to the vacuum 

level. Hence the equation above is changed into the following form 

ܧܭ ൌ ߥ݄ െ ܧܤ െ Φ 

where  is the work function difference of sample and analyzer. 

 

Since the work function, , can be compensated artificially, it is eliminated or calibrated, 

giving the binding energy as follows 

ᇱܧܭ ൌ ߥ݄ െ  ܧܤ
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where 

ᇱܧܭ ൌ ܧܭ  Φ 

The basic principles of XPS are illustrated in Figure 2.6. 

 

Figure 2.6 Principles of X-ray photoelectron spectroscopy (XPS). 

 

The basic requirements for XPS experiments are (1) an X-ray source as a probe; 

(2) an electron energy analyzer, which can disperse the emitted electrons according to their 

kinetic energy, and thereby measure the flux of emitted electrons of a particular energy; 

(3) an ultrahigh vacuum (UHV) condition to enable the emitted photoelectrons to be analyzed 

without interference from gas phase collisions. Such a system is illustrated schematically in 

Figure 2.7. 

 

Figure 2.7 The components of X-ray photoelectron spectroscopy (XPS) experimental setup. 

Modified from [96]. 
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2.4 Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy 

 

(Part of this text is taken from reference [97]) 

Near-edge X-ray absorption fine structure (NEXAFS), which occasionally is also known as 

X-ray absorption near edge structure (XANES), is one of the most powerful techniques to 

explore the electronic and geometric structure of molecules adsorbed on solid surfaces by 

probing transitions from the innermost shell (K-shell) of an atomic species into unoccupied 

molecular orbitals [98]. In a NEXAFS experiment, the incident energy of the photons is 

continuously varied over a certain energy range, and thus this technique clearly requires the 

availability of a high performance synchrotron source. The method has had its largest success 

when applied to low Z molecules (Z is the atomic number), for which intense absorption 

edges are located in the soft X-ray region (100–700 eV). 

 

2.4.1 Theory background 

 

A NEXAFS spectrum presents the photoabsorption cross section as a function of the photon 

energy, which excites the core electrons to empty states just below ionization threshold, or up 

to around 50 eV above. Figure 2.8 shows schematically the origin of NEXAFS features for 

molecular (sub)unit consisting of two atoms. The effective electrostatic potential and the 

corresponding K-shell spectrum are also shown. Empty molecular orbitals are labelled as * 

and * according to their symmetry. The * resonance corresponding to the 1s → * 

transition has a sharp shape in the lower energy region, which can only be observed for 

molecules with -bonding (i.e. double and triple bonds or aromatic systems), but not for 

single bonds. The * resonance or 1s → * transition is a broader feature at higher energies 

above the absorption edge. Rydberg orbitals give rise to sharp but weak resonances occurring 

below the ionization threshold. They generally lie between the *-resonance and the 

ionization potential. The width of the resonances depends on the lifetime of the excited states 

and increases as the final orbitals located higher in the continuum. 
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Figure 2.8 Schematic potential (bottom) and corresponding NEXAFS K-shell spectrum (top) 

of a diatomic molecular (sub)group. Adopted from [99]. 

 

In addition to the information on the electronic structure of molecules or molecular fragments, 

NEXAFS can be used to determine the orientation of a molecule relative to the substrate 

surface [98, 100]. Bonds and the corresponding molecular orbitals are highly directional and 

the spatial orientation of an orbital, i.e. the direction of maximum orbital amplitude on the 

excited atom, determines the angular dependence of the K-shell spectra. Therefore, the 

transition intensities depend on the orientation of the electric field vector relative to the 

orientation of the molecule, which will not be discussed in detail here. 

 

2.4.2 Acquisition of the NEXAFS spectra 

 

In the most important variant of NEXAFS spectroscopy used today for the investigation of 

surface properties, the absorption of X-ray photons is measured by detecting the secondary 

electrons generated by the decay of the core hole emitted from the sample into the vacuum. 

While the most direct way to measure the total current would be to use a sensitive 

amperemeter to measure the total photocurrent generated by the impinging photons as a 

function of photon energy, in practice it has proven more effective to measure the electrons 

emitted into the vacuum using electron multipliers or channel plates. 
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The photoabsorption process taking place when the incident photons hit the sample substrate 

results in the creation of a photoelectron and a core hole. The hole is subsequently filled by 

another electron, the corresponding excess in energy is dissipated either radiatively by the 

emission of a fluorescent photon, or non-radiatively by the emission of an Auger electron (cf. 

Figure 2.9). Both channels are a direct result of the core hole created in the X-ray 

photoabsorption process and thus provide a basis to determine the absorption cross section. 

In principle, either dissipation process can be used for the detection. It is necessary to note, 

however, that for low-Z elements (C, N, O) the Auger electron yield is much higher than the 

fluorescence yield (FY), making the electron yield channel better suited for low-Z 

molecules [101]. In addition, electron detection provides the higher surface sensitivity and in 

the majority of studies published in the literature this so-called electron yield detection 

scheme has been employed. The reason for the higher surface sensitivity is the relatively low 

kinetic energy of the electrons and the corresponding mean free path in solid matter, which is 

typically less than 1 nm for energies between 250 eV and 600 eV [8]. The inelastic scattering 

process leads to an electron cascade, of which only those electrons with sufficient energy to 

overcome the work function of the material will escape the surface. The surface sensitivity 

can be further enhanced by applying a retarding voltage. By suppressing lower kinetic energy 

electrons, only those electrons that emerge from the outermost surface region (3 nm) are 

detected. For the investigation of adsorbates on surfaces, this so-called partial electron yield 

(PEY) detection has a better signal-to-background ratio than total electron yield (TEY) 

detection, where all electrons that emerge from the surface are detected. A further option is 

Auger electron yield (AEY) detection where only elastically scattered Auger electrons are 

recorded. The AEY mode provides the best surface sensitivity of the three detection 

techniques, but requires an electron energy analyzer. 

 

 

Figure 2.9 Energy diagram of the photoabsorption process and the subsequent filling of the 

core hole by emission of a photon or an Auger electron. Reproduced from [99]. 
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To extract quantitative information about adlayers on a substrate raw NEXAFS spectra 

recorded have to be properly normalized. We typically apply the following procedure: first, 

the constant background signal, present without illumination (dark currents) is subtracted 

from the spectra. Then the spectrum recorded for the clean substrate is subtracted from the 

adlayer spectra. The resulting data is then divided by a spectrum recorded for a freshly 

sputtered gold film to compensate the energy dependence of the transmission function of the 

beamline. Finally, the intensities are normalized to an edge jump of 1, i.e. intensity difference 

between 275 and 330 eV in a case of C K-edge. This procedure provides information 

exclusively on the adsorbed layer. 
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3 Experimental 

 

3.1 Sample preparation 

 

There are various sample holders available to investigate both single crystal and powder 

samples. Sample holders are used for transporting of samples to UHV as well as for the 

heating and cooling treatments. Here the PTS-EB 1200 sample holder (Prevac, Poland, cf. 

Figure 3.1a) equipped for electron bombardment heating was used for measurements of 

cerium oxide single crystals. The samples mounted on this sample holder can be heated to 

1200 K. The sample holders are mainly composed of molybdenum and tantalum, i.e. metals 

have a high stability at high temperatures, which meets the requirements for the cleaning of 

oxide single crystals at high temperatures. Figure 3.1a shows an EB sample holder, where the 

single crystal needs to be mounted on the heating plate with tantalum clips and the thermal 

couple (type K) is also attached on the sample surface. Figure 3.1b shows the PTS-H/K 1000 

sample holder (Prevac, Poland) that is specially designed for IR transmission measurements. 

This kind of sample holder provides electric resistance heating and is used for our 

measurements on ceria powder samples. The powder particles are first pressed on a stainless 

steel mesh of 0.103 mm nominal aperture (Goodfellow, UK) and then mounted on the sample 

holder. This particular way of mounting powder particles in tiny metal mesh holes allows for 

maximal efficiency of heat transport between the mesh and the samples, thus resulting in a 

rapid cooling and heating. 

 

 

Figure 3.1 The specially designed sample holder (a) PTS-EB 1200 for reflection 

measurements, and (b) PTS-H/K 1000 for transmission measurements. Taken from the 

manual of Prevac. 

 

Ceria single crystals (SurfaceNet GmbH, Germany) were prepared by repeated cycles of 
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sputtering with 1 keV Ar+ and annealing at 800 K for 15 min in an O2 atmosphere of 

1×10-5 mbar for forming a stoichiometric surface, or alternatively without O2 to create a 

reduced one. LEED (BDL800, OCI Vacuum Microengineering, Canada) was used to assure a 

well-defined surface crystallinity of the substrate as judged from sharp spots in the pattern. 

Additionally, XPS measurements were carried out to ensure sample cleanliness and to 

determine the oxidation state of cerium from Ce3d photoemission spectra prior to IRRAS 

measurements. Similarly, synchrotron-based XP spectra of Ce4d and valence bands were 

recorded before NEXAFS measurements. 

 

Around 200 mg ceria powder particles were pressed into a stainless steel mesh (13 mm in 

diameter) with a hydraulic press under the pressure of 5 bar, and then mounted on a sample 

holder (cf. Figure 3.1b). Ceria powder samples were normally annealed at 773 K in the UHV 

chamber to remove the surface impurities (e.g. water and carbon contaminants) and then also 

checked with XPS to examine the surface cleanness and the oxidation state of cerium before 

IR measurements. 

 

3.2 Dosing procedure 

 

For IRRAS measurements of methanol adsorption on ceria single crystal surfaces, samples 

were cooled down to 120 K with liquid nitrogen or to 85 K with liquid helium. The base 

pressure of chamber for IR measurements was below 8×10-11 mbar. CH3OH (99.9%, 

max. 0.002% H2O, VWR International GmbH, Germany) and CD3OD (99.8%, Alfa Aesar 

GmbH, Germany) were additionally cleaned via at least three pump-freeze-thaw cycles. 

Methanol vapor was introduced by backfilling the IR chamber up to 1.3×10-10 mbar using a 

leak-valve-based directional doser connected to a tube (2 mm in diameter) that terminated 

3 cm from the sample surface and 50 cm from the hot-cathode ionization gauge. The actual 

pressure in front of the sample is about 2-3 orders of magnitude larger than the total pressure 

in the vacuum chamber displayed by the pressure gauges. 

 

UHV-FTIRS measurements of CO on ceria single crystals, films as well as powders and 

NEXAFS measurements of CO2 on ceria (110) single crystals were performed in two different 

UHV apparatuses. Exposure of the sample to gases was carried out by backfilling the 

measurement chamber through a leak valve. Exposures are given in units of Langmuir (L) 

(1 L = 1.33×10-6 mbar·s). 
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3.3 Ultrahigh vacuum apparatus THEO 

 

THEO, manufactured by Prevac (Rogów, Poland), is a development of the UHV-IR apparatus 

designed at the Ruhr-Universität Bochum [102], which is dedicated to the spectroscopic 

characterization of oxides, single crystals as well as powders. The innovative design allows 

combining several surface-sensitive techniques in one apparatus. It is unprecedented that a 

UHV chamber can be inserted into the sample compartment of a conventional FTIR 

spectrometer (Bruker VERTEX 80v) to form a compact connection and thereby avoid the loss 

of beam intensity as little as possible. The construction of the new UHV-IR in Karlsruhe was 

benefit from Bochum’s experience. Compared to Bochum machine, THEO has been equipped 

with a cryostat at the IR chamber enabling the sample to be cooled down to 60 K with liquid 

helium. Additionally, the spectrometer is equipped with a polarizer which makes it possible to 

measure with s- and p-polarized light. The metal oxide surfaces thus can be better examined 

in particular, as on these surfaces the surface selection rule, unlike metals, does not apply. 

 

The UHV apparatus THEO (cf. Figure 3.2) consists of two big UFO-shaped distribution 

chambers, which are connected together by a reorientation chamber, and multifunctional 

chambers, such as load-lock, preparation, infrared, magazine and analysis chamber, are also 

attached. Here we can carry out additional characterizations by using combined measurement 

techniques including LEED, XPS, ultraviolet photoelectron spectroscopy (UPS), 

Auger electron spectroscopy (AES), and thermal desorption spectroscopy (TDS). 
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Figure 3.2 Technical drawing of UHV apparatus THEO. 

 

After the single crystal is fixed on the sample holder and all contacts are checked, the sample 

can be introduced into THEO. For this purpose, one of the two load-lock chambers should be 

vented first. The venting of load-lock chambers is within 15 minutes, and the pumping down 

to 10-7 mbar possibly needs 7 minutes. One of the load lock chambers is designed for the use 

of a special transport box, which allows samples to be transported to another system under 

UHV conditions. Transferring the sample to different UHV chambers attached to the 

distribution chamber is accomplished via a delicate transfer mechanism, which comprises a 

rotary feed through with a special gripper allowing for a fast and reliable transport of sample 

holders between different UHV chambers, each of them separated from the distribution 

chamber by a gate valve. 

 

In the preparation chamber connected to the distribution chamber 2, the sample can be heated, 

cooled and sputtered. Vapor deposition of organic molecules and metals is also possible. 

There is a quartz crystal microbalance sample holder, with which the evaporation rate of 

substances can be determined. In the preparation chamber connected to the distribution 

chamber 1, it is possible to directly determine the surface crystallinity and cleanness of single 

crystal samples by LEED and AES with a high resolution and sensitivity LEED/AES system 

(BDL800, OCI Vacuum Microenginering, Canada). With a quadrupole mass spectrometer 
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(RGA 200) of Stanford Research Systems, adsorbate adsorption and reactions on ceria 

surfaces can be monitored by TDS. 

 

The most striking component of the analysis chamber is an electron energy hemispherical 

analyzer (Scienta R4000), which is used for various electron spectroscopy methods XPS, UPS 

and AES. A magnesium/aluminum anode acts as the X-ray source. An electrostatic charging 

of the sample can be reduced or avoided by bombardment with low-energy electrons (flood 

gun), so that even poor or non-conducting samples such as polymers and metal oxides can be 

examined with XPS. HeI or HeII radiation is used as a light source for UPS. 

 

The heart of the UHV equipment is the IR chamber. The unique configuration enables UHV 

chamber to be directly coupled through differentially pumped KBr window flanges to an 

intact Bruker spectrometer VERTEX 80v, which has an actively aligned UltraScan 

interferometer, providing a spectral resolution of better than 0.2 cm-1. Furthermore, the inner 

part of the spectrometer is evacuated to below 2 mbar. The differentially pumped windows 

between the UHV chamber and spectrometer sealed by Viton O-rings can be evacuated to a 

vacuum of better than 1×10-6 mbar. Thus, the entire optical path is kept in vacuum/UHV to 

avoid any absorption from atmospheric moisture and other gas species (e.g. CO2). In addition, 

the acquisition of spectra at grazing incidence (80°) of sample substrates kept under UHV 

conditions is possible without introducing any new optical element in the path of the infrared 

light. It is considered to be crucial for the high performance of this IR/UHV combination and 

guarantees high-quality IR data with high sensitivity and long-term stability, which are 

required to detect the very weak IR bands on single crystalline oxide surfaces. 

 

The samples can be measured in both reflection and transmission modes (cf. Figure 3.3). 

In order to measure in transmission mode (e.g. powder samples), the sample holder with a 

hole (cf. Figure 3.1b) is used, and the sample is fixed to cover the hole. During measurements, 

the sample holder is rotated by 90°, so that the beam after passing through the sample can be 

incident on the detector. The sample position is determined by a high precision 4-axis 

manipulator. The spectrometer is, in addition to the internal mid-infrared source (MIR), 

also equipped with a more powerful external light source. Another important component is the 

polarizer, with which one can measure using s- or p-polarized light and so it is possible to 

determine the molecule geometry on the surface. Time resolved step-scan and rapid-scan 

FTIR measurements can also be carried out in reflection and transmission modes, which can 
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help in the investigation of kinetic processes. The detector chamber is equipped with two 

detectors to meet the particular research requirements: a liquid nitrogen cooled mercury 

cadmium telluride (MCT) detector and a room temperature operated deuterated triglycine 

sulfate (DTGS) detector. In order to better detect OH vibrations, an indium stibnite (InSb) 

detector is also occasionally employed, since it is more sensitive in the interesting wavelength 

range. The MCT detector is the most frequently used one due to its relatively high detectivity 

(see Figure 3.4). 

 

 

Figure 3.3 Schematic representation of different types of IR measurements: (a) reflection 

absorption at grazing incidence, (b) transmission. Modified from [102]. 
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Figure 3.4 Detectivity of different detectors in the IR rang. Taken from the manual of Bruker. 

 

The IR spectrometer is placed on a solid frame equipped with two sliders, permitting to move 

the spectrometer to two different positions (cf. Figure 3.2). When placed at position I, the IR 

spectra can be recorded in the conventional mode, i.e. samples can be installed in the sample 

compartment under ambient conditions and spectra can be recorded after closing the sample 

compartment as in the normal measurement procedure for the VERTEX 80v instrument. 

When the FTIR spectrometer is moved to position II, it is directly connected to an UHV 

chamber. The latter is located inside the sample compartment of the spectrometer and IR 

spectra can be recorded for samples in the UHV chamber. Having the option to operate the 

spectrometer at positions I and II was found to be rather crucial for an alignment of the IR 

spectrometer and for troubleshooting. 

 

3.4 Experimental NEXAFS system 

 

The apparatus used to measure NEXAFS spectra is additionally equipped with complimentary 

surface analytical techniques, namely XPS/UPS, LEED and TDS. Especially for more 

complex systems the possibility to characterize samples by additional methods has been 

shown to be crucial for providing a unique and reliable interpretation of the experimental 

NEXAFS data. The scheme of such rather complex, multichamber UHV-system used by us is 
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presented in Figure 3.5. It consists of the analysis chamber (5) for NEXAFS/XPS 

measurements, the preparation chamber (2) equipped by evaporators (3), ion sputter guns and 

LEED system (4), a sample transfer system, including the distribution chamber (7) with the 

park-station (8) and two load lock chambers (1). This NEXAFS/XPS apparatus was designed 

and built by PREVAC (Poland) and is operated at the HESGM beamline of synchrotron 

facility BESSY II (Berlin, Germany). A photo of the setup is presented in Figure 3.6. 

  

Figure 3.5 The drawing of XPS/NEXAFS system (top view). Adopted from [97]. 

 

 

Figure 3.6 The view of XPS/NEXAFS end-station installed on HESGM beamline of 

synchrotron BESSY II in Berlin. Adopted from [97]. 
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4 Carbon monoxide (CO) adsorption on ceria surfaces 

 

Ceria, one of the most easily reducible materials [50], provides the basis for numerous 

applications ranging from heterogeneous catalysis (vehicle emission control, ethanol steam 

reforming [103], water-gas shift reactions [104-106]) over solar thermal hydrogen production 

from water [107, 108] and to the generation of CO from CO2 [109]. In all cases, the oxidation 

reduction cycle (Ce4+/Ce3+ cations – and the associated oxygen vacancies) is the most 

determining factor. The importance of this material has triggered numerous experimental and 

theoretical studies, in particular aiming at elucidating the properties of oxygen vacancies. 

Earlier pictures proposing the two electrons left behind by removing an oxygen atom from the 

surface to be localized at the surrounding cations (i.e. presence of two Ce3+ ions adjacent to 

the defect, see the Ce cations labeled 1 in Figure 4.1) had to be revised later [110] and recent 

theoretical work has revealed that the remaining electrons are actually localized at some 

distance away from the vacancy [111-115]. Though it is intuitive to believe that the density of 

oxygen vacancies may affect the chemical activity of ceria, direct experimental evidence is 

lacking and even the determination of O-vacancy densities represents a major experimental 

challenge. The most frequently used approach to determine the concentration of this active 

site crucial for all redox reactions occurring on this surface is to use carbon monoxide (CO) as 

a probe molecule and to deduce the nature of the cations it binds to from the frequency of the 

CO stretch vibration (1). For ceria powder particles, this frequency can be determined 

conveniently from infrared spectroscopy [116-125]. Typically, the CO stretch frequency 

shows substantial variations upon changes in the charge state of the metal ion the CO is 

bound to. In the case of Cu ions, for example, the difference in stretch frequency between CO 

bound to Cu2+ and Cu+ amounts to about 70 cm-1 [126]. Although a large set of data exists for 

CO adsorbed on ceria powders, the extent of this shift for Ce-cations is still being discussed 

quite controversially [127]. For a reliable identification of the frequency shift urgently 

reference data for ceria single crystal surfaces are needed [128]. 
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4.1 CO adsorption on ceria (111) 

 

 

Figure 4.1 Ball-and-stick model of the CeO2(111) surface (top view) with (a) top- or (b) 

subsurface oxygen vacancy (VO). The position of the vacancy is indicated by the dashed circle. 

Color: red – top surface oxygen, light red – subsurface oxygen, white – Ce4+, blue – Ce3+. 

 

The CeO2(111) single crystal (SurfaceNet) surface was prepared following the receipt 

introduced in chapter 3. Exposure to CO at sample temperatures typically below 75 K was 

achieved by backfilling the IR chamber up to 10-9 mbar. The base pressure during acquisition 

of IR spectra was ~8×10-11 mbar. IR spectra were recorded with both s- and p-polarized light 

incident along the [-110] and [-211] crystallographic directions. 

 

In this chapter, we first determined the stretch frequency of CO adsorbed on a fully-oxidized, 

single crystalline CeO2(111) surface (“stoichiometric surface”) using infrared reflection 

absorption spectroscopy (IRRAS). The single sharp band seen in Figure 4.2 indicates that the 

1 mode for CO adsorbed on the fully oxidized CeO2(111) surface amounts to 2154 cm-1, thus 

allowing to correct previous assignments made on the basis of powder data (cf. Table 4.1). 

 

It should be noted that the CO peak is negative, in accordance with IR-data recorded for CO 

adsorbed on other oxide surfaces [129]. Only a very weak, also negative, feature was 

observed for s-polarized light.  
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Table 4.1 Frequencies and assignments of CO bands on ceria powders. 

 (cm-1) Assignments References

2140 physisorbed CO 

[116] 2150 and 2155 
CO hydrogen-bonded to OH groups of different acid 

strengths 

2172 
CO interaction with Ce4+ sites, but actually “more 

open surface sites” 

2148 physisorbed CO 
[117] 

2163 CO adsorbed on Ce3+ sites 

2148 (broad) CO weakly interacting with the Ce4+ surface ions 

[118] 
2151 and 2170 

CO on Ce4+ cations with different coordinative 
unsaturation 

2157 CO adsorbed on Ce3+ sites 

2140 liquid-like CO 

2145 (shoulder) liquid-like CO phase 

[119] 2159 non-specific interactions 

2169 Lewis centers 

2140 liquid-like CO (tridimensional phase) 

[121] 2151–2157 
physisorbed CO weakly interacting with the surface 

(bi-dimensional phase) 

2162–2168 CO coordinated to Ce4+ cations 

2143 physisorbed CO at 80 K 

[120] 
2149 perturbed adsorbed species 

2153–2157 
CO bound to Ce4+(VO), i.e. to Ce4+ in the vicinity of 

an oxygen vacancy 

2169–2176 CO bound to Ce4+ 

2148.5–2145.5 very weak interaction of CO with the surface 

[122] 2161 Ce3+(CO) surface species 

2169 Ce4+(CO) surface species 

2150 CO adsorbed on Ce3+ 
[123] 

2170 CO adsorbed on coordinatively unsaturated Ce4+ 

2170–2150 
CO linearly adsorbed on coordinatively unsaturated 

Ce4+ ions [124] 
2127–2120 CO-Ce3+ species and electronic transition 

2156 
CO linearly adsorbed on Ce4+ in a more unsaturated 

coordination state [125] 
2177 CO linearly adsorbed on Ce4+ 

2162 CO on Ce3+ [127] 
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Figure 4.2 Experimental IRRA spectra of different doses of CO at 68 K on stoichiometric 

CeO2(111) at a grazing incidence angle of 80° with (left) p- and (right) s-polarized light 

incident along [-110]. The inset shows a blow-up of the spectral region marked with an arrow. 

 

In a next step, we deliberately introduced oxygen vacancies on the CeO2(111) surface 

(“reduced surface”). The concentration of Ce3+ within the reduced CeO2-x(111) surface can be 

determined from the fitting of XPS (cf. Figure 4.3). The Ce3d XP spectrum was fitted with 

ten peaks and the labels follow the convention established by Burroughs et al. [130], in which 

u and v refer to the 3d3/2 and 3d5/2 spin-orbit components, respectively. The u''', u'', u, and v''', 

v'', v peaks are attributed to Ce4+ final states, while the u', u0 and v', v0 are attributed to 

Ce3+ final states [131]. We fixed the peak positions based on the assignments of Preisler and 

coworkers [132]. Note that the contribution of the v0  and u0  peaks for Ce3+ can be 

disregarded in the spectrum with low Ce3+ ion concentrations [133]. 

 

CeሺIIIሻ =	v' + v0 +	u' + u0                                                   (4.1) 

CeሺIVሻ =	u''' + u'' + u + v''' + v'' + v                                           (4.2) 

Ce(III) = 
Ce(III)

CeሺIIIሻ+ Ce(IV)
                                                      (4.3) 

 

The density of surface oxygen vacancies (VO) on the reduced surface are determined as 

approximately 9% following the above equations [27]. 
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Figure 4.3 Fitted Ce3d XP spectrum of the reduced CeO2-x(111). 

 

For CO adsorption on the reduced surface, the data shown in Figure 4.4 clearly reveal the 

presence of a new species at 2163 cm-1. Almost identical results were obtained for the [-211] 

azimuthal direction (not shown). 
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Figure 4.4 Experimental IRRA spectra of different doses of CO at 74 K on reduced 

CeO2-x(111) at a grazing incidence angle of 80° with (left) p- and (right) s-polarized light 

incident along [-110]. 
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IR-spectra recorded at different temperatures (cf. Figure 4.5) allow determining the binding 

energy of the two different CO species – a quantitative analysis using Redhead’s equation 

[134] yields 0.27 eV and 0.31 eV, for the ideal and the defective site, respectively [135]. 

 

 

Figure 4.5 Experimental IRRA spectra recorded directly after dosing of 0.1 L CO at ceria 

surfaces (lowest traces). The samples were gradually heated and spectra were recorded at the 

temperatures indicated. (a) CO on fully oxidized ceria surface, (b) CO on reduced surface. 

 

The blue-shift of around 10 cm-1 in the stretch frequency of the CO bound to the 

defect-induced surface is unusually small. In addition, it is surprising to observe a blue-shift 

for CO bound to a defective site, as on other oxides like TiO2 the increased binding energy at 

defect sites (which is also observe here) is accompanied by a red-shift in frequency. In order 

to better understand the origins of this unexpected behavior and to assign the defect-induced 

band, Gong and coworkers have carried out first-principle density functional theory (DFT) 

calculations (cf. Table 4.2, for details of the calculations see Ref. [135]). The results of the 

calculation allow us to assign the defect-induced 1 to CO adsorbed at 6-fold coordinated Ce4+ 

ions in the direct vicinity of the vacancy (site 1 in Figure 4.1). An assignment to 7-fold 

coordinated Ce3+ ions further away from the vacancy (site 2 in Figure 4.1) can be ruled out. 
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Table 4.2 Calculated vibration frequencies  and adsorption energies Eb of CO at various sites 

on the stoichiometric and reduced ceria (111) surface (one top-surface oxygen vacancy per 

supercell, experimental frequencies are listed for comparison) [135]. 

Substrate Adsorption Site DFT /cm-1 (Eb/eV) Exp. (cm-1) 

 Free molecule 2122.5 2143.5 

Ideal Ce4+ 2145.2 (0.28) 2154 

 
Reduced (VO surf) 

Ce4+ at VO (site 1) 
Ce4+ (3-fold site VO)

Ce3+ (site 2) 
Ce4+ (site 3) 

2157.2 (0.40) 
2169.6 (0.39) 
2150.9 (0.27) 
2143.1 (0.34) 

2163 

 

The calculated vibrational frequency of CO bound to the 7-fold coordinated Ce4+ on the 

stoichiometric surface amounts to 2145.2 cm-1, which differs by ~9 cm-1 from the 

experimentally observed frequency of 2154 cm-1. It can clearly be seen from Table 4.2 that the 

vibrational frequencies of CO adsorbed on defective surface sites shift to higher values, 

especially for CO adsorbed in a configuration allowing for direct interaction with the vacancy 

(site 1 in Figure 4.1 or center of VO). 

 

The calculated frequencies for adsorbed CO were corrected by multiplying the calculated 

values by a factor of 2143/2122.5 or 1.0097, corresponding to the ratio of the experimental 

and calculated values for gas-phase CO. 

 

These calculations beautifully corroborate our above assignment, namely that the blue-shift of 

10 cm-1 seen in the experiment when going from the stoichiometric to the reduced substrate 

has to be assigned to CO bound to Ce4+-sites in direct vicinity of the vacancy. 

 

Calculations carried out for different CO-coverages which in previous work [136, 137] has 

been found to affect both CO binding energies and stretch frequencies, revealed that the local 

CO concentrations have almost no effect on the CO binding energies. Since in previous 

assignments of IR-powder data a number of assignments has been reported for CO bound to a 

6-fold coordinated Ce3+ (present only in a less stable defective surface configuration with the 

two excess electrons localized at nearest-neighbor Ce cations) [111], Gong et al. also 

considered this adsorption site. The adsorption energy was found to be 0.32 eV, i.e. lower 

compared to 6-fold coordinated Ce4+ (cf. Figure 4.5). However, this adsorption energy is 

slightly larger with respect to that on the 7-fold coordinated Ce3+ (cf. Figure 4.5b) 
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Figure 4.5 Calculated structures (side view) of CO adsorbed at different sites on the reduced 

CeO2-x(111) with (a–c) top- and (d–f) subsurface O vacancy [135]. The calculated OC-Ce 

distances and adsorption energies are also presented. C atoms are in grey. 

 

The experimental and theoretical observations provide a solid basis for the identification of 

stretch frequencies for CO bound to ceria (111) substrates. For CO bound to 7-fold 

coordinated (i.e. fully coordinated for a surface cation) Ce4+-cations (denoted Ce4+
7c where c 

stands for “coordinated”) within the stoichiometric surface, the stretch frequency, 1, amounts 

to 2154 cm-1. The calculated adsorption energy of 0.28 eV for this species is in good 

agreement with the activation energy for desorption of 0.27 eV extracted from the temperature 

programmed desorption experiment.  

 

Surprisingly, the CO species bound to defective parts of the surface exhibits a blue-shift (in 

contrast to other oxides). For Ce-ions in direct vicinity of the oxygen-vacancy, the 

corresponding blue-shift amounts to 10 cm-1. We tentatively ascribe the increased adsorption 

energy and higher vibrational frequency observed for this species to electrostatic interactions 

resulting from a coupling of the CO dipole and the dipole of the top-surface-O-Ce double 

layer when the molecule moves inside the vacancy. 

 

Based on the best agreement in the stretch frequency, we assign the band at 2163 cm-1 to CO 

at Ce4+ ions at the VO site. Note also that the number of available Ce4+
6c-sites is three times 

larger than that of the 3-fold hollow sites inside the vacancy. In fact, the spectra displayed in 

Figure 4.4 would be consistent with the presence of a weak feature at higher frequencies, 

where theory would predict the position of the stretch frequency for CO adsorbed within the 
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O-vacancies. As the calculated binding energy is very similar to the one calculated for 

adsorption on Ce4+ ions at the vacancy, one would expect that this site would be populated as 

well. Our results demonstrate that the coordination geometry can play a decisive role for weak 

chemical interactions on oxide surfaces. While on TiO2 and many other oxides the frequency 

of adsorbed CO is mainly given by the charge state of the metal cation, the coordination 

geometry exhibits a more pronounced influence for CeO2. 
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4.2 CO adsorption on ceria (110) 

 

After the successful investigation of CO adsorption on CeO2(111) surfaces, we also performed 

IRRAS measurements on CeO2(110) single crystals. The oxidized CeO2(110) surface was 

prepared by annealing at 800 K in 1×10-5 mbar O2 atmosphere for 15 minutes. Figure 4.6 

shows the IRRAS data of oxidized CeO2(110) exposed to different doses of CO. The 

p-polarized spectra exhibit a sharp peak at 2170 cm-1, which can be assigned in a 

straightforward fashion to CO molecules bound to Ce4+ cations embedded in a perfect single 

crystalline surface environment. It is astonishing that the frequency of adsorbed CO on 

oxidized CeO2(110) surface is substantially different from the counterpart of CeO2(111), and 

the difference between them reaches 16 cm-1, which allows for discrimination of facet 

orientations. Additionally, weak features at 2154 cm-1 are observed in both p- and s-polarized 

spectra, which are caused by CO adsorption at a small amount of (111) step edges in the 

CeO2(110) surface (see Figure 4.7). 
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Figure 4.6 Experimental IRRA spectra of different doses of CO at 82 K on oxidized CeO2(110) 

at a grazing incidence angle of 80° with (left) p- and (right) s-polarized light incident along 

[1-10]. 

 



45 

 

Figure 4.7 Ball-and-stick model of the CeO2(110) surface. Color: red – top surface oxygen, 

light red – subsurface oxygen, grey – cerium. 

 

Figure 4.8 shows the temperature-dependent IRRAS data obtained after CO adsorption on the 

oxidized CeO2(110) surface at 82 K and subsequently heating to higher temperatures. The IR 

spectra demonstrate that upon heating the main band at 2170 cm-1 decreases in intensity until 

it vanishes at 100 K, and concurrently the small shoulder at 2182 cm-1 is then resolved and 

disappears completely at the temperature higher than 110 K. The component at high 

frequency is probably induced by CO adsorption on defective sites which exhibits a higher 

binding energy. 
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Figure 4.8 Experimental IRRA spectra recorded directly after dosing of 0.1 L CO at oxidized 

CeO2(110) surface. The samples were gradually heated and spectra were recorded at the 

temperatures indicated. 
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Again we reduced the CeO2(110) surface via annealing in the UHV without O2. Based on the 

XPS results, the concentration of Ce3+ on the reduced surface was determined to be 

approximately 45% (cf. Appendix A1.1). The reduced sample was exposed to 0.005 L CO at 

92 K, and the corresponding IRRA spectra are displayed in Figure 4.9, where one broad band 

at 2177 cm-1 is observed in p-polarization which can be fitted with two components at 2170 

and 2182 cm-1. In order to reasonably assign the defect-induced CO band, we have to draw 

support from first-principle density functional theory (DFT) calculations. 
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Figure 4.9 Experimental IRRA spectra of 0.005 L CO at 92 K on reduced CeO2-x(110) at a 

grazing incidence angle of 80° with (left) p- and (right) s-polarized light incident along 

[1-10]. 

 

As shown in Figure 4.10, similar behavior in heating experiments for CO on reduced 

CeO2-x(110) surface is observed. The component at low frequency side of the band at 

2177 cm-1 disappears faster and the center of the band shifts to higher frequency (2182 cm-1) 

with temperature increasing up to 110 K. 
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Figure 4.10 Experimental IRRA spectra recorded directly after dosing of 0.005 L CO at 

reduced CeO2-x(110) surface. The samples were gradually heated and spectra were recorded at 

the temperatures indicated. 

 

The repeated cycles of sputtering and annealing lead to continuous formation of (111) and 

(11-1) facets on the CeO2(110) surface. We have also investigated these faceted surfaces by 

IRRAS with CO adsorption. Figure 4.11 shows the corresponding IRRA spectra, which 

monitor the evolution of CO vibrational bands with the coverage increasing. At the lowest CO 

coverage, the main band is located at 2170 cm-1 with a minor shoulder at 2180 cm-1, which 

originates from CO bound to perfect and defective sites on the (110) terrace, respectively. 

As the CO coverage increases, the low-lying features (mainly at 2154 cm-1) originating from 

CO adsorbed on (111) facets emerge and then become more intense with the inhibition of the 

(110) related CO bands. At the saturation coverage, the CO band at 2154 cm-1 is predominant 

indicating that the low energy facets (111) and (11-1) have been formed dominantly on the 

surface. In s-polarized spectra, the CO bands can be clearly resolved as two components at 

2154 and 2163 cm-1, which are assigned to CO species adsorbed at oxidized and defective 

sites of (111) facets, respectively. The simultaneous observation of four CO bands 

(Figure 4.12a) reveals the reconstruction of the reduced CeO2-x(110) surface leading to the 

coexistence of partially reduced (110) terrace and (111) facets. Moreover, the fact that only 
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(111) facet-related CO bands are observed in that s-polarized spectra, provides further 

evidence for the formation of (111) and (11-1) micro-facets, where CO molecules are bound 

in a tilted geometry with respect to the normal of the substrate. 
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Figure 4.11 Experimental IRRA spectra of different doses of CO at 77 K on faceted CeO2(110) 

at a grazing incidence angle of 80° with (left) p- and (right) s-polarized light incident along 

[1-10]. 

 

 

Figure 4.12 Fitting of p- and s-polarized spectra of 0.003 L CO at 70 K on faceted CeO2(110). 
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After saturated with CO, the faceted sample substrate was stepwise heated to higher 

temperatures, and the obtained temperature-dependent IRRAS data are shown in Figure 4.13. 

By increasing temperature the (111) facet-related CO bands at 2154 and 2163 cm-1 decrease 

first and disappear completely at 85 and 90 K, respectively. They are less stable than CO 

species on flat (111) surfaces. We speculate that this unusual phenomenon might be due to the 

thermal diffusion of CO molecules from (111) and (11-1) facets to (110) terraces, since CO 

molecules are more strongly bound to the (110) surface with slightly higher binding energies. 

This conclusion is supported by the fact that the attenuation of the two low-lying CO bands is 

accompanied by the growth of the 2183 cm-1 band originating from CO adsorbed at the 

reduced sites of (110) terraces. The latter band is stable up to 102.5 K and disappears as the 

temperature increases to 110 K. 
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Figure 4.13 Experimental IRRA spectra recorded directly after dosing of 0.02 L CO at 77 K 

on faceted CeO2(110) surface. The samples were gradually heated and spectra were recorded 

at the temperatures indicated. 
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4.3 CO adsorption on ceria (100) 

 

The bulk-terminated (100) surface of CeO2 is a type 3 unstable polar surface according to 

Tasker’s polar surface notation (see Figure 1.3) [51], and its surface structure is still under 

debate. The LEED images also illustrate complex reconstructions occurring on this surface (cf. 

Appendix A1.2). CO adsorption measurements were first carried out on heavily reduced 

CeO2-x(100) surface (~40% Ce3+, see Appendix A1.3) and the corresponding IRRAS data are 

shown in Figure 4.14. At low coverages an IR signal at 2170 cm-1 is observed. 

With increasing doses, the CO band shifts gradually to lower frequencies, accompanied by a 

substantial increase in intensity. When the surface is saturated with CO at 70 K, the (C-O) 

vibration is centered at 2164 cm-1 with a shoulder at lower frequency side. By drawing an 

analogy with CeO2(111) and (110), where the IR bands of CO adsorbed on defective sites are 

always located at higher frequencies than those on perfect sites, here the dominant band 

2164 cm-1 is probably induced by surface defects, while the small shoulder might originate 

from CO adsorption on perfect sites of the surface as minority species. The 2164 cm-1 band is 

also observed for s-polarized light, indicating that CO is bound to the reduced sites on 

CeO2-x(100) in a tilted configuration. 
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Figure 4.14 Experimental IRRA spectra of different doses of CO at 70 K on reduced 

CeO2-x(100) at a grazing incidence angle of 80° with (left) p- and (right) s-polarized light 

incident along [001]. 
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We have also performed heating experiments (cf. Figure 4.15) to investigate the thermal 

stability of CO species and the influence of CO coverage on its vibrational frequency. 

Upon heating to 90 K, the CO vibrational frequency shifts upwards by 9 cm-1 to 2173 cm-1, 

and the large decrease of the band intensity reveals the desorption of CO molecules. 

Interestingly, the thermal stability of CO on reduced CeO2-x(100) surface is markedly lower 

than that of CO on the other reduced CeO2-x surfaces, which is probably related to the (100) 

surface reconstructions lowering the surface energy. 
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Figure 4.15 Experimental IRRA spectra recorded directly after dosing of 0.02 L CO at heavily 

reduced CeO2-x(100) surface. The samples were gradually heated and spectra were recorded at 

the temperatures indicated. 

 

By exposing the reduced CeO2-x(100) surface to molecular oxygen (O2) at 110 K and then 

heating up the substrate to room temperature, we oxidized the sample surface to some extent 

(cf. Appendix A1.4). The IRRA spectra of CO adsorption on partially oxidized CeO2(100) 

surface are shown in Figure 4.16. In the p-polarized spectra, apart from the main peak at 

2164 cm-1, the shoulder at 2150 cm-1 grows significantly and another new band emerges at 

2182 cm-1, which suggests that at least three different adsorption sites exist on the partially 

oxidized CeO2(100) surface. 
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Figure 4.16 Experimental IRRA spectra of different doses of CO at 70 K on partially oxidized 

CeO2(100) at a grazing incidence angle of 80° with (left) p- and (right) s-polarized light 

incident along [001]. 

 

After CO adsorption on partially oxidized CeO2(100) at 70 K, the sample was subsequently 

heated to higher temperatures. The corresponding spectra are displayed in Figure 4.17. 

The two CO species with lower vibrational frequencies (2162 and 2148 cm-1) decrease nearly 

simultaneously in intensity during temperature elevating process but both remain unchanged 

in frequency, while the CO vibrational band at 2179 cm-1 shifts to higher frequencies with 

decrease of the intensity. Moreover, the CO species with highest frequency surviving till 

100 K is apparently more stable than the other two CO species on the surface. 
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Figure 4.17 Experimental IRRA spectra recorded directly after dosing of 0.02 L CO at 

partially oxidized CeO2(100) surface. The samples were gradually heated and spectra were 

recorded at the temperatures indicated. 
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4.4 CO adsorption on ceria films 

 

4.4.1 CO adsorption on thin ceria film 

 

Since the complex structure of technical catalysts and their difficulties in characterization 

impede the attempt to describe the detailed mechanisms of reactions taking place at the 

catalyst surfaces, one has to resort to a systematic model approach. Therefore the so-called 

surface science approach out of the full modern arsenal of surface sensitive techniques was 

developed, which has achieved spectacular successes during the last 60 years via transfer of 

the information from well-defined single crystal surfaces to identify many of the molecular 

ingredients of important catalytic reactions [7, 138]. Nevertheless, only since around 1990, 

intensive studies have been carried out on planar model surfaces of metal oxides due to their 

low electrical and thermal conductivity resulting in charging and cooling problems [15]. 

In order to tackle these problems, growth of oxide thin films with well-ordered surfaces on 

metallic substrates then has been introduced into surface science studies [16, 17]. However, 

there is a long controversy over whether physical and electronic structures of oxide thin films 

can mimic those of the corresponding bulk phases [139]. It is claimed that thin films 

exceeding a critical thickness (e.g. 10 ML) can closely resemble the corresponding bulk 

material, whereas the oxide films with smaller thickness exhibit new properties [140, 141], 

because the influence from metal substrate and metal oxide interface on the intrinsic 

properties of the oxide is probably inevitable [142, 143] and some amount of the buried 

substrate atoms might diffuse onto the film surface [144]. 

 

Here we use CeO2 as a case study to illustrate the difference between bulk single crystals and 

corresponding thin films. We present results of the comparison of the IRRAS data measured 

for CO adsorbed on single crystal CeO2(111) with those obtained in a case of ceria thin film. 

The obtained results clearly demonstrate that thin oxide films, especially exhibiting the high 

density of defects, are not perfect alternatives to the single crystals. 

 

Figure 4.18 shows experimental IRRA spectra recorded on a reduced and stoichiometric 

CeO2(111) single crystals under UHV conditions after the exposure to 2.6×10-7 Pa CO for 

50 seconds [135] and the data obtained for the (oxidized) ceria film at 0.267 Pa (2 mTorr) CO 

background pressure [127]. Together with the experimental data acquired for the CeO2(111) 

single crystal and ceria film, transmission spectrum recorded for ceria powder at 77 K at a 
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background pressure of 1×10-2 Pa CO is also displayed [121]. The CO stretch frequency on 

the stoichiometric single crystal amounts to 2154 cm-1, whereas the small contribution 

corresponding to CO adsorbed on reduced parts of the crystal is blue-shifted by 

approximately 10 cm-1 to 2163 cm-1. For CO adsorbed on the reduced ceria crystal, both 

bands at 2154 cm-1 and 2163 cm-1
 corresponding to the adsorption on the pristine and reduced 

parts of the surface respectively, have comparable intensities resulting in significant peak 

broadening. When adsorbing CO on ceria powder at 77 K, two bands at 2168 cm-1 and 

2157 cm-1 are observed. These two bands, albeit slightly blue shifted due to coverage effect, 

are in good agreement with results for CO on CeO2(111) single crystal and could be assigned 

to CO on defective and perfect sites, respectively. However, the spectrum of the oxidized film 

in 0.267 Pa (2 mTorr) CO displays appreciable intensity only at 2162 cm-1, i.e. only the 

signature of CO adsorbed on reduced parts of ceria. The absence of the signal arising from 

CO adsorbed on “regular” sites (away from oxygen vacancies) in a case of the ceria thin film 

could be explained by i) a high density of the surface defects or ii) a desorption of CO 

molecules from “regular” sites of CeO2 surface at 90K. 

 

In order to clarify this situation we simulated dependences of the relative CO coverage on the 

substrate temperature for different CO background pressures. According to refs. [145-149] the 

rates of adsorption and desorption are given by 

ୟݎ ൌ
ఙఽௗఏ౨
ௗ౪

ൌ 

√ଶగ்
ݏ exp ቀെ

ா
்
ቁ ݂ሺߠ୰ሻ                (4.4) 

ݎୢ ൌ ఙఽௗఏ౨
ௗ౪

ൌ െݒ୬ߪ
 exp ቀെ ாౚ

்
ቁ  ୰                    (4.5)ߠ

where Ea and Ed are the activation energies for adsorption and desorption respectively, p is the 

(partial) gas pressure, m the mass of the adsorbed species, k the Boltzmann constant, T the 

temperature, ݏ  the initial sticking probability, ߪ  the density of adsorption sites, 

 ୬ the frequency factor for n-orderݒ and ,(୰ < 1ߠ > 0)  the relative coverage	୰=θ/θୱୟ୲ߠ

reaction. 
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Figure 4.18 IRRA spectrum of a oxidized thin ceria film at 90 K (blue) at a background 

pressure of 0.267 Pa (2 mTorr) CO (blue) [127], spectra recorded on a reduced CeO2-x(111) 

single crystal containing 10% oxygen vacancies under UHV at 74 K (red) and 

a stoichiometric CeO2(111) single crystal in UHV at 68 K (grey) after exposure to 2.6×10-7 Pa 

CO for 50 seconds [135], and IR transmission spectrum of ceria powder at 77 K at 

a background pressure of 1×10-2 Pa CO (magenta) [121]. 

 

In adsorption-desorption equilibrium the rates of adsorption and desorption are equal, i.e. 

ୟݎ  ݎୢ ൌ 0. For first order desorption assuming “hit and stick” adsorption (Langmuir), 

the sticking probability, s, for non-dissociative adsorption is proportional to the number of 

unoccupied sites: ݂ሺߠ୰ሻ ൌ 1 െ  ୰. Equating (4.4) and (4.5) and resolving for the relativeߠ

coverage ߠ୰ yield: 

,୰ሺܶߠ ሻ ൌ
భሺ்ሻ

ଵାభሺ்ሻ
 ,                           (4.6) 

b1 is defined as the following function: 

ܾଵ ൌ
௦బୣ୶୮	ሺ౩౪ ்⁄ ሻ

௩భఙఽ√ଶగ்
 ,                            (4.7) 

where qst is the isosteric heat of adsorption, ݒଵ the frequency factor for first order Langmuir 

adsorption. 

 

In order to estimate the relative coverage of CO on pristine parts of a CeO2(111) surface in the 
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temperature range of 60 K to 100 K, the following values are used: 

 ୱ୲=25.9 kJ/mol (~0.27 eV, the binding energy of CO on pristineݍ ,ଵ=1013 s-1ݒ ,≈1ݏ

CeO2(111)) [135], ݉=4.649×10-26 kg, ݇=1.3806×10-23 J/K, σ=7.89×1018 m-2 (the density 

of surface Ce sites). 

 

For the relative coverage as a function of temperature, we obtain for (a) (CO)=2.6×10-7 Pa, 

i.e. UHV conditions, 

୰ሺܶሻߠ ൌ
2.6 ൈ 10ି ൈ exp3115T

1.58 ∙ 10଼ ൈ √ܶ  2.6 ൈ 10ି ൈ exp3115T

 

and for (b)	(CO)=0.267 Pa (2 mTorr), i.e. relatively high pressure conditions compared to 

UHV,  

୰ሺܶሻߠ ൌ
0.267 ൈ exp3115T

1.58 ∙ 10଼ ൈ √ܶ  0.267 ൈ exp3115T

 

 

Figure 4.19 displays these simulated isobars (solid lines), which for the case of the low CO 

background pressure (labeled UHV) match quite well to the experimental data (scattered 

points) deduced from IRRAS experiments [135], especially considering that the model relies 

on the generic frequency factor of 1013 s-1 for lack of experimental data. Hence, the employed 

rather simple model seems to reflect the experiment to a sufficiently accurate level. The curve 

at the elevated pressure of 0.267 Pa (2 mTorr) clearly demonstrates that the temperature 

stability of adsorbed CO is greatly increased and desorption is not expected below 120 K. 

Consequently, one would expect to observe in IR spectra the corresponding CO stretch 

frequency of CO adsorbed at stoichiometric parts of the surface in a background pressure of 

0.267 Pa (2 mTorr) even at temperatures exceeding 90 K, where it would be desorbed under 

UHV conditions. 
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Figure 4.19 Simulated isobars (solid lines) and experimental data (scattered points). 

 

As demonstrated by the simulated isobars in Figure 4.19, the absence of a signal arising from 

CO adsorbed on “regular” sites (away from oxygen vacancies) cannot be explained by the 

instability of this species – only under UHV conditions would these species desorb at around 

this temperature. It must be due to the lack of regular adsorption sites. To conclude, these data 

nicely demonstrate that for CeO2 the differences between epitaxially grown thin films and 

single crystals remain substantial in that the films exhibit a much higher defect density even 

than deliberately reduced single crystal surfaces. 

 

4.4.2 CO adsorption on thick ceria film 

 

Actually, even for thick films, the experimental observations of CO adsorption are not 

identical with those of ceria single crystals. Figure 4.20 shows the IRRA spectra of CO 

adsorption on the oxidized CeO2(111) film (thickness ~250 nm) grown on a Si(111) 

substrate [150]. Before IRRAS measurements, the thick ceria film sample was sputtered and 

annealed repeatedly to decrease the usually rather high density of defects and imperfections as 

holes or limited continuity. 
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Figure 4.20 Experimental IRRA spectra of different doses of CO at 63 K on oxidized 

CeO2(111) thick film at a grazing incidence angle of 80° with p-polarized light. 

 

The biggest difference with single crystal CeO2(111) is that CO peaks exhibit asymmetric 

Fano lineshapes due to the different dielectric properties of ceria films. The actual vibrational 

frequency of CO is close to the point of the maximum slope [151], 2154 cm-1, which is in 

perfect agreement with the vibrational frequency of CO adsorption on the oxidized single 

crystal CeO2(111) surface (cf. Figure 4.2). Additionally, the band intensity for a saturated CO 

adlayer on ceria thick film is almost twice as high as that of ceria single crystal. 

 

Overall, using CO as the IR-probe molecule, our UHV-IRRAS can distinguish ceria surface 

orientations and probe surface oxygen vacancies. Based on the obtained vibrational 

frequencies of CO adsorption on all three low index orientated surfaces of ceria single crystals, 

the controversial assignments of CO IR-bands derived from previous ceria powder data can 

be clarified. Both thin and thick ceria films do not exhibit identical IRRA spectra with those 

of ceria single crystals upon CO adsorption due to either high density defects or different 

dielectric properties, which indicates that ceria films are not perfect alternatives to the single 

crystals. 
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5 Carbon monoxide (CO) adsorption on ceria nanocrystals 

 

In recent years, many studies have reported improved activity of CeO2 catalysts through 

synthesis of CeO2 nanostructures with controlled morphology [152, 153]. The controlled 

morphology usually can expose well-defined low index (110) and (100) crystallographic 

planes, which are less stable and thus more reactive than the (111) surface. Ceria nanocrystals 

with various shapes including octahedra, cubes and rods were first synthesized by using 

hydrothermal method [154, 155]. Specifically, ceria nanoparticles generally have octahedral 

shapes mainly exposing stable (111) facets [156]. Ceria cubes preferentially expose active 

(100) planes [157]. The surface structure of ceria nanorods is more complex and still under 

debate. It has been proposed that ceria rods expose (100) and (110) surfaces and grow along 

the [110] direction [154, 155, 158]. However, more recently, it was suggested that ceria rods 

can also expose (111) surfaces as well as small portion of (100) facets [159]. The discrepancy 

in surface structure of ceria rods is probably induced by different synthesis and post-treatment 

conditions and could cause confusion when assigning structure dependent properties. 

 

Microscopic studies have shown the presence of (111) nanofacets on single crystal ceria 

(110) [72], on ceria (110) thin films grown on Si(100) [160], and on (110) planes of ceria 

nanoparticles [82, 161]. It is known that the surface energy of CeO2(110) amounts to 1.41 eV, 

which is higher than that of CeO2(111) (1.01 eV) [56]. Therefore, it is energetically favorable 

for the (110) surface to form a large amount of (111) with lower surface energy. 

 

As presented in chapter 4, CO is capable of probing surface oxygen vacancies and 

distinguishing facet orientations. In this chapter, we will demonstrate that, on the basis of 

IRRAS results for various CeO2 single crystal surfaces, CO can be used as probe molecule to 

resolve the uncertainty about surface structures of ceria nanocrystals (an intermediate system 

between single crystals and commercial powders), especially on ceria rods. 

 

The ceria nanoparticle samples (rods, cubes, and conventional powders) were provided by 

Prof. Alessandro Trovarelli’s group at Università di Udine in Italy and were characterized 

with BET, XRD and HRTEM. For the XPS and IR measurements, around 200 mg ceria 

nanoparticles were pressed into a stainless steel mesh (13 mm in diameter) with a hydraulic 

press under the pressure of 5 bar, and then mounted on a sample holder, which was specially 

designed for the transmission FTIR measurements. Each sample was annealed at 773 K 
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(nanorods at 723 K) in the UHV chamber to remove the surface impurities (e.g. water and 

carbon contaminants) and then checked with XPS to ensure the surface cleanness and to 

determine the oxidation state of cerium. 
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Figure 5.1 (a) Ce3d XP spectra of ceria nanocubes and conventional ceria nanoparticles 

annealed at 773 K, ceria nanorods at 723 K, for one hour under the UHV condition, 

(b) comparison of normalized Ce3d XP spectra of ceria nanorods and a fully oxidized ceria 

single crystal. 
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Figure 5.2 O1s (a) and C1s (b) XP spectra of ceria nanocubes and conventional ceria 

nanoparticles annealed at 773 K, ceria nanorods at 723 K, for one hour under the UHV 

condition. 

 

Figure 5.1a shows the Ce3d core-level XP spectra of ceria nanoparticles after pretreatments as 

described above. The Ce3d spectra show that both nanorods and nanocubes are dominated by 

the v''' , v'' , v peaks (Ce3d5/2) as well as the u''' , u'' , u peaks (Ce3d3/2), which are 



64 

characteristics for the Ce4+ state, indicating a very slight reduction after UHV-annealing, 

while conventional ceria nanoparticles contain higher amount of Ce3+ as confirmed by the 

typical v0/u0 and v´/u´ doublets. This is further supported by the comparison of Ce3d spectra 

of nanorods with that of a fully oxidized CeO2 single crystal (see Figure 5.1b). 

 

Figure 5.2 shows the O1s and C1s core-level XP spectra of ceria nanoparticles. Apart from the 

intense lattice oxygen peak at 529.5 eV, the O1s spectra show weak shoulder at 532 eV, which 

can be mainly assigned to the residual OH groups on sample surfaces [162]. In the C1s region, 

we observed a broad peak of Ce4s centered at 290 eV, whereas the typical carbon peak at 

285 eV is too weak to be detected, although a higher pass energy (200 eV) was used for this 

region (the Ce3d and O1s spectra were collected at 100 eV pass energy). This indicates that 

carbon containing contaminants on sample surfaces were almost completely removed via 

UHV-annealing at 773/723 K. 

 

After XPS characterization, the samples were transferred into IR chamber and checked with 

UHV-FTIR in transmission mode. Figure 5.3 shows UHV-FTIR single channels of ceria 

nanoparticles. All three spectra display rather similar absorption bands despite different 

intensities. The set of bands between 3800 and 3500 cm-1 are stretching vibrations of surface 

hydroxyl groups coordinated with different number of cerium cations [163]. The intense 

bands at ~1460 and 1395 cm-1 originate from the bulk carbonaceous impurities [124]. 

The band at 1060 cm-1 can be ascribed to the first overtone of fundamental (Ce-O) mode at 

530 cm-1 [36]. It is expected that for the reduced ceria a band at 2125 cm-1 appears and is 

attributed to the forbidden 2F5/2 → 2F7/2 electronic transition of Ce3+ [36]. However, it is not 

detected in Figure 5.3, which is consistent with the XPS results that show predominately 

oxidized Ce4+ cations for all ceria nanoparticle samples. 
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Figure 5.3 UHV-FTIR single channels of ceria nanocubes and conventional ceria 

nanoparticles after pretreatments as described above. 

 

5.1 CO adsorption on ceria nanorods 

 

UHV-FTIR measurements of CO adsorption were performed at 105 K on the ceria nanorods, 

which were pre-annealed at 723 K. The corresponding results are shown in Figure 5.4. 

After exposure to CO, a broad feature emerged in the range between 2140 and 2190 cm-1. 

A closer analysis allows us to resolve two main components centered at 2176 and 

2157 cm-1.The former band shows a slight red-shift to 2174 cm-1 upon increasing CO doses. 

With reference to our results of CO adsorption on ceria single crystals, these two components 

can be presumably assigned to CO on Ce4+ sites of (110) and (111) facets, respectively [135]. 
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Figure 5.4 UHV-FTIR spectra recorded after exposing the ceria nanorods to different doses of 

CO at 105 K. The sample was annealed at 723 K for one hour under the UHV condition to 

remove surface impurities. 

 

After in-situ IR measurements of CO adsorption on ceria nanorods at 105 K, the IR chamber 

was evacuated down to 10-10 mbar range, and then the sample was stepwise heated up to 

170 K. In parallel, the IR spectra were recorded at different elevated temperatures (see 

Figure 5.5). The 2157 cm-1 band disappeared first upon heating to 130 K, while the band at 

2176 cm-1 vanished only after annealing to 160 K indicating a higher binding energy of the 

corresponding CO species. 
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Figure 5.5 UHV-FTIR spectra recorded after exposing the ceria nanorods to CO (4×10-5 mbar) 

at 105 K and subsequently heating to higher temperatures. 

 

Considering the rather small binding energy of CO on metal oxides, liquid helium was used to 

cool the sample further down to 60 K and repeated the CO adsorption measurements on ceria 

nanorods. The corresponding in-situ FTIR spectra are shown in Figure 5.6. Two intense CO 

bands are clearly observed at 2170 cm-1 and 2152 cm-1, which shift to lower frequency 

compared to those observed at 105 K (see Figure 5.5), indicating an increase of the CO 

coverage at 60 K. Additionally, the intensity of the band at lower frequency is relatively 

higher than that of the 2170 cm-1 peak. According to the assignments derived from CO 

adsorption on ceria single crystals, the bands at 2170 and 2152 cm-1 can be definitively 

assigned to CO bound to the oxidized Ce4+ sites of (110) and (111) surfaces, respectively. 

Moreover, a weak IR band at around 2140 cm-1 is resolved, which is in agreement with the 

frequency of liquid-like CO on the surface. It suggests that the temperature is so low that CO 

is frozen at some local surface regions, which needs extra energy to overcome a diffusion 

barrier for the uniform distribution of CO on the surface. 
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Figure 5.6 UHV-FTIR spectra recorded after exposing the ceria nanorods to different doses of 

CO at 60 K. The sample was annealed at 723 K for one hour under the UHV condition to 

remove surface impurities. 

 

Similarly, after exposure to CO at 60 K, the IR chamber was evacuated down to 10-10 mbar 

range and then the sample was stepwise heated up to 100 K. The spectra acquired at different 

elevated temperatures are shown in Figure 5.7. Surprisingly, instead of decrease, the 

intensities of CO bands become even higher upon heating to 65 K, indicating a restructuring 

process of the adsorbed CO layer from non-uniform distribution at extremely low temperature 

(60 K) to a more homogeneous molecular environment and thereby an increase in ordering. 

It is interesting that upon further annealing the CO band at 2152 cm-1 is gradually lowered, 

while the 2172 cm-1 band increases in intensity up to 75 K. This finding suggests a thermal 

diffusion of adsorbed CO species from (111) nanofacets to (110) terraces, in line with the 

observations for CO adsorption on faceted CeO2(110) single crystal surfaces (see chapter 4). 

Further heating to higher temperatures leads to the desorption of CO molecules, 

as demonstrated by the attenuation of both CO bands and their blueshift in frequency. Overall, 

on the basis of the IRRAS data obtained for various CeO2 single crystal surfaces, the CO 

bands observed on ceria nanorods can be unambiguously assigned, which provides direct 

spectroscopic evidence that the (110) terminated ceria nanorods expose a large amount of (111) 

facets, as supported by Prof. Alessandro Trovarelli’s HRTEM results (not shown). 
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Figure 5.7 UHV-FTIR spectra recorded after exposing the ceria nanorods to CO (1×10-5 mbar) 

at 60 K and subsequently heating to higher temperatures. 

 

5.2 CO adsorption on ceria nanocubes 

 

Following the same procedures, ceria nanocubes were first activated by annealing to 773 K 

and subsequently exposed to CO of different pressures at 100 K. The corresponding in-situ IR 

spectra (Figure 5.8) show a predominant CO stretching mode centers at 2170 cm-1, which is 

nearly the same frequency as that of CO adsorbed on ceria nanorods. Similar observations 

were also reported by previous DRIFTS work regarding room temperature CO adsorption at 

ceria nanorods and cubes, where CO on both nanocrystals also exhibits the same frequency at 

2170 cm-1 [164]. On the basis of our IRRAS data obtained for well-defined single crystals 

(see chapter 4), this band is attributed to CO species bound to Ce4+ sites on (110) facets, since 

no CO band at around 2170 cm-1 was observed on the CeO2(100) single crystal surface. 

Moreover, the IRRAS data shown in chapter 4 reveal that the binding energy of CO adsorbed 

on (100) surface is lower (complete desorption at 90 K) than that of (110) surface where CO 

is stable till up to 100 K. Therefore, a sample temperature of 100 K might be too high to 

stabilize plenty of CO molecules on (100) facets. Additionally, in the IR spectra a minor 

shoulder appears at 2154 cm-1, which might be caused by CO adsorption on (111) and/or (100) 
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facets in light of the single crystal data. The difference of CO frequencies on (111) and (100) 

facets is not so large, and the IR bands of CO on both facets might overlap, especially 

considering the possibility of frequency shift caused by CO coverage and cerium oxidation 

states. Nevertheless, it should be noted that surface energies of these two orientations are 

dramatically different and therefore the probability of the presence of (100) facets especially 

on conventional ceria powders should be much lower than (111) facets. 
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Figure 5.8 UHV-FTIR spectra recorded after exposing the ceria nanocubes to different doses 

of CO at 100 K. The sample was annealed at 773 K for one hour under the UHV condition to 

remove surface impurities. 

 

Thermal desorption IR measurements were also conducted after CO dosing at 100 K (see 

Figure 5.9) and the evolution is similar as that for ceria nanorods. It is worth noting that at 

elevated temperatures a weak band at 2186 cm-1 is resolved which vanishes again upon 

heating to 160 K. We can safely assigned this band to CO on reduced CeO2(110) surface on 

the basis of our single crystal results, which further confirms the existence of (110) facets on 

ceria nanocubes. 
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Figure 5.9 UHV-FTIR spectra recorded after exposing the ceria nanocubes to CO (4×10−5 

mbar) at 100 K and subsequently heating to higher temperatures. 

 

5.3 CO adsorption on conventional ceria nanoparticles 

 

We also investigated CO adsorption on the conventional ceria nanoparticles at 100 K and the 

corresponding results are shown in Figure 5.10. Before exposing to CO the sample was 

activated by heating to 773 K in the UHV chamber. Three bands at 2172, 2164, and 2155 cm-1 

are resolved, which can be assigned to CO bound to Ce4+ sites on (110) facets, to Ce4+
6c and 

Ce4+
7c sites on (111) facets, respectively. The appearance of the band at 2164 cm-1 is 

consistent with the higher reduction of the conventional nanoparticles (see Figure 5.1a) [135]. 

The most intense band is observed at 2172 cm-1, indicating that the nanoparticles with 

ill-defined morphology also contain a large amount of (110) facets, even if this facet was 

claimed to have higher surface energy. Afterwards, thermal desorption IR measurements were 

performed and the data is shown in Figure 5.11. 
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Figure 5.10 UHV-FTIR spectra recorded after exposing the conventional ceria nanoparticles 

to different doses of CO at 100 K. The sample was annealed at 773 K for one hour under the 

UHV condition to remove surface purities. 
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Figure 5.11 UHV-FTIR spectra recorded after exposing the ceria nanoparticles to CO (4×10−5 

mbar) at 100 K and subsequently heating to higher temperatures. 
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In summary, compared the FTIR results of CO adsorption on ceria nanoparticles with those of 

CO on ceria (111), (110) and (100) single crystal surfaces, we can conclude that 

1. Ceria nanorods are (110) terminated and expose a large amount of (111) facets. The (111) 

nanofaceting on (110) plane was also observed in HRTEM images. 

2. Ceria nanorods and cubes show similar frequency of CO stretching mode at 2170 cm-1 at 

~100 K, indicating that ceria nanocubes also contain substantial (110) facets. The (100) 

facets maybe are difficult to detect due to the lower binding energy of CO on this surface. 

3. For conventional ceria nanoparticles, the CO species at 2172 cm-1 is also the most 

abundant, which suggests that these nanoparticles also contain a high density of (110) 

facets. 

 

These results on ceria nanocrystals testify that our UHV-FTIRS has the capability of 

distinguishing surface orientations and detecting oxygen vacancies on ceria nanocrystals by 

using CO as IR probe. Additionally, the results here highlight that oxide nanocrystals are not 

always perfectly structured, in contradiction to previous assumptions. Instead, surface 

reconstruction, nanofaceting, and surface vacancies have to be taken into account when 

constructing the structure-catalysis relationship for oxide nanomaterials. 
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6 Methanol adsorption on ceria (110) and ceria (111) 

 

Studying the adsorption of methanol on metal oxide surfaces is of great value, because it acts 

as a sensitive chemical probe to the active sites of solid catalysts [165, 166]. Among the 

commonly employed metal oxides, ceria (CeO2) attracts particular interest due to its high 

reducibility [31]. The latter property is largely responsible for the functioning of ceria in 

technical applications such as three-way automotive catalysts (see, e.g. [44]). 

 

Previous theoretical studies [167, 168] considered monomeric methanol adsorption structures 

at pristine and defective CeO2(111) surfaces. The results were compared with experimental 

spectra obtained for polycrystalline ceria [164, 169, 170], thin films [64, 171-175], and 

supported nanoparticles [175]. Typically, these systems are characterized by infrared (IR) 

signals in the stretching region of C-O single bond between 1000 and 1200 cm-1 (see, 

e.g. [176]). 

 

For methanol at polycrystalline ceria, references [169] and [170] discuss different IR signals 

at 1108, 1065 (-43), and 1015 (-93) cm-1 (300 K), which were attributed to atop, bridging, and 

tridentate methoxide species, respectively. The values in parenthesis indicate the shift of 

wavenumbers with respect to (C-O) of the supposedly monodentate methoxide. At 473 K, 

conversion into a formate species is observed, which comes with intense bands at ca. 1360 

and 1600 cm-1 [64, 169, 177]. For thin films with (111) orientation, peaks similar to 

polycrystalline data at 1105, 1054 (-51), and 1025 (-80) cm-1 are observed at saturation 

coverage [64]. Reference [174] reports only two peaks for methanol on ceria (111) films at 

1104 and 1080 (-24) cm-1, while [175] reports two peaks for comparable ceria (111) films at 

1108 and 1038 (-70) cm-1 at 100 K. Overbury and coworkers [164] studied methanol 

adsorption at nanocrystallites exposing different surface planes: ceria “rods” (ideally) 

exposing (110) and (100) facets, as well as ceria cubes and octahedra (ideally) exposing (100) 

and (111) facets, respectively. In the CO stretching region, IR spectra with similar features 

were observed for ceria rods and cubes: an intense band at ca. 1105 cm-1 and another broader 

band centered at 1035 (-70) cm-1. Ceria octahedra, on the other hand, only showed a very 

weak band at 1109 cm-1. It should be noted, however, that the nanocrystallites do not 

exclusively expose only one surface type. Therefore, the assignment of the vibrational 

features to specific ceria surface orientations is not straightforward. 
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To overcome the difficulties in assigning vibrational frequencies to specific ceria surface 

planes encountered in the interpretation of nanocrystal data [164], in this work we use 

macroscopic bulk single crystals exposing either (110) or (111) surfaces. Using scanning 

probe microscopies (STM and AFM) as well as density functional theory (DFT), previous 

studies revealed that the most stable step edges of nanoislands and pits on the ceria (111) 

surface match (110) and (100) facets as depicted in Figure 6.1 [83, 177-179]. Therefore, 

methanol adsorption at these step edges will also be considered in the present work. 

 

 

Figure 6.1 Side view along [011ത] on the step edges in the ceria (111) surface studied by 

Neyman and coworkers [178, 179]. Black lines represent low index surface planes. 

 

6.1 Methanol adsorption on oxidized CeO2(110) and CeO2(111) 

 

Samples can be cooled down to 120 K with liquid nitrogen or to 85 K with liquid helium. The 

base pressure of chamber for IR measurements was below 8×10-11 mbar. CH3OH (99.9%, 

max. 0.002% H2O, VWR International GmbH, Germany) and CD3OD (99.8%, Alfa Aesar 

GmbH, Germany) were additionally cleaned via at least three pump-freeze-thaw cycles. 

Methanol vapor was introduced by backfilling the IR chamber up to 1.3×10-10 mbar using a 

leak-valve-based directional doser connected to a tube (2 mm in diameter) that terminated 

3 cm from the sample surface and 50 cm from the hot-cathode ionization gauge. The actual 

pressure in front of the sample is about 2-3 orders of magnitude larger than the total pressure 

in the vacuum chamber provided in Figure 6.2 and Figure 6.3. IR spectra were recorded 

without polarizer. Each CeO2(110) spectrum was averaged over 1,024 scans at a resolution of 

4 cm-1. For the CeO2(111) specimen, the number of scans had to be increased to 10,240 due to 

the smaller sample size. 

 

Figure 6.2a shows the IRRA spectra of CH3OH at a fully oxidized single crystalline 

CeO2(110) surface at a temperature of 125 K. Only one intense band was observed at 

1108 cm-1. This band can be assigned in a straightforward fashion to methoxy monomers 

bound to the surface as monodentates (A1, see Figure 6.7). Figure 6.2b shows the 
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corresponding IRRA spectra recorded after adsorption of CD3OD. A simple estimate 

considering the mass change from CH3 to CD3 yields a frequency shift of the CO stretch band 

to 1075 cm-1 (factor 0.97), in reasonably good agreement with the experimentally observed 

band at 1060 cm-1. The band at 1125 cm-1 is assigned to CD bending modes. Almost identical 

results were obtained for the IR light incident along the [001] azimuthal direction (not 

shown). 

 

 

Figure 6.2 IRRA spectra of methanol (a) and deuterated methanol (b) at the fully oxidized 

CeO2(110) surface with the IR light incident along [11ത0] azimuthal direction. The sample was 

exposed to 1.3×10-10 mbar methanol (CH3OH or CD3OD) vapor for 5 seconds (grey) and 

10 seconds (red) at 125 K. 

 

Figure 6.3a shows the IRRA spectra of methanol at a fully oxidized CeO2(111) surface as a 

function of substrate temperature. At both temperatures, strong peaks are observed at 1085 

and 1060 cm-1. A weak feature is visible at 1108 cm-1. The intensity of this feature varied 

from measurement to measurement. We assign this very weak band to methanol adsorption at 

the small amount of (110) facets exposed at step edges in the CeO2(111) surface. Independent 

support for this assignment comes from measurements of the stretch frequency of carbon 

monoxide adsorbed on the same surface. In addition to the strong band at 2154 cm-1 

corresponding to CO adsorption on stoichiometric CeO2(111) surface [135] a second weak  

band is observed at 2170 cm-1 (see Figure 6.4). This small band has the same frequency as 
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observed for CO adsorption on the fully oxidized CeO2(110) surface. Experiments carried out 

for CD3OD adsorption revealed three peaks at 1117, 1040, and 1020 cm-1 as shown in 

Figure 6.3b. The peaks at 1040 and 1020 cm-1 are close to the values expected for the isotope 

shifts (1053 and 1029 cm-1, factor 0.97). The peak at 1117 cm-1 is assigned to a CD bending 

mode, as in the case of the CeO2(110) surface. The corresponding CH bending modes are 

very weak and could for CH3OH only be seen in the multilayer data (see Figure 6.5). 

 

The observation of two bands at 1085 and 1060 cm-1 is unexpected. The relative intensity of 

these bands did not vary substantially from measurement to measurement. Performing the 

measurements at different temperatures (87 K and 120 K) also did not lead to changes in the 

relative intensity. Sauer and coworkers successfully made an assignment of these peaks based 

on detailed theoretical analysis described below [180]. Measurements at higher temperatures 

cannot be carried out on the fully oxidized surfaces, because interaction of ceria surfaces with 

methanol would lead to surface reduction even at around 200 K [64, 164, 171, 172, 181]. 

 

 

Figure 6.3 IRRA spectra of methanol (a) and deuterated methanol (b) at the fully oxidized 

CeO2(111) surface. The sample was exposed to 1.3×10-10 mbar methanol (CH3OH and 

CD3OD) vapor for 5 seconds at indicated temperatures. 
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Figure 6.4 IRRA spectra of CO adsorption on the CeO2(111) (red). The sample was exposed 

to 1.3×10-10 mbar CO for 50 seconds at 80 K. 

 

 

Figure 6.5 IRRA spectra of multilayer methanol (grey) and deuterated methanol (red) at the 

oxidized CeO2(111) surface at the substrate temperature of 120 K. 
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(1) First-principles calculations 

First-principles calculations were conducted by Sauer and coworkers [180], and this part is 

adapted from the same publication. 

 

Methanol adsorption structures on the ceria (111) surface considered by theoreticians include 

monomers at the pristine (P1), hydrogenated (H1), and defective (D1) ceria surface as well as 

dimers at the pristine (P2) and hydrogenated (H2) surface. Furthermore, structure P4 (four 

methanol molecules on a p(2×2) surface slab) is used to simulate higher coverages close to a 

monolayer. These structures are shown in Figure 6.6 along with relevant H bond distances. 

Hence, they introduce the nomenclature Pn (n = 1, 2, 4) and Hm (m = 1 and 2), where n and 

m refer to the number of adsorbed methanol molecules. D1, S1, and T1 represent adsorption 

structures at morphological defects such as oxygen vacancies (D1) and step edges (S1 and T1) 

at low methanol coverage. 

 

Figure 6.6 Cutouts of monomeric and dimeric methanol adsorption structures (bond distance 

in pm) at pristine (P1, P2), hydrogenated (H1, H2), and defective (D1) p(4×4) surface cells. 

Structure P4 is calculated using a p(2×2) surface cell. Color code used throughout this chapter: 

C (black), Ce3+ (dark blue), Ce4+ (blue), H (white), and O (red). 
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Neyman and coworkers [178, 179] reported that hexagonal nanoislands on the ceria (111) 

consist of two different types of step edges: a thermodynamically more stable type 1 step edge 

resembling (110) facets, and a less stable type 2 step edge resembling (100) facets. This is 

shown in Figure 6.7. 

 

 

Figure 6.7 Cutouts of the methanol adsorption structures at step edges in the CeO2(111) 

surface (S1, T1) as well as methanol adsorption at the ceria (110) surface (A1) and the (100) 

surface (B1, cf. [182]). 

 

The surface layer of the ceria (110) surface contains both Ce and O ions. See [48, 54, 56] for a 

more detailed description of the (110) surface. Structure A1 is formed upon dissociative 

adsorption of methanol at this surface. As shown in Figure 6.7, the surface OH group does not 

form a H bond to the methoxide, which is coordinated by a single Ce ion. 

 

The methanol adsorption structures are characterized by their vibrations in the CO stretching 

region, i.e. CO stretching modes () and methoxy rocking modes (r). CO stretching 

wavenumbers obtained with dispersion-corrected PBE+U are compiled in Table 6.1. 
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Table 6.1 Adsorption energies (Eads) in kJ/mol normalized on number of methanol molecules 

as well as wavenumbers of CO stretching modes in cm-1 obtained with harmonic calculations 

( ߭ுை) and molecular dynamics simulations ( ߭ெ). Relative shifts to the most blue-shifted 

mode are given in parenthesis, and relative shifts to gas phase CH3O- / CH3OH (∆߭ுை) are 

given as well. 

 

  Eads ߭ுை ∆߭ሺCHଷOିሻ ∆߭ሺCHଷOHሻ ߭ெ 

Reference   1130 1047  

 
Monomers: 

     

A1 (Ce)–O–CH3
 a 137 1099 (±0) -31 +52  

S1 (Ce)–O–CH3 124 1093 (-6) -37 +46 1084 (-6) 

P1 (Ce, H)–O–CH3 88 1069 (-30) -61 +22 1063 (-27) 

H1 (Ce, 2H)–O–CH3 76 1056 (-43) -74 +9  

B1 (2Ce)–O–CH3
 b 187 1035 (-64) -95 -12  

T1 (2Ce)–O–CH3 178 1035 (-64) -95 -12  

D1 (3Ce)–O–CH3 231 1012 (-87) -118 -35 1004 (-86) 

 
Oligomers: 

     

H2 (Ce, 2H)–O–CH3
 c 91 1037 (-62), -93 -10 1029 (-61), 

 (Ce, H)–HO–CH3
 c  1012 (-87) -118 -35 1012 (-78) 

P2 (Ce, 2H)–O–CH3
 c 83 1042 (-57), -88 -5  

 (Ce)–HO–CH3
 c  1016 (-83) -114 -31  

P2’ (Ce, 2H)–O–CH3
 c 78 1053 (-46), -77 +6  

 (Ce)–HO–CH3
 c  1014 (-85) -116 -33  

P4 (Ce, 2H)–O–CH3
 c 82 1075 (-24), -55 +28 1072 (-18), 

 (Ce, 2H)–O–CH3
 c  1055 (-44), -75 +8 1057 (-33), 

 (Ce, H)–HO–CH3
 c  1020 (-79), -110 -27 1022 (-68) 

 (Ce, H)–HO–CH3
 c  1015 (-84) -115 -32  

 
a Ceria (110) surface; b ceria (100) surface [182]; c coupled modes. 
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(2) Assignment of the IR bands 

Methanol on the (110) Surface Only one adsorption species is observed after exposing the 

ceria (110) surface to methanol, which exhibits an IR band at 1108 cm-1. This band is 

assigned to the CO stretching mode of A1 (1099 cm-1), i.e. a monodentate methoxy species 

with no H bond. The harmonic frequency obtained with PBE+U is 9 cm-1 lower than the 

experimental value, which is well within the expected range of accuracy for the theoretical 

approach [180]. Upon deuteration, the CO stretching band is red-shifted by 48 cm-1, which is 

similar to the redshift predicted by DFT (66 cm-1). The additional band at 1125 cm-1 is 

assigned to a CD bending mode of deuterated A1 (1113 cm-1). 

 

Methanol on the (111) Surface Unexpectedly, two strong peaks at 1085 and 1060 cm-1 are 

observed for the fully oxidized (111) surface in addition to a weak shoulder at 1108 cm-1. The 

assignment of the two strong peaks is not straightforward. Neither of them agrees in 

frequency with the single band observed for the monodentate methoxy species on the ceria 

(110) surface, the shift amounts to at least 20 cm-1. At first, this observation appears to 

question the existence of monodenate methoxy species on this surface. The DFT results show, 

however, that the methoxy band for the (111) surface is substantially red-shifted relative to 

the (110) surface. According to DFT calculations, all CO stretching modes for methanol 

adsorption structures at the ceria (111) surface are predicted to occur between 1099 and 

1012 cm-1. Methoxy rocking modes have frequencies between 1150 and 1100 cm-1, and the 

CH bending modes occur between 1500 and 1400 cm-1. These findings are compiled in 

Figure 6.8. 

 

 

Figure 6.8 Wavenumber ranges in cm-1 for CH3OH (a) and CD3OD (b) adsorption structures 

at the ceria (111) surface obtained with dispersion-corrected PBE+U using the following color 

code: blue (CO stretching), green (CD bending), and red (methoxy rocking). 
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When using deuterated methanol, CO stretching modes are red-shifted by a factor of 0.97 and 

both CH bending and rocking modes are red-shifted by a factor of 0.71–0.75. Because of that, 

methoxy rocking modes occur at wavenumbers smaller than 850 cm-1, while CD bending 

modes are observed between 1150 and 950 cm-1. 

 

On the basis of the theoretical results, Sauer and coworkers thus assign the experimental band 

at higher frequency (1085 cm-1) to the monodentate methoxide species on the CeO2(111), i.e. 

P1. They explain the fact that this frequency is 20 cm-1 lower than on the CeO2(110) surface 

by the different local structure of the (111) surface, which is shown in Figure 6.9. 

 

Figure 6.9 Local structure surrounding the adsorbed methoxides A1 and P1 with bonds 

lengths in pm. Coordination numbers are given in parentheses, and atoms originating from 

methanol are red. 

 

The assignment of the vibration at 1060 cm-1 is less straightforward. According to the 

calculations, a second adsorption site for methoxide species is not available on the pristine 

(111) surface. They also feel that defects within the CeO2(111) substrate (oxygen vacancies, 

step edges, etc. ) do not have a sufficiently high concentration to explain the fact that this 

second band exhibits roughly the same intensity as the methoxide peak at 1085 cm-1. A low 

density of defects is evidenced by the fact that when CO is adsorbed on the same surface, only 

one sharp vibrational band is seen, which is clearly different from the broadened band seen 

after intentional introduction of defects [135]. Hence, they rule out an assignment of the 

1060 cm-1 band to any defect-induced species. The best agreement among the remaining cases 

studied computationally is with structure P4, where the high methanol coverage leads to a 

coupling between neighboring methoxides. The asymmetric stretching band (1055 cm-1) is 

red-shifted by 20 cm-1 relative to the symmetric one (1075 cm-1). Both bands are predicted to 

have similar intensities [180], which is in perfect agreement with the experimental spectra 

(Figure 6.3). Thus, they assign the unexpected second band at 1060 cm-1 to the CO stretch 

vibration of methoxy species at high coverage. This assignment yields a very good agreement 

between experiment and theory. 
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Table 6.2 summarizes the assignment to the observed bands. Note, that type 1 step edges in 

the ceria (111) surface resemble (110) facets. The corresponding methanol adsorption 

structures S1 and A1 are alike (cf. Figure 6.7) and yield the same CO stretching wavenumbers 

within the numerical accuracy of our approach (1099 and 1093 cm-1). Thus, the weak 

experimental band at 1108 cm-1 is assigned to S1, i.e. a methoxide adsorbed at type 1 step 

edges. Due to the low number of coordinating ions (one Ce, no H), the CO stretching 

wavenumber of this methoxide species is close to the one of a methoxide anion (1130 cm-1).  

 

Table 6.2 Assignment of experimentally observed wavenumbers (cm-1) to monomeric 

methanol adsorption structures at (110) facets (A1), (111) facets (P1), step edges (S1), and 

oxygen defects (D1) as well as the methanol monolayer P4. 

 

߭ை௦ௗ. Assignment, ߭ுை Also observed for 

1108 (±0) in 
Figures 6.2a, 6.3a 

(weak) 

A1, 1099 (±0); 
S1, 1093 (-6) 

nanoparticles: 1104 cm-1 [164]; 
polycrystallites: 1103 cm-1 [169], 1108 cm-1 [170]; 
thin films: 1105 cm-1 [64], 1104 cm-1 [174], 1108 cm-1 [175]
 

1085 (-23) in 
Figure 6.3a 

P1, 1069 (-30); 
P4, 1075 (-24) 

nanoparticles: 1077 cm-1 [164]; 
thin films: 1080 cm-1 [174] 
 

1060 (-48) in 
Figure 6.3a 

P4, 1055 (-44); polycrystallites: 1050 cm-1 [169], 1065 cm-1 [170]; 
thin films: 1058 cm-1 [64] 
 

1037 (-71) in 
Figure 6.5 

P4, 1020 (-79, weak);
molecular (cf. SI) 

nanoparticles: 1037 cm-1 [164]; 
polycrystallites: 1031 cm-1 [169]; 
thin films: 1038 cm-1 [175] 
 

 D1, 1012 (-87)  nanoparticles: 1016 cm-1 [164]; 
polycrystallites: 1015 cm-1 [170]; 
thin films: 1027 cm-1 [64] 

 

The assignment proposed above is in agreement with Badri et al. [170], though it should be 

noted that H bonds and the number of coordinating Ce ions affect the CO stretching mode (cf. 

Table 6.1). These different adsorption sites arise from surface defects such as nanoislands and 

oxygen vacancies. 

 

CD3OD adsorption yields a large peak at 1117 cm-1 and two smaller peaks at 1040 and 

1020 cm-1. The latter are attributed to the shifted CO stretching modes, and the band at 

1117 cm-1 is caused by CD bending modes, which are shifted into CO stretching region upon 

deuteration. 
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6.2 Methanol adsorption on reduced CeO2-x(110) and CeO2-x(111) 

 

Figure 6.10 shows the IRRA spectrum obtained after methanol adsorption at a partially 

reduced single crystalline CeO2-x(111) surface at a temperature of 120 K (for the degree of 

reduction see chapter 4). Albeit higher noise level, the spectrum still clearly demonstrates two 

bands located at 1075 and 1057 cm-1, which only slightly downshift compared to the IR bands 

of fully oxidized surface. The two bands presumably are attributed to methanol adsorption on 

the perfect sites of (111) surface. Features at around 1020 cm-1 are not observed, where one 

expects C-O the bands of the methoxide anion in tridentate coordination to surface Ce ions 

(D1 see Figure 6.6) arising from methanol adsorbed into the oxygen vacancy sites. 

According to a recent theoretical study [168], the tridentate methoxide does not show 

IR-active vibrations in this region which may explain the absence of CO vibrational bands. 
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Figure 6.10 IRRA spectrum of methanol at the partially reduced CeO2-x(111) surface. The 

sample was exposed to 1.3×10-10 mbar CH3OH vapor for 10 seconds at 120 K. 

 

Figure 6.11 shows the IRRA spectra of methanol adsorption at a partially reduced single 

crystalline CeO2-x(110) surface at 115 K (for the degree of reduction see chapter 4). 

Apart from the band at 1108 cm-1 originating from monodentate methoxy species (A1, see 
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Figure 6.6) on perfect sites of (110) surface, one additional band appears at 1070 cm-1. 

Considering it is facile to form (111) facets during CeO2(110) reduction by high temperature 

annealing under UHV conditions (see chapter 4), the band at lower frequency might be 

assigned to methoxide species formed on (111) facets (P1). As the methanol coverage 

increases, another band at 1055 cm-1 caused by molecularly adsorbed methanol arises (not 

shown). 
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Figure 6.11 IRRA spectra of methanol at the partially reduced CeO2-x(110) surface with the 

IR light incident along [001] azimuthal direction. The sample was exposed to 1.3×10-10 mbar 

methanol (CH3OH) vapor for 5 seconds (grey) and 10 seconds (red) at 115 K. 

 

In brief, for methanol adsorbed at the oxidized ceria (110) surface, infrared reflection 

adsorption spectra show a single band at 1108 cm-1, which is assigned to a monodentate 

methoxide species. For the fully oxidized (111) surface, two peaks are observed at 1085 and 

1060 cm-1 in addition to a weak signal at 1108 cm-1. The latter is assigned to methanol 

adsorbed at step edges on the ceria surface, which resemble (110) facets. According to the 

Density functional theory (DFT) calculations, the two strong bands are assigned to a methanol 

monolayer at the pristine (111) surface that consists of H-bonded methoxide as well as 

molecularly adsorbed methanol species. Ab initio MD simulations for this monolayer yield 
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two strong bands at 1075 and 1055 cm-1 that correspond to the symmetrically and 

asymmetrically coupled CO stretching modes of neighboring methoxide species. 

 

For methanol adsorbed at partially reduced ceria (111) surface, no new bands were observed 

in spite of a slight redshift of both bands. The absence of tridentate methoxide bands 

correlating with oxygen vacancies is probably due to its IR-inactive character. For the reduced 

ceria (110) surface, a new band at around 1070 cm-1 appeared, which might be attributed to 

methanol adsorption on (111) facets formed on the reduced ceria (110) surface. 
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7 CO2 adsorption on ceria (110) 

 

Carbon dioxide (CO2) studies were motivated by not only the mitigation of this greenhouse 

gas but also the potential utilization of CO2 as a feedstock for the chemical industry [183]. 

Nowadays, CO2 is industrially employed to produce chemicals such as urea, methanol, 

ethylene carbonate, and salicylic acid. A detailed understanding of the surface chemistry of 

carbon dioxide is crucial for the design and optimization of catalysts [184-186]. 

 

Ceria, as one of the most reducible metal oxides, has proven to be a viable catalyst for CO2 

involved reactions. Graciani et al. reported a highly active copper–ceria catalyst with Cu(111) 

after depositing ∼0.2 ML of CeOx nanoparticles for methanol synthesis from CO2 [187]. 

Hilaire et al. measured the water-gas shift reaction rates for Me/CeO2 (Me: Pd, Ni, Fe, Co), 

and pure ceria [188]. Yamanaka and coworkers demonstrated the direct partial oxidation of 

methane to synthesis gas by cerium oxide [189]. Sharma et al. claimed that CO2 is able to 

oxidize reduced ceria [190]. Makkee and co-workers studied the oxygen exchange mechanism 

between C18O2 and ceria on both Pt/CeO2 and bare CeO2 samples [191]. 

 

Besides studies at high-surface-area CeO2 catalysts under realistic reaction conditions, the 

fundamental research which takes a surface science approach regarding CO2 adsorption and 

reactions at surfaces of well-ordered CeO2 single crystals or oriented thin films has also been 

conducted. 

 

In Senanayake and Mullins’s study of the redox pathways for formic acid decomposition over 

CeO2(111) surfaces, they also examined the adsorption of CO2 on CeO2(111) in order to make 

a distinction between carbonate (CO3
2-) and formate (HCOO-) species [192]. Carbonate and 

formate have similar binding energies of C1s at ~290 eV. However, C K-edge NEXAFS can 

unambiguously distinguish between carbonate and formate which have their resonances of 

π* transition at 290.5 and 288 eV, respectively. Libuda and coworkers have investigated 

adsorption and activation of CO2 on ceria and magnesia/ceria thin films using various 

photoelectron spectroscopies and have also demonstrated the re-oxidation of reduced ceria by 

CO2 [193-195]. They exposed pure reduced CeO2-x(111) to CO2 at room temperature resulting 

in two peaks in the C1s region at 289.5 and 285.8 eV, which were assigned to carbonate 

(CO3
2-) and carboxylate (CO2

δ-), respectively [193]. However, the carboxylate peak (285.8 eV) 

was observed only after CO2 exposure higher than 4000 L. Under such high exposures to CO2, 



90 

they think partial re-oxidation of reduced ceria by CO2 occurs with high reaction probability 

even at temperatures as low as 300 K, on pure ceria in the absence of both supported noble 

metal particles and surface hydroxyl groups [195]. They also determined that the surface 

carbonate species on reduced ceria samples decomposes upon annealing above 400 K. 

Stoichiometric CeO2(111), by contrast, did not adsorb CO2 at room temperature [194]. 

No C1s signal appeared even after exposing stoichiometric CeO2(111) to 14,200 L of CO2. 

Hutter and coworkers have investigated the adsorption properties of CO2 on a CeO2(111) 

surface with standard DFT calculations using the PBE exchange-correlation functional and 

concluded that CO2 adsorbs onto the CeO2(111) surface as monodentate carbonate species up 

to a coverage of 1/3 ML, though the adsorption energy is relatively weak (0.31 eV) [196]. 

A CO2 molecule adsorbed in a bent configuration (carboxylate or carbonate species) acts as a 

Lewis acid which accepts electronic charge from the ceria surface at all coverages. Higher 

coverages of CO2 adsorption result in the formation of a linear, physisorbed CO2 species. The 

average binding energy in such configurations has been shown to increase marginally at 1 ML, 

since the first partial layer of linear CO2 is stabilized by the pre-adsorbed monodentate 

carbonate species. 

 

More recently, Mullins and coworkers [197] have revealed a much stronger interaction of CO2 

with both oxidized and reduced ceria (100) film surfaces. Synchrotron-based XPS and 

C K-edge NEXAFS combined with DFT+U calculations determined that CO2 is adsorbed as a 

tridentate carbonate with the molecular plane parallel to the (100) surface. For the reduced 

CeO1.7(100) exposed to CO2 at 180 K, no CO desorbs during the CO2 TPD, which indicates 

that CO2 does not re-oxidized CeO1.7(100) surface under the measuring conditions. 

 

To date only theoretical study on ceria (110) surface has been reported. Cheng et al. [198] 

have explored various adsorption sites and configurations for CO2 on stoichiometric and 

reduced ceria (110) using density functional theory with the Hubbard U correction. Eleven 

different configurations for CO2 adsorption on the stoichiometric (110) surface were 

examined and they found that the molecule does not form carbonate but is physisorbed as 

CO2. By contrast, carbonate species is formed on reduced CeO2-x(110). They considered two 

different models for the reduced CeO2-x(110) surface with either an in-plane oxygen vacancy 

or a split oxygen vacancy. The in-plane O-vacancy is formed by simply removing an O from 

the surface, while the split O-vacancy is produced when an O adjacent moves toward that 

vacancy into a bridge site between two Ce cations. CO2 adsorbs at the in-plane vacancy as a 
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carboxylate with the C and one O atom in the molecule bound to two Ce cations. However, 

CO2 adsorption at the split vacancy leads to the formation of a monodentate carbonate with 

higher adsorption energy. 

 

In this chapter, the first experimental results of CO2 adsorption onto a bulk single crystal 

CeO2(110) are reported. C1s and O1s synchrotron-based XPS and C K-edge NEXAFS data 

indicate that CO2 adsorbed predominantly as carbonate species on both oxidized CeO2(110) 

and partially reduced CeO2-x(110) at low temperatures. 

 

The CeO2(110) single crystal was prepared by repeated cycles of sputtering with 1 keV Ar+ 

and annealing at 800 K for 15 min in an O2 atmosphere of 1×10-5 mbar to form a 

stoichiometric surface, or alternatively without O2 to create a reduced one. The degree of 

reduction has been estimated to be ~60% Ce3+ (CeO1.7(110)) in chapter 4, which is 

reproducible. Figure 7.1 shows the valence band photoemission spectra of oxidized and 

reduced ceria (110) surfaces. For temperature monitoring, a K-type thermocouple was directly 

attached on the sample surface. XPS measurements were carried out to ensure sample 

cleanliness and to determine oxidation state of cerium from Ce4d and valence band 

photoemission spectra. XP spectra can only be recorded at the sample temperature above 

150 K since lower temperatures induce severe charging problems. 
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Figure 7.1 Valence band photoemission spectra of oxidized CeO2(110) (grey) and a surface 

that has been reduced to ~60% Ce3+ (CeO1.7(110)). 
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NEXAFS measurements only were performed after desired Ce oxidation state as judged by 

XPS. Exposure to 5 L CO2 at sample temperatures typically below 120 K was achieved by 

backfilling the analysis chamber up to 10-9 mbar. Typical base pressures during acquisition of 

NEXAFS and XP spectra were 2 × 10-10 mbar. NEXAFS and XP spectra after CO2 exposure 

were firstly recorded at low temperatures. And then the sample temperature was elevated to a 

set of given temperatures and the corresponding spectra were acquired during thermal 

desorption process. 

 

7.1 CO2 adsorption on reduced CeO2-x(110) 

 

The XPS and NEXAFS measurements of CO2 adsorption were firstly performed on reduced 

CeO2-x(110) surfaces. Figure 7.2 shows C1s core-level XP spectra for CO2 adsorption on 

reduced CeO2-x(110). The reduced CeO2-x(110) was exposed to 5 L of CO2 at 120 K and 

subsequently heated to the indicated temperatures. All spectra were recorded at the elevated 

temperatures. The spectra consist of a primary peak at 290.5 eV. 
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Figure 7.2 C1s core-level XP spectra following a dose of 5 L CO2 at 120 K and annealed as 

indicated on reduced CeO2-x(110). 

 

As shown in Figure 7.2, one C1s peak is observed at 290.5 eV which is assigned to carbonate 

(CO3
2-) species. Similar assignment has been made for carbonates on α-Cr2O3(10-12) [199] 
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and ZnO [200, 201]. This assignment is also in agreement with that of Mullins et al. for CO2 

adsorption onto CeO2(111) [192] and CeO2(100) [197] films at low temperatures, and also 

with Rodriguez et al. for CO2 adsorption onto CeOx/Au(111) – ceria nanoparticles supported 

on Au(111) [202]. A small shoulder at ~292 eV in the 150 K spectrum is ascribed to a tiny 

amount of physisorbed CO2, which was totally desorbed by heating up to 250 K. The intensity 

of the peak at 290.5 eV dwindled with rising of temperature and was extinguished entirely by 

500 K. Neither a significant shift of this peak in the binding energy nor the emergence of any 

new features with annealing temperature was observed. 

 

Figure 7.3 presents O1s core-level XP spectra for CO2 adsorption on reduced CeO2-x(110). 

Peaks at 535.2, 533.0, and 531.0 eV are assigned to molecularly physisorbed CO2, carbonate 

(CO3
2-), and lattice O, respectively [197]. The intensity of the carbonate O1s peak at 533.0 eV 

decreased with increasing temperature in a qualitatively similar manner as that of the 

carbonate C1s peak (cf. Figure 7.2); the peak intensity diminished gradually over the 

temperature range from 150 to 500 K, until the peak became nearly extinct by 500 K. The 

variation of the lattice O intensity is due to both attenuation of lattice O induced by the 

covered carbonate and conversion of surface (lattice) O to carbonate following CO2 

adsorption. 
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Figure 7.3 O1s core-level XP spectra following a dose of 5 L CO2 at 120 K and annealed as 

indicated on reduced CeO2-x(110). 
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Near-edge X-ray absorption fine structure (NEXAFS) spectra at different angles (30, 55, 90°) 

of incidence were acquired (data not shown). However, obvious angular dependence was not 

observed indicating that the adsorbed species have no preferential orientation on reduced 

CeO2-x(110) surface. The C K-edge NEXAFS spectra for the reduced CeO2-x(110) surface 

exposed to 5 L of CO2 at 120 K and subsequently annealed to 200 and 300 K are shown in 

Figure 7.4, where each spectrum is the average of spectra recorded at different angles. 

One single peak at 290.5 eV and another broader, shallower peak at around 301.5 eV are 

assigned to π* and σ* transition of carbonate (CO3
2-), which is in agreement with the 

assignments of Mullins and coworkers for CO2 adsorption on CeO2(111) [192] and 

CeO2(100) [197]. The noise of the spectra in the σ* transition range results from subtraction 

of third-order X-ray excitation at the Ce MIV and MV edges (absorption peaks at photon 

energies of 295 and 301.5 eV, respectively) from the raw NEXAFS spectra. The spectral 

intensities have been normalized to the absorbance or “jump” at 320 eV. The primary effect of 

annealing the sample was a decrease in the carbonate coverage. The C K-edge NEXAFS data 

confirmed our assignment of carbonate as the only species on the surface for temperature 

above 250 K. The π* transition for carbonate at 290.5 eV was clearly distinguished from that 

of either carboxylate [203, 204] or formate [192, 205] whose π* resonance would occur at 

288–289 eV. The π* peak due to carbonate was located at a similar photon energy on various 

ZnO single crystal surfaces; specifically, 290.5, 290.4 ± 0.2, and 290.4 ± 0.5 eV for 

ZnO(10-10) [206], ZnO(000-1)-O [207], and ZnO(0001)-Zn [208], respectively. 
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Figure 7.4 Near-edge X-ray absorption fine structure (NEXAFS) spectra at the C K-edge 

following a dose of 5 L CO2 at 120 K and annealed as indicated on reduced CeO2-x(110). 

 

It is surprising that CO2 can be readily adsorbed on reduced CeO2-x(110) surface at room 

temperature (cf. Figure 7.5). C1s and O1s XP spectra show the same main features as those of 

CO2 adsorption on reduced CeO2-x(110) at low temperatures. The adsorbed species are 

carbonate, as evidenced also by their stabilization at high temperatures, since carboxylate 

(CO2
δ-) species are believed not stable in UHV at room temperature [187]. 
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Figure 7.5 C1s (a) and O1s (b) core-level XP spectra following a dose of 1 L CO2 at room 

temperature on reduced CeO2-x(110). 
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7.2 Charge transfer between reduced CeO2-x(110) and CO2 

 

Libuda and coworkers [193, 195] examined the re-oxidation of the reduced CeO2-x(111) film 

grown on Cu(111) by CO2 and observed that a significant amount of Ce3+ was oxidized to 

Ce4+. However, Mullins and coworkers [197] did not detect CO desorption during CO2 TPD 

from reduced CeO1.7(100) following CO2 exposure at 180 K. Additionally, White and 

coworkers [209] also did not observe CO formation when CO2 was dosed to pure ceria 

particles at 300 K and subsequently evacuated at higher temperatures. 

 

To settle the controversy over whether the reduced ceria can be re-oxidized by CO2, reduced 

CeO2-x(110) was exposed to 5 L CO2 at 200 K, and subsequently the sample was flashed up to 

500 K to completely remove the adsorbates. Normal emission valence band spectra (cf. 

figure 7.6) of reduced CeO2-x(110) before and after CO2 treatment were recorded at 200 K. 

No change of Ce4f and O2p peaks upon CO2 treatment was detected, which indicates that 

CO2 did not re-oxidize reduced CeO2-x(110). 
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Figure 7.6 Normal emission valence band spectra of clean reduced CeO2-x(110) (grey) and 

CeO2-x(110) after CO2 treatment (red). 

 

The same experiment was repeated, while valence band spectra (cf. figure 7.7) were recorded 

at room temperature and at a take-off angle of 55 degree, which provides information from 
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atomic layers more close to the sample surface. Again, no change in Ce4f peak of CeO2-x(110) 

was seen before and after CO2 treatment, revealing that CO2 does not oxidize the reduced 

CeO2-x(110) in agreement with previous observations by Mullins [197] and White [209]. 
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Figure 7.7 Grazing emission valence band spectra of clean reduced CeO2-x(110) (grey) and 

CeO2-x(110) after CO2 treatment (red). 

 

The reason why Libuda and coworkers [193, 195] observed the re-oxidation of a large amount 

of Ce3+ to Ce4+ on the reduced CeO2-x(111) film is probably because they conducted the 

measurements in CO2 atmosphere where the samples were always covered with CO2. 

According to a recent theoretical study [198], on the reduced CeO2-x(110) surface upon CO2 

adsorption a net charge of ca. -|e| is transferred from Ce3+ to the activated CO2 molecule, and 

then this cerium cation is re-oxidized to Ce4+. Nonetheless, upon heating the adsorbates 

desorb in the form of CO2 not CO due to higher activation barrier of CO2 dissociation than 

CO2 desorption, thus the negative charge is transferred back to surface Ce4+ and form Ce3+ 

again. 
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7.3 CO2 adsorption on oxidized CeO2(110) 

 

Similarly, the XPS data of CO2 on oxidized CeO2(110) surface is presented firstly. 

Figure 7.8 shows C1s core-level XP spectra for CO2 adsorption on oxidized CeO2(110). 

There are several points of contrast with regard to CO2 adsorption on reduced CeO2-x(110). 

The spectra consist of a primary peak at 289.7 eV and a weak feature at 285.0 eV. For the 

primary peak at 289.7 eV, the intensity was less at all temperatures and the peak was located 

at lower binding energy compared to that of the reduced surface. The shift of XPS peak 

positions is a typical effect of surface reduction which has also been observed for O1s, C1s, 

and S2p core levels when other molecules were adsorbed on oxidized and reduced ceria (100) 

and (111) [172, 173, 192, 210, 211]. The shift to lower binding energy does not therefore 

represent a different species compared to the reduced surface; and the peak at 289.7 eV is then 

also assigned to carbonate (CO3
2-), which is not in agreement with the theoretical results of 

Cheng et al. [198] for CO2 adsorption on oxidized CeO2(110) surface. The feature at 285.0 eV 

is tentatively assigned to residual contamination in the form of graphite or CHx hydrocarbon 

fragments, referred as C0. The intensity of carbonate peak shrinks steadily by increasing the 

temperature, and the adsorbed species could be present up to 400 K. 
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Figure 7.8 C1s core-level XP spectra following a dose of 5 L CO2 at 120 K and annealed as 

indicated on oxidized CeO2(110). 
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Figure 7.9 shows O1s core-level XP spectra for CO2 adsorption on oxidized CeO2(110). The 

most striking contrast with the O 1s spectra for CO2 on reduced CeO2-x(110) is the magnitude 

of the adsorbate (carbonate) peak at around 533.0 eV. Although the carbonate O1s peak has 

also shifted to lower binding energy with respect to the reduced surface, the shift is similar to 

what was observed in the C1s spectra (Figure 7.2 and 7.8) and again is not indicative of a 

different species from that on the reduced surface. The intensity of carbonate O peak 

decreases monotonically over the temperature range from 150 to 400 K, with the peak nearly 

extinguished by 400 K. 
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Figure 7.9 O1s core-level XP spectra following a dose of 5 L CO2 at 120 K and annealed as 

indicated on oxidized CeO2(110). 

 

Figure 7.10 shows the C K-edge NEXAFS spectra for the oxidized CeO2(110) surface 

exposed to 5 L of CO2 at 120 K and subsequently annealed to 150, 200 and 300 K. 

Likewise each spectrum was averaged from 9 spectra acquired at different angles (30, 55, 90°) 

of incidence, as preferential orientation of adsorbed species on the surface was not observed. 

In comparison to the C K-edge NEXAFS spectra for CO2 on reduced CeO2-x(110), the 

intensities of primary peaks are relatively low, suggesting smaller uptake of CO2 on the 

oxidized CeO2(110) surface. One broad σ*-resonance at around 301.5 eV and another sharper, 

intense peak corresponding to a π*-resonance at ca. 290.5 eV are evident. The latter can be 

further resolved into two components at 290.3 and 290.9 eV, respectively. Additionally, a new 
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minor feature appears at 288.9 eV, which does not exist in the C K-edge NEXAFS spectra of 

reduced CeO2-x(110). Considering that the oxidized CeO2(110) sample was prepared ex-situ in 

the preparation chamber (base pressure 2×10-8 mbar) and subsequently transferred into 

analysis chamber for measurements, during the sample transfer residual water vapor in the 

chamber might accumulate on the surface and form surface hydroxyl (OH) groups, which 

probably can react with the later adsorbed CO2 and induce the newly emerged features in the 

C K-edge NEXAFS spectra of oxidized CeO2(110). The possible products are formate 

(HCOO-) and bicarbonate (HCO3
-). Thus the new feature at 288.9 eV is assigned to 

π*-resonance in format (HCOO-) [192, 205], and the new component at 290.9 eV is assigned 

to π*-resonance in bicarbonate (HCO3
-) [212]. 
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Figure 7.10 Near-edge X-ray absorption fine structure (NEXAFS) spectra at the C K-edge 

following a dose of 5 L CO2 at 120 K and annealed as indicated on oxidized CeO2(110). 
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To sum up, CO2 adsorbs on both oxidized and reduced clean ceria (110) surfaces as carbonate 

and weakly bound CO2 at low temperatures. No evidence for the formation of a carboxylate 

(CO2
δ-) intermediate was indicated. The weakly bound CO2 desorbs by 250 K. Obvious 

angular dependence of adsorbate was not observed by angle-dependent C K-edge NEXAFS. 

On reduced CeO2-x(110), carbonate completely desorbs at around 500 K, and furthermore the 

unchanged reduction extent of the surface indicates that CO2 does not re-oxidize reduced 

CeO2-x(110) with breaking of C=O bonds to form CO. On oxidized CeO2(110) the carbonate 

is decomposed and desorbed as CO2 totally at 400 K. The minor formate and bicarbonate 

species in the spectra probably originate from reactions of CO2 with surface hydroxyls. 

The IRRA spectra of CO2 adsorption on both reduced and oxidized CeO2(110) contain several 

peaks with different signs between 1250 and 1650 cm-1, which is documented in Appendix 2. 
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Conclusions 

 

Since ceria (CeO2) was first introduced into three-way catalysts (TWCs) 40 years ago, this 

“magic” material has been widely used as active component, promoter or support in solid 

phase catalysis. In this thesis, fundamental studies of three C1 molecules (CO, CO2, and 

CH3OH/CD3OD) adsorption on surfaces of ceria single crystals and/or nanocrystals have been 

carried out by using ultra-high vacuum Fourier transform infrared spectroscopy (UHV-FTIRS) 

or near-edge X-ray absorption fine structure (NEXAFS) spectroscopy. The oxidation states of 

cerium cations on ceria sample surfaces were determined by the core-level and valence band 

X-ray photoelectron spectroscopy (XPS). LEED was used to assure the well-defined surface 

crystallinity of the substrate as judged from sharp spots in the patterns. 

 

IRRAS data of carbon monoxide (CO) adsorption on all three low-index surfaces of CeO2 

single crystals demonstrates the capability of CO as an IR-probe to investigate surface oxygen 

vacancies and distinguish surface orientations. On fully oxidized (111) surface, one intense 

and Gaussian-like peak at 2154 cm-1 is observed, while the CO band blueshifts to 2163 cm-1 

on reduced surface. The same measurements have also been performed on CeO2(110) single 

crystal surface which has higher surface energy than (111) surface. Interestingly, CO 

adsorption on fully oxidized CeO2(110) surface exhibits a band at 2170 cm-1, which is 16 cm-1 

higher than the counterpart of CeO2(111) surface. Mild annealing CeO2(110) results in 

missing of surface oxygen anions in ordered way leading to (2×1) surface reconstruction. 

Further annealing at higher temperatures in UHV without O2 induces the increase of defect 

concentration to form (111) and (11-1) nanofacets at the reduced CeO2-x(110) surface. 

CeO2(100) is a polar surface, whose LEED patterns exhibit complex surface reconstructions. 

The CO adsorption on highly reduced CeO2(100) surface generates one intense band at 

2164 cm-1, while on partial oxidized surface additional two bands at 2182 and 2150 cm-1 are 

observed. 

 

Taking the results of CO adsorption on ceria single crystal surfaces as reference, CO 

adsorption on ceria nanocrystals (conventional particles, rods, cubes) have been investigated 

using UHV-FTIR in transmission mode. It is found that ceria nanorods are (110) terminated 

and expose a great amount of (111) nanofacets. Like ceria nanorods, ceria nanocubes show 

the primary CO stretching mode of 2170 cm-1 at 100 K indicating that ceria nanocubes also 

contain substantial (110) facets, though ideal ceria nanocubes exclusively expose (100) 
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surfaces. The proper interpretations with regard to FTIR data of CO adsorption on ceria 

nanocrystals suggest that ceria nanocrystals are not always as perfectly structured as previous 

assumptions. 

 

Methanol adsorption on (111) and (110) surfaces of bulk CeO2 single crystals have been 

investigated using IRRAS, and our results demonstrate that methanol also can be used as the 

IR molecular probe. For methanol adsorbed at the fully oxidized (110) surface, IRRA spectra 

show a single band at 1108 cm-1, which is assigned to a monodentate methoxide species. For 

the fully oxidized (111) surface, two peaks are observed at 1085 and 1060 cm-1 in addition to 

a weak signal at 1108 cm-1. The latter is assigned to methanol adsorbed at step edges on the 

ceria surface, which resemble (110) facets. The density functional theory (DFT) simulations 

suggest that the strong bands at 1085 and 1060 cm-1 are assigned to a methanol monolayer 

that consists of H-bonded methoxide as well as molecularly adsorbed methanol species. Ab 

initio MD simulations for this monolayer yield two strong bands at 1075 and 1055 cm-1 that 

correspond to the symmetrically and asymmetrically coupled CO stretching modes of 

neighboring methoxide species. For methanol adsorbed at partially reduced ceria (111) 

surface, no new bands were observed in spite of slight redshift of both bands. The absence of 

tridentate methoxide bands correlating with oxygen vacancies is probably due to its 

IR-inactive character. For the reduced ceria (110) surface, a new band around 1070 cm-1 was 

observed, which might be attributed to methoxide species formed on (111) facets at reduced 

ceria (110) surface. 

 

To date, there have been only NEXAFS studies of CO2 adsorption on ceria (111) and (100) 

surfaces. In this thesis, the first NEXAFS results of CO2 adsorption onto a bulk single crystal 

CeO2(110) have been reported. On both reduced and oxidized ceria (110) surface, the 

adsorbed CO2 is found to form carbonate species. Upon reduction, excess electrons 

accumulate on the reduced surface resulting in Ce3+ cations. When these electrons are 

transferred from the substrate to the subsequent adsorbed CO2 molecules to form carbonate 

anions, the reduced surface could thus be re-oxidized to some extent. Annealing the CO2 

pre-covered ceria (110) surface does not induce the breaking of C=O bonds and thereby CO 

formation but CO2 desorption since the activation energy of CO2 dissociation is higher than 

that of CO2 desorption. Consequently, the surface is reduced back to the original oxidation 

state. 
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Abbreviation list 

 

UHV         ultra-high vacuum 

SFG         sum frequency generation 

SPM        scanning probe microscopy 

STM         scanning tunneling microscopy 

AFM         atomic force microscopy 

XPS         X-ray photoemission spectroscopy 

ESCA         electron spectroscopy for chemical analysis 

FTIR         Fourier transform infrared spectroscopy 

IRRAS         infrared reflection absorption spectroscopy 

NEXAFS         near-edge X-ray absorption fine structure 

XANES         X-ray absorption near edge structure 

LEED         low energy electron diffraction 

RHEED         reflection high energy electron diffraction 

UPS         ultraviolet photoelectron spectroscopy 

TDS         thermal desorption spectroscopy 

AES         Auger electron spectroscopy 

BET         Brunauer-Emmett-Teller 

XRD    X-ray diffraction 

HRTEM/HREM   high-resolution transmission electron microscopy 

DFT         density functional theory 

NIR            near-infrared 

MIR         mid-infrared 

FIR             far-infrared 

MCP         microchannel plate 

MCT            mercury cadmium telluride 

DTGS         deuterated triglycine sulfate 

InSb         indium stibnite 

PEY             partial electron yield 

TEY             total electron yield 

AEY            Auger electron yield 

FY              fluorescence yield 

TWCs            three-way catalysts 
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KE      kinetic energy 

BE      binding energy 

CV      coordination vacancy 

PBE     Perdew-Burke-Ernzerhof 

BESSY     Berlin Electron Storage Ring Society for Synchrotron Radiation 

EB      electron bombardment 

VO      oxygen vacancy 

HESGM    high energy spherical grating monochromator 

DRIFTS     diffuse reflectance infrared Fourier transform spectroscopy 
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Appendix 1 Characterizations of ceria single crystals 
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Figure A1.1 Fitted Ce3d XP spectrum of the reduced CeO2-x(110) with (2×1) surface 

reconstruction. 

 

 

Figure A1.2 LEED patterns of reduced CeO2-x(100). 
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Figure A1.3 Fitted Ce3d XP spectrum of reduced CeO2-x(100). 
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Figure A1.4 Fitted Ce3d XP spectrum of partially oxidized CeO2(100). 
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Appendix 2 IRRAS data of CO2 adsorption on CeO2(110) 

 

 

Figure A2.1 Experimental IRRA spectra of 5 L CO2 at 120 K on reduced CeO2(110) at a 

grazing incidence angle of 80° with p- and s-polarized light incident along [1-10]. 
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Figure A2.2 Experimental IRRA spectra of 5 L CO2 at 120 K on reduced CeO2(110) at a 

grazing incidence angle of 80° with p- and s-polarized light incident along [001]. 
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Figure A2.3 Experimental IRRA spectra of 5 L CO2 at 120 K on oxidized CeO2(110) at a 

grazing incidence angle of 80° with p- and s-polarized light incident along [1-10]. 
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Figure A2.4 Experimental IRRA spectra of 5 L CO2 at 120 K on reduced CeO2(110) at a 

grazing incidence angle of 80° with p- and s-polarized light incident along [001]. 
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