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Abstrakt: Koncentrace iontů Ce
3+

 je jeden z nejvýznamnějších parametrů 

ovlivňujících reaktivitu katalyzátorů na bázi oxidu ceru. V této práci jsou zkoumány 

různé experimentální přístupy pro kontrolu koncentrace iontů Ce
3+

 v modelových 

katalyzátorech na bázi oxidu ceru: i) ovlivňování stechiometrie oxidu ceru, ii) 

dopování prvkem s vysokou valencí a iii) růst ultra-tenkých vrstev oxidu ceru se 

silnou interakcí s kovovým substrátem. Struktura, morfologie a chemický stav 

připravených tenkovrstvých systémů na bázi redukovaného oxidu ceru jsou 

zkoumány pomocí metod povrchové analýzy: rastrovací tunelové mikroskopie, 

difrakce nízkoenergetických elektronů a rentgenové fotoelektronové spektroskopie. 

V předkládané práci je prezentována originální metoda redukce oxidu ceru, která 

umožňuje přesnou kontrolu stechiometrie a stupně redukce oxidu ceru (i). Dále jsou 

představeny metody pro přípravu vysoce uspořádané wolframem dopované tenké 

vrstvy oxidu ceru (ii) a vysoce kvalitní 2D ultratenké vrstvy oxidu ceru na Cu (1 1 1) 

(iii). Metody přípravy a modelové systémy představené v této práci zahrnují různé 

fyzikálněchemické principy vzniku iontů Ce
3+

 a poskytují výběr modelových 

systémů užitečných pro studium vlivu iontů Ce
3+

 s rozdílným původem na reaktivitu 

zkoumaných katalyzátorů.           

 

Klíčová slova: modelová katalýza, oxid ceru, Ce
3+

, inverzní modelový systém, tenké 

vrstvy . 
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Abstract: Concentration of Ce
3+

 is one of the most important parameters that 

influence the reactivity of ceria based catalyst. In this work we examine different 

experimental approaches for controlling Ce
3+

 concentration in cerium oxide model 

catalyst systems such as: i) influencing the stoichiometry of ceria, ii) introducing 

high valence doping agent, and iii) growing ultra thin ceria films with a strong metal 

substrate interaction. Structure, morphology and chemical state of prepared reduced 

ceria based systems were examined by means of surface science techniques: 

scanning tunneling microscopy, low-energy electron diffraction and X-ray 

photoelectron spectroscopy. 

In the present work an original method of ceria film reduction was introduced that 

allows stepwise control on stoichiometry and degree of film reduction (i). Further 

we introduce preparation procedures for well-ordered tungsten doped ceria model 

system (ii) and for the high quality 2D ultrathin ceria system on Cu (1 1 1) (iii). 

Preparation methods and model systems introduced in this work incorporate 

different physicochemical principles of Ce
3+

 induction and provide a variety of 

model systems useful for examining different effects that diversely prepared Ce
3+

 

ions
 
have on the activity of the catalyst. 

 

Keywords: model catalysis, ceria, Ce
3+

, inverse model system, ultrathin films.  
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CHAPTER 1 

Introduction 

1.1 Catalysts in chemical industry  

Chemical industry is crucial for the development world economy. Only in 

Europe chemical industry provides more than three million work positions that in 

2012 alone accounted for 12% of the EU manufacturing industry's added value. 

With the increasing economic and manufacturing potentials of the world, it is natural 

to expect that in the future the role of chemical industry in economy will only 

increase.  

Nowadays catalysis plays a key role in industrial research and chemical 

industry. The use of catalysts allows improving technological process of chemical 

reactions resulting either in greater industrial output or in the reduction of energy 

consumption. A new or improved catalyst can represent a huge economic advantage 

for a company in the form of better competitive manufacturing cost. Catalysts can 

also decrease the pollution effects caused by the release of chemical waste into the 

environment. This makes catalysts vital for the chemical industry. Many catalysts 

are in constant development so they can fulfill current economic and environmental 

demands.  In order to achieve the best results in a catalyst‟s activity or selectivity, it 

is important to understand the fundamental processes mediating catalytic reaction. 

Because many catalytic reactions take place on surface, and are strongly dependent 

on the geometric structure and composition of the catalyst, special approach is 

required for their effective investigation. Surface science plays a crucial role in this 

process providing tools to explore and control the properties of catalysts. 

 

1.2 Cerium oxide as efficient catalyst support 

 Rare earth oxides are often added to a catalyst as supports to increase the 

catalyst‟s thermal stability, activity and selectivity. Among many catalyst supports 

ceria (or CeO2) has attracted great attention of the scientific community.
1
 CeO2 is 
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well known in particular for its applications in the field of environmental 

preservation. Ceria is used in three-way automotive catalytic convertors that are able 

to reduce the toxicity of pollutants in exhaust gas by catalyzing the reduction of NOx 

and oxidation of CO and CHx. Crucial for the performance of this device is the 

presence of a material that is able to vary oxygen content depending on the external 

environmental conditions. Cerium can convert between the +3 and +4 oxidation 

states depending on how oxygen-rich is the interacting environment. This allows 

ceria to store, transport and release oxygen.
2
 Combining this with ceria good thermal 

stability, its compatibility with noble metals and availability, makes it an important 

element of three-way catalyst.  The effort to diminish pollutants  from engine 

combustion pointed out also to the possibility of adding cerium as additives to diesel 

fuel.
3–5

 Cerium oxide also finds application in well-established industrial processes 

as fluid catalytic cracking (FCC). FCC is one of the most important conversion 

processes in reforming heavy hydrocarbons fractions of crude oils to more desirable 

hydrocarbons for gasoline. Breaking of petroleum hydrocarbons was originally done 

by thermal cracking which is now almost completely replaced by catalytic cracking 

due to higher production ratings.  In the catalysts used for cracking ceria is added to 

control SOx species, emission control, as well as for providing additional activity 

and stability. Ceria is also added as a promoter to the catalysts used for the 

dehydrogenation of ethylbenzene - a fundamental process for styrene production.
6,7

 

The production of methanol and ammonia nowadays is large and require high 

catalyst consumption. Both methanol and ammonia synthesis take advantage of the 

water-gas shift reaction (WGS) - a process in which hydrogen and carbon dioxide 

are obtained from water and carbon monoxide. In WGS cerium oxide nanoparticles 

on noble metal are used to increase the catalysts activity for CO oxidation.
8,9

 

Another important application of ceria can be found in solid oxide fuel cells 

(SOFC). SOFC is an electrochemical conversion device that produces electricity 

directly from oxidizing fuel and use solid oxides or ceramics as electrolyte. The 

electrolyte material has crucial influence on the SOFC performance. The use of Gd- 

doped ceria as solid electrolyte instead of current industrial standard yttria 
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stabililized zirconia, results in lower operation temperatures, increases life of the 

SOFC device, and reduces cost of the construction.
10

  

Ceria appears to be very promising catalyst for proton exchange membrane 

fuel cells (PEMFC). Platinum is essential component in catalysts for these fuel cell 

technologies. However, high cost of Pt represents one of the main disadvantages that 

obstacles widespread commercialization of PEMFC. For the efficiency 

maximization, Pt must be atomically dispersed on the catalyst surface, which is 

achieved by growing Pt-doped cerium oxide thin films on nanostructured carbon 

surfaces. This technology developed in our group allows to create anodes with 

extremely low Pt loading and, at the same time, increase the general efficiency of 

the device.
11–13

 In addition, the high abundance of cerium in the Earth‟s crust, 

greater than that of copper, makes it an economically exciting alternative to noble 

metal catalysts.
14,15

 

Unique properties of ceria play an essential role in a variety of applications 

and industrial processes. Despite the wide use of ceria in technological processes, 

the microscopic origin of its unique catalytic properties is still under debate. A 

number of studies (both theoretical and experimental) are focused on the 

understanding of the reducibility and on the property optimization of this material.  

As more insight in chemistry and physics of cerium oxide is needed, and a 

fundamental approach starting from model systems can be useful to enlighten the 

basic characteristics that generate the wide application of ceria. Such research can 

fundamentally lead to a technological improvement of the existing industrial 

catalysts. 

 

1.3 Structural and electronic properties of cerium oxide 

Metallic cerium, with a 4f
2
5d

0
6s

2
 electron structure is easily oxidized in 

oxygen rich environment and achieves two limiting stoichiometries: Ce2O3 and 

CeO2 (with Ce
3+

 and Ce
4+

 oxidation states, respectively). Intermediate 

stoichiometries of ceria can be observed, with composition between Ce2O3 and CeO2 

depending on the temperature and oxygen pressure. The ability of ceria to provide 
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oxygen storage is controlled by the valence change of Ce cations from (+4 to +3). 

This property is based on occupation of localized Ce 4f state (Ce
4+

 corresponds to an 

empty f
0
 orbital, while Ce

3+
 to a f

1
 as shown below). In such way the excess charge 

created by oxygen vacancies can be neutralized. This mechanism also allows for an 

easy reoxidation of Ce
3+

 species and thus for reversibility of the system. Electronic 

structure of CeO2 has been investigated using DFT calculations by Fabris et al.
16

 

The studies suggested that all conduction states in CeO2 were empty, while in Ce2O3 

the 4f orbital was occupied by one electron per cation. Also, the calculations 

predicted a band gap of 5.6 eV, and revealed the nature of both valence and 

conduction bands. The calculations showed that upper valence band has a strong O-

2p character, while the bottom part of the conduction band is mainly formed by Ce-

4f orbital. Since stoichiometric ceria contains only Ce
4+

 ions, the Ce-4f conduction 

band is unoccupied. However, when oxygen defect is introduced in the structure, 

two excess electrons created by the vacancy, are localized on the two neighboring 

Ce atoms.
2
 Such interpretation is not universal and recent studies of Jerratsch et al.

17
 

have pointed out that Ce
3+

 ions can be observed further away from the location of 

oxygen vacancy, while Ce
4+

 with a partially delocalized 4f orbitals neighbor the 

defect. This results in ceria film around the oxygen vacancy having properties 

intermediate to the CeO2 and Ce2O3 and displaying both the gap state at 1.5 eV (that 

corresponds to the occupied states in Ce
3+

) and the sharp unoccupied 4f band of Ce
4+

 

at 4 eV. The question about oxidation state of cerium oxide, however, is still open 

for debate. Some authors claim that Ce ion should not be viewed as a pure Ce
4+

, 

with 4f
0
V

n
 configuration (where V

n
 indicates the fully occupied valence band), but 

rather as a mixture of Ce
4+ 

 ̶  Ce
3+

 states, with 4f
1
V

n-1 
configuration, due to 

similarities in energy levels between the 4f and the valence states.
1,18–20

  

Bulk CeO2 represent a fluorite-like structure with face-centered cubic unit cell 

(space group Fm3m, a = 5.41134 Å) in which each cerium cation is surrounded by 

eight neighbor oxygen anions as shown in Figure 1 (a).  Between the two Ce2O3 and 

CeO2 stoichiometric phases of ceria, a wide range of non-stoichiometric oxide 

compounds can be formed due to removal of oxygen atoms from the fluorite 

structure and subsequent ordering of the formed vacancies.
20,21

 An almost complete 
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continuum of cerium oxides with CeOx ranging between 1.714 ≤ x ≤ 2  exists at high 

temperature.
22,23

 

 

Figure 1. Crystal structure of cerium dioxide (a) fluorite CeO2, (b) bixbyite c-Ce2O3 

adapted from ref. [2]. 

 

These compounds are known as the α-phase that corresponds to disordered 

fluorite-type phase only stable at higher temperatures. At lower temperatures it 

transforms into a series of ordered phases (CenO2n-2m).
1
  For stoichiometries with 

less than 1.714 the phase diagram is dominated by the σ phase (Ce2O3+δ) that 

crystallises in form of body-centered cubic type-c rare-earth oxide structure. The c-

type sesquioxide Ce2O3 is the last member of this phase and has the bixbyite 

structure (with Ia3 space group).  The bixbyite structure is closely related to the 

fluorite structure of CeO2 with one fourth of regularly ordered oxygen atoms 

removed and small volume expansion is introduced  [Figure 1(b)].
2
 

 

 

1.4 Model catalysis 

Constant development of catalysts for industrial applications transformed 

modern catalysts into composite systems with complex preparation history. Often 
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these catalysts represent porous materials that combine some or even all of the 

following characteristics: large surface area, high roughness, complicated interfaces, 

multiple highly under-coordinated adsorption positions, and a variety of defects 

sites. The complex structure of these systems often complicates the evaluation of 

connections between structure and reactivity. In order to overcome the complexity 

of real catalysts, classes of simplified systems featuring a particular structural 

parameter of the real catalysts can be investigated independently, under well-defined 

experimental conditions. If a simplified system has well-defined geometry, the 

origin of the catalyst reactivity can be traced back to the molecular level by surface 

science methods. The simplified catalysts are generally called “model catalysts”. 

The so-called surface science approach represents the segmentation of complex 

reactivity of the real catalysts into the single independent, well-defined structure-

reactivity studies of model systems. The surface science approach combines the 

controllable environment of ultra high vacuum (UHV) with the precise preparation 

and characterization of catalysts by a large variety of surface sensitive experimental 

techniques. This approach has proven to be very productive for better understanding 

of fundamental processes governing catalysis. On the other hand the preparation and 

investigation of simplified systems in idealized conditions moves us further away 

from the physics of real catalysts.  Although surface science to a large degree has 

been driven by challenges induced by study of catalysis, several gaps between 

catalysis and traditional surface science exist. They include so-called materials gap, 

pressure gap and the complexity gap.
24

  

In order to overcome the problem of material gap, model catalysts include 

some of the real catalysts features, in the same time avoiding their full complexity. 

Such consistent development in model systems is schematically illustrated in Figure 

2. Originally, single crystal metal surfaces with specific crystal planes were used as 

model catalysts.
25

 In some studies this was justified by the fact that no significant 

differences existed between the examined parameters of catalysts consisting of small 

metal particles and a metal bulk single crystal.
26,27
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Figure 2.  Development of model catalysts of increasing complexity in order to 

overcome the material gap, adapted from [28]. 

 

The next step forward in model systems was preparation of ordered oxide film 

on a metal substrate.
29

 Frequently encountered catalysts or catalyst support materials 

are insulators by nature. This fact represents a drawback for surface science 

methods, since insulators suffer from surface charging. The elimination of charging 

effect can be achieved by the preparation of thin, ordered oxide film on the surface 

of a metal substrate. Thin oxide films provide a convenient substrate for the 

construction of more realistic supported metal particle catalysts. These materials 

have intermediate complexity, lying between those of metal single crystals and the 

supported “real-world” catalysts. The first example in preparation of thin oxide films 

was achieved by Poppa,
30

 who undertook the first systematic study applying 

transmission electron microscopy. Further increase in complexity of model system 

heterogeneous catalysis is achieved either by surface modifications or by 

introduction of additional active components or promoters. 
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The preparation and investigation of model catalysts by means of surface 

science require high-vacuum environments that are many orders of magnitude below 

the typical pressures used in practical catalytic processes. This inconsistence in 

pressures is known as the pressure gap. To overcome this pressure discrepancy, 

different experimental systems are developed allowing for a combination of UHV 

surface analysis chamber and elevated pressure reactors. Certain sensitive surface 

techniques, such as mass spectrometry, infrared absorption spectroscopy or scanning 

tunneling microscopy, can work at pressures higher than UHV. In recent years the 

technological progress also allowed to use X-ray spectroscopy in ambient-pressure 

environment.
31

 As for   complexity gap, further methods must be introduced that 

allow to study gas and mass transport.  

One of the new and promising directions in model studies is the employment 

of so called nano-oxide structures. When grown on metal supports with film 

thickness less than some critical value,
32

 oxide films display different properties in 

comparison to their respective bulk counterparts. Such oxide films may be even 

viewed as new type of materials that do not occur naturally.
33

 The origin for this 

unusual behavior lies in electronic and elastic interactions between nano-oxide 

structures and the metal supports. The urge for novel materials that can be 

successfully used in electronics and catalysis open wide perspectives for 

fundamental research of the nano-oxide systems. 

 

1.5 Reducible metal oxides  

Reducible metal oxides represent an important class of materials that finds 

applications in catalysis, fuel cell technologies, sensors and microelectronics. The 

main parameter for the reducible metal oxides is the ability to modify their oxidation 

states. The reducible oxides represent oxygen reservoirs that can easily donate or 

absorb oxygen during the reaction process. In the heterogeneous catalysis the 

reducible oxides usually serve as an active support for metal particles and promote 

the oxidation properties of the catalysts. The most commonly used and investigated 

reducible oxide is titanium oxide. It is used in numerous applications such as solar 
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cells, gas sensors, paints, cosmetics, and corrosion-protective coatings.
34

 Other 

reducible metal oxides include iron oxide,
35

 cobalt oxide,
36

 manganese oxide,
37

 

vanadium oxide,
38

 praseodymium oxide,
39

 copper oxide,
40 

and
 
cerium oxide.

1 

 

1.6 Reduction of ceria in model studies 

The ability of ceria to store and release oxygen in response to the changes of 

the reaction atmosphere is very important for ceria-based catalysts. This oxygen 

storage capacity of ceria is closely linked to the creation and annihilation of oxygen 

vacancies.
2
 Cerium can easily change oxidation states between two limiting cases 

(CeO2-x, 0 ≤ x ≤ 0.5)
16,41

 depending on the external conditions. Naturally, 

mechanical, electrical and chemical properties of ceria somewhat vary with a degree 

of reduction,
42

 but it is primarily the oxygen vacancy distribution that determines the 

catalytic activity of CeO2.
43

  For example, it is well accepted that oxygen vacancy 

sites play significant roles in the reactivity of the cerium oxide surface for the 

catalytic oxidation of carbon monoxide.
44,45 

Currently, a lot of effort is put into 

model studies in order to better understand what role oxygen vacancies play in ceria-

based catalysts.
46–51 

Therefore, reduced ceria films are prepared and studied with 

surface science methods. Despite a large number of strategies for the preparation, 

some difficulties still exist in preparing well-ordered reduced ceria films with 

uniform positioning of oxygen vacancies on the surface. 

 

1.7 Scope and objectives of the current thesis 

As concentration of reduced Ce
3+

 states is an important parameter in reactivity 

of the surface, in the current thesis different approaches for controlling the amount 

of Ce
3+

 in ceria based model catalysts were performed. The current work also 

demonstrates that ordered ceria films can be prepared with desirable concentration 

of Ce
3
. This is achieved by introducing oxygen vacancies by means of interfacial 

reaction between CeO2 and Ce, a method that was proposed and developed in this 
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work. By using this procedure different surface reconstructions were observed 

depending on the degree of ceria reduction, indicating possible control on ordering 

of oxygen vacancies in ceria structure. The method, developed in this work, proves 

to be powerful and versatile tool for growing ordered reduced cerium oxide films. It 

introduces a new degree of freedom in preparation of ceria films: control on the 

concentration and coordination of oxygen vacancies. 

Reactivity of ceria-based catalysts can be improved by the presence of a 

dopant material in the system. In such manner, the energy, needed for the formation 

of oxygen vacancy, can be reduced, which enhances the reactivity of the surface. In 

this work by altering preparation procedures we were able to prepare the first 

ordered model system of doped cerium oxide that contains ceria exclusively in Ce
3+

 

states with possible high surface reactivity. The prepared surface has proven to be an 

interesting system for further microscopic and reactivity studies on ceria based 

model catalysts.  

Ceria nanooxide particles on metal surface show interesting properties and 

attract high attention of the scientific community. The interest is caused mainly by 

the drastic differences between the reactivity of nanometer oxide materials and the 

properties of their bulk counterparts. Also, the proximity of a metal can alter 

electronic states of an oxide by the subsequent introduction of Ce
3+

 states into the 

system. In this work we altered the growth mode of ceria on Cu (1 1 1) and prepared 

high quality 2D ultra thin films that allowed observation and characterization of 

oxide-metal interaction and concentration of Ce
3+

 it the system.  

During preparation and investigation of the above mentioned surfaces, we 

examined three different approaches in controlling the valence state of Ce on the 

surface: i) removing oxygen from the fluorite like structure of ceria; ii) introduction 

of high valence doping agent, and iii) growing ultra thin ceria films with a strong 

metal substrate interaction.  

The current thesis is divided into four chapters. Chapter 2 describes the 

experimental techniques of surface science employed during the research, and 

discusses the basic facts about the data processing. The third chapter presents and 

discusses the experimental results on three different approaches on preparing Ce
3+
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surfaces. Chapter 4 presents a general concussion. The results of the present work 

have either been published
52

 (see appendix A) or are prepared for publication in 

international scientific journals. Appendix B summarizes all presentations and 

publications of the author during his Ph.D. study. 
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CHAPTER 2 

Experimental 

This chapter provides the basic information about the experimental setup and 

surface science methods (such as scanning tunneling microscopy (STM), X-ray 

photoelectron spectroscopy (XPS), and low-energy electron diffraction (LEED)) that 

were used in the current dissertation.  Additionally, the specifics of data processing, 

as well as sample preparation are discussed at the end of the chapter.  

 

2.1 Scanning tunneling microscopy 

Scanning tunneling microscopy (STM) is a high resolution surface technique, 

which  allows to examine surface morphology on the atomic scale.
53

 STM is not 

only useful for surface imagining, but is also used for the determination of 

electronic, magnetic, and vibrational properties of a measured sample. Moreover, 

atomic manipulations with STM can provide positioning of individual atoms on a 

surface, and quantum structures can be built on an atom-by-atom basis with sub-

atomic precision. The schematic representation of STM is shown in Figure 3.
54

  

STM working principle is based on the quantum-mechanical effect of 

electrons, tunneling through a narrow potential barrier between a probe and a 

conducting sample in an external electric field. Specifically prepared metal tips in 

the form of a needle are usually used as a probe. When STM tip approaches the 

sample surface to the distance of several Å, a tunneling contact between the sample 

and the tip is formed. Further image is obtained by measuring the tunneling current 

as the tip scans the surface. Because tunneling electrons used for STM imaging 

originate from the outer shell electrons near the Fermi level, they do not carry 

chemical information, making this technique chemically “blind”. Most commonly 

used is the constant current mode, when the tip-sample distance during the scanning 

is constantly adjusted in order to maintain the preset value of a tunneling current.  
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Figure 3. Schematic of STM adapted from Michael Schmid, TU Wien ref. [54]. 

 

The corresponding change in tip-sample distance is then recorded as a 

topographic image of the surface. Scanning tunneling microscopy is a very 

convenient technique for the investigation of thin conductive ordered films. It allows 

examination of topographic features like surface terraces, step edges, islands and 

clusters on the surface. While analyzing high-resolution images, one always should 

have in mind that STM is mapping the electronic structure of the surface, depicting 

the local density of electron states (LDOS). This does not allow for straightforward 

correlatio between atomically resolved STM image and positions of atoms on a 

surface. Additional theoretical calculations must be done before such interpretation 

can be established
 55

 Depending on the polarity of applied voltage between the tip 

and the sample, electrons tunnel either to the tip, or to the sample. These modes of 

tunneling represent either tunneling from the unoccupied, or tunneling into the 
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occupied electron states of the sample, respectively. For stable operation STM 

requires excellent vibration control, thermal and electronic stability.  

In the present work STM technique was used most frequently, allowing direct 

observation of the surface structure and morphology. STM played a key role in 

studies of surface growth modes that led to the development of improved 

preparation procedures and optimized growth modes. STM helped to examine 

morphology and surface reconstructions on the reduced ceria films. A 

straightforward indication of c-Ce2O3 was possible due to the obtained STM images 

of surface reconstruction (Section 3.1 and 3.2).  STM has also allowed for the 

recognition of the disordered nature of the growth of cerium tungstate on the 

interfacial layer of Ce6WO12 that resulted in modification of preparation procedure 

(Section 3.3).  For the investigations of oxidation state at ultrathin ceria films, 

tunneling microscopy provided overview of the morphology during oxidation 

(Section 3.4). STM images were obtained at room temperature by tunneling of 

electrons into empty states of the sample using sample bias between 1 – 3 eV and 

tunneling current in the range of 0.2 – 0.5 nA.  

 

2.2 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a chemically surface sensitive and 

quantitative surface technique that provides information about the chemical state and 

electronic structure of examined sample. This technique is based on the principle of 

photoelectric effect, where electrons are emitted from the matter after adsorbing 

electromagnetic radiation. Figure 4 illustrates the experimental setup of XPS, 

photoelectron emission process and the schematic example of a typical measured 

spectrum. The photoelectron emission process can be described as the sequence of 

following steps: absorption of photon by electron in the sample, excitation of the 

photoelectron, transport of photoelectron through the sample to the surface and 

photoelectron transition to the vacuum by overcoming the surface potential barrier. 

Kinetic energy of the emitted photoelectrons is detected by an electron energy 

analyzer and carries information about the binding energy of electron in its ground 
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state. The energy distribution of measured photoelectrons characterizes the 

electronic structure of the material and it is characteristic for each element. XPS 

utilizes soft X-rays for the excitation of electrons. Most commonly, the Mg Kα and 

Al Kα X-rays are used with the photon energies of 1253.6 eV and 1486.6 eV, 

respectively. XPS reaches the energy resolution of approximately 0.5 eV which 

allows the determination of chemical elements in the sample and the identification 

of their chemical state. Utilization of the laboratory Mg Kα and Al Kα X-ray sources 

is appropriate for the detection of the electron core-levels and for the monitoring of 

the core-level chemical shifts.   

 

 

Figure 4. a) The experimental setup of XPS; b) photoelectron emission process; c) the 

schematic example of a measured spectrum. Adopted from ref. [56]. 

 

Due to the relatively high information depth of XPS, this technique is more 

suitable for thicker films. The characterization of surface impurities, adsorbates, 

surface clusters and first atomic layer can be challenging.  

In the present work, XPS was used to determine the thickness and the 

concentration of Ce
3+

 in ceria films.  XPS played a key role in preparing ordered 

reduced ceria films via interfacial reaction between Ce and CeO2 (Sections 3.1 and 

3.2). 
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2.3 Low-energy electron diffraction 

Low-energy electron diffraction (LEED) is a surface science technique that is 

widely used in material science to study surface structure of the sample. LEED setup 

typically consists of an electron gun, a set of grids, a fluorescent screen, and a 

charge-coupled device (CCD). The scheme of LEED together with an example of 

LEED diffraction pattern are shown in Figure 5. The electron gun forms a 

monoenergetic electron beam with electron energies in the range of 20-500 eV. The 

electrons with such energies have wavelengths comparable with interatomic 

distances in solids. As the electrons collide with the surface of the sample, they 

diffract in specific directions depending on the surface crystallography. Once the 

electrons diffract with the surface, they move back towards the girds and the 

fluorescent screen.  

 

 

Figure 5. a) The scheme of LEED; b) an example of LEED diffraction pattern. 

Adopted from ref. [56]. 

 

When the electrons land on the screen they create a fluorescent glow. The 

intensity of the glow depends on the intensity of electrons. LEED pattern from a 

well-ordered periodic surface exhibits a sharp diffraction spots corresponding to the 

image of the surface lattice in reciprocal space. The distance between the points in 

the reciprocal lattice imaged by the LEED is inversely proportional to the distance of 

atoms in the real lattice. The sharpness of diffraction spots is proportional to the 
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average size of the diffracting objects. LEED allows for the determination of the 

lattice parameters, surface reconstructions, surface relaxations, and adsorption 

geometry.
57,58

 In this work, LEED was used to control the quality of prepared ceria 

films, determine the lattice constants of ceria, and characterize the surface 

reconstructions associated with specific ordering of surface oxygen vacancies in 

reduced ceria films (Sections 3.1, 3.2 and 3.4). In experiments with doped ceria 

LEED allowed to determine the unit cell of the grown Ce6WO12 compound, as well 

as partially confirm the disordered nature of the growth of this system (Section 3.3).  

       

2.4 Experimental setup 

Most of the measurements presented in this thesis were performed at Surface 

Science laboratory in Prague on a combined STM/XPS/LEED/temperature 

programmed desorption (TPD) ultra-high vacuum (UHV) system, which is shown in 

Figure 6.
59

 The apparatus operates in base pressure of 1×10
– 8

 Pa. Experimental 

system is equipped with standard tools for substrate cleaning and sample 

preparation: Ar
+
 ion gun, dual-beam evaporator, set of backfilling gas lines, quartz 

crystal microbalance, K-type chromel-alumel thermocouple and manipulator, 

equipped with resistive current sample heating and liquid nitrogen cooling allowing 

sample temperatures in the range of 95–1300 K. The apparatus is fitted with a 

beetle-type home built STM, vibration isolation systems in order to reduce low-

frequency mechanical vibrations, a non-monochromatic laboratory dual Mg Kα and 

Al Kα X-ray source, a hemispherical energy analyzer, a differentially pumped 

quadrupole mass spectrometer (QMS), an electron gun with rear-view LEED optics. 

The whole system is divided into three operation chambers with individual vacuum 

systems. These are loadlock, preparation chamber and the microscope chamber, 

separated by gate valves. Preparation chamber is used for sample cleaning, film 

deposition, XPS measurements, and thermal desorption spectroscopy experiments. 

Microscope chamber is equipped with STM and LEED methods.    



 

18 

 

 

Figure 6. Combined STM/XPS/TPD/LEED UHV experimental apparatus located 

at the Surface Science laboratory in the Department of Surface and Plasma Science, 

Charles University in Prague ref. [59]. 

 

Our multiprobe ultra-high vacuum instrument adapted for measurements of 

model systems in planar geometry allows to obtain comprehensive information 

about the materials on atomic and nanometer scale. Structural information is 

provided by STM and LEED, while the chemical composition and the arrangement 

of elements in the near-surface region is determined by the X-ray photoemission 

spectroscopy. Finally, the physico-chemical interaction of gas-phase molecules with 

the model surfaces can be revealed by temperature programmed desorption. The 

combination of the local microscopic technique with the integral techniques for the 
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chemical and structural analysis is unique in Czech Republic and allows a complex 

in situ study of the prepared model systems.  

 

2.5 Data processing 

2.5.1 STM 

 The calibration of the STM scanner in the lateral and the vertical direction 

was performed according to the periodicity of Si (1 1 1)-(7 × 7) surface and the 

height of a monoatomic step of Cu (1 1 1), respectively. STM images were 

processed using the open source software Gwyddion dedicated to visualization and 

analysis of data obtained by scanning probe microscopies.
60

 Most common 

operations performed were calibration of the image size, leveling of the data, color 

mapping, analysis of height profiles, and, in specified cases, the filtering of the 

image data with a two-dimensional Fourier transformation.  

2.5.2 XPS 

XPS was used to determine the thickness and the stoichiometry of prepared 

ceria films. Data were analyzed using the KolXPD software.
61

 The thickness of 

cerium oxide films was determined from the attenuation of Cu 2p3/2 signal from Cu 

(1 1 1) and intensities of W 4f core level in case of W (1 1 0) substrate. The 

stoichometry of ceria film was determined by fitting the Ce 3d XPS spectra 

according to the procedure described in ref. [62]. The contribution of Ce
4+

 cations to 

the Ce 3d spectrum is determined by fitting three doublets (labeled as u‟‟‟ + v‟‟‟, u‟‟ 

+ v‟‟, u + v - red line in Figure 7). In the fitting procedure Shirley-type background 

and a symmetric Voigt line profile were used. When fitting stoichiometric CeO2 u 

and v asymmetric peaks are modelled by a sum of two symmetric peaks with 

constrained parameters as shown in the inset. When the CeO2 layer is partially 

reduced, four symmetric peaks (two doublets labeled as u‟+ v‟, u0 + v0 – blue line in 

Figure 7) needed to be added to the fit, see, e.g. the top curve in Figure 7. 
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Figure 7. Fitting of  Ce 3d spectra on the CeO2, adopted from ref. [60]. 

2.5.3 LEED  

Diffraction patterns obtained by LEED were processed by the data analysis 

software IGOR Pro v6.21.
63 

 The instrumental function was determined 

experimentally from diffraction on Cu (1 1 1) single crystal. The sharp diffraction 

spots of Cu (1 1 1) single crystal were used as the reference for determination of the 

lattice parameters of ceria thin films. In order to minimize the effect of distortion of 

image, we always adjust energy of primary electrons to position the analyzed 

diffraction spots of ceria and copper on the similar radius from the center of the 

diffractogram.  
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2.6 Sample preparation 

In the present work we were using preparation procedures on Cu (1 1 1) and 

W (1 0 0) substrates established in our group.
64,65

 Prior any ceria deposition, the Cu 

(1 1 1) single crystal substrate (MaTecK) was carefully cleaned by several cycles of 

Ar
+
 sputtering and annealing in vacuum, also the Ce evaporator was thoroughly 

degassed. After that Ce (Goodfellow) was deposited from a tantalum or 

molybdenum crucible heated by electron bombardment in a background oxygen 

atmosphere of 5 × 10
− 5

 Pa and at substrate temperature of 520 K. The oxygen 

background was typically established 2 min before starting the Ce deposition. The 

coverage of CeO2 was determined using quartz crystal microbalance The reference 

for ceria coverage in this contribution is 1 monolayer (ML), a stack of O-Ce-O 

layers corresponding to the vertical stacking of O and Ce in (1 1 1) direction in 

fluorite-like phases of ceria, 1 ML is 3.1 Å thick and contains 7.9 × 10
14

 cm
−2

 Ce 

atoms. CeO2 was deposited at a rate of 8 ML per hour.  

In the case of the tungsten crystal (MaTecK), it was cleaned in situ by series of 

Ar
+
 sputtering and flash-annealing to 1300 K. In the last cleaning cycle annealing 

was done in 5×10
-5

 Pa of O2 background pressure in order to remove carbon 

contamination and to passivate the surface by forming stable tungsten suboxide at 1 

monolayer oxygen coverage. 
66

 Pre-oxidation of the surface was done because 

tungsten oxide layer would be formed on the surface prior to the ceria deposition, 

due to the oxygen background during deposition. Such oxidized and passivated 

tungsten surface served as a starting substrate for CeO2 deposition in our 

experiments. 

The cerium oxide films were grown by reactive deposition of Ce on W (1 1 0)  

in the oxygen background pressure of 5×10
−5

 Pa and elevated substrate temperature 

of 900 K. The temperature and the pressure was normally established 1 minute 

before the start of the deposition. Cerium was evaporated from an electron 

bombardment-heated Ta crucible. The deposition amount was controlled by quartz 

crystal microbalance as well as by attenuation of the substrate W 4f core level 

intensities in XPS. Deposition rate was kept at 10 – 11 CeO2 ML per hour.  
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CHAPTER 3 

Results and discussion 

3.1 Controlling Ce
3+

 via control of stoichiometry. 

3.1.1 Introduction 

The most straightforward way to introduce Ce
3+

 states into ceria is by 

controlling the stoichiometric ratio, in other words by removing excess oxygen from 

fluorite structure of cerium dioxide. Different experimental strategies exist for 

preparation of sub-stoichiometric ceria films: deposition of metallic Ce at low 

pressure of oxygen, 
46,49,51,67,68 

reduction of stoichiometric CeO2 films by annealing 

in vacuum,
64,69

 or by adsorption and desorption of reducing species,
48,50,70

 and 

reduction by ion erosion.
47,71

 In all these procedures  the concentration of surface 

oxygen vacancies differs from the concentration in bulk,
64,71

 and surface of the film 

after above mentioned procedures gets typically more disordered. This becomes 

more evident with increasing degree of reduction
 
as shown in Figures 8 and 9.  

 

 

Figure 8. Morphology of 10 ML-thick ceria layer on Cu(1 1 1) as shown in STM. (a) 

Stoichiometric CeO2, (b) same film after reduction via Ar
+
 sputtering to CeO2−x. The 

CeO2 (1 1 1) terraces in (a) have disintegrated into small islands with characteristic 

diameter less than 5 nm in (b) image size 50 × 50 nm. Adapted from ref. [47]. 
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Figure 9. STM large scale (100 × 100 nm) and atomic-scale resolutions (inset. 3 × 

3nm) images of fully oxidized CeO2 (a) and two partially reduced ceria films CeO1.88 

(b), CeO1.77 (c) grown on Ru (0 0 0 1). Surface ordering of oxygen vacations worsens 

(see insets) as the film gets more reduced. Adopted from ref. [46]. 

Such surface disorder caused by the reduction procedures in large degree 

hinders microscopic identification of surface oxygen vacancies.
72,73

  Photoelectron 

spectroscopy is a commonly used technique for estimation of the oxygen vacancies 

in ceria,
74 

still even in this case it is difficult to distinguishing between Ce
3+

 created  

by oxygen vacancies and other possible sources of Ce
3+ 

in the film. Such other 

sources can include undercoordinated Ce atoms at step edges,
64,75

ceria−metal 

interaction,
46,51,76

 and irregular distribution of Ce
3+

 between the film layers. 

Therefore quantification of surface and subsurface oxygen vacancies in reduced 

ceria layers is difficult, especially for higher degrees of reduction.  

3.1.2 Preparation of ordered reduced films 

In this work, we developed an alternative method for preparation of well-

defined reduced ceria films.
52

 The general idea is to reduce CeO2 layers by adding 

excessive metallic cerium to the system instead of removing O as in the existing 

methods. Preparation of reduced CeOx layers was done on Cu (1 1 1) substrate. As a 

starting point a continuous layer of CeO2 (1 1 1) on Cu (1 1 1) was prepared 

according to procedure of Dvořák et al.
64

 The sample temperature and the film 

thickness used for preparation of the ceria buffer were 520 K and 4 ML. The surface, 

obtained using the above mentioned preparation procedure typically appears as on 

STM image shown in Figure 10 (a). The ordered CeO2 buffer consists of stacks of 1 

ML-high CeO2 (1 1 1) islands covering surface of the whole sample. The 
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characteristic terrace width is 10 nm.
64

  
 
After the preparation and investigation of 

the buffer layer metallic Ce was deposited on the sample. The deposited amount of 

Ce was three times less compared to the amount of Ce in the buffer CeO2 layer. 

During Ce deposition the sample was kept at the room temperature. Upon deposition 

at room temperature the surface becomes disordered as is shown in Figure 10(b). 

 

  

Figure 10. Scanning tunneling microscopy images of the reaction between Ce and 

the CeO2 buffer layer: (a) ordered CeO2 buffer, (b) disordered surface upon Ce 

deposition, Image width 60 nm. 

 

In this experiment, the surface temperature was rather low to stimulate ordered 

film growth.  However, surface ordering upon Ce deposition can be improved by 

means of prolonged surface annealing at high temperatures. Ordering was achieved 

at sample temperature of 900 K with 30 minutes of annealing. This temperature 

value was chosen as the safe upper limit for the Cu (1 1 1) crystal substrate. Later 

experiments have proven that surface annealing temperatures as high as 700 K are 

already sufficient for ordering of reduced films. It is also possible to decrease 

annealing time from 30 to 5-10 min. XPS, LEED and STM measurements have 

shown that the surface after annealing represented highly ordered films of 

completely reduced ceria. STM image of the surface after Ce deposition and 

annealing is shown in Figure 11.  
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Figure 11. STM images of ordered layer upon annealing in vacuum at 900 K. Inset 

show: high-resolution image and surface unit cell (red rhombus) of the reacted layer. 

Image size is 125 × 125 nm, (inset) 6 × 6 nm. 

Microscopic images of the surface, obtained by STM after the annealing, have 

confirmed the significantly improved ordering of the film. The surface after 

annealing consists of a flat film with an average terrace width of 30 nm. Nearly all 

step edges are aligned in high-symmetry directions. In addition a characteristic 

surface reconstruction shown in the inset of Figure 11 is covering almost the whole 

surface. The unit cell of the reconstruction is 1.5 nm, i.e., is about 4 times larger than 

the unit cell of the 1 × 1 unreconstructed CeO2 (1 1 1)  surface. The 4 × 4 

reconstruction of ceria after annealing is also confirmed by low energy electron 

diffraction (LEED) in Figure 12 (a). For comparison, a LEED pattern of the ordered 

CeO2 buffer layer is shown in Figure 12 (b). In addition to the qualitative 4 × 4 

reconstruction, LEED reveals a slight expansion of the in-plane lattice constant 

before and after annealing. XPS experiments revealed that the film stoichiometry 

after annealing was Ce2O3, see Figure 12 (c). The presence of characteristic 

reconstruction on the reduced ceria surface allows a straightforward preparation and 

characterization of the reduced film with application of low energy electron 

diffraction technique alone, even when no STM, XPS or other surface techniques are 
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available to the researcher. The application of the preparation procedure described 

above in different experimental apparatuses in partner laboratories revealed the same 

LEED pattern.  

 

Figure 12. LEED and XPS of the reaction between Ce and CeO2 buffer layer. LEED 

images: (a) reacted layer, (b) starting CeO2 buffer, electron energy 55 eV. 

Photoelectron spectroscopy of cerium (Ce 3d): (c) after the reaction, (d) CeO2 starting 

layer. 

The characteristic 4 × 4 surface structure of the reduced ceria films was 

attributed to a bulk-truncated cubic c-Ce2O3 (1 1 1) (bixbyite).
52

 The bixbyite 

structure was obtained from the fluorite structure of CeO2 by removing 25% of 

oxygen atoms and allowing small relaxation.
41,77

 The films exhibit perfectly ordered 

arrangement of surface and subsurface vacancies at a total concentration of 25% 

compared to CeO2. It is also noteworthy that the structure of films corresponds to the 



 

27 

 

otherwise unstable  thin film cubic c-Ce2O3.
41

 The stabilization of c-Ce2O3 may be 

related to the tetragonal distortion observed in c-Ce2O3 layers on Cu (1 1 1). The 

nucleation of c-Ce2O3 versus hexagonal a-Ce2O3 was traced back to kinetics 

characteristic of the Ce-CeO2 interfacial reaction during the annealing rendering 

metal−oxide interfacial reactions as an interesting tool for experimental realization 

of metastable oxide structures. For comparison with the bixbyite termination, Figure 

13 (a), (b) shows a top view of the fluorite CeO2 (1 1 1) and the bixbyite c-Ce2O3 (1 

1 1) bulk terminations. The structure of bixbyite c-Ce2O3 (1 1 1) is adapted from the 

Inorganic Crystal Structure Database, ICSD #96202.
78

  The surface unit cell of c-

Ce2O3 (1 1 1) plane is 4 × 4 times larger than the surface unit cell of CeO2 (1 1 1)  in 

perfect agreement with data obtained from the LEED[Figure 12 (a), (b)]. 

 

  

Figure 13. Schematic top view of a bulk-truncated CeO2 (1 1 1) (a) and cubic Ce2O3 

(111) (b). Surface unit cells are marked red in both (a) and (b). In (b), the structural 

motif of surface oxygen vacancies is outlined black. 

 

In c-Ce2O3 (1 1 1) [Figure 13 (b)] the structural motif generated by the surface 

oxygen vacancies (black line) was outlined. The position and orientation of the 

obtained 3-fold motif inside the unit cell perfectly corresponds to the STM image of 

the Ce2O3 layer (inset of Figure 11).  

Other clear advantage of the proposed reduction procedure is the simplicity 

and accuracy controlling the degree of the surface reduction.  Stepwise deposition of 
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small amounts of metallic Ce with further annealing of the film, followed by XPS 

measurements to determine oxidation state of cerium in the film, allows a high level 

of control on the reduction state of the prepared surface. Therefore, by controlling 

the amount of Ce deposit on CeO2 film, it is possible to prepare CeOx films with 

desirable reduction state in the range of 1.5 ≤ x ≤ 2. In other words, by increasing 

the amount of metallic Ce the stoichiometry of the layers after annealing can be 

tuned from pure CeO2 to pure Ce2O3. If the deposition amount of metallic cerium 

exceeds the value required for Ce2O3 on the surface of the oxide, growth of Ce is 

observed [Figure 14]. 

 

 

Figure 14. Scanning tunneling microscopy images of c-Ce2O3 grown on Rh (1 1 1). 

On the surface are visible bright areas of metallic Ce. Image size 100 × 100 nm.  

 

In further experiments, when ceria films with different degree of reduction 

were stepwise prepared on Cu (1 1 1), two additional ordered reduced ceria surfaces 

with characteristic reconstruction were identified.  Starting from 1 × 1 reconstruction 

of CeO2 (1 1 1) surface by depositing small amounts of metallic ceria and annealing 
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the surface first exhibits √7 × √7 R19.1º reconstruction; further increase in the 

degree of reduction causes appearance of 3 × 3 reconstruction. Finally, the increase 

of ceria reduction results in the previously mentioned 4 × 4 reconstruction of c-

Ce2O3 (1 1 1). All of these reconstructions as seen in LEED, including the reference 

1 × 1 reconstruction of CeO2 (1 1 1), are shown in Figure 15. 

 

Figure 15. LEED images of ordered phases of reduced ceria on Cu (1 1 1) obtained 

by interface reaction of the CeO2 (1 1 1) buffer layer with Ce deposit on the left and 

the corresponding schematic view of surface oxygen vacancies on the right. Degree of 

reduction increases from (a) to (d). (a) 1 × 1 spots of CeO2 (1 1 1) buffer layer, (b) √7 

× √7 R19.1 ◦ reconstruction, (c) 3 × 3 reconstruction, (d) 4 × 4 reconstruction of c-

Ce2O3. Electron energy 58 eV. The 1 × 1 unit cell of CeO2 (1 1 1) is outlined red. 

 

The morphology of the reduced films for two additional reconstructions (√7 × 

√7 R19.1º and 3 × 3) as determined from STM are very similar to the film with 4 × 4 

reconstructions, also featuring highly ordered film with average terrace width of 30 

nm [Figure 16 (a), (b)]. Unlike the case of 4 × 4 surface reconstruction that is clearly 

visible in STM, the √7 × √7 R19.1º and 3 × 3 reconstructions could not be imaged 

using our STM apparatus. The STM images for the case of these two structures 

show streaks indicating instability of the surface in the tunneling contact. Therefore 

the surface texture cannot be resolved in STM. The instability in STM is a property 

of the √7 × √7 R19.1º and 3 × 3 surface reconstructions independent of the imaging 
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condition of the STM tip because the streaky images of the √7 × √7 R19.1º and 3 × 3 

occasionally include small parts of well-resolved 4 × 4 reconstructed areas [Figure 

16(c)]. Due to the absence of microscopic identification of the √7 × √7 R19.1º and 3 

× 3 structures XPS data were used to assign these reconstructions to stoichiometry 

CeO1.71 for the and CeO1.67 for 3 × 3 accordingly.
79

 

 

 

Figure 16. Scanning tunneling microscopy images of √7 × √7 R19.1º (a) and 3 × 3 

(b), on (c) region of 4 × 4 reconstruction (outlined in red) is visible on 3 × 3 sample. 

Image size: (a, b) 75 × 75 nm, inset 4 × 4 nm, (c)  50 × 50 nm.  

Another important result obtained from the XPS data was that the √7 × √7 

R19.1º and 3 × 3 layers demonstrated a change in oxygen vacancy concentration in 

the film depth profile, with higher vacancy concentration located near the surface,
79

 

compared to homogenous distribution of  oxygen vacancies in the  4 × 4 samples
52

 

shown in Figure 17.   

 

Figure 17.  Schematic view of subsurface oxygen vacancies distribution in 1 × 1 

(CeO2), √7 × √7 R19.1º and 3 × 3 (CeOx), 4 × 4 (Ce2O3) films, adopted from ref. [79]  
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We propose a mechanism leading to the stabilization of the cubic ceria phase 

during reduction of ceria layers via the interface reaction with Ce. In our arguments 

we recall the experimental observation of  Perkins et al.
80

 concerning the bulk 

mobility of O and Ce atoms in fluorite-like ceria. Thus, at the temperatures around 

900 K corresponding to the annealing temperature in our experiment, Ce atoms are 

virtually immobile in the ceria bulk, while O atoms are already highly mobile, their 

bulk mobility being released at temperatures as low as 600 K.
80

 In terms of this 

observation, we view all changes in the ordered reduced ceria layers in our 

experiment as creation, annihilation, and equilibration of oxygen vacancies in a 

relatively rigid frame of cubic ceria. 

 

3.1.3 Conclusion  

By depositing metallic Ce on CeO2 buffer and annealing of the system a 

highly ordered cubic bixbyite c-Ce2O3(1 1 1) can be grown on the Cu (1 1 1) crystal. 

The surface structure of the layer corresponds to bulk-terminated c-Ce2O3 (1 1 1) 

that contains ordered vacancy clusters, each consisting of four oxygen vacancies. 

With these vacancy clusters both in the surface and subsurface layers, 25% of 

oxygen vacancies are generated in total compared to CeO2. The surface exhibits a 

very characteristic and sharp 4 × 4 LEED pattern relative to CeO2 (1 1 1), allowing 

straightforward experimental identification. c-Ce2O3 (1 1 1)  represent a unique 

model system suited for experiments on strongly reduced ceria surfaces. It provides 

an atomically well-defined surface exposing exclusively Ce
3+

 ions and a high 

density of oxygen vacancies with precisely defined positions. The c-Ce2O3 (1 1 1) 

film also represents an experimental realization of a normally unstable cubic c-

Ce2O3. On the other hand, the nucleation of cubic c-Ce2O3, can be traced back to the 

distinct kinetics of the interfacial reaction between Ce and CeO2. This suggests that 

interfacial reactions between metals and oxides can represent a viable tools for 

experimental realization of the metastable oxide structures. Further experiments 

demonstrated that preparation of the c-Ce2O3 (1 1 1) using developed procedure is 
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not limited to Cu (1 1 1) crystal and is also possible on other substrates like Ru (0 0 

0 1)
81

 and Rh (1 1 1). This suggests that the proposed preparation procedure for 

well-ordered Ce2O3 layers  can be used at any suitable substrate, on which ordered 

CeO2(1 1 1) buffer can be grown.
82

 

 

3.2 Reduced ceria inverse model systems  

3.2.1 Introduction 

As it is evident from previous section (3.1), ordered reduced ceria films 

prepared using interfacial reaction (eq.1) represent an interesting system for model 

studies.   

     3CeO2(s) + Ce s 

700K≤ T≤ 900 K
            2Ce2O3(s)      (1) 

Probably, the biggest advantage for the use of this preparation procedure is the 

fact that oxygen vacancies in the reduced ceria film are located in strictly defined 

positions. This is clear in the cases of 3 × 3, √7 × √7 R19.1º and 4 × 4 surface 

reconstructions visible in LEED. These systems provide atomically well-defined 

surfaces for reactivity studies of ceria-based catalysts at different degrees of 

reduction. Also they present a very high density of surface vacancies for high-yield 

studies of their adsorption and reaction properties. This section will show that the 

interfacial reaction (1) can also be used in preparation of highly ordered ceria 

inverse model systems.  

Many of the industrial catalysts usually are composed of metal particles 

dispersed over an oxide material.
83,84

 In these systems, the oxide acts as a support for 

the dispersion of the active metal particles and rarely participates directly in the 

catalytic processes. Model systems that reproduce this kind of structure are known 

as the conventional model systems. In an inverse model system, as the name 

suggests, oxide particles are grown on the metal support [Figure 18]. 
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Figure 18. The structure of a conventional metal/oxide and an inverse oxide/metal 

catalysts, adopted from ref. [85]. 

 

In certain cases inverse model catalysts were demonstrated to show even 

higher catalytic activity than the conventional systems.
86,87

 This is because the 

reactivity of nanometer oxide materials can drastically differ from the properties of 

their bulk counterparts. Also, the proximity of a metal can alter the electronic states 

of the oxide consequently producing new chemical properties. In these systems it is 

possible to combine the unique reactivity of the oxide nanoparticles with the 

reactivity of the active metals and therfore enhance the catalytic activity of a given 

system. The surface of oxide/metal inverse systems provides a large number of 

active sites for the catalytic reaction such as different kind of surface defects and 

oxygen vacancies on oxide nanoparticles, metal active sites, and the metal–oxide 

interface. Therefore inverse model systems seem to be an interesting choice for 

fundamental studies of reactivity, especially for ceria-based catalysts.  There are a 

large number of publications that deal with ceria based inverse model systems.
85,33,88

 

Within the present work, we proposed and realized a new type of model system that 

combines the benefits of inverse systems with the high reactivity of reduced ceria 

films. Realization of these reduced inverse model ceria films opens new possibilities 

for studying interfacial effects and surface reactivity on reduced ceria model system. 

Another benefit of reduced ceria inverse model system is the possibility of 

STM examination of different surface reconstructions. Although the 3 × 3 and √7 × 

√7 R19.1º surfaces are atomically well-defined with strict positions of oxygen 

vacancies in the surface unit cell, still only for 4 × 4 surface reconstruction, that 

presents the Ce2O3 phase, surface texture was obtained by scanning tunneling 

spectroscopy on continuous film [Figure 11]. With the help of obtained STM images 
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a straightforward assignment of the 4 × 4 surface reconstruction to cubic c-Ce2O3 (1 

1 1) (bixbyite) was possible. For the two other systems only the degree of reduction 

of the films was determined with help of XPS, but the positions of oxygen vacancies 

in surface unit cell could be only speculated.
89

  

A possible reason that hindered detailed measurements of 3 × 3 and √7 × √7 

R19.1º reconstructions in STM could include instability of the surface in the 

tunneling contact due to partial occupation of oxygen vacancies by adsorbates. High 

reactivity of reduced ceria films causes surface adsorption and dissociation of water 

on the surface even at ultrahigh vacuum conditions at room temperature, leading to 

the surface coverage with OH groups. In the case of 4 × 4 reconstruction detailed 

STM measurements of surface structure were possible because the surface was 

completely „passivated“ by dissociated water OH groups. The densely packed OH 

groups on 4 × 4 surface appeared immobile what resulted in more stable STM 

measuring conditions. 

Another possible reason for inability to imagine 3 × 3 and √7 × √7 R19.1º  

surface reconstructions in STM would be due to high mobility of oxygen vacancies 

between the surface and the subsurface layers. Unlike in the 4 × 4 system when the 

whole ceria layers are completely reduced to Ce2O3 state the 3 × 3 and √7 × √7 

R19.1º systems are more reduced on the surface  than in the subsurface layers as it 

shown in Figure 17. Such distribution of oxygen vacancies between the surface and 

subsurface layers can cause constant mobility of oxygen, making the surface 

unstable for STM measurements. Interest in microscopic investigation of the 3 × 3 

and √7 × √7 R19.1º reconstructions led us to  the preparation of ceria model system 

with morphology that would allow better imaging of the surface texture with help of 

STM technique.  

 

3.2.2 Results and dicscussion  

A possible strategy to prepare films with visible 3 × 3 and √7 × √7 R19.1º 

reconstructions in STM is growing thin films with the maximum of 2-3 ML films 

thickness. This strategy results in better distribution of oxygen vacancies between 
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the surface and the bulk of the film. Further, we have managed to prepare these ceria 

films as a new type of model system that combines elements of inverse system and 

in the same time includes highly ordered reduced ceria films. For this goal we 

customized the preparation of CeO2 buffer used in the interfacial reaction. Contrary 

to standard growth of CeO2 in oxygen background pressure, ceria buffer layer for 

the interfacial reaction between Ce-CeO2 towards inverse model system was 

prepared by depositing metallic cerium on copper substrate at 750 K without 

oxygen. This was followed by multiple cycles of oxidation at elevated temperatures. 

For more details see Section 3.4. A typical surface obtained after such a procedure is 

shown in Figure 19. 

 

 

Figure 19. STM image of 2D growth of 1 ML CeO2/Cu (1 1 1) surface that was used 

as a ceria buffer for the interfacial reaction.  Image size 140 × 140 nm. 

 

Cu (1 1 1) surface is covered by incomplete CeO2 film that covers 

approximately 65-70% of the whole surface. Copper substrate is clearly visible 
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between the ceria islands. Most of the islands are merged forming a characteristic 

“labyrinth” like appearance. The height of the film as measured by STM is ~ 3 Å 

indicating that most of the film consists of 1 ML high CeO2 (1 1 1) islands. 

  Occasionally on the step edges of the islands nucleation of the second layer is 

observed. This surface is used as a buffer layer for Ce deposition at room 

temperature with further annealing to complete the interfacial reaction. Similar as 

with thicker layers this kind of procedure results in formation of ordered reduced 

ceria islands grown on the Cu (1 1 1) substrate as confirmed by STM, LEED and 

XPS, one more time demonstrating the versatility of proposed procedure of ceria 

reduction by interfacial reaction making it a powerful tool in preparing ordered 

reduced ceria films. It should be noted that only ceria islands were modified by the 

deposition of metallic Ce and consequent annealing of the system, leaving the 

copper substrate virtually unaffected.  

 

 

Figure 20. LEED images of different surface reconstructions obtained from reduced 

inverse ceria model films on Cu (1 1 1). Degree of reduction increases from (a) to (c). 

(a) √7 × √7 R19.1º reconstruction, (b) 3 × 3 reconstruction, (c) 4 × 4. Electron energy 

45 eV.  

Precisely controlling the amount of cerium deposit before the interfacial 

reaction allows to prepare all the previously observed reconstructions from √7 × √7 

R19.1º, 3 × 3 to 4 × 4. Similar to the thicker layers all the above mentioned surface 

structures are perfectly visible by low energy electron diffraction [Figure 20], 

allowing a fast and simple identification of the reduction state even if other 

techniques are not available in the experiment.  



 

37 

 

 

Figure 21. STM images of different surface reconstructions prepared as inverse 

model systems (a) √7 × √7 R19.1º reconstruction, image size 190 × 190 nm; (b) 3 × 3 

reconstruction, image size 190 × 190 nm; (c) (4 × 4) reconstruction, image size 47 × 

47; (d, f, g) atomically resolved image of the above surfaces, unit cell of 

corresponding reconstructions is outlined in red, image size 10 × 10 nm. Image (d) 

was edited using Fourier-filtration. 

This time a more detailed view of the surface texture for √7 × √7 R19.1º and 3 

× 3 reconstructions was achieved, confirming that thinner and more evenly reduced 

layers are required for the intermediate reconstructions to be visible in STM. The 

morphologies of prepared films as seen in STM for √7 × √7 R19.1º, 3 × 3 and 4 × 4 

reconstruction are shown in Figure 21 (a, b, c). Similar to the buffer layer the surface 

after interfacial reaction is covered by incomplete ceria islands. Approximately 65-

70% of the surface is occupied by 2-3 ML high islands, with clean Cu (1 1 1) visible 

between them. Same as with the buffer layer surface has a characteristic labyrinth 

like appearance due to merging of nearby islands. STM reveals characteristic surface 

reconstructions that decorates surface of ceria islands as shown on Figure 21(d, f, g) 

for √7 × √7 R19.1º, 3 × 3 and 4 × 4 structures respectively. The possibility to 

microscopically imagine surface unit cell of these two reconstructions allows more 
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precise determination for the positions of surface oxygen vacancies and better 

understanding in surface reactivity processes in the future.  

The comparison of our XPS data for each of the reconstructed surfaces 

revealed that the thinner inverse model films contains more Ce
3+

 than the continuous 

and thicker films as is shown for the case of √7 × √7 R19.1º in Figure 22. This can 

be related to more uniform distribution of oxygen vacancies between the surface and 

the subsurface layers in the case of thinner films.  

It is worth mentioning that these films are very sensitive to the vacuum 

conditions, and can easily reoxidize within hours even at pressures of 10
-8

 Pa. This is 

because of high density of oxygen vacancies on the surface and small amount of 

cerium material available in these systems. Therefore, the preparation of specific 

reconstructions can be challenging. For example, at one of the attempts the prepared 

4 × 4 ceria islands reversed  back to 3 × 3 reconstruction during the time when 

sample was cooling down to room temperature after the interfacial reaction.  Also, it 

was discovered that √7 × √7 R19.1º and 3 × 3 systems easily degenerate back to 1 × 

1 within a few hours, which strongly complicates STM measurements. After 

reoxidising to 1 × 1, these systems can be restored to previous reconstructions by 

controlled annealing in LEED. 

 

 

Figure 22. XPS of √7 × √7 R19.1º surface obtained from (a) conventional model 

system (thick films); (b) inverse model system (thin films); The thin films of √7 × √7 

R19.1º contain more Ce
3+

 ions compared to the thick film. Film on (a) displays 

CeO1.85, stoichiometry while film on (b) has CeO1.7 stoichiometry. 
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3.2.3 Conclusions 

 We proposed and developed a new procedure for ceria reduction that is a 

powerful and versatile tool in growing ordered reduced cerium oxide films. This 

procedure introduces a new degree of freedom in preparing ceria film: control on the 

concentration and coordination of oxygen vacancies in the surface.  

It was shown that by using our reduction procedure on 1-2 ML thick ceria 

layers grown on Cu (1 1 1) it possible to prepare a new type of ceria based model 

system. The discovered system can be described as inverse model system that 

incorporates highly ordered layers of reduced ceria films. Reduced inverse model 

ceria films make a promising system for future STM and reactivity studies that can 

allow a better understanding of interfacial effects and surface reactivity of ceria. 

We have shown that this system is suitable for microscopic examination of √7 

× √7 R19.1º and 3 × 3 surfaces on atomic scale in STM, that was not possible in the 

case of thicker layers. We believe that the investment of more time into the STM 

experiments of these systems will reveal highly resolved STM images of oxygen 

vacancy ordering in ordered reduced ceria in the near future. 

   

3.3 Control of Ce
3+

 via introducing dopants
 
 

3.3.1 Introduction  

In model studies of ceria based catalysts ordered reduced ceria films are of 

special interest. As was shown in section 3.1 these films can be prepared by 

modifying the stoichiometry of the ceria film. Another approach consists in growing 

of mixed oxide film where cerium is in the +3 oxidation state due to a charge 

transfer from a dopant metal ion.
90

 

Doping of ceria is a well known technique for improving catalytic activities of 

ceria based catalysts. It is believed that by doping it is possible to lower the energy 

barrier  for reduction of ceria.
91–101

 This is achieved by weakening the bonds of the 

oxygen atoms around the dopant. The Ce-O bonds are weakened upon formation of 
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the doped material, reducing the oxygen vacancy formation energy and enhancing 

the reactivity of the surface. Doping of ceria with other metallic elements has been 

shown to enhance thermal stability
92,93

 and improve catalytic activity
2-10

 of the 

catalyst. A number of computational studies have demonstrated that the oxygen 

vacancy formation energy is lowered when the surface is doped with Zr,
92,93,100,

 

Au,
101

  Pt,
102

 and Pd,
103

 among others. However doping is not always beneficial. 

Ceria doped with Sm, Gd, La, Nb, and Ta has lower activity toward n-butane 

oxidation
104

 than ceria alone, and doping ceria with La, Pr, Gd, or Nb slows down 

CO oxidation.
105

 Depending on the metal dopant the mixed oxides are called cerium 

aluminates 
106

, zirconates
107

, titanates
108

, vanadates
109,110

 or tungstates.
111

 The 

formation of the mixed oxides with cerium is usually thermodynamically favored. 

The variation of the metal to cerium atomic ratio as well as other preparation 

parameters may result in an enormous number of different mixed oxide phases for 

use in catalysis.   

The majority of the scientific research dedicated to doped oxide systems is 

concerning high-area catalysts. Within the present work we performed an innovative 

microscopic model study on ordered doped cerium oxide film. As for the dopant 

material, tungsten oxide was chosen in our experiment. Tungsten oxide is well 

known for its use in gas sensor
112

 and as a catalyst.
113

 Combining ceria with tungsten 

results in interesting optical
114,115

 and catalytic properties, for example in 

isomerisation of hexane,
116–118

 dehydrogenation of alkanes used in rechargeable 

solid oxygen reservoirs for clean hydrogen oxidation,
119

 for the selective catalytic 

reduction of NOx,
120

 or in inorganic ion exchangers.
121,122

 We choose to prepare a 

thin film system where cerium in oxygen background was deposited in situ on W (1 

1 0) single-crystal. The choice of the tungsten single-crystal for the role of the 

metallic substrate was also inspired by the number of publications dealing with 

epitaxial growth of CeO2 on W (1 1 0).
65,123

 

 The resulting cerium tungstate layers were grown at different preparation 

conditions and structurally examined by LEED and STM measurements. The 

chemical state and quantitative composition was studied using photoemission. 
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3.3.2 Results and discussion 

Detailed  growth  studies  of  the  CeO2  on  the W (1 1 0)  by LEED  and  XPS  

have  been  published  previously by Skála et al. from our group.
65

 In ref.[65] the 

growth of cerium–tungsten mixed oxide by deposition of cerium in oxygen 

atmosphere on W (1 1 0) at 1200 K was reported. Observed oxide structure grown 

on W (1 1 0) was assigned to be epitaxial layers of stoichiometry Ce6WO12 with the 

metals in the Ce
3+

 and W
6+

 oxidation states as determined from XPS. A possible 

structure for the grown cerium–tungsten mixed oxide film was proposed from three 

possible candidates by analyzing the LEED diffractograms. Also it was shown that 

the disordered CeO2 containing material starts to grow on top of Ce6WO12 (1 0 0) 

when the film thickness exceeds some critical value. This fact was explained by the 

limited diffusion of tungsten in thicker film.  

Our experiments attempt to expand the previous studies and obtain better 

understanding of the cerium tungstate system and its growth mode on W (1 1 0).  

For this reason cerium oxide layers with three different thicknesses were prepared 

on tungsten crystal and further examined by means of STM, LEED and XPS. 

Before the ceria deposition surface of W (1 1 0) was examined by STM and 

LEED. After the cleaning procedure (Section 2.6) a number of sharp spots were 

observed in LEED, see [Figure 23(a)]. In ref. [124] this kind of diffractogram is 

attributed to ordered (1 × 1) × 12 reconstruction of one monolayer WO phase on W 

(1 1 0). In STM clean surface was imagined, with 10-20 nm wide terraces and 

characteristic superstructure Figure 24 (a). Surface superstructure appears as 

oriented rows with bright regions and dark areas in between with average periodicity 

of ~2.6 nm as measured by STM. Observed surface is in a good agreement with 

monolayer WO phase examined by STM in ref. [125,126]. All further CeO2 

deposition was done on this oxygen terminated surface. 

In the first step a submonolayer ceria layer was deposited on the surface, 

corresponding to 0.34 nm film thickness. Structure and morphology of the resulting 

layer are presented in Figure 23 (b) and Figure 24 (b), as revealed by LEED and 
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STM.  After the deposition we observe on the surface formation of additional 

ordered phase with characteristic superstructure in STM. 

The crystalline overlayer is discontinuous and covers approximately 45 % of 

the substrate surface. In the LEED diffractograms (1 × 1) × 12 tungsten monooxide 

spots are still visible, confirming the discontinues character of the grown film on the 

surface of the sample. Additional square spots that appear after deposition can be 

seen in LEED Figure 23(b). In ref. [65] these spots were attributed to cerium-

tungsten mixed oxide of Ce6WO12  (1 0 0) composition.   

The deposition of thicker CeO2 films resulted in growth of disordered structure 

on the surface of interfacial layer. This was determined by series of experiments in 

which 0.6 and 1.2 nm thick films were prepared. It should be noted that in STM 

disordered phase was detected even at submonolayer coverage on top of incomplete 

interfacial layer [Figure 24 (b, c)]. Already at 0.6 nm thickness most of the surface is 

covered by a disordered film, although the interfacial layer with its characteristic 

reconstruction could still be seen in STM [Figure 24 (c)]. This was also confirmed 

by LEED. The intensity of spots that correspond to first layer of cerium tungstate 

becomes more diffuse [Figure 23(c)]. Substrate spots were already not visible in 

LEED. At film thickness of 1.2 nm only disordered phase was observed on the 

whole surface of the crystal in STM [Figure 24(d)]. 

 

 

 

Figure 23. LEED patterns in various stages of ceria tungstate growth.  (a) LEED 

diffractogram corresponding to clean preoxidized W substrate at 60 eV electron 

energies;  (b) LEED pattern corresponding to 0.34 nm ceria layer at 70 eV; (c) LEED 

after 0.6 nm ceria deposition 70 eV. 
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During all stages of the growth up to 1.2 nm film thickness only Ce
3+

 was 

observed in XPS spectra [Figure 25]. This suggests that the disordered structure that 

grows on the surface corresponds to disordered phase of mixed cerium tungsten 

oxide.  

The growth mode of the examined system consists of several stages. It begins 

with the formation of ordered CeWOx phase that grows only as an interfacial layer 

on surface of substrate WO, followed by the growth of disordered phase on top of 

the interfacial layer. The third stage of the growth can be noticed already at film 

thickness of around 0.9 nm when Ce
4+

 starts to appears in the cerium XPS spectra 

ref. [65], although important increment in Ce
4+

 is visible only at higher film 

thicknesses (>2nm).   

 

 

Figure 24. Surface morphology in various stages of ceria tungstate growth as seen in 

STM: (a) 28 × 28 nm STM image of clean preoxidized W substrate (b) 23 × 23 nm 

STM image of the surface after 0.34 nm ceria deposition; (c) 28 × 28 nm STM image 

of the surface after depositing ceria with film thickness of 0.6 nm; (d) 28 × 28 nm 

STM image of the surface after depositing ceria with film thickness of 1.2 nm 
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Figure 25. Ce 3d spectra of the tungsten surface at different stages of CeO2 

deposition. Only Ce
3+

 present in the spectra with no visible traces of Ce
4+

.  

 

The third stage is interpreted as a formation of disordered CeO2 on top of 

CeWOx layers in the result of limited diffusion of tungsten from the substrate.  

Observed growth mode of the system is similar to the Stranski–Krastanov growth, 

starting with growth of 2D film and later switching to the formation of disordered 

3D film. One of the possible reasons for such behaviour is that the CeWOx can form 

ordered layer only on the surface of WO because it represents a polar system with 

uncompensated surface charge, that is removed by disordered growth of the 

film.
127,128

    

One of the motivations in this series of experiment was preparation of well-

defined model system in which cerium oxide would be present in the reduced Ce
3+

 

state for further reactivity and model studies. However it was shown above that this 

can‟t be achieved by only depositing small amounts of CeO2 on a W (1 1 0) 

substrate due to tendency of this system to grow disordered films.  

We discovered that ordered Ce6WO12 layer can be prepared on the surface by 

growing disordered film that completely covers the surface (in our case this 
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corresponded to the film thickness approximately 1.2 nm or higher) and subsequent 

annealing of disordered film in oxygen background pressure of 5·10
-5

 Pa for several 

minutes at 1300 K. After such procedure ordering of the surface greatly improves. 

The film thickness decreases to 0.5 nm leaving on the surface what we believe is ½ 

monolayer of Ce6WO12. The decrease of the film thickness is related probably to 

sublimation of the disordered CeWOx phase weakly bound to the substrate. 

The morphology of the obtained surface is shown in Figure 26 (a). Almost 

only ordered phase is present on a flat, homogeneous, surface with characteristic 

reconstruction observed previously in STM on the interfacial layer. This 

reconstruction consists of periodic alternations of large bright spots with dark 

regions between them with periodicity of 0.64 nm in STM and additional bright 

spots, pointing to a complex composition of the surface as is shown in the inset. 

Surface diffractogram after annealing is shown in Figure 26 (b). As can be 

seen in the figure the LEED of the surface considerably improves in terms of spot 

sharpness and intensity. Additional features are now clearly visible that were 

previously not clearly imagined due to low intensity. 

Additional superstructures can be seen on the surface in Figure 26 (c). One of 

them appears as rows that consist of bright regions with dark depression in between 

them, similar to the oriented rows seen in STM on (1 × 1) × 12 WO, with the 

difference that the periodicity of these rows is larger and ranging from 3.5 to 9 nm 

on different parts of the surface. This superstructure was already occasionally visible 

in STM on incomplete interfacial layer at 0.3 nm film. The appearance of this 

structure is possibly related to WO domain boundaries that remain preserved under 

CeWOx interfacial layer. On the LEED diffractogram this superstructure 

corresponds to the presence of additional horizontal and vertical stripes around 

bright spots in Figure 23 (c) (red marks).  
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Figure 26. STM and LEED images of the  ½ monolayer of Ce6WO12.  Image size (a) 

94 × 94 nm, inset 2 × 2 nm;  Image size (c) 11 × 11 nm; (b) electron energy 70 eV. 

 

 

Figure 27. XPS spectra from highly ordered layer of cerium tungstate obtained at 

Material Science Beamline at synchrotron Elettra in Triste (Italy).   
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The second type of superstructure stripes is much less visible in STM. The 

stripes are rotated ~ 45 degrees with respect to the first ones show approximately 4 

nm periodicity. The second superstructure could be responsible for the appearance 

of new spots in LEED that were not present at incomplete interfacial layer [Figure 

23 (c)]  (yellow marks). The appearance of this superstructure is possibly related to 

coincidence between CeWOx structure and underlying WO substrate, when the 

periodicities of the layers are modified through e.g. rows of missing tungsten atoms 

in the structure of the CeWOx film.  Samples of ordered CeWOx were also prepared 

and examined by LEED and XPS  at Material Science Beamline laboratory Elettra. 

A slightly different approach in sample preparation was used, that differs from the 

previous in the way that the pre-oxidized W (1 1 0) substrate during the deposition 

of cerium in oxygen background pressure of 5·10
-5

 Pa was held at the elevated 

temperature of 1073 K. LEED of the samples prepared at Elettra showed the same 

diffractogram pointing out that the observed surface phase of CeWOx is 

thermodynamically favored and can be reached by different preparation pathways. 

From the XPS data of the examined surface it is evident that the CeWOx interfacial 

layer is characterized by Ce
3+

 and W
6+

 oxidation states [see Figure 27 (a, c)] and that 

its stoichiometry is Ce6WO12. The presence of W
2+

 signal in the spectrum of W 4f 

(that is attributed to WO) indicates that after annealing the tungsten monoxide WO 

layer still exist below the Ce6WO12 film [Figure 24 (c)].  

Dedicated LEED experiment was performed to determine the accomodation of 

Ce6WO12 interfacial layer on the oxidized W (1 1 0). For this purpose we prepared 

an incompleate coverage of interfacial layer, in the way that spots of W (1 1 0) 

together with the spots from the cerium tungstate structure would be visible in 

LEED [Figure 28 (a)]. With help of LEED we determined the corresponding 

Ce6WO12 unit cell. The morphological relationship between the substrate and the 

overlayer is Ce6WO12[110] ‖ W[1-10] and Ce6WO12[1-10] ‖ W[001]. Determined 

unit vectors of Ce6WO12 was 1.256 nm with almost perfect accommodation 

coefficient of 0.99 in Ce6WO12 [1 0 0] direction, and 1.227 nm with accommodation 

coefficient on W (1 1 0) of 0.977 in the Ce6WO12 [0 1 0] direction.  This 

corresponds to two times the size of the unit cell that is observed in STM. The two 
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neighboring spots as imagined in STM thus seem not equivalent due to complex 

structure of Ce6WO12, despite the fact that they are imagined similarly. We mark the 

unit cell in the inset of Figure 23(a) as two times the periodicity seen in STM 

(green).  

 

 

Figure 28. (a) LEED of the surface with visible WO substrate and cerium tungstate 

spots taken at 70 eV. (b) Model of the Ce6WO12 (1 0 0) unit cell accommodated on W 

(1 1 0) surface. Tungsten unit cell is marked with blue lines, while the cerium 

tungstate unit cell is with red.  

 

In literature we didn‟t find a crystallographic model for cubic Ce6WO12 (1 0 

0), so we examined different structures that could represent a possible model of our 

system. When selecting a candidate we considered following parameters: the cubic 

structure of Ce6WO12, the stoichiometry of the compound and the similarity of STM 

images to STM of CeO2 (1 0 0) surface,
128

 Figure 26(c) . The structure that satisfied 

all this conditions is La6WO12
129

. It acts as a good reference for Ce6WO12 also 

because La is chemically very close to Ce in group of rare earth elements. We 

propose that the Ce6WO12 (1 0 0) prepared in our experiment corresponds 

structurally to the structure of ½ unit cell of La6WO12  cut along oxygen positions as 

shown in Figure 29 (outline). 
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Figure 29. Schematic structure of La6WO12. Marked is a ½ ML thick slab that 

represents a proposed model for Ce6WO12 thin film.  Adapted from ref. [129] 

 

The proposed structure of the Ce6WO12 (1 0 0) on W (1 1 0) is presented in 

detail in Figure 30. From the position of the oxygen and cerium atoms on the surface 

it is evident that they closely resemble the unit cell of CeO2 (1 0 0)
128

 but with 

additional lattice relaxation. This would also explain the observed in STM motif of 

the Ce6WO12 (1 0 0), that is similar to the CeO2 (1 0 0). The amount of oxygen in the 

proposed structure ensures that the source of electrons for the Ce
3+

 are not oxygen 

vacancies in the film but rather the W
6+

 ions. The W
6+

 ions are regularly distributed 

on the surface indicating that the film can be a candidate model system for single 

atom catalysis by W
6+

.  
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Figure 30. Schematic top and side view of a structure motif suggested for the 

geometry of  Ce6WO12 (1 0 0) on W (1 1 0). 

 

3.3.3 Conclusion 

Doping of ceria catalysts represents a well explored field with some 

extensively conducted studies. Despite the considerable time this way of improving 

catalytic activity of ceria is available, the preparation of ordered doped ceria model 

systems has been examined only recently. In our attempts to inspect possibilities of 

controlling the Ce
3+

 concentration in ceria films we considered using high valence 

doping agents. This approach led us to the preparation of a new reduced ceria system 

with wide possibilities of application in model studies. We have demonstrated that 

highly ordered Ce6WO12 half monolayer film can be prepared on preoxidized tungsten 

substrate after sublimation of disordered ceria tungstate phase naturally formed on the 

surface. Ceria in the prepared film consists entirely from Ce
3+ 

ions generated by 

charge transfer from W
6+ 

dopant ions. The discovered structure proves to be well 

suited for microscopic studies, as well as for reactivity exploration of mixed oxide 

systems.  
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3.4 Controlling of Ce
3+

 via charge transfer from substrate 

3.4.1 Introduction  

Studying interfaces between metal and oxide is of great interest for material 

science as well for the development of new technologies. Metal-oxide interfaces can 

potentially be applied for gas sensors in electronic, metal-ceramic compounds, or as 

catalysts.
130  

Ultrathin 2D oxide films on metal support represent an interesting class 

of materials in this regard. They are considered to be a new class of hybrid materials 

with novel structural and electronic properties.
131

  Ultrathin, discontinuous 2D oxide 

films on the metal surface allow to examine the unique effects of oxide metal 

interaction at the edges of the islands as well as on the metal oxide interface. 

Moreover surfaces of ultrathin oxide islands themselves incorporate catalytically 

active sites, which are not present on the surface of the bulk oxides.  Investigation of 

detailed atomic scale morphology of such systems can extend understanding and 

applications of their catalytic behavior. In case of ceria based model catalysis 

ultrathin 2D oxide films on metal substrate can potentially also be used to introduce 

Ce
3+

 ions as a result of charge transfer between the metal substrate and the ultrathin 

oxide film.  

A recent study performed in our group by Szabová et al. 
132,133

 indicates that 

the first monolayer of ceria grown on Cu (1 1 1) contains Ce
3+

 ions as a result of 

charge transfer from the copper substrate. This interaction is limited only to the first 

ceria layer, while 2-ML ceria films displays already a bulklike properties. Also 

earlier studies of ceria – Rh (1 1 1) interface indicated
134,135

 that ultrathin ceria films 

contain significant amounts of reduced Ce
3+

 species in the oxide metal interface. 

 We propose to prepare and study one monolayer thin 2D ceria films on Cu (1 

1 1) and obtain significant insight on how the concentration of Ce
3+

 is influenced by 

the proximity of metal substrate. The experiments were performed on 1 ML 

discontinues ceria films that were prepared by modified growth procedure
136,137

 on 

Cu (1 1 1), compared to the standard procedure described in Section (2.6). It was 
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possible to promote 2D growth of ceria film, allowing to prepare high quality 2D 

CeOx systems. 

 

3.4.2 Results and discussion 

Ceria films prepared in a standard way, i.e. growing submonolayer amounts of 

cerium in oxygen background pressure of 5·10
-5

 Pa on Cu (1 1 1) substrate exhibits a 

typical 3D growth mode.
64

  Isolated ceria islands are grown with second and third 

ML formations on top of them [Figure 31]. Increasing the amount of ceria deposit in 

such preparation procedure leads to the formation of multilayer pyramidal ceria 

islands.
64

 In our attempt to grow exclusively one monolayer high islands completely 

different growth mode of ceria can be achieved
136,137

 when metallic cerium is 

deposited on the copper surface at elevated sample temperatures in vacuum prior to 

the stepwise O2 oxidation and film annealing.  This not only allows to introduce 2D 

growth mode of ceria but also to control the oxidation state of the film and 

investigate the role of metal-substrate interaction on Ce
3+

 concentration in the 

interface. 

  

 

Figure 31.  Morphology of a submonolayer ceria film grown on Cu (1 1 1). 

Nucleation of the second layer islands on interfacial layer is observed, 160 × 160 nm. 

Adapted from ref. [64] 
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Depositing ~ 1 ML of metallic cerium on the Cu (1 1 1) at sample temperature 

of 750 K forms an irregular film that covers almost the whole substrate. The 

morphology of the deposited film is significantly variable as shown on Figure 32, 

ranging from Ce clusters and irregularly grown cerium material on the surface (a), to 

flat discontinues film with areas of oriented surface structures (b). When metallic 

cerium is deposited on a metal sample that is heated to high temperature in UHV 

conditions surface intermetallic compounds are expected to be formed. Ce surface 

alloys have been observed on Rh
135

, Pd
139

 and Pt. 
69,137,140,141

 Copper - cerium alloys 

represent no exception and different phases have been observed.
142

  The morphology 

of triangular features on Figure 32 (b) are likely surface alloys formed during the 

high temperature deposition of metallic cerium.  

The fact that different surface structures can be grown using virtually the same 

preparation conditions indicates that formation of the Ce-Cu (1 1 1) systems greatly 

depends on the quality of UHV background and presence of oxidizing agents in 

preparation chamber.  A small amount of oxidizing agents (mainly H2O) present 

during the film growth results in film shown at Figure 32(a).  

 

 

Figure 32. STM image of two different surface structures of 1 ML Ce/Cu (1 1 1) 

sample, 160 ×160 nm. 
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Figure 33. XPS Ce 3d spectra obtained from the sample after different stages of 

oxidation (a) after deposition of Ce; (b) after 9L O2 exposition at room temperature; 

(c) after 200L of O2 at 750K. Metallic Ce peaks fitted according to ref. [143].   
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Indeed, XPS data of the sample showed on Figure 32 (a) reveal a partial 

oxidation of the Ce deposit. From the stoichiometric point of view, the film contains 

not only metallic Ce
0
, but almost 30% of Ce

3+
 according to XPS spectrum [Figure 

33(a)]. Examined surface was further stepwise oxidized using a procedure that 

consisted from exposure of the sample to oxygen background pressure of 4·10
-6

 Pa 

for 100 seconds (corresponding to exposure to 3L of O2) at room temperature and 

subsequent annealing at 700 K in vacuum for 5 minutes. After one cycle of such 

procedure the morphology of the Ce-Cu (1 1 1) film changes dramatically, as shown 

in Figure 34 (a). On the surface of the Cu (1 1 1) a specific 2D growth of ceria 

islands is observed. Most of the islands merge one with another forming a 

characteristic labyrinth like surface appearance that covers 65-70% of the surface. 

The measured height of the islands is corresponding to a single ML of cerium oxide 

although the height values strongly depend on the parameters of the STM 

measurements. This is characteristic for STM measurements of the systems that 

exhibit neighboring oxide structures and metal substrate. On the top of some islands 

second layer of ceria is formed. Sharp edges aligned with the high symmetry 

directions of the substrate present similarity with the morphology of cerium oxide 

grown on Cu. LEED of the prepared 2D ceria film exhibits sharp 1 × 1 spots as seen 

in Figure 15 (a). After the second and the third oxidation step exposing the surface 

to total of 9 L of O2 further improvement in ordering of the film occurs as shown in 

Figure 34 (b). The resulting one monolayer ceria film on Cu (1 1 1) prepared as 

described above represents a high quality 2D ceria model system suitable for 

reactivity and oxide-metal interface studies. This film was also used in Section (3.2) 

as a buffer layer for the interfacial reaction in preparation of reduced inverse model 

systems.    

Although the surface at Figure 34 (b) appears completely oxidized and further 

oxidation cycles at room temperature do not influence the morphology of the film  

presence of Ce
3+

  ions in this system can still be seen in XPS [Figure 33 (b)]. The 

spectral contribution of Ce
3+

 in the film is around 30-35%, and does not diminish 

with further oxidation at room temperature.  
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Figure 34. STM images of 1 ML Ce/Cu (111) sample grown at 750 K after 

one cycle of oxidation (a); after three cycles of oxidation (b); and after exposure to 

200 L of oxygen at 750 K (c) in the inset with enhanced contrast it is visible that 

CuOx is present on the surface; Image size (a, b) 120 × 120 nm, (c) 70 × 70 nm. 

 

Still it is possible to completely oxidize the ultra thin 2D ceria system  by 

exposing the sample to oxygen at background pressure of 2.6·10
-5 

Pa for 5 minutes 

at 750 K [Figure 33(c)]. Such treatment is equivalent to oxygen exposure of 200 L. 

These oxidation parameters represent standard conditions for CeO2 growth (Section 

2.6). As it is evident from the STM image the morphology of the system does not 

change, although the Cu substrate around the ceria film oxidizes [inset of Figure 34 

(c)]. The layer now completely consists from stoichiometric CeO2 indicating that for 

ultrathin films the presence of Ce
3+

 is not only the property of interface but also is 

regulated by O2 pressure.   

In an attempt to prepare and examine novel 2D nanooxide of ceria a thinner 

sample was prepared containing 0.3 ML Ce and stepwise oxidized. During all 

preparation steps sample was examined by STM, LEED and XPS.   

Morphology of the surface after depositing metallic cerium at 750 K as 

imagined in STM is shown in Figure 37 (a). The surface greatly resembles the 

structure of 1 ML Ce on Cu (1 1 1) discussed above. Most part of the surface is 

covered with Ce clusters on the top of Cu substrate. On the higher resolution image 

of the surface Cu-Ce alloying is visible. As can be clearly seen from XPS spectra in 

Figure 35 (a) low coverage ceria films contains much more Ce
3+

 (~55%) than the 

corresponding 1ML film. 
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Figure 35. XPS Ce 3d spectra obtained from 0.3 ML Ce film on Cu (1 1 1) during  

stepwise oxidation. (a) after Ce deposition; (b) after 6L of oxygen exposure at room 

temperature; (c) after annealing in vacuum to 750 K for 5 min.; (d) after 200L oxygen 

exposure at 750 K; metallic Ce peaks in (a) were fitted according to ref. [143]. 

 

The similarity between growth modes of 0.3 ML and 1ML films ceases after 

the first cycle of oxidation. A new phase that was not previously observed on 1ML 

2D film appeared on the surface after the first cycle of oxidation, as shown in Figure 

37 (b). We suggest that this phase contains less Ce than 1ML Ce phase and call it 

dilute CeOx phase. The new structure phase decorates preferably the step edges of 

the substrate. This surface greatly differs from the 1ML film after the oxidation 

[Figure 34 (a)], meaning that different surface phases can be prepared this way by 

altering the amount of metallic ceria on the surface.  

After the second cycle of oxidation and annealing STM revealed large regions 

of dilute CeOx covering approximately 10-15 % of the surface [Figure 37 (c)]. In 
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STM as well as in LEED [Figure 33] a sharp 2 × 2 reconstruction in these regions is 

now visible with the respect to CeO2 (1 1 1) indicating that in presence of larger 

amount of oxygen the dilute phase appears more ordered.  There is still considerable 

amount of Ce
3+

 on the surface contributing to 40% of the spectra [Figure 35(b)]. 

 

Figure 36. 2 × 2 reconstruction of surface Figure 37 (c) as seen in LEED, 49 eV. 

 

 Dilute phase persists even if there is enough oxygen in the system to grow 

CeO2 islands on the surface of 1 ML sample. The dilute phase can be destroyed by 

annealing in vacuum to higher temperatures ~750 K for 10 minutes. As a result of 

such annealing ceria islands will coalesce on the surface evenly covering the 

substrate as shown in STM image [Figure 37 (d)]. 2 × 2 surface reconstructions are 

still present in LEED and can be observed on the surface of some islands (high 

resolution image of Figure 37 (d)). After, annealing ceria film becomes more 

reduced [Figure 35 (c)]. The above observation indicates that some temperature limit 

exists above which the formation of dilute CeOx phase is dominated by growth of 

2D ceria islands on copper substrate.  

As a final step we managed to determine oxidation parameters for ultra thin 

ceria films on Cu (1 1 1) that results in  film with no Ce
3+

 [Figure 35(d)]. This can 

be achieved similarly to one ML samples by exposure of the sample to oxygen at 

background pressure of 2.6·10
-5 

Pa for 5 minutes at 750 K (equivalent to oxygen 

exposure of 200 L at high temperatures). Morphology of 0.3 ML ceria films after 

such procedure is presented on Figure 37(f). The accompanying oxidation of the Cu 

substrate surface is also evident on STM images Figure 34(c) and 37(f). 
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Figure 37. STM images of the 0.3 ML ceria surface after stepwise oxidation. Image 

size (a) 160 × 80 nm, detailed image 18 × 18 nm; (b) 117 × 58 nm, detailed image 35 

× 35 nm; (d) 150 × 75 nm, detailed image 14 × 14 nm; (f) 58 × 58 nm.   
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3.4.3 Conclusion 

Our oxidation experiments of ultra thin ceria films on Cu (1 1 1) have shown 

that it is generally possible to completely remove Ce
3+

 at the metal-ceria interface by 

imposing oxygen in to it. Such result suggests that the current explanations of the 

presence of Ce
3+

 in ultrathin metal-oxide interface should be treated with more 

caution. The favored explanation in literature is that the metal-oxide interface includes 

Ce
3+

 due to charge transfer from the metal. In this interpretation the interface is 

represented by stoichiometric CeO2 with no further possibility to build in oxygen, but 

with Ce in Ce
3+

 state due to excess electrons from the Cu substrate. From our 

experiments at least two more possible reasons for presence of Ce
3+

 besides the 

charge transfer can be pointed out. One possibility is that the metal-oxide interface 

represents a system that more difficultly incorporates oxygen in the interface. In such 

manner highly stable oxygen vacancies are introduced into the ceria layers
133

 that can 

be oxidized only at elevated oxygen pressure and temperatures. The other possibility 

is that the presence of oxygen changes the  configuration of the system from CeO2 

supported by metallic Cu, as assumed by existing theory, to CeO2 supported by 

oxidized Cu, where the existing theory does not apply.
144
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CHAPTER 4 

 Conclusion 

This thesis reports and discusses the results obtained on preparation of ceria films 

with introduced Ce
+3

. Three different approaches on controlling the amount of Ce
3+

 

in ceria based model catalysts were examined: introducing oxygen vacancies in to 

the ceria by using interfacial reaction between CeO2 and Ce, doping cerium oxide 

with tungsten and preparing ultra thin ceria films. As a result of the first approach 

we developed a new ceria reduction procedure that proves to be a powerful and 

versatile tool in growing ordered reduced cerium oxide films. This procedure 

introduces a new degree of freedom: stepwise control on the concentration of 

oxygen vacancies in the surface and allows preparation of highly ordered reduced 

model and inverse model systems. The second approach, controlling of Ce
3+ 

concentration in ceria films by using high valence doping agents, led us to 

preparation of a new reduced ceria system with wide possibilities of application in 

model studies. We have demonstrated that highly ordered Ce6WO12 half monolayer 

film that contains ceria and tungsten completely in Ce
3+

 and W
6+ 

states can be 

prepared on preoxidized tungsten substrate. Discovered structure proves to be well 

suited for microscopic studies, as well as for reactivity exploration of mixed oxide 

systems. Our experiments on ultrathin ceria films have shown that it is generally 

possible to prepare well ordered 2D ultrathin films of ceria on Cu (1 1 1) that 

contain Ce
3+

 as a result of metal-oxide interface effects. However it was 

experimentally possible to completely remove Ce
3+

 at the metal-ceria interface by 

imposing oxygen in to it. Such result suggests that the current explanations of the 

presence of Ce
3+

 in ultrathin metal-oxide interfaces require more insight and further 

examination.
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Presentations at conference meetings 

1. CMD-24 (ECOSS-29, CMMP-12, ECSCD-11), 03 - 07 September 2012, 

Edinburgh, UK, poster presentation: „Ultrathin phases of ceria on Cu(111)“ 

 

2. 246th ACS National Meeting, 8 – 12 September  2013, Indianapolis, USA, 

oral presentation: “Epitaxial cubic Ce2O3 films via Ce−CeO2 interfacial 

reaction” 
 

3. ECASIA‟13, 15th European Conference on Surface and Interface 

Analysis, 13 – 18 October, 2013, Forte Village, Cagliari, Sardinia (Italy), oral 

presentation: “Epitaxial cubic Ce2O3 films via Ce−CeO2 interfacial reaction”  
 

4. ECOSS‟30, The European Conference on Surface Science, August 31- 

September 05  2014, Antalya, Turkey, poster presentation: „Growth modes of 

epitaxial Ce6WO12(100) layers studied by photoemission, LEED and STM“ 
 

 

Foreign working visits 

1. High temperature STM measurements of reduced ceria films on Rh (1 1 1) at 

group of PD Dr. Friedrich Esch; Lehrstuhl fur Physikalishe Chemie, 

Department Chemie, Technische Universitat Munchen, 22.09.14 – 06.10.14. 
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Grant Agency of Charles University in Prague “Structure and chemical 
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applications” GAUK 2048514, 2014-2015. 
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