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Abstrakt: Práce se zaměřuje na studium základních katalytických vlastností dvou 

modelových katalyzátorů: CeOx/Cu(111) a CuOx/Cu(   ), pomocí pokročilých 

metod fyziky povrchů. Výzkum provedený na CeOx se věnuje studiu souvislostí 

mezi povrchovou strukturou a reaktivitou CeOx. Zavádíme metodu přípravy vedoucí 

k růstu epitaxních tenkých vrstev CeOx(111) s kontrolovatelnými morfologickými 

parametry: hustota atomárních schodů a uspořádání povrchových kyslíkových 

vakancí. Při studiu interakce vody s povrchem CeOx(111) s přesně definovanou 

strukturou identifikujeme roli schodů a kyslíkových vakancí. Výzkum provedený na 

CuOx se zaměřuje na vysoce rozlišenou mikroskopickou charakterizaci procesu 

redukce Cu2O v téměř atmosférickém tlaku CO. Díky přímému zobrazení povrchu 

v průběhu reakce identifikujeme aktivní počáteční centra redukce, přechodné 

strukturní fáze oxidu mědi a kinetiku redukce Cu2O(111).     
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precisely controlled structure we identify the role of the step edges and of the oxygen 

vacancies in the interaction of water with ceria. The investigation performed on 
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1 Introduction 

Heterogeneous catalysis is in the forefront of the interest of many research 

projects. The majority of industrially important chemical reactions are mediated by 

catalysts. The main goal of ongoing investigations in the heterogeneous catalysis is 

the development of novel materials for more effective and less costly production, 

environmental protection, sustainable sources of energy, and advanced technology. 

The progress in the heterogeneous catalysis is tightly bounded with the thorough 

understanding of the role of catalysts in their applications. Catalysts represent 

systems with a complex nanometer-scale structure, which is closely related to their 

activity and selectivity because relevant catalytic processes take place on the 

nanometer scale. The surface science plays a crucial role in the elucidation of basic 

mechanisms mediating the surface catalytic reactions together with finding the tools 

allowing tailoring the properties of catalysts [1–4].  

Cerium oxide (ceria or CeOx, 1.5 ≤ x ≤ 2) is a material, whose catalytic 

activity attracts a great attention of the scientific community [5]. Ceria is known for 

its use in the three-way automotive catalytic convertors or in the fluid catalytic 

cracking (removal of SOx) [6, 7]. The catalytic activity of ceria is connected to its 

high oxygen storage capacity—the ability to easily release or store oxygen [8]. 

Nowadays, the ceria-based catalysts represent prospective systems for the application 

in the hydrogen production and in the technology of fuel cells. Particularly, the 

suitability of ceria based catalysts is tested for the hydrogen production by steam 

reforming of the hydrocarbon oxygenates from bio-derived sources [9, 10], for the 

water-gas-shift (WGS) reaction, which is used for the removal of CO impurities from 

the hydrogen produced from the synthetic gas [11, 12], and for the application as the 

constituent of anode catalysts in proton exchange membrane fuel cells (PEMFC) 

[13–15]. In the steam reforming of hydrocarbons the red-ox properties of ceria help 

to stabilize the Pt-based catalysts against the poisoning by carbon. In the WGS 

reaction ceria represents active phase for dissociation of molecular water and 

dramatically promotes the activity of metal catalysts [16, 17]. In the PEMFC ceria 

allows decreasing the amount of Pt, while the efficiency of PEMFC expressed as the 

specific power, which reflects the power of FC with respect to the total amount of Pt, 

increases over an order of magnitude.  
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Copper oxide (CuOx) is used as a part of catalysts, which are industrially 

relevant for reactions involving the CO conversion, e.g. CO oxidation [18, 19], 

methanol synthesis [20], and WGS reaction [21, 22]. In catalysts, CuOx is often 

present in a form of dispersed particles supported on another metal oxide, which 

affect dispersion, oxidation state, and catalytic activity of CuOx particles. 

Particularly, the CuOx-CeOx represent very active binary metal oxide catalyst for 

CO conversion reactions [22–25].   

Side by side with the development of applications, fundamental studies are 

needed to provide the insight into the relation among the structure, the activity, and 

the selectivity of cerium oxide-based catalysts. Findings of the fundamental studies 

represent a feedback for further optimization of the catalytic performance of ceria-

based catalysts in their applications. 

The fundamental research is often carried out in the ultra-high vacuum 

(UHV), which allows preparation and investigation of clean samples with 

controllable structure and composition in a defined working environment together 

with the utilization of the experimental methods of surface science for the detailed 

investigation of physicochemical properties of studied systems. Generally, the 

transfer of results between the fundamental and the industrial research encounters 

many difficulties. In the surface science, the issue of the difficult application of 

results of the fundamental research is known as the materials and the pressure gap, 

which, in simplified words, expresses that the physicochemical properties of 

investigated systems strongly depend on their structure and on the presence of 

working atmosphere. Recent advances in technology, which allows modifications of 

UHV surface science techniques for their operation under the near ambient pressure 

(NAP, the pressure of working atmosphere closed to the atmospheric pressure) of 

reactive atmosphere, bring the possibility to study the physicochemical properties of 

materials directly in the working environment representing a promising way to 

narrow the pressure gap [26].  

This thesis presents results of the fundamental research performed on cerium 

oxide model catalyst and on copper oxide (CuO2) model catalyst. The properties of 

CeOx are investigated in UHV. We develop experimental methods for the 

controllable preparation of epitaxial CeOx(111) thin films with the adjustable surface 

morphology and degree of reduction of CeOx surface on Cu(111) single crystal 

substrate. Because of the tunable specific adsorption positions (step edges, oxygen 
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vacancies) with the defined concentration and coordination, the prepared ceria films 

represent a unique well-controllable model surface among the existing model 

catalysts, which is suitable for the model studies in the heterogeneous catalysis. On 

such well-defined tunable model ceria catalysts we perform studies of their reactivity 

towards water. The process of the adsorption of water on ceria is found to be 

crucially influenced by the presence of oxygen vacancies in ceria. Properties of CuOx 

are investigated in near ambient conditions. Cu2O(111) is characterized in-situ (in the 

reaction mixture, without exposure to an external environment) in the presence of 

NAP of CO by means of advanced surface science techniques. The exposure to CO 

leads to the reduction of Cu2O. We identify the active initiation centers, the 

intermediate oxide phases, and the kinetics of the reduction of Cu2O(111).  

The thesis is divided into four chapters. In the first chapter we introduce the 

topics of heterogeneous catalysis related to the presented work. The second chapter 

describes the experimental techniques of surface science employed during the 

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

presents experimental results of this work. In the third chapter we enclose three 

scientific publications [27–29] and one manuscript presenting experimental results 

together with a brief outline of the main achievements of the enclosed works in the 

context of the current literature. The fourth chapter summarizes the contribution of 

present work with the respect to the current state-of-the-art in heterogeneous 

catalysis. 

1.1 Heterogeneous catalysis 

A catalyst is described as a material facilitating a chemical reaction without 

being consumed or affected by the reaction. The key feature of catalysts is the ability 

to lower the activation energy of chemical reactions. The catalysts are called 

heterogeneous, if they are present in a different phase then the reactants. Many 

industrial applications utilize the heterogeneous catalysts in the form of a solid 

surface exposed to gaseous or liquid environments [1].  

The surface of solid catalysts represents a playground for chemical reactions. 

Compared with atoms in bulk, the surface atoms exhibit unsaturated chemical bonds 

because of lower number of nearest neighbors (lower coordination number). The 

unsaturated surface chemical bonds can play the role of the anchoring sites for 
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molecules of reactants from a gas or a liquid phase. The interaction of reactants with 

the specific sites of the surface of catalyst can stimulate processes, which are 

otherwise inaccessible in terms of the activation energy. The interaction of reactants 

with the surface of the catalyst proceeds through several elemental processes, which 

are schematically illustrated in the Figure 1.1. The first step is the adsorption of the 

reactants on the surface of the catalyst. The adsorption of the reactants can be either 

associative, when the adsorbed molecule stays intact after the interaction with the 

surface of the catalyst, or dissociative, when the adsorbed molecule dissociates after 

the interaction with the surface of the catalyst. The adsorption provides simultaneous 

presence of the different reactants on the surface in a desired chemical state. The next 

elemental step is the surface diffusion. The adsorbed molecules migrate over the 

surface, reach the active surface centers or other reactants, and undergo the chemical 

reaction through the recombination process. The last step is the desorption of 

products of the reaction, which frees the surface of the catalyst for further reactants. 

The elemental processes are influenced by chemical and structural properties of the 

surface of the catalysts and by external parameters such as temperature and partial 

pressures of reactants and temperature. 

The activity and the selectivity of the catalysts are closely related to the 

nanometer scale structure and the chemical composition of the catalysts. The 

understanding of the relation between the surface morphology and the reactivity of 

Figure 1.1: The illustration of basic processes occurring on the surface 

of heterogeneous catalysts. 
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the catalyst (the structure-reactivity relationship) represents one of the goals of the 

fundamental research in the heterogeneous catalysis. The identification of the key 

structural parameters of the surface of catalyst affecting the reactivity of catalysts, 

e.g. the nature and the type of the surface active sites, the intermediate surface phases 

during the reaction, the role of the oxide supported metal particles, or the surface 

sites and processes responsible for the deactivation of catalysts, leads to the 

possibility to design novel, less costly, and more effective catalytic systems [2].  

1.2 Model catalysis 

Real catalysts under working conditions represent complex systems, whose 

physicochemical properties are influenced by many parameters to be easily 

determined and optimized. The real catalysts are often porous materials with a large 

surface area, high roughness, complicated interfaces, multiple highly 

under-coordinated adsorption positions, and with variety of defects. The complicated 

structure of the real catalysts hinders the understanding of the structure-reactivity 

relationship. 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 the 

simplified systems have a well-defined simple geometry, the origin of the reactivity 

of catalyst can be traced down to the molecular level by microscopy. The simplified 

catalysts are generally called the model catalysts and the so-called surface science 

approach represent the segmentation of complex reactivity of the real catalysts to the 

single independent well defined structure-reactivity studies of model. The surface 

science approach combines the controllable environment of UHV together with the 

precise preparation and the characterization of studied catalysts by a large variety of 

surface sensitive experimental techniques. The model catalysts correspond to 

customized crystalline systems with well-defined structure and composition.  

The example of the real catalyst and the illustrations of the basic types of 

model catalysts are shown in Figure 1.2. The scanning electron microscopy (SEM) 

image of the carbon nanotubes (CNT) covered by the magnetron-sputtered Pt-CeOx 

film, which is shown in the Figure 1.2a, represents the real catalyst tested as the 

anode material in the PEMFC. Figure 1.2b shows scanning tunneling microscopy 

(STM) image of a clean Cu(111) single crystal. Single crystals represent the simplest 
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class of model systems and they are further used as a starting building block for more 

complex model systems. Figure 1.2c shows STM image of CeOx islands on partially 

oxidized Cu(111) representing the class of inverse oxide-metal catalysts [16]. Figure 

1.2d presents STM image of continuous CeO2(111) thin film supported on Cu(111) 

illustrating the class of supported metal oxide model catalysts [30, 31]. Figure 1.2e 

shows STM image of Pt particles on CeO2(111) illustrating the class of oxide 

supported metal particles and representing the model counterpart of the magnetron 

sputtered Pt-CeOx films shown in Figure 1.2a. 

 The monitored properties of the surface structure of model catalysts 

commonly include the surface orientation (exposed crystallographic planes), the 

coverage of the surface by the active phases (oxide/metal particles), the nature of the 

interfaces (metal-oxide interaction), type and concentration of surface defects 

(atomic steps, oxygen vacancies), and size and distribution of supported metal 

particles. These parameters can be controlled during the preparation of model 

catalysts and tuned in order to study the particular structural effects on the reactivity 

of model catalysts. The aim is to understand the origin of activity and selectivity of 

catalysts on the atomic scale [31]. The knowledge collected by investigations of 

various basic processes on model catalysts can be then combined and applied to 

understand properties of more complex catalysts. The most prominent demonstration 

of the successful application of surface science approach for the industrially relevant 

reaction is the Nobel prize awarded elucidation of the Haber-Bosh process, which is 

utilized for the production of ammonia [1].  
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Figure 1.2: The illustration of the real and the model catalysts. (a) SEM image 

of the magnetron sputtered Pt-CeOx porous film on CNT. (b-e) STM images of 

(b) Cu(111) single crystal (Ut = 1.0 V, It = 0.8 nA), (c) CeOx islands on Cu(111) 

(Ut = 1.6 V, It = 0.3 nA), (d) CeO2(111) thin continuous film on Cu(111) (Ut = 

5.2 V, It = 0.5 nA), (e) Pt particles on CeO2(111) (Ut = 2.4 V, It = 0.5 nA). Insets 

show schematic views of the illustrated types of catalyst. 
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The known issues of the surface science approach are the materials and 

the pressure gap. The materials gap reflects the decrease of the reactivity with 

the lowering the complexity of the catalysts. Better ordered systems lack the highly 

under-coordinated sites, which tend to be more active. The material gap can be 

partially bridged by “bottom-up” approach – first, understand the role of active sites 

in basic systems, then successively increase the complexity of model catalysts and 

determine the role of more complex active sites.  

The pressure gap expresses the different behavior of catalyst under the real 

working atmosphere and in UHV. The differences can be determined only by direct 

measurements under NAP. The possible narrowing of the pressure gap is brought by 

the advance in technology allowing the modification of particular UHV surface 

science methods for their operation in NAP [26, 32, 33]. By means of the in-situ 

investigation under NAP it was already shown, that the presence of higher pressure 

of working atmosphere can lead to the massive restructuring of the surface of 

catalysts [34–36], the stabilization of novel phases [37], and the changes of the 

oxidation state of the catalysts [38]. These effects have remarkable influence on the 

reactivity of catalysts and they would not be discovered by standard UHV approach.   

1.3 Reducible metal oxides 

Reducible metal oxides play an important role in many applications, e.g. in 

(photo)catalysis, energy conversion and storage, fuel cell and sensor technologies, 

and microelectronics. The key ability of the reducible metal oxides is the facile 

change of their oxidation state. The reducible oxides represent oxygen reservoir, 

which can easily donate or absorb oxygen as needed during the reaction process. In 

the heterogeneous catalysis the reducible oxides usually serve as an active support of 

metal particles and promote the oxidation properties of the catalysts. The most 

common and the most investigated reducible oxide is titanium oxide. It is used in 

numerous applications such as solar cells, gas sensors, paints, cosmetics, and 

corrosion-protective coatings [39]. Other reducible metal oxides include iron oxide 

[40], cerium oxide [5], cobalt oxide [41], manganese oxide [42], vanadium oxide 

[43], praseodymium oxide [44], or copper oxide [45]. 
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1.4 Cerium oxide 

Cerium metal (Ce) has 4f
2
5d

0
6s

2
 electron configuration and it tends to oxidize 

rapidly in oxidizing environments. Ce exhibits the two possible oxidation states: Ce
4+

 

(f
0
 configuration) and Ce

3+
 (f

1
 configuration). Depending on the temperature and 

the partial pressure of the oxidizing atmosphere, cerium forms oxides with 

stoichiometry altering between two limiting phases: the fully oxidized cerium 

dioxide (CeO2, all cations are Ce
4+

) and the fully reduced cerium sesquioxide 

(Ce2O3, all cations are Ce
3+

). The structural unit cells of ceria phases with limiting 

stoichiometries are shown on Figure 1.3. CeO2 crystallizes in the fluorite-like 

structure (Figure 1.3a) with the face-centered cubic unit cell (lattice parameter: a = 

0.541 nm). Ce2O3 crystallizes either in the cubic byxbyite structure (Figure 1.3b), 

which has unit cell consisting of the four fluorite CeO2 unit cells with 25 % of the 

oxygen sites vacant and regularly ordered (C-type sesquioxide, lattice parameter: a = 

1.124 nm), or in the hexagonal structure (Figure 1.3c) with the hexagonal unit cell 

(A-type sesquioxide, lattice parameters: a = 0.389 nm, c = 0.607 nm) [5].  

CeO2 is more stable than Ce2O3, which oxidizes readily under an oxidizing 

atmosphere. Conversely, CeO2 can be reduced under reducing conditions. The 

reduction is connected with the formation of oxygen vacancies in ceria. The release 

of oxygen generates two excess electrons which localize to Ce
4+

 located in the 

vicinity of oxygen vacancy and form Ce
3+

 ions [8]. The excess electrons are 

theoretically predicted to localize on the next neighbor Ce ions to the defect. The 

driving force for the predicted excess-electron distribution is identified as the defect-

induced lattice relaxation [46]. Defects of ceria, especially the oxygen vacancies, 

Figure 1.3: Structural phases of cerium oxide (a) flurite-like CeO2, (b) byxbyite c-

Ce2O3 adopted from [8], (c) hex-Ce2O3. 
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represent active sites of ceria surface and govern the overall activity of ceria-based 

catalysts [47, 48]. Because of the one extra electron the radius of Ce
3+

 ions is bigger 

than the one of Ce
4+

. With increasing degree of reduction the lattice parameters of 

cubic ceria increases [5]. 

In catalysts, ceria plays the role of the reservoir of oxygen [5] and the 

promoter of the activity and the dispersion of noble-metal particles [49]. Typical 

model surfaces employed for the investigation of the structure-activity relation of 

ceria are represented by low-index (100) [50–52] and (111) [53–55] ceria single 

crystal planes. The electric conductance of cerium oxide is insufficient for many 

surface science techniques. This complicates the investigation of cerium oxide single 

crystals. As a solution, the concept of thin oxide layers supported on metal and other 

sufficiently conductive substrates is used [30]. Numerous metals can serve as a 

support of ceria films, e.g. Ru(0001) [54, 56, 57], Cu(111) [55, 58, 59], Pt(111) [60–

62], Rh(111) [63],  or Au(111) [64]. Alternatively, Pr2O3/Si(111) [65], yttria-

stabilized ZrO2(111) [66], SrTiO3(001) [67, 68] were also used to support ceria thin 

films. The most common preparation method of cerium oxide films is the physical 

vapor deposition of Ce in a background atmosphere of oxygen.  Standard ceria model 

catalysts are prepared in the form of epitaxial continuous thin film (Figure 1.2d), 

which mimics the structure of ceria single crystal. In order to increase the complexity 

of model systems and study the advanced structural effects on the activity and the 

selectivity of model catalysts, the thin films can be further functionalized by a 

deposition of metal particles (Figure 1.2e) or tuned to exhibit a specific surface 

morphology. The special type of model system is the so-called inverse model system 

(Figure 1.2c), in which oxide particles are deposited on a metal support [16]. The 

architecture of the inverse catalyst is the opposite of the oxide supported metal 

particles. The inverse setup is very advantageous for the catalytic processes, in which 

the oxide plays the crucial role. In the standard setup, the activity of the supporting 

oxide is suppressed because the deposited metal particles decrease the surface area of 

the oxide. This effect is even more pronounced, if the metal particles tend to decorate 

the reactive defects on the oxide surface. In the inverse setup, the oxide particles 

expose their entire active area and their catalytic properties can be additionally 

enhanced by supporting metal. Moreover, also the exposed metal-oxide interface can 

represent very active surface sites, e.g. for WGS [18, 69]. 
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This thesis focuses on the investigation of properties of continuous epitaxial 

films of CeOx(111), 1.5 ≤ x ≤ 2, grown on Cu(111) substrate. On Cu(111) a wide 

spectrum of ceria-based model system can prepared – epitaxial continuous films, 

oxide supported metal particles, inverse model systems, or mixed oxide films. Ceria 

grows on Cu(111) preferentially in the (111) crystallographic orientation, which has 

the convenient bulk lattice parameter 1.5× larger than the bulk lattice parameter of 

Cu(111) [55]. CeO2(111) consist of the stack of O-Ce-O trilayers separated by 3.1 Å. 

According to the bulk value of the lattice parameter of CeO2(111) 1 monolayer (ML) 

of CeO2(111) consist of 8 × 10
14

 Ce atoms in cm
2
 with the mutual in-plane distance 

3.8 Å. In the reality, the ceria thin films grown on Cu(111) are laterally contracted 

[70] as a result of size effect caused by low-dimensionality of thin ceria film. 

Contraction of ceria films is connected with observation of moiré pattern visible in 

first few monolayers. Based on analysis of moiré pattern, the interaction of 

CeO2(111) with Cu(111) substrate is found to be very weak [71]. Ceria relaxes the 

external stress freely gliding on Cu substrate. Additionally, the lattice constant is 

determined to be thickness dependent. The lattice parameter of ceria increases with 

thickness but remains below bulk value even at thickness 1.5 nm [70, 71]. First 

monolayer of CeO2(111) grown on Cu(111) exhibits distinct properties. STM reveals 

CeO2(111)-(2×2) surface reconstruction corresponding to ordered array of oxygen 

vacancies located at the ceria-copper interface. Driving force for the creation of 

oxygen vacancies is the relaxation of the stress of ceria films [72]. However, it is 

worth to note, that the exact structure of the ceria-copper interface is still under 

discussion. Previously mentioned studies conclude that the interface is sharp and 

ceria grows directly on Cu(111) while studies on the inverse model catalyst propose 

the existence of interfacial CuOx layer between ceria and Cu(111) [59, 73]. Role of 

CuOx has to be taken into account because it can affect the growth of ceria. Pre-

oxidation of Cu(111) together with specific treatment leads to preferential growth of 

differently oriented CeOx(100) particles [51, 74].  

1.5 Copper oxide 

Copper-based catalysts are used for reactions involving conversion of carbon 

monoxide, such as CO oxidation (2CO + O2 → CO2) [19, 75], alcohol synthesis (CO 

+ 2H2 → CH3OH)  [76], and the WGS reaction (CO + H2O → CO2 + H2)  [21].  The 
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copper oxide phases can represent important intermediates formed during a catalytic 

reaction, whose structure can significantly affect the activity and selectivity of 

catalysts [77]. An example of industrially relevant Cu-based catalyst is represented 

by porous Cu/ZnO/Al2O3 catalyst for methanol synthesis [20] or by inverse powder 

CeOx-CuOx catalyst highly active towards WGS [22].  

The model catalytic systems used to study the catalytic processes at the 

atomic level are represented by Cu metal nanoparticles supported by an oxide [78], 

inverse catalysts (metal oxides on Cu(111)) [17, 69], and mixed oxides (metal oxides 

on Cu2O(111)) [51]. The inverse CeOx/Cu(111) surface is of special interest for its 

high activity towards WGS reaction [17, 79]. Ceria particles play role of active site 

for dissociation of water while the Cu facilitate the CO adsorption, the WGS reaction 

is thought to be happening at CeOx-Cu interface.  

The Cu surface is very liable to the oxidation. The surface Cu(111) single 

crystal oxidizes readily at room temperature under oxygen background atmosphere 

and the oxidation of Cu(111) at elevated temperature leads to the formation of 

ordered Cu2O(111)-like structures known as “29” and “44” structure. The “29” and 

“44” structure originate from the distortion of Cu2O(111)-like layer, which has the 

same hexagonal lattice as unreconstructed Cu2O(111) except that the 

undercoordinated Cu atoms are removed [80–82]. The CO oxidation is a prototypical 

reaction in heterogeneous catalysis [83, 84]. The studies of reduction of Cu2O(111) 

layer by oxidation of CO show the formation of ordered intermediate copper oxide 

phase (hexagonal Cu2O(111), “5-7” Cu2O), propose the “fast” and the “slow” regime 

of reduction, and point to “step-only” reaction mechanism, which means that the 

reaction takes place only on step edges [73, 85].  

1.6 Scope of the thesis 

The thesis focuses on the investigation of catalysis-related properties of two 

model catalysts—the CeOx(111) (1.5 ≤ x ≤ 2.0) and the Cu2O(111) both supported 

by the Cu(111) single crystal.   

We perform an advance model UHV study of properties of CeOx(111). We 

develop experimental techniques allowing the controlled preparation of well-defined 

ceria thin films on Cu(111) with adjustable density of step edges and tunable 

concentration and coordination of surface oxygen vacancies. In a reactive study of 
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the interaction of water with well-defined CeOx(111) we identify the role of step 

edges and oxygen vacancies on the water adsorption-desoprtion process on ceria. 

On CuOx(111) we perform an advanced NAP model study, where we image the 

process of reduction of Cu2O(111) by CO in direct microscopic measurements on 

nanometer scale and identify the initiation active sites, the intermediate oxide phases, 

and the kinetics of the reduction reaction.  
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2   Experimental 

At the beginning of this chapter, we briefly describe experimental techniques 

of the surface analysis used in this work. We mention basic principles, main 

parameters, and potential benefits of the Scanning Tunneling Microscopy (STM), 

Photoelectron Spectroscopy (PES), Temperature Programmed Desorption (TPD), 

and Low-energy Electron Diffraction (LEED). Next we give general information 

about experimental apparatuses, where the work was conducted. At the end of the 

chapter we introduce general issues of the data processing. 

2.1 Scanning Tunneling Microscopy 

STM allows imaging of the surface morphology in real space with high 

resolution down to the atomic level [86]. The principle of STM is based on the 

quantum-mechanical effect of tunneling of electrons through a potential barrier. The 

schematic of STM is shown in Figure 2.1 [87]. The imaging of STM is realized by a 

sharp metal tip which scans just above a conducting surface. The measured signal is 

the current of tunneling electrons. The onset of tunneling is observed when the tip is 

approached to the sample at a distance ≈ 1 nm and the voltage in a range of several 

volts is applied on either tip or sample. The tunneling current exponentially decays 

with the increasing tip-sample distance. Most commonly, the STM operates in the 

constant current mode, when the feedback loop adjusts the tip-sample distance 

during the scanning in order to maintain the tunneling current constant. Related 

vertical movements of the tip are transformed to an image. In the first approximation 

this image represents the topography of the surface. The topographic features are 

typically atomically flat terraces, step edges, and metal clusters. However, with the 

increasing resolution the interpretation of STM images becomes more complicated. 

The contrast in STM is influenced by the electronic structure of both the surface and 

the tip, particularly by their local density of electron states (LDOS). The effect of 

electronic structure of both the surface and the tip dominates the images with the 

atomic resolution. Generally, there is no intuitive relation between a highly resolved 

STM image and positions of atoms on a surface. This relation has to be found in the 

cooperation with theoretical calculations [88]. Depending on the polarity of applied 

voltage between the tip and the sample, electrons tunnel either to the tip, or to the 
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sample representing tunneling either from the unoccupied, or into the occupied 

electron states of the sample, respectively. The absolute value and the polarity of the 

tunneling voltage allows the tunneling of electrons from energetically different 

electron states with  respect to the Fermi level (FE), which also affects the contrast 

of STM image. The construction of STM needs to be electronically, thermally, and 

mechanically stable in order to suppress the external disturbances to the level of 0.01 

Å and to minimize the thermal drift below 1 nm/min [89].  

In the context of the present work, the direct observation of surface 

morphology by STM allows the determination and the optimization of growth modes 

of ceria as well as the characterization and the controlled engineering of surface 

active under-coordinated sites on ceria (oxygen vacancies, step edges). The ambient 

pressure STM allows identification of active surface sites, intermediate structural 

phases, or kinetics of the process of reduction of CuOx in high pressure of CO. Two 

main weaknesses of STM are the absence of the chemical resolution and the 

limitation of measurements to conductive samples only. 

Figure 2.1: Schematic of STM, adopted from Michael Schmid, TU Wien [87]. 
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2.2 Photoelectron spectroscopy 

PES provides information about the chemical state and the electronic 

structure of investigated substances. The principle of PES is based on the 

photoelectric effect, in which electrons, called the photoelectrons, are emitted from 

the matter as a result of the adsorption of electromagnetic radiation. Figure 2.2 

illustrates the experimental setup of PES, the photoelectron emission process and the 

example of PES spectrum. During the PES experiment the grounded sample is 

irradiated by photons produced by a specific radiation source and the emitted 

photoelectrons are detected by an energy analyzer. The photoelectron emission 

process can be described by the sequence of following steps: the absorption of 

photon, the excitation of the photoelectron, the traveling of photoelectron through the 

sample to the surface, and the passing of photoelectron through the surface potential 

barrier to the vacuum. If the energy of the absorbed electromagnetic radiation (hν) is 

sufficient to excite the electron from its initial state (Eb) and to overcome the material 

work function for the electron emission (W), the electron reaches the vacuum. The 

kinetic energy of the emitted photoelectrons (Ek) is detected by an electron energy 

analyzer. The value of the detected kinetic energy of photoelectron equals the energy 

of adsorbed photon lowered by both the binding energy of electron in its ground state 

and the work function of the analyzer. The energy distribution of the emitted 

Figure 2.2: Schematic of XPS: (a) experimental setup; (b) the illustration of the 

photoelectron emission process, Eb binding energy in solids, EF fermi level, Evac 

vacuum level, W work function, Ek detected kinetic energy of photoelectron; (c) 

the illustration of XPS spectra.  
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photoelectrons reflects the electronic structure of the emitters and it is thus 

characteristic to each element. The surface sensitivity of PES is given by the 

information depth of photoelectrons associated with the inelastic mean free path of 

electrons (IMFP) in studied material. To deliver the information the photoelectron 

must not undergo any inelastic collision on the route to the detector. IMFP depends 

mainly on the kinetic energy of photoelectron and on the type of studied material. 

Generally, the IMFP of photoelectrons with kinetic energy in a range from 50 to 

1000 eV corresponds to a few Å as it is shown in Figure 2.3 [90]. The surface 

sensitivity of PES can be also influenced by the geometry of the experimental set up. 

Lowering the take off angle of detection of photoelectrons (measured with respect to 

the surface plane) increases the surface sensitivity. The yield of photoemission is 

further influenced by the photo-ionization cross section, the probability of an 

electron being excited from its electronic state, which depends on the photon energy, 

the type of element, and the energy level. From different existing variations of PES, 

the X-ray Photoelectron Spectroscopy (XPS) and the Synchrotron Radiation 

Photoelectron Spectroscopy (SRPES) were employed in this work. [91]  

XPS represents a standard laboratory technique which utilizes soft x-rays as 

an excitation radiation. Most commonly, the Mg Kα and Al Kα x-rays are used with 

the photon energies 1253.6 eV and 1486.6 eV, respectively. XPS reaches the energy 

resolution ca. 0.5 eV which allows both the determination of chemical elements 

Figure 2.3: Illustration of dependence of IMFP on the photoelectron kinetic energy. 

Adopted from [90].  
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present 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. The 

weakness of the laboratory XPS with the Mg Kα and Al Kα x-ray sources is 

relatively high information depth of photoelectrons and therefore the surface 

contributes only small fraction of the total yield. This hinders the characterization of 

a topmost surface atomic layer, surface impurities, adsorbates, and metallic particles.  

SRPES profits from the use of the synchrotron with the tunable photon 

energy (22-1000 eV) and with high intensity. In the combination with 

a monochromator the synchrotron radiation provides higher energy resolution than 

laboratory XPS, ca. 0.2 eV. The tunable photon energy enables the maximization of 

both the surface sensitivity of SRPES and the photo-ionization cross sections. Both 

the core levels and the valence band electron spectra can be obtained by SRPES. The 

possibility to adjust the photon energy also enables access to the technique of 

Resonant Photoemission Spectroscopy (RPES). Under certain conditions the photon 

energy can be adjusted to stimulate the simultaneous emission of photoelectrons 

through alternative processes, e.g. the direct emission and the Auger emission. The 

mutual interaction of alternative emission processes gives rise to the resonant 

photoemission, which leads to a dramatic increase of the sensitivity of the 

measurements [92, 93].  

In the present work, XPS is used to determine the thickness and the average 

stoichiometry of ceria films and to monitor the chemical state of adsorbed molecules. 

The SRPES is employed for the determination of surface stoichiometry of ceria films 

and for the examination of chemical state of adsorbed molecules with higher surface 

sensitivity than XPS. 

2.3 Temperature Programmed Desorption       

TPD provides information about the chemical reactivity of studied surfaces. 

The schematic view of TPD experiment together with an example of TPD spectra are 

shown in Figure 2.4. During TPD experiment, the sample is first exposed either to a 

specific gas, vapor, or its mixture and then the temperature of the sample is linearly 

increased in time. The increase of the sample temperature stimulates the desorption 

of adsorbed molecules. The desorbed molecules are detected by a mass spectrometer. 
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TPD is a very surface sensitive technique because the adsorption-desorption process 

is affected by the near surface region of the sample only. As a result of TPD, we 

obtain the thermal desorption spectrum, which represent the dependence of the 

amount of desorbed molecules of a certain mass on the temperature. Slower 

temperature ramp increases the resolution of TPD but reduces its sensitivity. The 

typical temperature ramp for TPD experiments is 2 K/s.  

In the body of the mass spectrometer, the molecules have to be ionized first in 

order to be detected. The ionization causes fragmentation of the molecules and/or a 

multiple ionization of one molecule can occur. Similarly, certain molecules have 

equal mass, e.g. CO and NO, causing overlap of their signals in TPD. All the effects 

have to be considered during the interpretation of TPD spectra. From thermal 

desorption spectra information about the adsorption-desorption process can be 

derived. The order of desorption is given by the shape of the desorption peaks. The 

desorption energies can be determined from the temperature of the maxima of the 

desorption peaks. The number of desorbed molecules can be obtained from the area 

of desorption peaks. Generally, the kinetics of the surface reactions, the nature and 

the concentration of active adsorption positions on the surface, and the basic 

processes taking place during a surface chemical reaction can be determined by 

means of TPD [94, 95]. 

Figure 2.4: Schematic of TPD: (a) the adsorption of gases/vapors on the surface, 

(b) thermally stimulated desorption of adsorbates, (c) an example of TPD spectra 

for mass 18 (H2O).  
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TPD is used in the present work to study the interaction of water with various 

well-defined ceria surfaces. We determine the nature of the adsorption, the 

desorption products, and desorption temperatures.            

2.4 Low-Energy Electron Diffraction 

LEED is a surface science technique used to study the crystal structure of 

surfaces. Scheme of LEED together with an example of LEED diffraction pattern are 

shown in Figure 2.5. The experimental setup of the LEED consists of an electron 

gun, a set of grids with a fluorescent screen, and a CCD camera. The electron gun 

produces the electrons with the kinetic energies tunable from 20 to 500 eV, which 

correspond to the wavelengths of the electrons below 3 Å. The electrons impinge on 

the crystal surface in the direction of the surface normal and, as the wavelength of 

electrons is comparable to the typical interatomic distance in solids, the electrons 

undergo diffraction. Low energy of electrons ensures the high surface sensitivity of 

LEED, because the IMFP of electrons for energies from 50 to 100 eV reaches its 

minimum, which is below 1 nm. The elastically back-scattered electrons pass 

through the hemispherical concentric grids for selecting and accelerating of the 

electrons and form a diffraction pattern on the fluorescent screen. LEED pattern from 

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

image of the surface reciprocal lattice. LEED pattern provides direct information 

about the surface symmetry and information on the surface structure. The distance 

between the points in the reciprocal lattice is inversely proportional to the distance of 

atoms in the real lattice. The larger the surface unit cell in the real space, the smaller 

Figure 2.5: Scheamtic of LEED: (a) experimental setup, (b) example of LEED 

diffraction pattern. 
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the unit cell in the reciprocal space. The sharpness of diffraction spots is proportional 

to the average size of the diffracting objects. LEED allows the determination of the 

lattice parameters, the surface reconstructions, the surface relaxations, and the 

adsorption geometry [96, 97].          

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

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

reconstructions associated with specific ordering of surface oxygen vacancies in 

reduced ceria films.   

2.5 Experimental apparatuses 

The experiments were performed in three different laboratories located at the 

Department of Surface and Plasma Science of Charles University in Prague in Czech 

Republic, at Material Science Beamline (MSB) at synchrotron Elettra in Triste in 

Italy, and at Chemistry department of Brookhaven National Laboratory (BNL) in 

USA.  

Most of the work was done at Surface Science laboratory in Prague on a 

combined STM/XPS/TPD/LEED ultra-high vacuum (UHV) system, which is shown 

in Figure 2.6 [98]. The apparatus operates in base pressure below 2 × 10
-8

 Pa and is 

equipped by standard tools for a substrate cleaning and a sample preparation—an Ar
+
 

ion gun, a manipulator with an option for the sample heating, cooling, and 

temperature reading (K type thermocouple), an electron heated metal evaporator, and 

a set of leak-valves for treating working gases. Additionally, the apparatus is fitted 

with a beetle-type home built STM, a non-monochromatic laboratory dual Mg Kα 

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

QMS, a gas inlet system, an elelectron gun with rear-view LEED optics, a liquid 

nitrogen cooled manipulator with heating system operating in the temperature range 

95 – 1300 K, and a quartz crystal microbalance. The combination of the local 

microscopic technique with the integral techniques for the chemical, the structural 

and the reactivity analysis allows the complex in-situ study of the structure-reactivity 

relation. The main research performed on this apparatus in the context of the present 

work are the study of the growth mode of ceria films on Cu(111), the adjusting the 

surface morphology of ceria on Cu(111), the growth and the characterization of 
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ordered reduced ceria films on Cu(111), and the study of the interaction of water 

with ceria surfaces. 

 

Figure 2.6: 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 [98]. 
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A significant part of experiments was carried out at MSB at Elettra on an 

UHV end station with a base pressure below 5 × 10
-8

 Pa [98]. The apparatus utilizes 

mostly linearly polarized and monochromatic bending magnet radiation, which has a 

high intensity, high resolution, and tunable photon energy from 22 to 1000 eV. The 

surface science techniques accessible in-situ in MSB apparatus include SRPES, 

RPES, XPS, and LEED. The apparatus is equipped with standard tools for substrate 

cleaning and sample preparation, a hemispherical energy analyzer, a dual Mg Kα and 

Al Kα x-ray source, a QMS, an electron gun and rear view LEED optics, a gas inlet 

system, and a manipulator allowing cooling and heating of samples in the range of 

100 – 1000 K. The experiments performed at MSB represent complementary studies 

to the investigations accomplished in Prague and are focused on the determination of 

the thermal stability of ceria films grown on Cu(111), the preparation of ordered 

reduced phases of ceria, and the high-resolution study of interaction of water with 

ceria films. Due to high surface sensitivity of SRPES we obtain the detailed 

information on the evolution of chemical states of the near surface region of ceria 

and the adsorbed water during thermal treatment.  

In BNL, experiments were performed on a commercial UHV chamber 

housing a NAP STM (NAP-STM). The base pressure of the apparatus is below 

5 × 10
-8

 Pa. NAP-STM represents a modification of a standard UHV STM for 

measurements under a higher pressure of working atmosphere. Particularly, NAP-

STM in BNL is the SPECS
TM

 Aarhus-type STM installed in a high pressure cell with 

a gas inlet system, which operates in pressures from UHV up to 100 mbar and in the 

variable range of temperatures 90 - 700 K [99]. The apparatus is additionally 

equipped with sample cleaning and preparation tools, an electron gun with rear view 

LEED optics suitable also for Auger Electron Spectroscopy (AES), and a 

manipulator allowing sample heating up to 900 K. In-situ measurements in a high 

pressure have a major impact in the field of surface chemistry and heterogeneous 

catalysis. The subject of present study is the direct microscopic observation of the 

reduction of Cu2O under an atmosphere of CO, when we image the active surface 

sites, the transition surface phases and dynamics of the reduction of Cu2O.      
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2.6 Data processing 

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

direction was performed according to the periodicity of Si(111)-(7 × 7) surface and 

the height of a monoatomic step of Cu(111), respectively. Figure 2.7 depicts 

examples of STM data used for the calibration of STM. The lateral direction of STM 

was calibrated with respect to the length of longer diagonal of the unit cell of 

Si(111)-(7 × 7), which is 46.6 Å [100, 101]. The length of longer diagonal was used 

for the calibration because the longer diagonal was parallel with the fast scan 

direction of STM and therefore its length was not substantially influenced by the 

thermal drift of STM. The height of the monoatomic step edge of Cu(111) used for 

the calibration of the vertical direction of STM is 2.1 Å. 

STM images were processed using the open source software Gwyddion 

dedicated to visualization and analysis of data obtained by scanning probe 

microscopies [102]. Most common operations were calibration of the image size, 

leveling of the data, color mapping, analysis of height profiles, and, in some cases, 

the filtering of the image data with a two-dimensional fast fourier transformation.   

The density of step edges on the surface of CeO2(111) thin films was 

determined based on manual analysis of obtained STM images. The density of step 

edges is expressed like the fraction of surface atoms located at the step edges. Only 

one type of the edge sites is considered, either upper step edge sites or bottom step 

edge sites. An example of the image processing for the determination of the step 

Figure 2.7: The calibration of STM scanner in lateral (a) and vertical (b) direction. 

(a) Si(111)-(7x7) (Ut = 2.5V, It = 0.5nA), surface unit cell marked by white line; (b) 

Cu(111) (Ut =1.0V , It = 0.8nA) with marked height profile.     
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density is shown in Figure 2.8. First the steps are manually marked by a black line 1 

pixel wide. The total number of the black pixels Npx_balck is used to determine the 

length of step edges in nanometers Lstep(nm) according to relation: 

px

nm
blackpxstep

W

W
kNnmL _)(    

where Wpx and Wnm are the width of the analyzed image in pixels and nanometers, 

respectively, and k = 1.134 is the analytic coefficient representing the correction due 

to different directions of surface steps with respect to the orientation of pixels on the 

screen. The number of atoms located at step edges Nstep is then determined from 

relation: 
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where aCeO2 = 0.382 nm is the lateral interatomic distance in CeO2(111) plane.  

Finally, the density of steps dCeO2 is obtained according to realtion: 
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where Snm is area of analyzed image in nanometers and nCeO2 = 7.91 at.nm
-2

 is the 

number of cerium atoms in nm
2
 in the CeO2(111) plane. 

PES: PES data were analyzed using the software KolXPD [103]. PES (XPS, 

SRPES, RPES) was used to determine the thickness and the stoichiometry of 

prepared ceria films and to monitor the water adsorption on ceria. Presented core 

Figure 2.8: The determination of the density of step edges of ceria surface. (a) 

CeO2 (111), (b) manually marked step edges.  
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level spectra (Cu 2p3/2, Ce 3d, O 1s) were fitted using Voigt functions and Shirley 

background. 

The thickness of cerium oxide films was determined from the attenuation of 

Cu 2p3/2 signal from Cu(111) substrate as measured by XPS. An example of the 

attenuation of Cu 2p3/2 signal after deposition of ceria is shown in Figure 2.9. With 

the assumption of the exponential attenuation of emitted electrons in the 

homogeneous environment, the thickness of the ceria layer 
2CeOd was determined 

according to the relation: 

e

F

I
CeOCeO

S

S
d  cosln
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where the 
2CeO  is IMFP in CeO2, IS  and FS  are the areas of Cu 2p3/2 XPS spectra 

before and after the CeO2 deposition, respectively, and e  is the emission angle of 

electrons (measured with respect to the surface normal). The determined value of 

thickness of ceria film is affected by the morphology and the stoichiometry of ceria 

film and therefore it represents only an estimation of a real thickness of ceria. 

The average stoichometry of ceria film was determined by fitting Ce 3d XPS 

spectra. An example of a typical Ce 3d spectrum of the fully oxidized CeO2, the fully 

Figure 2.9: Determination of the thickness of ceria film from the attenuation of 

Cu 2p3/2 signal after deposition of ceria film. 
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reduced Ce2O3, and CeOx with an intermediate stoichiometry is shown in Figure 

2.10a-c, respectively.  The spectrum of CeO2 consists of three doublets f
0
, f

1
, f

2
 (in 

another notation u’’’ + v’’’, u’’ + v’’, u + v [104]), which result from the 

combination of the spin-orbital splitting with the three different final electronic states 

of the Ce ions developed upon the emission of the 3d photoelectron [5, 105]. The Ce 

3d spectra of the fully oxidized CeO2 were fitted according to the procedure 

described in ref [106]. It is worth to note that the Cu 2p3/2 satellite peak was removed 

prior to the fitting Ce 3d spectra and the combination of two Voigt doublets was used 

to fit f
2
 spin-orbit doublet due to its asymmetry. The Ce 3d spectrum of Ce2O3, 

shown in Figure 2.10b, consists of two spin-orbit doublets as a result of two different 

final electronic states f
1
 and f

2
 (u’ + v’ and u0 + v0). The Ce 3d spectrum of Ce2O3 

was fitted by the combination of the two Voigt doublets associated with the f
1
 and f

2
 

final states and additional deliberate Voigt peaks, which describe complex 

contributions to Ce 3d spectra of Ce2O3, such as plasmon loss or satellite peaks 

origination from the non-monochromatic x-ray source. The Ce 3d spectra of the 

CeOx with intermediate stoichiometry were fitted by a set of reference fitting 

parameters obtained from fitting of CeO2 and Ce2O3. Particularly, the fitting 

procedure for the CeOx spectrum shown in Figure 2.10c determined the 

stoichiometry x = 1.67. The absolute value of stoichiometry is affected by the 

uncertainty resulting from alternative ways of the background subtraction. The 

difference in total area of fit of Ce 3d spectrum with variously subtracted background 

can reach 10%. All Ce 3d spectra for reduced CeOx films were therefore fitted using 

the same set of input parameters in order to minimize the error caused by the 

variability of background subtraction. 
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Prior to the processing, the spectra obtained by SRPES and RPES were 

normalized to the incident photon flux and positioned with respect to FE. RPES was 

used to determine the surface stoichiometry of ceria films. The surface stoichiometry 

of ceria films was determined from the resonant enhancement ratios (RER) derived 

Figure 2.10: The illustration of fitting procedure of Ce 3d XPS spectra. (a) Ce 3d 

XPS spectra of fully oxidized CeO2, (b) fully reduced Ce2O3, (c) CeOx with an 

intermediate stoichiometry. 
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from the valence band (VB) spectra [107]. RER is obtained from the ratio of resonant 

enhancements of Ce
3+

 and Ce
4+

 valence band (VB) features—DCe
3+

 and DCe
4+

. As 

illustrated in, the DCe
3+

 and DCe
4+

 resonant enhancements were determined from 

individual VB scans performed at various photon energies 115 eV, 121.4 eV, and 

124.8 eV, which correspond to off-resonance, Ce
3+

 resonance, and Ce
4+

 resonance, 

respectively. The surface concentration of Ce
3+

 ions )( 3Cec  can be estimated from 

RER according to the relation [108]:    

RER

RER
Cec




1
)( 3   

The adsorption of water on ceria was monitored by O 1s core-level spectra by 

means of both SRPES and XPS as illustrated in Figure 2.12. The different photon 

excitation energy used in SRPES and XPS—640 eV and 1486.6 eV, respectively—

results in an acquisition of data with a various surface sensitivity. The excitation 

photon energy in SRPES can be adjusted in order to stimulate the emission of 

photoelectrons with the kinetic energy around 100 eV, which generally corresponds 

to minimum of IMFP of a few Å (Figure 2.3). The surface sensitivity of SRPES is 

therefore higher than the surface sensitivity of XPS. By the combination of SRPES, 

XPS, and the detection under the two different electron emission angles (with respect 

to the surface normal) we obtained a set of four O 1s spectra with a different 

information depth as shown in Figure 2.12a (for better clarity, the O 1s spectra were 

normalized with respect to the total area of each spectrum and the maxima of OL 

Figure 2.11: Determination of surface stoichiometry of ceria films from RER 

obtained by means of RPES 
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components were positioned on binding energy 529 eV). The O 1s spectra carry the 

information about the chemical state of adsorbed water molecules, as shown in 

Figure 2.12b. In O 1s spectra we can identify the components corresponding to the 

lattice oxygen of ceria (OL, 529 – 530 eV), the oxygen in hydroxyls (OOH, 531 – 

532 eV), and the oxygen in a molecular water (OH2O, 533.5 – 534 eV). The binding 

energy (BE) of spectral components slightly varies depending on the oxidation state 

of ceria film. It is worth to note that besides the hydroxyls the OOH spectral 

component is in some works assigned also to physisorbed molecular water or oxygen 

ions located near the Ce
3+

 ions in ceria [109–111]. However, our results from water-

ceria interaction study corresponds well with the conclusions of ref. [68, 112], where 

the OOH component of the O 1s spectrum is purely assigned to hydroxyls, and 

therefore we also assign the OOH component to hydroxyls only. The spectral 

components of O 1s spectra can be fitted in order to determine the relative 

concentration of hydroxyls and molecular water on ceria surface. The relative 

concentration is determined from the area of the fitted component normalized with 

respect to the total area of the O 1s spectrum. Particularly for the O 1s spectrum in 

Figure 2.12b the concentration of hydroxyls c(OOH) produced from the water 

dissociation is 26 % and the concentration of molecularly adsorbed water c(OH2O) 

equals 30 %.      

TPD: The calibration of TPD was performed on clean Pt(111) single crystal 

with saturation doses of H2O and CO, respectively. Before the calibration the 

cleanness of Pt(111) single crystal was checked by the detection of the recombinative 

desorption peak of O2. The calibration factor for H2 production in the interaction of 

H2O with CeOx was determined indirectly from the H2O calibration factor based on 

the ratio of catalytic cracking, which was observed in our experiments. Values were 

corrected with respect to sensitivity factors of QMS given by the producer.  
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LEED: Diffraction patterns obtained by LEED were processed by the data 

analysis software IGOR Pro v6.21 [113]. The instrumental function was determined 

experimentally from diffraction on Cu(111) single crystal. The sharp diffraction 

spots of Cu(111) single crystal were used as the reference for determination of the 

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

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. For the interpretation of LEED spot patters we utilized software 

LEEDpat 3.0 [114]. 

 

 

Figure 2.12: (a) The influence of photon excitation energy and of emission angle of 

photoelectrons on the surface sensitivity of PES. (b) The identification of different 

components of O 1s spectra during the interaction of water with ceria. 
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3 Results and discussion 

In this chapter, the experimental achievements of this work are presented in 

the form of three publications and of one manuscript. Each of the publication is 

briefly introduced with the accent on the motivation, the main results, and the context 

with the other works. The first two sections are dedicated to tailoring the surface 

structure of ceria for the structure-reactivity studies. The third section reports the 

results of the study of reactivity of water on the customized ceria model surfaces. 

The last section is devoted to the investigation of CuOx in NAP of CO. 

3.1 Adjusting of surface step density of ceria 

 Atomic steps are naturally present on any crystalline surface. Compared to 

low-index single crystal terraces the steps can be regarded as linear surface defects 

consisting of under-coordinated atoms, which due to the missing part of nearest 

neighbors exhibit modified chemical and electronic properties [115]. The existence 

of steps is known to affect the surface diffusion of adatoms and therefore the steps 

play a key role during the growth of thin films [116, 117]. On metals, the steps 

facilitate the decomposition of specific molecules [118, 119] while, on metal oxides, 

the steps play role of favorite adsorption position for metal particles and thus the 

steps may affect the chemistry of the surface through critical parameters such as the 

distribution, the size, the electronic structure, and the onset of sintering of supported 

metal particles [39, 120]. The ability to prepare the surfaces with the characteristic 

concentration and structure of steps represents the starting point for systematic 

experimental studies aimed on the understanding the role of surface steps in the 

surface chemistry [121].    

Understanding the role of the surface morphology and step edges in the 

reactivity of model catalysts, ideally, requires a detailed microscopic characterization 

of the surface with each catalytic study. The morphology of most common ceria 

model system—ceria layers grown on Ru(0001) substrate—is well documented in 

several STM studies [54, 57, 122–125]. The studies reveal important morphological 

parameters, which can be related to the catalytic activity of ceria, such as terraces, 

atomic steps, surface atoms, oxygen vacancies, and deposited metal particles. 

Investigated ceria films are typically represented by more than 5 ML thick 
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continuous ceria films with flat terraces with average size ranging from 5 to 100 nm. 

The surface steps of ceria influence the distribution, size and electronic structure of 

deposited metal particles [126]. The steps of ceria have specific electronic structure, 

which may affect the surface reactivity [127]. Although the thin ceria films on 

Cu(111) became established model system for catalytic studies [110, 111, 128, 129], 

the microscopic evidence of ceria films prepared on the Cu(111) was less complete 

with respect to Ru(0001). Prior to the our present publication the morphology of 

ceria on Cu(111) was revealed for thin (up to 2 ML) continuous ceria film [58], 

isolated ceria islands [17], and ceria film with deposited Pt particles [130].    

We present a study of the growth of cerium oxide thin film on Cu(111) 

substrate by means of STM and RPES. Ceria adopts three-dimensional growth mode 

on Cu(111). The resulting morphology of ceria films, as revealed by STM, can be 

adjusted from the discontinuous films to the continuous films with a various 

roughness of the surface. The parameter determining the final morphology is the 

temperature of the substrate during the growth. The roughness of the surface is 

represented quantitatively by the step density of the surface, which was determined 

according to the procedure described in Section 2.6. The step density decreases with 

the increasing temperature of the substrate during the growth, as shown in Table 1.  

 

Thermal treatment
a
 Step density (%)

b
 RER

c
 

423 K 18 0.08 

523 K 11 0.05 

300 → 723 K 6 0.03 

Table 1: Adjusting the surface step density of ceria. 
a
 Temperature of the Cu(111) substrate during the growth of ceria film. 

b
 The fraction of surface atoms of ceria located at step edges. 

c
 The resonant enhancement ratio proportional to the surface concentration 

of Ce
3+

 ions. 

RPES measurements, which show that the surface reduction determined from 

RER is proportional to the step density of the ceria surface, point to the fact that the 

steps of ceria consist preferentially of the Ce
3+

 ions. The test of the thermal stability 

of the prepared ceria films shows, that the annealing of the ceria films in UHV leads 

to their gradual reduction. The onset of the reduction of ceria corresponds with the 

maximum temperature of the substrate used during the growth of the ceria. The 
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reduction of ceria is accompanied with the surface reorganization, which results in 

lowering of the step density and in the creation of surface oxygen vacancies.     

The ceria films with the adjustable step density developed in this thesis 

represent valuable model surfaces for the investigation of the structure-reactivity 

relationship of ceria. Also the present study represents the first microscopic study of 

5 ML thick ceria film on Cu(111), which has become a standard substrate for model 

studies [110, 131, 132]. The model studies of the reactivity of ceria films with the 

step density being the controllable morphological parameter have the potential to 

bring the experimental evidence of the theoretically predicted specific electronic and 

chemical properties of the step edges on ceria [127]. Additionally, the surfaces with 

the adjustable density of steps can be used to tailor the size, distribution, or chemical 

state of supported metal particles known to nucleate preferably on the steps of ceria, 

e.g. Au, Pt, Pd, Rh [54, 57, 124, 125]. 
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’ INTRODUCTION

Oriented thin films of ceria (CeO2) on Cu(111)1�3 are
becoming increasingly important as model systems in the
research of catalysis over ceria. The chemical reactivity of ceria
on Cu(111) has been investigated for discontinuous layers
(inverse model catalysts),4�7 continuous layers,8,9 and contin-
uous layers activated with adsorbed metal clusters.10�13 Ceria on
Cu(111) is becoming an alternative choice to a more common
model system ceria on Ru(0001)14 that has served numerous
catalysis studies,15�27 mainly as support for metal clusters.

Many of the above cited works invoke the morphology of the
ceria layers as an important factor determining the catalytical
behavior of the studied systems. The coverage of the metal
substrate by ceria determines the presence or absence of activity
of the model systems toward reactions like water�gas shift5,7 or
oxidation of CO.6 These reactions require an incomplete cover-
age ensuring the availability of ceria�metal interface. The density
of atomic steps in the ceria layer determines the dispersion and
the electron structure of ceria-supported metal clusters25 because
the atomic steps on ceria serve as preferential nucleation sites for
many metals.22�25 The catalytic behavior of ceria layers is further
determined by degree of reduction of ceria in the layer. Ceria
reduction is a less morphological parameter manifesting itself
partly through nucleation of detectable oxygen vacancies on the
surface.19,25,28 Typically, degree of ceria reduction in the layer is
being determined from space-averaging measurements of the
charge of Ce ions by photoelectron spectroscopy.1,2,4,22,29 Ceria

reduction influences reaction pathways for most adsorbates,15,16

and the accompanying surface oxygen vacancies may serve as
nucleation sites for metal clusters.21�25

The crucial influence of morphology of the ceria model
catalysts on their activity would, ideally, require microscopic
characterization of the ceria model system with each study of
catalytical behavior. This has become a broadly respected
practice with model systems of ceria on Ru(0001). The mor-
phology of ceria layers on Ru(0001) is well documented in two
dedicated studies24,30 and several studies of catalysis over
ceria.19,23,25�27 Scanning tunneling microscopy (STM) reveals
terraces, atomic steps, surface atoms, and surface vacancies on
ceria on Ru(0001) that can be related to the catalytic activity of
the studied systems. Characterized ceria films on Ru(0001) are
typically continuous and have thicknesses >5 monolayers (ML).
On the contrary, microscopic evidence of the morphology of
ceria layers on Cu(111) is considerably less complete. Surface
roughness and step structure of ceria on Cu(111) have been
characterized in a study devoted to preparing thin (up to 2 ML)
continuous layers of ceria on Cu(111).3 STM images of a
discontinuous ceria layer5 and a continuous ceria layer on Cu-
(111) with adsorbed Pt clusters11 have appeared in published
reactivity studies.
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ABSTRACT: Adjustable morphology and degree of reduction
represent desirable properties of model oxide substrates for
heterogeneous catalysis. We investigate these properties in
CeO2 (ceria) thin films on Cu(111) using scanning tunneling
microscopy and photoelectron spectroscopy. We identify
growth mechanisms of ceria on Cu(111): formation of incom-
plete oxide interfacial layer and formation of three-dimensional
ceria pyramids by stacking of monolayer-high islands. Using
thesemechanisms, we control the coverage, the number of open
monolayers, and the step density of ceria thin films on Cu(111).
Annealing in vacuum allows us to control besides the morphology also the degree of ceria surface reduction. We find a correlation
between surface reduction and morphological stability in annealed ceria layers. Oriented and stoichiometric thin films of ceria on
Cu(111) can be prepared at temperatures as low as 150 and 250 �C. Both the morphology and the surface reduction of these films
readily change with increasing temperature, which must be accounted for in considering temperature-programmed experiments
with ceria on Cu(111).
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We are presenting a detailed study of morphology, stoichi-
ometry, and thermal stability of CeO2 layers on Cu(111) and
investigate possibilities to influence these properties in a con-
trolled manner. We prepare ceria layers on Cu(111) with
submonolayer and multilayer (5 ML) coverages and investigate
their morphology using STM and degree of reduction using
X-ray photoelectron spectroscopy (XPS) and resonant photo-
electron spectroscopy (RPES). We identify the growth mode of
ceria and key growth mechanisms determining the morphology
of ceria films on Cu(111). On the basis of the knowledge of the
growth mechanisms of ceria, we prepare layers completely
covering the Cu(111) substrate with adjustable density of surface
steps. Annealing in a vacuum allows us to control besides the
morphology of the layers also the degree of ceria surface
reduction. We investigate the surface reduction in the as-prepared
and in the annealed layers and find correlations between the
surface reduction and surface morphology. Presented results
serve a morphological reference for existing studies of the
reactivity of model systems of ceria on Cu(111) and a template
for designing experiments aiming at elucidating relationships
between morphology and reactivity of ceria.

’EXPERIMENTAL SECTION

Measurements were performed on a homemade STM system
in Prague and at the Materials Science Beamline at synchrotron
Elettra in Trieste equipped with a monochromator, a dual Mg/Al
KR X-ray source, a hemispherical electron energy analyzer for
XPS and RPES, and optics for low-energy electron diffraction
(LEED). Both experimental systems have a base pressure 1 �
10�8 Pa and facilities for in situ substrate cleaning and sample
preparation. Cu(111) substrates from MaTecK, GmbH, were
cleaned by repeated Arþ sputtering and annealing in a vacuum.
For selected experiments, Cu(111) surface was preoxidized using
a following procedure: Clean Cu (111) was oxidized in 5� 10�5

Pa O2 at room temperature for 45 min, annealed 10 min at
400 �C in a vacuum, and oxidized in 5� 10�5 PaO2 at 250 �C for
20 min. This procedure yields fully oxidized Cu(111) without
islands.31

On clean or preoxidized Cu(111), CeO2 was grown by
evaporation of Ce in 5 � 10�5 Pa oxygen. The oxygen back-
ground has been established typically 2 min before starting Ce
deposition. Ce was evaporated from a Mo crucible heated by
electron bombardment. The coverage of CeO2 was determined
using quartz crystal microbalance (in STM system) or Cu 2p
attenuation in XPS (at Elettra). Onemonolayer CeO2 represents
a complete CeO2(111) layer (i.e., O�Ce�O stack, 7.9 � 1014

Ce atoms/cm2) as observed in STM. CeO2 was deposited with a
rate of 8 ML per hour.

Morphology of the ceria layers on Cu(111) was investigated
using STM. STM images were acquired with chemically etched
tungsten tips. Imaging ceria layers was possible only for unoccu-
pied sample states (positive sample voltage with respect to the
tip). We used sample voltages between 2 and 4 V. Occasionally,
imaging occupied sample states was possible in samples with
submonolayer ceria coverage.

Degree of reduction in the ceria layers was determined using
photoelectron spectroscopy. We determined the ratio of Ce3þ

and Ce4þ signals in XPS and RPES. XPS was measured using an
Al anode of the laboratory X-ray source; photon energy was
1486.6 eV. Electron takeoff angle was 20� from the sample
normal. Intensities of Ce3þ and Ce4þ contributions were

obtained by fitting of Ce 3d XPS spectrum at energies between
877 and 922 eV after subtraction of Cu 2p3/2 X-ray satellites by 2
doublets representing Ce3þ and 3 doublets (one asymmetric)
representing Ce4þ states.32 RPES was measured using synchro-
tron radiation energy between 115 and 125 eV. Intensities of
Ce3þ and Ce4þ were determined from the resonance enhance-
ment of the Ce 4f level observed in the valence band photoelec-
tron spectra.8�10 The maximum of the resonance enhancement
appears for Ce3þ spectral peaks at photon energy 121.4 eV,
and for Ce4þ spectral peaks at photon energy 124.8 eV. The
enhancements DCe3þ and DCe4þ are calculated with respect to
the photoelectron intensity measured off-resonance at photon
energy 115 eV. As compared to the XPS signal with an informa-
tion depth between 3 and 4 ML ceria, the RPES signal comes
from the topmost ceria monolayer guaranteeing a high surface
sensitivity of the method.

’RESULTS AND DISCUSSION

Growth Mode of Ceria on Cu(111). In this section, we
describe most characteristic growth mechanisms determining
the morphology of the ceria layers on Cu(111): growth of three-
dimensional islands as stacks of CeO2(111) monolayers on top
of an incomplete oxide interface layer that is forming in the initial
stages of ceria growth. The formation of the interfacial layer in
the initial stages of growth of ceria on Cu(111) has been revealed
using STM on the ceria films of submonolayer coverage. The
submonolayer ceria films were deposited on preoxidized island-
free Cu(111) substrates. STM topographs of 0.3 ML ceria
deposited at 250 �C and 0.5 ML ceria deposited at 450 �C are
shown in Figure 1a and b, respectively. At both temperatures, we
observe nucleation of islands of the interfacial layer (denoted 1st
CeOx layer). STM patterns on the surface in between the islands
are characteristic of oxidized Cu(111),31,33,34 denoted Cu2O.
Tunneling junctions on the islands of the interfacial layer as well
as on the oxidized Cu(111) show a current-to-voltage character-
istic featuring a pronounced bandgap (broader on ceria and
narrower on oxidized Cu), confirming the oxide character of
both surface terminations.
The shape and the density of the interfacial layer islands are

temperature-dependent, indicating that both are determined by
the diffusion rate of cerium and/or oxygen species on the
oxidized Cu surface. At lower temperature of 250 �C, the
interfacial layer islands have open dendrite-like shapes and

Figure 1. Morphology of a submonolayer ceria film onCu(111). (a) 0.3
ML deposited at 250 �C, (b) 0.5 ML deposited at 450 �C. In both cases,
ceria nucleation is 2-fold: as interfacial layer islands on Cu(111), and as
second layer islands on the interfacial layer. Image width: (a) 100 nm,
(b) 160 nm.
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nucleate with higher density than the interfacial layer islands at
450 �C that are compact with step edges oriented in high-
symmetry substrate directions. This corresponds to a classical
picture of diffusion-limited nucleation.35

Even with the ceria coverage as low as 0.3�0.5 ML, nucleation
of the ceria second layer on the islands of the interfacial layer can
be observed in Figure 1a and b (denoted 2nd CeOx layer). The
nucleation density in the second layer ceria islands is at least 1
order of magnitude higher than the nucleation density in the
interfacial layer. In terms of diffusion-limited nucleation, the
significantly increased density of islands in the second layer
reflects a much slower diffusion of ceria/oxygen on top of the
interfacial layer than on the oxidized Cu. As with the interfacial
layer, the shape and the density of the interfacial layer islands are
temperature-dependent. At 250 �C, the 2nd CeOx layer is
composed of a dense population of dotlike and one-dimensional
objects. At 450 �C, two-dimensional dendrite-like islands are
observed. The shapes and densities of the second layer islands as
compared to the interfacial layer islands are consistent with the
radical decrease of the diffusion rate of ceria/oxygen on the
interfacial layer as compared to oxidized Cu. The reduced
diffusion rate on the interfacial layer is most likely a consequence
of an increased binding energy of ceria on ceria as compared to
the binding energy of ceria on the Cu substrate.
The character of the interfacial layer can be inferred from

measurements of apparent height of the interfacial layer in STM
and from details of the morphology of the interfacial layer shown
in Figure 2. At 250 �C, the apparent height of the ceria interfacial
layer with respect to the Cu2O surface is 1.5 Å. This is less than
the height of 3.1 Å corresponding to a CeO2(111) monolayer.
The interfacial layer exhibits a variety of superstructures with
periodicity of 1�2 nm as in Figure 2a,b. The interfacial layer at
250 �C can be considered a substoichiometric precursor to
forming a vertical O�Ce�O stack that represents the complete
CeO2(111) monolayer. At 450 �C, the apparent height of the
ceria interfacial layer with respect to the Cu2O surface is between
3 and 5 Å. This is sufficient to accommodate one to two
CeO2(111) layers. The interfacial layer exhibits an STM pattern
characteristic of CeO2(111) surface shown in Figure 2c. Thus, at
450 �C, the interfacial layer seems to correspond to the CeO2-
(111) layer. At 250 �C, the structure of the layer is not that of
CeO2(111). This indicates a presence of an energy barrier to
formation of the interface layer with the CeO2(111) structure
that is overcome at higher substrate temperatures.

Both at 250 and at 450 �C, the interfacial ceria layer is observed
to have a 3-fold symmetry incompatible with the stripe patterns
observed on oxidized copper surface.31,33,34 This indicates that
ceria layers replace the surface Cu2O rather than grow on it.
Indeed, ceria metal is a strong reducing agent. In that respect, the
reduction of surface Cu2O by ceriummetal and replacing surface
Cu2O with ceria may be well rationalized.
The linear objects in the second ceria layer at 250 �C and the

islands in the second layer at 450 �C both have heights of 3 Å,
indicating that on the interfacial ceria layer further growth of ceria
proceeds by monolayers of CeO2(111). It is interesting to note
that with thicker ceria layers, the nucleation of ceria exhibits
smaller kinetic limitations than in the second ceria monolayer,
leading to compact islands of CeO2(111) at both 250 and 450 �C
(cf., Figures 4 and 5). This indicates that the nucleation and,
probably, chemical properties of the ceria change dramatically as
the thickness of the ceria layer increases from mono- to bilayer
and multilayer.
The surface of the interfacial layer of ceria on Cu(111) grown

at 450 �C shows one more remarkable feature. In STM, we
observe a honeycomb-like surface corrugation with a periodicity
of about 60 Å,5 characteristic of metal�oxide systems with lattice
mismatch36�38 and shown in Figure 2. Based on the very well
corresponding bulk lattice constants of 5.41 and 3.61 Å, respec-
tively, which represents a ratio of 1.50,1,2 a lattice mismatch in
CeO2(111) films on Cu(111) is not expected. The moir�e
patterns observed on the interfacial layer of ceria represent an
evidence for the opposite: With the observed periodicity, a
deviation from the 1.50 ratio of the lattice constants of about
5% is expected. The moir�e pattern is observed also in the second
and third ceria monolayers on Cu(111), indicating that the ceria
films on Cu(111) are strained. The observed strain is probably an
inherent property of the CeO2(111) surface. This surface is
representative of (111) fluorite surfaces that have been theore-
tically predicted a tendency toward contraction of the lattice
constant.39

Figure 2. Detailed view of the interfacial layer. (a,b) Deposition at
250 �C: Superstructures with different periodicities are observed. (c,d)
Deposition at 450 �C: (c) Atomic-resolved image of the interfacial layer
reveals periodicity characteristic of the CeO2(111) surface. (d) The
interfacial layer exhibits moir�e pattern indicative of a ceria/Cu lattice
mismatch. Image width: (a,b) 6 nm, (c) 1.5 nm, (d) 12 nm.

Figure 3. Morphology (a) and height profiles (b) of 5 ML ceria grown
at high temperature (650 �C). Ceria grows in 3D growthmode. Between
the ceria islands, the STM pattern is characteristic of surface Cu2O.
Image width: 370 nm.

37



7499 dx.doi.org/10.1021/jp1121646 |J. Phys. Chem. C 2011, 115, 7496–7503

The Journal of Physical Chemistry C ARTICLE

For classification of the growth of ceria on Cu(111) within
standard growth modes, we performed deposition of 5 ML ceria
at high substrate temperature 650 �C where the morphology of
the ceria layer should correspond best to the equilibrium
morphology. The result of the high temperature deposition is
shown in Figure 3. We observe an incomplete coverage of the
Cu(111) surface with islands of ceria that are up to 6 ML high.
The surface between the islands still shows STM patterns
characteristic of oxidized Cu(111). This indicates that despite
the very distinct nucleation properties, the interfacial layer
identified in the nucleation of ceria in Cu(111) is not a wetting
layer. Instead, the interfacial layer delimits subsequent lateral
growth of three-dimensional ceria islands. The surface of the
ceria island is composed of CeO2(111) terraces separated by 1
ML-high steps without a preferential orientation. The step edges
of the second and third ceria monolayer eventually align with the
step edges of the interfacial layer that are oriented in the high-
symmetry directions of the Cu(111) substrate.
The growth mode of ceria on Cu(111) is distinctly different

from the growthmode of other oxides reported in literature. Very
often, growth of oxides on metals proceeds in so-called Strans-
ki�Krastanov growth mode, when first an oxide layer covering
the whole metal substrate is formed followed by nucleation of
three-dimensional oxide islands in later stages of growth. Strans-
ki�Krastanov growth mode has been reported for iron,37,36

nickel,38 and tin oxides40 on transition metals. With ceria on
Cu(111), the oxide interfacial layer nucleates in the form of
islands covering only a fraction of the metal substrate. This
incomplete interfacial layer seems to be inherent property of
ceria. Ceria was not reported to form a complete wetting layer on
any metal substrate observed so far including Pt(111),41 Rh-
(111),29,42 Au(111),43 and Ru(0001).30 As the growth proceeds,
ceria prefers nucleating on top of the interfacial layer islands
rather than on the Cu substrate. The interfacial layer islands thus
serve as templates for the growth of three-dimensional ceria
islands that undergo coalescence and cover the whole substrate at
later stages of growth. This classifies the growth of ceria on
Cu(111) as three-dimensional or Volmer�Weber.
Adjusting Morphology of Ceria on Cu(111). Experiments

described in this section attempt at preparing thin and contin-
uous ceria films on Cu(111). Thin and continuous oxide films on
metals are of special value in heterogeneous catalysis as they can
mimic oxide surfaces.3,44 We deposit 5 ML ceria and show that it
is possible to prepare ceria films completely covering the sub-
strate in a broad range of substrate temperatures. This allows
adjusting the morphology of the ceria films, that is, the density of
monolayer-high steps and number of open monolayers in
the film.
First, we discuss the growth of 5 ML ceria at constant

temperatures of 250 and 450 �C as a continuation of submono-
layer experiments described in the previous section. Five ML
ceria deposited at 250 �C yield an ordered and continuous layer
as observed by space-averaging surface science techniques and
first reported byMatolín and co-workers.1,2 5ML ceria deposited
at 250 �C have since then served as model ceria substrate in a
number of model catalytic studies.8�11 Themorphology of layers
deposited at 250 and 450 �C is shown in Figure 4a and b. At
250 �C, ceria covers the whole substrate. The height profile of the
layer shows that 3�4 ceria monolayers are open. At 450 �C, ceria
does not cover the whole substrate. We observe a morphology of
pronounced ceria pyramids composed of stacks of monolayer-
high islands and delimited laterally by the interfacial ceria layer at

their bases. Contrary to the case of growth at 250 �C, deposition
of 5 ML ceria at 450 �C is not sufficient for completing the
interfacial layer. The ceria pyramids observed at 450 �C represent

Figure 4. Morphology and height profiles of 5 ML thick ceria layers
deposited under different conditions. (a) Growth at constant tempera-
ture, T = 250 �C. (b) Growth at constant temperature, T = 450 �C.
(c) Growth at gradient temperature, from room temperature to
T = 450 �C. (d) Growth at constant temperature, T = 150 �C, and
subsequent annealing to T = 650 �C. Image width: (a�d) 350 nm.
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a morphology that is characteristic of epitaxial systems with
limited interlayer mass transport.45 In such systems, the number
of open monolayers in the growing layer is maximized. This is in
agreement with the height profile of the layer that shows up to 8
open ceria monolayers.
At constant substrate temperature, ceria layers on Cu(111)

tend to be discontinuous and maximize the number of open ceria
monolayers. However, with decreasing the substrate tempera-
ture, the amount of ceria needed to prepare a continuous film
decreases, together with the number of open ceria monolayers in

the film. This fact has been used in recipes for continuous ceria
films on Cu(111)3 and Ru(0001),22 which propose starting ceria
deposition at low substrate temperature (100 K) and increasing
the substrate temperature in later stages of growth. The low
temperature at the beginning of growth ensures high nucleation
density of the interfacial layer and complete substrate coverage
within 1�2 ML of deposited ceria. The increased temperature in
the later stages of growth ensures an improved ordering of the
layer. We adopt a less stringent condition for the growth of ceria
at gradient substrate temperature starting the deposition at room
temperature and increasing the substrate temperature from room
temperature to 450 �C after depositing 1 ML ceria. The tempera-
ture increases at a rate of approximately 2.3 �C/s and is kept
constant at 450 �C until 5 ML ceria has been deposited. The
morphology resulting from the ceria growth at gradient substrate
temperature is shown in Figure 4c. We obtain a high degree of
surface ordering and 2�3 open ceria monolayers yielding a
morphology that is resembling ideal layer-by-layer growth. Ceria
growth at gradient substrate temperature is thus becoming a way to
get control over the coverage of the ceria films on Cu(111).
Alternatively, ordered ceria films covering the whole surface

can be obtained by growing ceria layers at low substrate
temperatures and postdeposition annealing in oxygen. Morphol-
ogy of a film obtained by growing 5 ML ceria at 150 �C and
subsequent annealing in oxygen at 650 �C is shown in Figure 4d.
We obtain a highly ordered layer with 3�4 open ceria mono-
layers. However, despite the high annealing temperature, the
terrace sizes in the ceria layer are smaller and the number of open
monolayers is higher than in the ceria layer prepared at gradient
substrate temperature [cf., Figure 4c].
Combining ceria deposition at constant substrate tempera-

ture, at gradient substrate temperature, and annealing in oxygen
allows us to prepare continuous ceria layers on Cu(111) with
adjustable morphology. A detailed view of morphology of such
layers together with LEED diffraction patterns is shown in
Figure 5a�d. Figure 5b�d represents details of layers presented
in Figure 4a, c, and d, respectively. Figure 5a represents a detailed
view of ceria layer deposited at a constant temperature 150 �C.
We observe that already at this low temperature ceria grows as
stacks of monolayer-high islands. The layers prepared with
different substrate temperatures differ in the lateral size of the
monolayer-high ceria islands and, correspondingly, in the density
of monolayer-high steps. We estimate the coverage of step edge
atoms on the layers in Figure 5a�d to be 18%, 11%, 6%, and 8%,
respectively. The density of the monolayer-high steps can thus be
adjusted within a factor of 3. In all layers, the LEED patterns
comprise solely six 1.5 � 1.5 spots [with respect to Cu(111)]
that represent single domain CeO2(111) surface termination.
This is in contrast to LEED patterns of ceria layers on Ru-
(0001),30 showing two rotational domains of CeO2(111). The
LEED patterns qualitatively reflect the characteristic lateral sizes
of the ceria islands prepared at different conditions: with
decreasing substrate temperature and decreasing lateral size of
ceria islands, the width of the LEED spots is increasing. For better
visibility of the spot width, the LEED pictures are colored dark in
minima and maxima, and bright in the intermediate intensities.
On the scale of Figure 5, it is convenient to compare the
morphology of the layer annealed in O2 to 650 �C [Figures 4d,
5d] with the starting morphology of the layer deposited at 150 �C
[Figure 5a]. During annealing, the number of open monolayers in
ceriafilm is not reduced.This effect represents another distinct feature
of epitaxial systems with limited interlayer mass transport.46

Figure 5. Step structure and LEED diffraction patterns of 5 ML thick
ceria layers deposited under different conditions. (a) Growth at constant
temperature, T = 150 �C. (b) Growth at constant temperature,T = 250 �C.
(c) Growth at gradient temperature, from room temperature to
T = 450 �C. (d) Growth at constant temperature, T = 150 �C, and
subsequent annealing to T = 650 �C. Image width: (a�d) 120 nm.
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Adjusting Degree of Reduction of Ceria on Cu(111). In this
section, we investigate degree of reduction of ceria layers
prepared with various density of surface steps as described in
the previous section. The degree of reduction in ceria is usually
expressed as the concentration of Ce3þ ions relative to Ce4þ ions
and is inferred from space-averaging measurements using photo-
electron spectroscopy.1,2,4,22,29 Ce4þ ions are found in stoichio-
metric CeO2. Ce3þ ions are considered catalytically active
positions in ceria because they are theoretically predicted and
experimentally confirmed to form at a variety of specific sites in
ceria layers. Most commonly, Ce3þ ions are referred to as
accompanying bulk47,48 and surface19,28 oxygen vacancies. In
addition, Ce3þ ions are expected to be present at undercoordi-
nated surface sites on ceria such as monolayer-high steps.30 Ce3þ

ions also form in the proximity of metal�ceria interface due to
metal�ceria charge transfer.29,49

We perform vacuum annealing of the ceria layers prepared at
constant temperature 150 �C, at constant temperature 250 �C,
and at gradient temperature from room temperature to 450 �C
[cf., Figure 5a�c]. We evaluate temperature stability of the layers
that involves both changes in the degree of reduction followed by
XPS and RPES and changes in the surface morphology folowed
by STM and LEED. For XPS and RPESmeasurements, the layers
are annealed from room temperature to a desired temperature at

a rate approximately 2 �C/s. After each annealing cycle, the
sapmle was cooled to room temperature for XPS and RPES
measurements followed by a next annealing cycle to a higher
desired temperature. Degree of reduction measured in this
annealing series for all considered layers is shown in Figure 6.
The change of morphology of the ceria layer accompanying the
annealing in vacuum is shown in Figure 7a, before annealing,
and b, after annealing for the layer grown at a constant tempera-
ture of 150 �C.
We observe that, similarly to the case of annealing in oxygen,

the morphology of ceria layers annealed in vacuum is subject to
change toward higher degree of ordering and lower step density.
The changes in morphology are most pronounced with layers
prepared at lower temperatures. Specifically, for the example of
the layer grown at constant temperature 150 �C, the increase of
ordering in the layer manifests itself through sharpening the
LEED diffraction spots, and the density of monolayer-high steps
measured by STM decreases from 18% to 13% [cf., Figure 7a,b].
Parallel to the reordering of ceria layers upon annealing, the
layers undergo reduction that manifests itself in increase of ratio
DCe3þ/DCe4þ and Ce3þ/Ce4þ signals in RPES and XPS,
respectively (cf., Figure 6). This gives us another degree of
freedom in adjusting the parameters of ceria layers prepared on
Cu(111). Next to the possibility to adjust the density of steps and
the number of open monolayers, annealing the layers in a
vacuum allows for the adjusting of the degree of reduction in
the layer.
Measurements of the degree of reduction in Figure 6 allow us

to discuss the the character of the reduction of the ceria layers on
Cu(111). The degree of reduction of the ceria layers immediately
after preparation can be read in the leftmost part of the presented
curves (T = 25 �C). Prepared ceria layers are very well stoichio-
metric CeO2 with Ce3þ signal not detectable by XPS. Only the
much more sensitive RPES shows differences between the
surfaces prepared at different temperatures, but the values of
the DCe3þ/DCe4þ remain very low, 0.03�0.08. The degree of
reduction increases with decreasing substrate temperature. We
note that the DCe3þ/DCe4þ ratio (0.03, 0.05, 0.08) on the layers
prepared at (450, 250, 150) �C, respectively, is very well

Figure 6. Degree of reduction of the ceria layers upon annealing in
vacuum expressed as a ratio of Ce3þ versus Ce4þ signals obtained (a)
from resonant photoelectron spectroscopy and (b) from X-ray photo-
electron spectroscopy. The RPES signal is dominated by contributions
from surface atoms. Displayed are measurements for the layers grown at
constant temperature, T = 150 �C (squares), constant temperature,
T = 250 �C (diamonds), and gradient temperature, from room
temperature to T = 450 �C (circles). Arrows mark temperature during
preparation of the layers.

Figure 7. Effect of vacuum annealing on the morphology of 5 ML thick
ceria layer. (a) Morphology and LEED diffraction pattern of a layer
grown at constant temperature, T = 150 �C. (b) Morphology and
LEED diffraction pattern of a layer grown at the same conditions as in
(a) and subsequently annealed to 530 �C in a vacuum. Image width:
(a,b) 60 nm.
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proportional to the density of monolayer-high ceria steps in these
layers that amounts to (6, 11, 18)% [cf., Figure 5a�c]. We thus
propose that Ce3þ atoms in the as-prepared ceria layers on
Cu(111) are located preferentially at step edges on the surface of
the ceria layer.30

On postannealing the layers in a vacuum, both ratios Ce3þ/
Ce4þ and DCe3þ/DCe4þ indicating degree of reduction of ceria
layers increase, more intensively on the oxide prepared at lower
temperature. Also, the onset of the reduction shifts higher with
higher temperature used during the layer growth. In Figure 6a,
we can observe an intriguing correlation between the tempera-
ture of the substrate during growth of ceria layers and the
increase of DCe3þ/DCe4þ in the RPES signal. The temperature
of the substrate during growth is marked by an arrow with each
plot of the degree of reduction versus annealing temperature. As
the annealing temperature increases beyond the growth tem-
perature, the degree of reduction shows a pronounced increase
for all investigated layers. This indicates that the increase of
surface reduction is correlated with the onset of changes in the
surfacemorphology in the investigated layers. In the course of the
morphological changes, the character of surface Ce3þ is changing
as well. In the as-prepared layers, Ce3þ are located preferentially
at step edges. During annealing, the density of surface steps is
decreasing while the degree of surface reduction is increasing.
This indicates that either the concentration of Ce3þ in the step
edges dramatically increases or Ce3þ appear in terraces as a
fingerprint of surface oxygen vacancies.
We note that even after the annealing to the highest tempera-

ture 530 �C, the degree of reduction of the cerium dioxide
remains very low in absolute numbers. The average stoichiom-
etry determined from the quantitative analysis of the XPS Ce 3d
spectra is CeO1.96 (the layer prepared at 150 �C), CeO1.97

(250 �C), and CeO1.99 (450 �C). Still, the degree of surface
reduction measured with RPES is significant. The lowering of
Ce3þ/Ce4þ from XPS with respect to DCe3þ/DCe4þ from
RPES can be rationalized in terms of preferential localization
of Ce3þ on the surface of the ceria layers. Given a particular
surface concentration of Ce3þ, and zero subsurface concentra-
tion of Ce3þ, Ce3þ/Ce4þ from XPS will be lowered with respect
to DCe3þ/DCe4þ from RPES by a factor corresponding to the
ratio of the information depths of RPES and XPS (1/3.5),
respectively.

’CONCLUSION

We are presenting experiments aimed at understanding the
growth mode and controlling the morphology and the degree of
surface reduction of ceria layers on Cu(111). These layers
represent an important model system in heterogeneous catalysis.
Unlikemany other oxides onmetals, the growthmode of ceria on
Cu(111) is three-dimensional, or Volmer�Weber. The mor-
phology of ceria layers is determined by two characteristic growth
mechanisms: In the initial stage of growth, we observe nucleation
of an incomplete interfacial layer. The interfacial layer has oxide
character and reveals an STM pattern characteristic of the (111)
surface of CeO2. In later stages of growth, three-dimensional
islands of ceria are formed by stacking of the CeO2(111)
monolayers. On the interfacial layer and one to two higher
ceria layers, a moir�e pattern is observed, indicating strain
buildup in the ceria layer. Spontaneously, thus, the ceria layers
grown on Cu(111) at constant substrate temperature tend to
be discontinuous, three-dimensional (3D), and strained with

surface morphology dominated by arrangement of CeO2-
(111) terraces separated by monolayer-high steps. Nucleation
properties of monolayer (interfacial layer), bilayer, and multi-
layer of ceria on Cu(111) are distinctly different, indicating a
strong thickness dependence of chemical properties of
the layer.

Combining growth at constant and variable temperature, we
obtain independent control of coverage and step density of the
ceria layers on Cu(111). Particularly, we prepare continuous
ceria layers with adjustable density of the surface steps (6�18%).
The high density of the surface steps is obtained due to the fact
that ceria on Cu(111) forms ordered single-domain films at
temperatures as low as 150 �C. The as-prepared ceria layers are
stoichiometric CeO2 with Ce

3þ concentration not detectable by
XPS. In RPES, the DCe3þ/DCe4þ ratio is proportional to the
density of surface steps. The degree of surface reduction of ceria
layers increases during annealing in vacuum. At the same time,
the density of steps in the annealed layers is decreasing. In RPES,
we observe the onset of the DCe3þ/DCe4þ ratio when the
temperature during annealing increases above the growth tem-
perature of the layer. This indicates that the surface reduction of
ceria layers is closely related to destabilization of the surface
morphology. The onset of the surface reduction is very pro-
nounced especially with layers prepared at low temperatures of
150 and 250 �C. This must be accounted for when designing and
evaluating temperature-programmed experiments over ceria on
Cu(111).
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3.2 Adjusting the concentration of oxygen vacancies 

The reactivity of ceria-based catalysts is connected with the facile reducibility 

of ceria. The reduction of ceria is associated with the change of the oxidation state of 

ceria from Ce
4+

 to Ce
3+

 and with the formation of the oxygen vacancies. The Ce
3+

 

cations localized nearby the oxygen vacancies represent the active surface sites for 

the surface chemistry [16, 47, 48]. The oxygen vacancy engineering in ceria model 

systems represents the appealing issue in surface science [133]. The ability to 

precisely control the character and the distribution of oxygen vacancies in ceria 

opens the route to the detailed investigation of the influence of surface defects on the 

activity and the selectivity of ceria catalysts.   

Standard methods of preparation of reduced ceria model systems, e.g. the Ar
+
 

ion sputtering, the UHV annealing, or the exposure to the reducing gases [66, 110, 

112, 134–136], produce reduced CeOx(111) films with a disordered array of oxygen 

vacancies. We present the study focused on the preparation of reduced CeOx(111) 

films grown on Cu(111), which have both the specific ordering and the tunable 

concentration of surface oxygen vacancies. The reduced ceria films are prepared by 

means of interfacial reaction between Ce and CeO2(111) [137], in which the metallic 

Ce is deposited on the CeO2(111) buffer layer and then the composite film is 

annealed at high temperature. The annealing facilitates the redistribution of oxygen 

and leads to the formation of CeOx film with the equilibrium distribution of both the 

surface and the bulk oxygen vacancies. Depending on the relative amount of 

deposited Ce and the thickness of CeO2(111) buffer layer, the repeated cycles of the 

titration of ceria layers with Ce yield CeOx(111) films with the stoichiometry varying 

continuously from CeO2 to Ce2O3. Four distinctive stable surface reconstruction of 

CeOx(111) with various stoichiometry are identified by means of LEED: (1×1), 

(√7×√7)R19.1°, (3×3), and (4×4), which correspond to ceria film with surface 

stoichiometry of CeO2, CeO1.67, CeO1.65, and CeO1.5, respectively, as determined 

from RPES. The surface reconstructions reflect the ordering of surface oxygen 

vacancies. Structural models of (√7×√7)R19.1°, (3×3), and (4×4) surface 

reconstructions, which are based on data from crystallographic databases and fulfill 

the rules for specific spatial vacancy ordering, correspond to bulk terminations of ι-

Ce7O12(111), CeO1.67(111), c-Ce2O3(111), respectively. The process of the reduction 
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of ceria is reversible. The same ceria phases are obtained by oxidation of Ce2O3 by 

O2 or by reduction of CeO2. All reduced phases of ceria maintain the fluorite-like 

structure of the initial CeO2(111) buffer layer and the reduction-oxidation process 

can be imagined as the creation-annihilation of oxygen vacancies while the cerium 

cations keep the original positions in cubic lattice. The intermediate ceria phases 

exhibit a gradient of concentration of oxygen vacancies with thickness. Vacancies 

tend to accumulate at the surface region of ceria. The difference between the surface 

and average stoichiometry of intermediate ceria phases together with the expected 

concentration of surface oxygen vacancies are given in Table 2. 

 

Table 2: Adjusting the concentration of surface oxygen vacancies of ceria. 
a
 x in CeOx as determined from XPS under normal photoemission angle 

b
 x in CeOx as determined from RPES      

c 
x in CeOx as determined from structural models of reconstructed surface 

d
The concentration of surface oxygen vacancies determined from structural 

models presented in the following publication. 

Present reduced ceria surfaces represent a class of well-defined model surfaces, 

which opens the route to unique fundamental studies of structure-reactivity relation 

of reduced ceria, where both the concentration and the coordination of oxygen 

vacancies are precisely under control. 

 

 

Surface 

reconstruction 

Average 

stoichiometry
a
 

Surface/Ideal 

stoichiometry
b/c

 

Vo concentration
d
 

(%) 

(1×1) 2.00 2.00/2.00 0 

(√7×√7)R19.1° 1.86 1.67/1.71 14 

(3×3) 1.78 1.65/1.67 17 

(4×4) 1.50 1.50/1.50 25 

44
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ABSTRACT: Changes of stoichiometry in reducible oxides are inevitably accompanied
by changes of the oxide structure. We study the relationship between the stoichiometry
and the structure in thin epitaxial films of reduced ceria, CeOx, 1.5 ≤ x ≤ 2, prepared via
an interface reaction between a thin ceria film on Cu(111) and a Ce metal deposit. We
show that the transition between the limiting stoichiometries CeO2 and Ce2O3 is realized
by equilibration of mobile oxygen vacancies near the surface of the film, while the fluorite
lattice of cerium atoms remains unchanged during the process. We identify two surface
reconstructions representing distinct oxygen vacancy ordering during the transition, a
(√7 × √7)R19.1° reconstruction representing a bulk termination of the ι-Ce7O12 and a
(3 × 3) reconstruction representing a bulk termination of CeO1.67. Due to the special
property to yield ordered phases of reduced ceria the interface reaction between Ce and thin film ceria represents a unique tool
for oxygen vacancy engineering. The perspective applications include advanced model catalyst studies with both the
concentration and the coordination of oxygen vacancies precisely under control.

■ INTRODUCTION

Reducible oxides play an important role in heterogeneous
catalysis.1−7 Due to their ability to store or release oxygen,
reducible oxides usually act as an oxygen supply or a reducing
agent during catalytic reactions.8,9 Reactions over reducible
oxides are typically accompanied by changes in the oxide
stoichiometry that are often realized on complex phase
diagrams10−17 and may influence the catalytic activity through
changes in local coordination, surface termination, and long-
range ordering in the oxide.18−21 Model studies isolating the
changes of the oxide stoichiometry are of the utmost
importance for understanding the role of stoichiometry in the
reaction mechanisms over reducible oxides and for improving
and developing new catalysts.
The reactivity of cerium oxide-based catalysts is greatly

influenced by the presence of oxygen vacancies in ceria.22,23

The ability to adjust the concentration and the distribution of
oxygen vacancies allows for the control over the reactivity and
the selectivity of ceria-based catalysts.24,25 For this reason,
having experimental access to ordered phases of cerium oxide
with different concentration and coordination of oxygen
vacancies greatly enhances the possibilities of model catalytic
studies. Several phases of ordered reduced ceria have been
prepared in the past in the form of powder or single-crystal
samples,26−28 but only recently ordered reduced phases of ceria
have been realized in the form of thin films on single crystalline
supports. The thin film of the ι-Ce7O12 phase on hex-
Pr2O3(0001)/Si(111) substrate was obtained by Wilkens et
al. via heating of the CeO2 layer in vacuum.29 A thin film of the
c-Ce2O3 phase on Cu(111) was obtained by our group via an
alternative method of reducing the CeO2 layer in an interface
reaction with metallic Ce.30 The thin film of the c-Ce2O3 phase

has been reported also in the latest study on hex-Pr2O3(0001)/
Si(111).31

Here we present a detailed investigation of the properties of
the ceria layers on Cu(111) reduced by the interface reaction
with Ce. Using a stepwise titration of ceria layers with Ce in the
interface reaction, we continuously change the stoichiometry of
the ceria layers on Cu(111) from CeO2

32 to Ce2O3.
30 We

characterize the concentration and the depth profile of the
oxygen vacancies in the reduced ceria layers by photoelectron
spectroscopy (XPS) and resonance photoelectron spectroscopy
(RPES), the surface reconstruction of the layers by low-energy
electron diffraction (LEED), the morphology of the layers by
scanning tunneling microscopy (STM), and the surface
composition of the layers by ion scattering spectroscopy
(ISS). We are identifying two surface reconstructions of
ordered reduced ceria on Cu(111)the (√7 × √7)R19.1°
reconstruction corresponding to bulk ι-Ce7O12

29 and the (3 ×
3) reconstruction corresponding to bulk CeO1.67. We show that
the process of reduction of ceria via the interface reaction with
metallic Ce is fully reversible upon oxidation by O2. This allows
us to interpret the properties of the reduced ceria films in our
experiment in terms of creation, annihilation, and equilibration
of oxygen vacancies in the fluorite lattice of cubic ceria.
Reduction of ceria thin films by metallic Ce complemented by
oxidation by O2 allows a precise experimental control over both
the concentration and the coordination of oxygen vacancies in
thin ceria films. The coordination of oxygen vacancies
represents a new degree of freedom that can be controlled
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and exploited for example in advanced model catalytic studies
over ceria.

■ EXPERIMENTAL SECTION
Experiments were carried out in three ultrahigh vacuum
systems with a base pressure of 1 × 10−8 Pa. All systems are
equipped with the necessary sample cleaning and in situ
preparation facilities, low electron energy diffraction (LEED)
optics, laboratory X-ray sources, and X-ray photoelectron
spectroscopy (XPS) analyzers. One of the apparatuses is
located at the Materials Science Beamline in Trieste
representing a tunable X-ray source for resonance photo-
electron spectroscopy (RPES). Another apparatus is equipped
with scanning tunneling microscopy (STM) and the third one
with ion scattering spectroscopy (ISS). Prior to the sample
preparation, the Cu(111) single-crystal substrate (MaTecK)
was cleaned by several cycles of Ar+ sputtering and annealing in
vacuum, and the Ce evaporator was thoroughly degassed. As a
starting point for the experiment, layers of CeO2(111) on
Cu(111) with a typical thickness of 3 nm were prepared by
evaporating Ce (Goodfellow, 99.9%) from a tantalum or
molybdenum crucible heated by electron bombardment in a
background atmosphere of 5 × 10−5 Pa of O2 (Linde, 5.0) and
at substrate temperature of 250 °C.32 Reduction of the
prepared CeO2(111) buffers was achieved through deposition
of metallic cerium without oxygen background and subsequent
annealing at 600 °C for 30 min in vacuum. Oxidation of the
layers was performed by exposure to controlled doses of O2 at
room temperature and subsequent annealing at 600 °C for 30
min in vacuum. The reduction and oxidation steps were
eventually repeated or alternated to obtain the desired ordering
and stoichiometry of the layers. Typically, the reduction step
involves a deposition of 0.5 nm of Ce and the oxidation step a
dose of O2 as small as 1 L.
The thickness of the prepared ceria films was determined

from the attenuation of the Cu 2p3/2 signal of the substrate
measured by XPS. The attenuation length for CeO2 and Ce2O3
was calculated using the TPP-2 M formula.33 The reference for
ceria coverage in this work is 1 monolayer (ML), a stack of O−
Ce−O layers corresponding to the vertical stacking of O and
Ce in (111) direction in fluorite-like phases of ceria. One ML is
3.1 Å thick and contains 7.9 × 1014 cm−2 Ce atoms.
Identification of the particular ordered reduced phases of
ceria in different apparatuses was achieved based on the
combination of the characteristic LEED diffraction patterns and
XPS spectra of Ce 3d and O 1s. XPS spectra of Ce 3d, Cu 2p3/2,
and O 1s core levels were recorded using the excitation energy
of hν = 1486.6 eV (Al Kα). The characteristic properties of the
reduced ceria layers presented in this article were repeatedly
observed in about 30 experiments.
The main information obtained from the photoelectron

spectroscopy measurements is the degree of reduction of the
ceria layers. Creation of one oxygen vacancy in CeOx is
accompanied by localization of two excess electrons on two
lattice Ce ions changing their charge state from Ce4+ to Ce3+.9

We determine the concentration of Ce3+ and Ce4+ in XPS from
the areas Cearea

3+ and Cearea
4+ of Ce3+ and Ce4+ features in the Ce

3d spectra, respectively, identified and fitted according to Skaĺa
et al.34 The accuracy of this method in the determination of the
Ce3+ and Ce4+ concentrations is ±2%, and the method is able
to detect changes of the Ce3+ and Ce4+ concentrations between
two samples as small as ±0.5%.35 We describe the degree of
reduction by a ratio Cearea

3+ /(Cearea
3+ + Cearea

4+ ) or by x in the

notation CeOx. The degree of reduction obtained from XPS
represents a weighted average over the information depth of
XPS measurements. For XPS of Ce 3d, Al Kα, and the
detection of photoelectrons along the sample normal the
information depth is about 3 nm or 10 ML. To obtain more
surface-sensitive information we additionally perform XPS
measurements 70° off the sample normal decreasing the
information depth, theoretically, by cos 70°, i.e., a factor of 3.36

For the highest surface sensitivity, we performed RPES
measurements of the valence band of the ceria samples using
synchrotron radiation.37 For determining the degree of
reduction from RPES, we use the resonance enhancement
D(Ce4+) and D(Ce3+) of Ce4+ and Ce3+ features in the RPES
spectra (ref 37, cf. Figure 4) assuming a direct proportionality
of D(Ce4+) and D(Ce3+) to the concentration of Ce4+ and Ce3+

ions.38 The used photon energies were 115 eV for off
resonance, 124.8 eV for Ce4+ resonance, and 121.4 eV for
Ce3+ resonance measurements.
The surface composition of the samples was determined with

ISS.30 He+ ions with the energy of 2 keV and the impact angle
of 45° were used for the measurements. The LEED, XPS,
RPES, and ISS measurements were carried out at room
temperature upon a flash heating of the sample to 500 °C to
minimize the effects of eventual unintended adsorption,
namely, OH groups. Heating of the samples was not available
for STM measurements. STM images were obtained at room
temperature by tunneling of electrons into empty states of the
sample using chemically etched and vacuum-annealed tungsten
tips.

■ EXPERIMENTAL RESULTS
Our experiments demonstrate that controlling the amount of
Ce deposit in the interfacial reaction of metallic Ce with a ceria
film allows preparation of reduced CeOx films in the range of
1.5 ≤ x ≤ 2. The change of the stoichiometry determined from
XPS measurements is continuous; however, we are able to
identify four characteristic surface reconstructions in our layers.
The electron diffractograms of these reconstructions are shown
in Figure 1. Starting from the (1 × 1) reconstruction of the
CeO2(111) surface (Figure 1(a), ref 32) the increasing degree
of reduction of the ceria layer is accompanied by the change of
the LEED pattern to (√7 ×√7)R19.1° (Figure 1(b)), (3 × 3)
(Figure 1(c)), and finally (4 × 4) reconstruction of c-
Ce2O3(111) (Figure 1(d), ref 30). The samples showing a
single set of LEED spots as in Figure 1 are carefully prepared to
certain narrow ranges of the CeOx stoichiometry. We consider
the properties of such samples as characteristic of the evolution
of the reduction of CeOx thin films on Cu by Ce and only refer
to the samples showing the single set of LEED spots in this
work (Figures 1−5). For stoichiometries outside the narrow
characteristic ranges the samples show typically a combination
of two sets of LEED spots from Figure 1 indicating a
coexistence of the reconstructions on the surface.
The stoichiometry of the films prepared by interfacial

reaction has been followed by XPS, with the degree of
reduction of the samples characterized through fitting of the
measured Ce 3d spectra.34 The Ce 3d and O 1s spectra
measured on the samples exhibiting LEED patterns as in Figure
1 are shown in the lower part of Figure 2 (“Ce deposition”).
The ratios Ce3+/(Ce3+ + Ce4+) determined from the curves in
Figure 2 are plotted in Figure 3. The starting CeO2 buffer
exhibits only features of Ce4+. The increase of the amount of
metallic Ce in the interfacial reaction between Ce and CeO2
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leads to the increase in contribution of the Ce3+ features to the
spectra.34 By increasing the amount of metallic Ce the
stoichiometry of the layers after reaction can be tuned from
pure CeO2 to pure Ce2O3. Apart from the changes in Ce 3d
spectra this transition is accompanied by a shift of the O 1s line
to higher binding energies30,39 as shown in Figure 2.
An important insight into the oxidation−reduction proper-

ties of ordered layers of reduced ceria can be obtained by
oxidation of the samples by O2 after reaching the limiting
stoichiometry of Ce2O3, LEED pattern (4 × 4). Oxidation by
O2 allows changing the stoichiometry of the reduced ceria
layers from Ce2O3 back to CeO2 with all the characteristic
surface reconstructions of ordered reduced ceria identified by
LEED (Figure 1) observed during oxidation as well. The Ce 3d
and O 1s spectra measured on the samples upon oxidation of
the Ce2O3 layers are shown in the upper part of Figure 2 (“O2
exposure”).
The XPS spectra for all samples were measured at two angles

of photoelectron emission: 0° and 70° off sample normal (cf.
Figure 2). The difference between the two signals can be used
as an indication of enhancement of concentration of the
measured features near the surface of the layer. The results for
all surface reconstructions are summarized in Figure 3, where
the difference between the degree of sample reduction
measured for 0° emission and 70° emission is marked gray.
While the samples with the limiting stoichiometry CeO2 (1 ×
1) and Ce2O3 (4 × 4) show small or no difference in the degree
of reduction,30 the layers with intermediate stoichiometry (√7
× √7)R19.1° and (3 × 3) show an enhancement of the Ce3+

signal and, consequently, oxygen vacancy concentration near
the surface of the layer. This gradient of the vacancy
concentration with depth below the surface is observed in all
samples with intermediate stoichiometry. The oxygen vacancies

Figure 1. LEED images of ordered phases of reduced ceria on
Cu(111) obtained by interface reaction of the CeO2(111) buffer layer
with Ce deposit. Degree of reduction increases from (a) to (d). (a) (1
× 1) spots of CeO2(111) 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(111) is outlined red.

Figure 2. XPS spectra belonging to the ordered phases of reduced
ceria on Cu(111). Left panel: Ce 3d. Right panel: O 1s. Samples
measured at 0° (black curves) and 70° off-normal emission (gray
curves). With each sample the corresponding LEED pattern is
indicated. (1 × 1) is the starting CeO2 layer. Bottom (√7 ×
√7)R19.1°, (3 × 3), and (4 × 4) samples were obtained by reduction
of CeO2(111) layers via interface reaction with Ce. Top (3 × 3), (√7
× √7)R19.1°, and (1 × 1) samples were obtained by oxidation of the
(4 × 4) c-Ce2O3(111) layers with O2. The areas of the presented
spectra have been normalized to 1 after subtraction of Shirley
background, and the curves have been offset for clarity. For better
orientation, the positions of visually the most prominent peaks in Ce4+

and Ce3+ spectra are marked by arrows.

Figure 3. Degree of reduction of the ordered phases of reduced ceria
on Cu(111) obtained by fitting of the XPS spectra from Figure 2.
Vertical axis: degree of reduction. Horizontal axis: surface structure.
Surface structures were obtained by reduction of CeO2(111) layers via
interface reaction with Ce (left) or by oxidation of c-Ce2O3(111)
layers with O2 (right). The difference between the degree of reduction
measured with normal emission (black crosses) and with 70° off-
normal emission (gray crosses) indicating the accumulation of oxygen
vacancies near the surface of (√7 × √7)R19.1° and (3 × 3) surface
structures is enhanced by light gray. The dashed lines are guides to the
eyes.
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accumulate near the surface of the layers regardless of the
particular preparation method, both after reduction with Ce
and after oxidation with O2.
While the LEED images define the observed surface

reconstructions without ambiguity, the degree of reduction
observed in the XPS spectra for ceria layers with intermediate
stoichiometry strongly depends on the thickness of the ceria
layers. The reason for the dependence of the XPS spectra on
the thickness of the layer is the averaging over different but
finite thickness of the layer in the presence of the gradient of
the vacancy concentration together with eventual modifications
of the Ce3+ concentration near the interface with the metal
substrate.40 For comparability of the XPS spectra, the samples
presented in Figure 2 have been selected to have a thickness of
about 4 nm after preparation. Ceria layers work as a supply or a
sink of oxygen during reduction by Ce or oxidation by O2,
respectively, so the amount of Ce and the doses of O2 needed
to reach the desired stoichiometry of the layer depend
sensitively on the thickness of the layers, too. Particularly, the
samples in Figure 2 were prepared with reaction parameters
summarized in Table 1. For the layers prepared by interface

reaction between CeO2 buffer and Ce, the thickness of the
starting CeO2 buffer and the thickness of the resulting layer
after reaction are listed. For the layers prepared by oxidation of
Ce2O3 layers, the thickness of the starting Ce2O3 layer and the
exposure of O2 are listed. Given the small difference between
the XPS attenuation lengths for CeO2 and Ce2O3,

33 the amount
of Ce in the interfacial reaction calculates straightforwardly
from the difference between the initial and the final thickness of
the layer. Upon oxidation, the thickness of the layers does not
change significantly. For thicknesses of the layers other than ≈4
nm, the amount of Ce and/or doses of O2 for obtaining a
desired reconstruction must be determined in a dedicated
experiment.
The resonance photoelectron spectroscopy of the valence

band is a more surface-sensitive probe of the stoichiometry than
the XPS because kinetic energies of the analyzed photo-
electrons are lower than for XPS of Ce 3d (115 and 600 eV,
respectively).36 The RPES signal is thus more closely related to
the surface reconstructions observed in LEED. RPES spectra of
the valence band for the samples with the LEED patterns and
the XPS spectra corresponding to Figures 1 and 2, respectively,
are shown in Figure 4. The limiting cases of CeO2 and Ce2O3
show only resonance enhancement D(Ce4+) and D(Ce3+),
respectively, as is the case published in ref 30. The intermediate
samples show a mixture of both contributions, with D(Ce3+)
being slightly higher on the (3 × 3) reconstructed sample. The
degree of reduction D(Ce3+)/(D(Ce3+) + D(Ce4+)) equals to
0.65 and 0.71 for (√7 ×√7)R19.1° and (3 × 3) reconstructed
samples yielding closely spaced stoichiometries of CeO1.67 and

CeO1.65 for the near surface regions of (√7 × √7)R19.1° and
(3 × 3) reconstructed samples. The reduction of the samples is
accompanied by a shift to higher binding energies of the Ce 4f
and O 2p valence region features observed in RPES which is in
accordance with the previously published data on oxidation of
Ce.41

The morphology of the reduced ceria films has been
determined by STM. Ceria layers reduced by interface reaction
with metallic Ce show a very good ordering due to the interface
reaction.30 The CeO2 buffer layer shows a typical average
terrace width of 10 nm (Figure 5(a)) corresponding to the
growth temperature of 250 °C.32 After the reaction with Ce and
annealing at 600 °C, the resulting c-Ce2O3 film exhibits an
increased average terrace width of 30 nm (Figure 5(c)).
Ordered film with average terrace width of 30 nm is observed
also for ceria layers with (√7 × √7)R19.1° reconstruction
(Figure 5(b)) as well as for the layers with the (3 × 3)
reconstruction (not shown). Subsequent oxidation of the ceria
films by oxygen does not greatly change the film morphology.
On the c-Ce2O3 samples exposed to 10 000 L of O2 (Figure
5(d)), the average terrace width remains without change.
Occasionally deep troughs in the oxidized layers are observed.
We interpret the troughs as cracks resulting from stress release
in the layer during oxidation when the lattice parameter of the
ceria is decreasing.30

The cracks in the ceria layers after oxidation may strongly
affect the chemical reactivity of the ceria layers in model
catalytic studies by exposing the very active ceria−copper
interface to the reactants.42 To assess the availability of the
ceria−copper interface in our samples from Table 1 we
determine the amount of the exposed Cu by ISS. The starting
CeO2 buffer prepared at 250 °C with the thickness of

Table 1. Parameters of the Preparation of the Samples From
Figures 2 and 3

reduction by Ce oxidation by O2

reconstruction

thickness
of the
CeO2
buffer

thickness
of the
reacted
layer

thickness
of the
Ce2O3
layer O2 dose

(1 × 1) 3.0 nm - 4.2 nm 10000 L
(√7 × √7)R19.1° 3.5 nm 4.0 nm 4.5 nm 20 L
(3 × 3) 3.0 nm 3.7 nm 4.4 nm 1 L
(4 × 4) 3.0 nm 4.2 nm - -

Figure 4. RPES spectra of the valence band of the ordered phases of
reduced ceria on Cu(111). With each sample the corresponding LEED
pattern is indicated. The spectra are measured off-resonance (photon
energy 115 eV, dotted lines), in the Ce4+ resonance (124.8 eV, dashed
lines), and in the Ce3+ resonance (121.4 eV, full lines). The resonance
enhancements D(Ce3+) and D(Ce4+) are indicated by arrows.
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approximately 3 nm yields a Cu signal at the detection limit of
the ISS of ≤0.2% ML Cu (1 ML Cu represents 1.8 × 1015 cm−2

Cu atoms). On the layers with the thickness of approximately 4
nm and the (√7 × √7)R19.1°, (3 × 3), and (4 × 4)
reconstructions prepared by deposition of Ce and the interfacial
reaction on the CeO2 buffer, the Cu signal is not measurable by
ISS. On the contrary, the layers with (3 × 3), (√7 ×
√7)R19.1°, and (1 × 1) reconstructions prepared by oxidation
of the layers with the (4 × 4) reconstruction yield Cu signals
between 0 and 2% ML Cu. Thus, the layers of ordered reduced
ceria obtained in our experiment by interface reaction between
Ce and the CeO2 buffer are continuous and free of Cu.
However, the oxidation of the continuous layer of reduced ceria
on Cu may eventually expose the ceria−copper interface which
must be accounted for when evaluating the chemical reactivity
of such layers.
The STM images in Figure 5 are presented as illuminated

from the right to enhance the surface texture on the terraces
related to the respective surface reconstruction. This texture is
most pronounced for the (4 × 4) reconstructed samples of
Ce2O3 (Figure 5(c) and the inset of Figure 5(c)). After
oxidation of the Ce2O3 layer the texture vanishes, and the
surface converts to the (1 × 1) reconstruction (Figure 5(d) and
the inset of Figure 5(d)). For samples with the (√7 ×
√7)R19.1° surface reconstruction the STM images show
streaks indicative of instability of the surface in the tunneling
contact. The surface texture cannot be resolved in STM (Figure

5(b) and the inset of Figure 5(b)). The same instability is
observed on the samples with the (3 × 3) surface
reconstruction. The instability in STM is a property of the
(√7 × √7)R19.1° and (3 × 3) surface reconstructions
independent of the imaging condition of the STM tip. On the
samples where (√7 × √7)R19.1° and/or (3 × 3) surface
reconstructions coexist with the (4 × 4) reconstruction, the
areas with (4 × 4) reconstruction appear stable and well
resolved next to the instable areas with (√7 × √7)R19.1°
and/or (3 × 3) reconstructions in the same STM image.

■ DISCUSSION
Reduction of ceria films by the interface reaction with Ce
eventually complemented by oxidation with O2 allows us to
prepare ceria thin films on Cu(111) in the whole range of
stoichiometries between CeO2 and Ce2O3. The films exhibit
four distinct surface reconstructions, (1 × 1) (CeO2), (√7 ×
√7)R19.1°, (3 × 3), and (4 × 4) (Ce2O3) as identified by
LEED. The discussion of our experiment is devoted to the
following aspects: (i) We give arguments that all the observed
surface reconstructions are based on ordering of oxygen
vacancies in cubic fluorite-like ceria, (ii) we estimate the
stoichiometry and propose a model of the (3 × 3) surface
reconstruction, (iii) we estimate and rationalize the depth
profile of the vacancy concentration in the (√7 × √7)R19.1°
and (3 × 3) reconstructed layers, and (iv) we propose a
mechanism leading to the nucleation 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.43 concerning the bulk mobility of O and Ce atoms
in fluorite-like ceria: At temperatures around 600 °C
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 300 °C.43 In terms of this
observation, we are viewing 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.
(i) There is a strong experimental evidence of ordering of

oxygen vacancies in bulk reduced ceria (ref 44 and references
therein), and several phases of bulk reduced ceria with
stoichiometries approximately between CeO1.81 and CeO1.66
have been identified in neutron diffraction experiments.26,28

These phases are obtained by removing oxygen atoms from the
fluorite lattice of CeO2 and ordering of the resulting oxygen
vacancies to superstructures with distinct spatial correlations.28

Recently, two of these bulk structures have been employed
successfully in explaining the reconstructions observed in LEED
on thin films of reduced ceria. The (√7 × √7)R19.1° LEED
pattern on a layer of CeOx was associated with a bulk
termination of the ι-Ce7O12 phase.26,29 The (4 × 4) LEED
pattern on a layer of Ce2O3 was associated with a bulk
termination of the c-Ce2O3+δ phase

28,30 that was realized for δ =
0 as a thin film of c-Ce2O3 on Cu(111). Both (√7 ×
√7)R19.1° and (4 × 4) reconstructions are realized in the
present experiments as well. Further, the present experiments
reveal a (3 × 3) surface reconstruction for ceria layers that are
according to XPS and RPES more reduced than (√7 ×
√7)R19.1° terminated layers but less reduced than (4 × 4)
terminated layers (cf. Figures 1−3). We propose that the (3 ×
3) terminated phase can be derived from bulk ordering of
oxygen vacancies in cubic ceria as well. The main argument for

Figure 5. STM micrographs illustrating the morphology of cerium
oxide films during reduction and reoxidation. (a) As-prepared fully
oxidized buffer layer of CeO2. (b) Ceria layer with (√7 × √7)R19.1°
surface reconstruction prepared via interface reaction of metallic Ce
with CeO2 buffer layer. Inset: The instability of the tunneling contact
inherent to the (√7 × √7)R19.1° surface reconstruction causes the
streaky appearance of the layer. The morphology and the instability of
the tunneling contact of the layers with (3 × 3) surface reconstruction
is the same as in (b). (c) c-Ce2O3 layer prepared via interface reaction
of metallic Ce with the CeO2 buffer layer. Inset: high-resolution image
of the (4 × 4) surface reconstruction of c-Ce2O3. (d) CeO2 film
obtained by oxidation of the c-Ce2O3 layer. Inset: high-resolution
image of the (1 × 1) reconstruction of CeO2 . Size of images is 75 ×
75 nm2, size of insets 4 × 4 nm2.
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our proposal is the observation that the (3 × 3) terminated
phase can be obtained by oxidation of the cubic Ce2O3 (4 × 4)
phase at temperatures when the Ce atoms are virtually
immobile (cf. Figures 2 and 3 and Perkins et al.43).
(ii) With this evidence for the cubic structure of the (3 × 3)

surface reconstruction we can propose the microscopic model
of this reconstruction in analogy with the models of (√7 ×
√7)R19.1° and (4 × 4) reconstructions. All models for the
surface reconstructions observed in our experiments are
displayed in Figure 6. The models are presented as top views

of one monolayer of ceria oriented in the (111) direction of the
fluorite lattice corresponding to a particular bulk model of the
reduced ceria. When available, the bulk models are adopted
from crystallographic databases, the Inorganic Crystal Structure
Database (ICSD), and the Pearsons’s Crystal Data Crystal
Structure Database for Inorganic Compounds (PCD). Figure
6(a) displays the reference (111) plane of CeO2 (bulk model
ICSD #169029). Figure 6(b) displays the corresponding cut
through the bulk ι-Ce7O12 phase (PCD #1805255) according
to Wilkens et al.29 and Figure 6(d) the cut through the bulk c-
Ce2O3 phase (ICSD #96202) according to Stetsovych et al.30

In the figures, the surface unit cell corresponding to the LEED
patterns of (1 × 1) (Figure 6(a)), (√7 × √7)R19.1° (Figure
6(b)), and (4 × 4) (Figure 6(d)) is outlined red and the
positions of the oxygen vacancies in the upper and lower O
layers in the ceria monolayer by full and empty red triangles,
respectively.
For the model of the (3 × 3) reconstruction we have to

estimate the number and the positions of the oxygen vacancies
in the (3 × 3) surface unit cell relative to CeO2(111).
According to the XPS measurements (Figure 3), the
stoichiometry of the (3 × 3) surface reconstruction is
intermediate between the (√7 × √7)R19.1° (ι-Ce7O12 or

CeO1.71) and the (4 × 4) (c-Ce2O3 or CeO1.5) reconstructions.
According to RPES measurements (Figure 4) the stoichiometry
of the (3 × 3) reconstruction is close to the (√7 ×√7)R19.1°
(CeO1.71) reconstruction. Therefore, we propose that the (3 ×
3) surface unit cell includes three oxygen vacancies
corresponding to the model stoichiometry CeO1.67. Regarding
the positions of the oxygen vacancies in the model of the (3 ×
3) reconstruction, we recall the preferential orientations of
vacancy pairs in ceria bulk observed and analyzed in neutron
diffraction experiments.28 Particularly, oxygen vacancies in the
bulk tend to repel each other and show a strong preference for
certain spatial correlations. These rules for vacancy ordering
determine the models of the (√7 × √7)R19.1° surface
reconstruction (Figure 6(b)) and the (4 × 4) surface
reconstruction (Figure 6(d)). The (3 × 3) surface
reconstruction cannot be identified as a simple cut through
any of the established models of bulk reduced ceria; however,
the oxygen vacancies can be positioned in the preferred mutual
positions as well. This is shown in our proposal for the model
of the (3 × 3) reconstruction in Figure 6(c). The spatial
correlations of vacancies in the model of the (3 × 3)
reconstruction are those appearing in the models of the (√7
× √7)R19.1° and the (4 × 4) reconstructions, too.
We have to note that the models of the reduced ceria

surfaces derived from the bulk phases of reduced ceria have to
be considered only as suggestions plausibly explaining the
superstructures observed in LEED and subject to further
refinement by microscopic, diffraction, and ab initio techniques.
The rules governing the ordering of the oxygen vacancies on
the surfaces of reduced ceria seem to be still more complex.
Indeed, oxygen vacancies observed on the reduced ceria
surfaces by microscopic techniques adopt spatial correlations
that are not realized in the bulk. Esch et al.22 observe and
rationalize based on ab initio calculations a stabilization of
surface vacancy chains by a subsurface vacancy corresponding
to a (0,0,1) vacancy pair in the notation of Kümmerle and
Heger. Torbrugge et al.45 observe and Murgida and Ganduglia-
Pirovano46 rationalize based on ab initio calculations a
stabilization of subsurface vacancies as (0,2,2) vacancy pairs.
Both (0,0,1) and (0,2,2) vacancy pairs are not realized in bulk
samples.28

Unfortunately, microscopic evidence for the vacancy
distribution on (√7 × √7)R19.1° and (3 × 3) terminated
samples was not obtained in this work due to an inherent
instability of the STM images of the (√7 × √7)R19.1°
(Figure 5(b)) and (3 × 3) reconstructions in our experimental
setup. Since in comparable STM experiments the surface
vacancies on ceria seem to be immobile,22,47 we assign the
instability of the STM images to water molecules accumulating
on the (√7 × √7)R19.1° and (3 × 3) surfaces in our STM
during the prolonged measuring sessions without the possibility
of flash heating of the samples.
(iii) The models of the (√7 × √7)R19.1° and (3 × 3)

surface reconstructions of the reduced ceria layers in our
experiment predict the stoichiometry of the corresponding
reduced bulk phases CeO1.71 and CeO1.67, respectively. For the
comparison with the experiment we have to realize the different
information depth of the employed experimental methods for
determining the stoichiometry. The overview of the stoichi-
ometry of the layers with the (√7 × √7)R19.1° and (3 × 3)
surface reconstructions (Figure 1) measured by XPS at normal
emission (Figures 2 and 3), XPS at 70° off normal emission
(Figures 2 and 3), and RPES (Figure 4) in comparison with the

Figure 6. Schematic top view of the ordered phases of reduced ceria
on Cu(111). Images represent one monolayer from the related bulk
structure. (a) CeO2(111) corresponding to the LEED pattern (1 × 1)
on Figure 1(a), bulk structure ICSD #169029. (b) ι-Ce7O12(111)
corresponding to the LEED pattern (√7 × √7)R19.1° on Figure
1(b), bulk structure PCD #1805255. (c) CeO1.67 corresponding to the
LEED pattern (3 × 3) on Figure 1(c), proposal of the present work.
(d) c-Ce2O3(111) corresponding to the LEED pattern (4 × 4) on
Figure 1(d), bulk structure ICSD #96202. Surface unit cells are
highlighted by a red line, and top and bottom O vacancies are
highlighted by full and empty red triangles, respectively.
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predicted stoichiometry (Figure 6) is presented in Table 2. We
observe that the predicted and the measured values of the

stoichiometry of the layers correspond reasonably well only for
the most surface-sensitive measurement by RPES. Measure-
ments by XPS show stoichiometries that are less reduced than
expected. The experimentally determined degree of reduction
decreases with the increasing information depth of the
employed experimental method. This suggests that the reduced
ceria phases Ce7O12 and CeO1.67 are floating on a more
oxidized ceria.
We propose that the enhancement of the concentration of

the oxygen vacancies near the surface of the reduced ceria films
represents a general effect resulting from equilibrium
distribution of the oxygen vacancies in thin CeOx films. The
equilibrium is indicated by the independence on the
preparation history of the samples (Figure 3). The enhanced
concentration of surface vacancies is observed for the samples
prepared both by reduction of CeO2 by Ce and by oxidation of
Ce2O3 by O2. The equilibration is mediated by a high mobility
of oxygen atoms and oxygen vacancies in the CeOx thin films at
temperatures well below the annealing temperature of 600 °C
used during the sample preparation in the present study.43

Oxygen vacancies near the surface are thermodynamically
favorable as predicted by theoretical calculations.48,49 Oxygen
vacancies may also respond sensitively to the strain in the ceria
film. Oxygen vacancies expand the lattice parameter of the
reduced ceria due to a larger diameter of the associated Ce3+

cations compared to the Ce4+ cations in the oxidized ceria.30,44

The presence of the ceria−Cu(111) interface in the metal-
supported thin ceria film on the other hand induces a
contraction of the lattice parameter of ceria.50,51 The interplay
between these two effects ultimately results in a force driving
the oxygen vacancies away from the ceria−Cu(111) interface
and toward the surface of the film. The enhancement of the
oxygen vacancy concentration near the surface of ceria was
predicted and observed also in ceria nanoparticles.52,53

The change of the vacancy concentration with the distance
from the surface of the reduced ceria is most likely continuous,
but we can estimate a characteristic length scale over which the
change of the vacancy concentration is taking place using a
simple two-level model of ref 54. This model assumes a
homogeneous layer of reduced ceria (in our case with the
stoichiometry CeO1.71 or CeO1.67) floating on the homoge-
neous CeO2. The thickness of the reduced ceria layer can then
be determined from XPS measurements at normal emission
using the following equation:54Is(Cecomposite

4+ ) − Is(Ceoverlayer
4+ ) =

Is(Cebuffer
4+ )exp(−(d/λ)), where Is(Cecomposite

4+ ) is the Ce4+ signal
measured on the reduced layers, (Ceoverlayer

4+ ) is the simulated
Ce4+ signal corresponding to the CeO1.71 or CeO1.67 overlayer
computed from the measured Ce3+ signal and the expected
stoichiometry of the overlayer, Is(Cebuffer

4+ ) is the Ce4+ signal
from the CeO2 buffer layer (in the case of the films prepared by
oxidation the signal from fully oxidized film is used instead), d

is the thickness of the CeO1.71 or CeO1.67 overlayers, and λ is
the inelastic mean free path in the reduced layers. The results of
this simple estimation show that the samples with the (√7 ×
√7)R19.1° reconstruction consist of 2−3 ML of CeO1.71
supported by CeO2, and the samples with the (3 × 3)
reconstruction consist of 3−4 ML of CeO1.67 supported by
CeO2.
(iv) The observation of the cubic structure of the ceria layers

in our experiment in the whole range of stoichiometries
between CeO2 and Ce2O3 is allowed by the special property of
the alternative method of reduction of ceria by the reaction
with metallic Ce to yield the cubic structure even for the
limiting reduction to Ce2O3 where hexagonal Ce2O3 is the
lowest-energy configuration.41,55,56 We propose a model for the
stabilization of the cubic reduced ceria in the interface reaction.
The illustration of this model is in Figure 7. A starting point is

the deposition of Ce metal on the cubic ceria buffer. The cubic
ceria buffer is available in all our experiments, cf. Figures 2 and
3 and Table 1. After heating to 600 °C, oxygen from the ceria
buffer diffuses into the Ce overlayer and oxidizes it (Figure
7(a)). The oxidized Ce in the overlayer adopts the cubic
structure of the buffer that acts as a nucleation template. In this
way, the system also avoids an energy increase associated with
an eventual nucleation of an interface between the cubic and
the hexagonal ceria (Figure 7(b)). Finally, upon oxidation of
the Ce overlayer that establishes the cubic structure in the film
the oxygen vacancies adopt an equilibrium distribution with a
maximum of concentration near the surface of the film (Figure
7(c)). The gradient of distribution of oxygen vacancies is not
observed for the samples with the limiting stoichiometry
CeO2 and Ce2O3 (Figure 3)because in these samples the
vacancies occupy no (in CeO2) or all (in Ce2O3) available
positions. During transitions between CeO2 and Ce2O3 the
ordered thin film of reduced ceria must adapt to the
accompanying changes of the ceria lattice constant.30 On
Cu(111), this adaptation is facilitated by the incommensurate
character of growth of ceria on Cu(111) and by the ability of
ceria films to glide on the Cu(111) substrate.57

Table 2. Stoichiometries Determined from Experiments with
Different Information Depth

x in CeOx

reconstruction
(Figure 1)

XPS 0°
(Figure 2)

XPS 70°
(Figure 2)

RPES
(Figure 4)

model
(Figure 6)

(√7 × √7)R19.1° 1.86 1.82 1.67 1.7129

(3 × 3) 1.78 1.70 1.65 1.67

Figure 7. Schematic drawing of the interface reaction upon deposition
of metallic Ce (dark gray) on ceria buffer layer (white) on the
Cu(111) substrate (light gray) and heating the system to 600 °C. (a)
O diffuses from the ceria buffer to oxidize the Ce deposit. (b) Oxidized
Ce in the deposit adopts the cubic structure of the buffer. (c) O
vacancies in the resulting layer equilibrate establishing a concentration
gradient with maximum of O vacancies near the surface.
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■ CONCLUSIONS

We have performed a detailed study of the properties of thin
films of reduced ceria on Cu(111) prepared by the interfacial
reaction between a ceria thin film and a Ce metal deposit. Thin
films of reduced ceria are continuous and completely cover the
Cu substrate. Controlling the amount of Ce in the interfacial
reaction we can prepare thin films of reduced ceria with
stoichiometry changing continuously between CeO2 and
Ce2O3. The change in the stoichiometry is accompanied by
changes in the surface reconstruction of the films. Starting from
the (1 × 1) reconstruction of CeO2 and increasing the degree
of reduction we observe (√7 × √7)R19.1° and (3 × 3)
reconstructions of CeOx and, finally, the (4 × 4) reconstruction
of cubic Ce2O3. In the films with stoichiometry between CeO2
and Ce2O3 the oxygen vacancies accumulate near the surface of
the films.
We observe that the process of reduction of thin ceria films

by the interfacial reaction with Ce is fully reversible upon
oxidation with O2. This reversibility covers all properties of the
reduced ceria thin films including the surface reconstructions
and the depth profile of oxygen vacancies. This allows us to
discuss the properties of the ceria layers in terms of
equilibration of mobile oxygen vacancies in a relatively rigid
cubic lattice of cerium atoms. The cubic structure of the
reduced ceria layers is established during the interface reaction
with Ce. Oxygen vacancies are driven away from the Cu(111)−
ceria interface to relieve the stress associated with the expansion
of the lattice constant during the reduction of ceria. The (√7 ×
√7)R19.1° and (3 × 3) reconstructions are identified as
surface terminations of ordered bulk phases of reduced ceria,
the ι-Ce7O12 or CeO1.71 phase for the (√7 × √7)R19.1°
reconstruction, and the CeO1.67 phase for the (3 × 3)
reconstruction. These bulk reduced phases representing distinct
regular arrangements of oxygen vacancies in cubic ceria are
established in the three topmost monolayers of the reduced
ceria films.
Practically, ceria layers reduced by the interface reaction with

metallic Ce represent a realization of the ideal scenario of
reduction and reoxidation of ceria by removing/adding O
from/to the fluorite CeO2 lattice without largely modifying the
structure of the Ce sublattice.9 This, accompanied by the
preference of oxygen vacancies to arrange in regular structures,
makes the ceria layers reduced by interface reaction with
metallic Ce a unique experimental playground for studying the
influence of the oxygen vacancy concentration and coordina-
tion on the chemical properties of ceria.
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3.3 Interaction of water with well-defined ceria surfaces 

Water is relevant to many catalytic processes. It may play the role of 

a reactant, a product or a spectator [68]. The crucial elemental step in many catalytic 

processes involving water is the dissociation of water [16]. The interaction of water 

with ceria represents the fundamental topic of model studies of the chemical 

reactivity of ceria and it has been addressed by numerous theoretical [138–146] and 

experimental studies [66, 68, 109–112, 147–149]. The aim of the studies is to 

understand the role of the surface structure and the surface defects of ceria during the 

interaction with water. For the case of CeOx(111) the relevant issues, which are 

discussed in the fundamental works related to the reactivity of ceria towards water, 

are the nature of adsorption (dissociative × associative) of water on the 

stoichiometric CeO2(111), the role of surface defects (steps and oxygen vacancies) of 

CeOx(111) during the adsorption of water, and understanding the structural 

preconditions of ceria favoring either irreversible, or reversible dissociation of water 

on reduced ceria surfaces. 

Results of our previous studies related to the preparation of the well-defined 

model ceria surfaces with precisely controlled structural parameters of ceria—the 

density of steps and the concentration of surface oxygen vacancies—allow us to trace 

the fundamental aspects of the interaction of water with the surface of CeOx(111). 

The variety of the ceria surfaces with the adjusted surface morphology is shown on 

Figure 3.1. The step density of CeO2(111) can be adjusted from 18 % down to 4 % 

by varying the substrate temperature during the growth from 423 to 850 K. The 

concentration of the surface oxygen vacancies of CeOx(111) can be varied from 0 % 

to 25 %. This set of ceria surfaces represents models with quantitatively described 

structural parameters, where relation to the reactivity of ceria can be studied in detail. 

As a molecule of the first choice, the water was subject to the detailed investigation. 
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Figure 3.1: Overview of the adjustable model ceria surfaces. In the top line, the 

morphology of the ceria surfaces is visible as revealed by STM (unoccupied states). 

Middle line shows the corresponding difractograms obtained by LEED. Bottom line 

shows proposed models of the surface structure of the reduced CeOx(111). The 

preparation temperature, the surface reconstructions, and the fraction of defect sites 

with respect to the total number of surface atoms are labeled in the corresponding 

images. 
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On CeO2(111), answering the question, whether the adsorption of water is 

associative or dissociative, represents a very appealing topic. The steps are 

considered to be the possible active sites for the dissociation of water on the 

otherwise compact non-defective CeO2(111) surface. In order to identify the role of 

steps, we performed the TPD and SRPES study of the adsorption of water on 

CeO2(111) surfaces with the various step density at low temperature (110 – 120 K) 

followed by heating to 700 K.  

The chemical activity of specifically stepped surfaces is illustrated in Figure 

3.2, which shows the relative concentration of hydroxyl groups and the H2O TPD 

spectra upon adsorption of 2.4 L of H2O on various ceria surfaces at 110 - 120 K. 

The hydroxyls originate from the water dissociation on ceria and their relative 

concentration is determined from the fitted components of O 1s SRPES spectra, as 

discussed in Section 2.6. The area of the fitted components was related to the total 

area of the O 1s spectrum. For the direct comparison, the relative concentration of 

OH is also shown for the reduced CeOx(111) surfaces with the specific ordering and 

concentration of oxygen vacancies. It is obvious, that in the presence of surface 

oxygen vacancies both the dissociation of water and the thermal stability of 

hydroxyls are greatly enhanced while the density of step edges, which varies from 4 

to 18 %, does not significantly affect the number of dissociated water molecules. 

Similarly, the TPD spectra on Figure 3.2b do not show any evidence of direct 

relation between the step density of CeO2(111) and the detected H2O TPD spectra. 

Our results, pointing to the minor role of steps of CeO2(111) in the adsorption of 

water, correspond to studies [68, 112, 146], which suggest that the partial 

dissociation of water is taking place on the terraces of stoichiometric CeO2(111) and 

therefore the step edge do not represent a specific active site in this case.  

The minor role of surface steps during the interaction of water with 

CeO2(111) does not indicate the passivity of the surface steps of CeO2(111) in 

general. The determination of the role of steps in both the adsorption of other 

molecules on ceria or in the nucleation of deposited metallic particles represent the 

future possible experiments making use of the present model ceria surfaces with the 

tunable density of step edges.   
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Apart from the steps, the surface oxygen vacancies of ceria are found to 

significantly affect the adsorption of water on CeOx(111). The following manuscript 

presents the results obtained during the study of the interaction of water with the 

well-defined reduced ceria films—ι-Ce7O12(111)-(√7×√7)R19.1°, CeO1.67(111)-

(3×3), c-Ce2O3(111)-(4×4), which exhibit the specific concentration and coordination 

of surface oxygen vacancies together with the considerable level of bulk reduction. 

The existence of the surface oxygen vacancies stimulates the dissociation of water 

and increases the thermal stability of hydroxyls on ceria surfaces. TPD experiments 

reveal, that on ι-Ce7O12(111)-(√7×√7)R19.1° and CeO1.67(111)-(3×3) the hydroxyls 

predominantly recombine to produce molecular water as a result of the reversible 

Figure 3.2: (a) Relative concentration of hydroxyl groups formed upon the 

adsorption of 2.4 L of water at 110 K on CeOx(111) surfaces with different density of 

steps and concentration of oxygen vacancies and followed by the annealing as 

indicated. The values are determined from the fitted components of O 1s spectra 

obtained by SRPES. (b) H2O TDS spectra upon adsorption of 2.4 L of water on 

differently stepped CeO2(111) surfaces at 120 K 
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decomposition of adsorbed water, while on Ce2O3(111)-(4×4) the hydroxyls 

recombine to produce hydrogen and the remaining oxygen reoxidizes the ceria as a 

result of the irreversible decomposition of water. The repeated adsorption-desorption 

cycles of water on Ce2O3(111)-(4×4) leads to the gradual reoxidation of ceria. As the 

reoxidation of ceria is proceeding the channel of the reversible decomposition of 

water appears. The change of the surface structure of reduced ceria from the (4×4) 

reconstruction to combination of (3×3) and (√7×√7)R19.1° reconstructions is 

identified as the threshold, when the channel of the reversible decomposition of 

water start to dominates over the irreversible one. The corresponding average 

stoichiometry of ceria associated with the threshold of dominance of reversible 

dissociation of water on ceria is approximately CeO1.7. The surface of Ce2O3-(4×4) 

plays the role of an active cracker of the water molecule, while the bulk of 

Ce2O3(111)-(4×4) plays the role of the sink of oxygen ions. The facile oxygen 

diffusion in ceria is identified to be the crucial mediator, which allows the 

redistribution of oxygen. Oxygen tends to accommodate in the bulk of ceria and thus 

leaves the surface oxygen vacancies free for the further dissociation of adsorbed 

water. The amount of produced hydrogen depends on the volume of bulk of Ce2O3 

indicating that the process of oxygen diffusion in ceria, which allows the vacation of 

surface active sites for the dissociation of next water molecule, is active even below 

room temperature. After the adsorption at low temperature the water partially 

dissociates according to the number of the available active sites on the surface. 

During the successive heating, the channel of the diffusion of oxygen opens and 

depending on the available number of the oxygen vacancies in the bulk of ceria it 

enables the restoration of the active surface sites. If this process takes place below 

room temperature, the molecular water is still present on the surface of ceria and it 

can undergo the complete dissociation on the restored active site, what increases the 

amount of produced hydrogen.          
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Abstract: 

We present a study of interaction of water with reduced cerium oxide films 

(CeOx) by means of temperature programmed desorption spectroscopy (TPD), 

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

Reduced ceria films were prepared by high temperature interfacial reaction of Ce 

with CeOx layer which produces films with specific concentration and coordination 

of surface oxygen vacancies together with a considerable level of bulk reduction. The 

presence of oxygen vacancies promotes the dissociation of water and increases the 

thermal stability of hydroxyl groups on the surface. During successive heating 

hydroxyl groups recombine to produce water or hydrogen as a result of reversible or 

irreversible decomposition of water, respectively. We identify key preconditions 

leading to irreversible dissociation of water accompanied with reoxidation of ceria – 

the specific configuration of surface oxygen vacancies, diffusion of oxygen ions in 

ceria, and the bulk reduced ceria as a sink of oxygen ions. As the reoxidation of ceria 

is proceeding the channel of reversible decomposition of water opens and later 

becomes dominating allowing us to discriminate the critical ceria stoichiometry for 

irreversible and reversible dissociation of water. Our study indicates that the 

interaction of water with well defined reduced ceria surfaces is crucially influenced 

by both the coordination and the concentration of surface and bulk oxygen vacancies. 

Introduction 

Cerium oxide (ceria, CeOx) is a material tested for the development of novel 

heterogeneous catalysts for automotive catalytic conversion, hydrogen production, 

and technology of fuel cells
1,2

. In all applications an interaction of catalysts with 

water cannot be avoided under operating conditions. Water is present in a form of 

either active reactant, product of the reaction, or passive spectator. The 
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understanding the interaction of water with ceria is the necessary step in the 

determination of the role of cerium oxide in the catalytic applications.            

Ceria belongs to the group of reducible oxides
3–8

, materials which can easily 

store, release, or transport oxygen. Ceria has the high oxygen storage capacity and 

thus it can donate or absorb oxygen in order to stimulate the catalytic reaction. 

Depending on preparation or working conditions the stoichiometry of CeOx alters 

continuously between two limiting phases: the “fully oxidized” CeO2 and the “fully 

reduced” Ce2O3. The reduction of CeO2 is connected with the formation of oxygen 

vacancies. Creation of one oxygen vacancy is accompanied by the localization of two 

excess electrons on two lattice Ce cations changing their oxidation state from Ce
4+

 to 

Ce
3+

.
9
 The existence of the oxygen vacancies greatly influences the reactivity of 

CeOx
10

. 

The key feature of the prospective catalyst for reactions involving water is the 

ability to dissociate the adsorbed water molecules
11

. In general, water tends to 

interact more strongly with oxide surfaces than with metal surfaces
12,13

. Model 

studies carried out on well-defined surfaces of single crystals or thin films of ceria 

show that dissociation of water strongly depends on the structure and the 

stoichiometry of ceria. However, the particular conclusions of the different studies 

vary. The surface of stoichiometric CeO2(111) was thought to be inactive towards the 

dissociation of water
14–17

 until Mullins et al.
18

 revisited their earlier study and 

concluded that water partially dissociates on CeO2(111). Later, the existence of the 

hydroxyl groups from the dissociation of water on the stoichiometric surface of 

CeO2(111) has been reported also by Chen et al
19

. Direct observation of the 

adsorption of water on CeO2(111) by means of scanning probe microscopies (SPM) 

has determined that water adsorbs on top of the surface cerium cation either as a 

molecule or as a hydroxyl with the detached proton residing in the close vicinity 
20–

22
. The studies of reactivity of water on reduced CeOx(111) surfaces showed that the 

presence of surface oxygen vacancies promotes water dissociation and increases the 

thermal stability of hydroxyl groups on the ceria surface
14–19,23,24

.  

Water was found to decompose reversibly or irreversibly on the reduced 

ceria. During a thermal desorption cycle hydroxyl groups on ceria surface can 

recombine to produce molecular water as a result of the reversible decomposition of 

water or to produce hydrogen and oxidize ceria as a result of the irreversible 

decomposition of water. By means of TPD the reversible decomposition of water 
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was observed on CeO1.93(111) film grown on yttria-stabilized ZrO2(111) and reduced 

by vacuum annealing
15

. On the contrary, the irreversible decomposition of water was 

reported for CeO1.7(111) film grown on Ru(0001) and reduced either by Ar
+
 

sputtering/annealing, growth in the lack of oxygen pressure, or interaction with 

methanol at a high temperature
14,18

. Both the reversible and the irreversible 

dissociation of water were observed on CeO1.89(111) grown on Cu(111) and reduced 

by the exposure to atomic hydrogen
19

. 

Theoretical calculations focused mainly on the interaction of water with the 

most thermodynamically stable orientation of CeO2(111) 
25–32

. The most favorite 

configuration of the adsorbed molecule of water was found on top of the surface 

cerium atom in agreement with the experimental observation with SPM 
20–22

. The 

discrimination between the associative or the dissociative character of the adsorption 

of water on the stoichiometric CeO2(111) was controversial—molecular
25,26,28,30

, 

partially dissociative
27

, and combination of both adsorption states
29,31,32

 were 

predicted. The insight was provided by Fernández et al.
32

 who related their results 

with the previous ones and explained the discrepancies. Based on the results of Yang 

et al.
29

 and Molinari et al.
31

, Fernández et al. predicted that water adsorbs on the 

stoichiometric CeO2(111) either in the molecular state or as a hydroxyl pair and both 

states are almost equally accessible in terms of the adsorption energy. In case of 

adsorption of water on the defective CeOx(111) it was generally agreed that the 

presence of the surface oxygen vacancies in ceria facilitates the dissociation of water 

and stabilizes the hydroxyl groups on the surface. Molinari et al. also performed the 

calculations of the adsorption of water on the alternative orientations CeOx(110) and 

(100) and together with later experimental studies of Mullins et al.
18,33

 they 

emphasized the strong structure-reactivity dependence of the water adsorption on 

ceria.             

Here we present the model catalytic study of the interaction of water with the 

well-defined reduced CeOx(111) films grown on Cu(111). The reduced CeOx(111) 

films are prepared by the high temperature interfacial reaction between Ce and 

CeO2(111)
34

. Compared with the previous studies
14–19,23,24

, the preparation method 

based on the interfacial reaction yields CeOx films with specific concentration and 

coordination of the surface oxygen vacancies together with a considerable level of 

bulk reduction
35

. The prepared CeOx(111) films exhibit distinct surface 

reconstructions related to the ordering of the surface oxygen vacancies: 
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(√7x√7)R19.1°, (3x3), and (4x4) corresponding to the terminations of bulk 

ι-Ce7O12(111), CeO1.67(111), and c-Ce2O3(111), respectively. The concentration of 

surface oxygen vacancies in reduced ceria films with (√7x√7)R19.1°, (3x3), and 

(4x4) surface reconstruction is 14, 17, and 25 %, respectively. The concentration and 

the coordination of both the surface and the bulk oxygen vacancies present the 

controllable parameters which can be related to the reactivity of ceria towards water. 

The adsorption of water on these surfaces is examined by means of temperature 

programmed desorption (TPD, TDS), synchrotron radiation and X-ray photoelectron 

spectroscopy (SRPES, XPS), and by low-energy electron microscopy (LEED). The 

irreversible dissociation of water is observed on c-Ce2O3(111)-(4x4) while the 

reversible dissociation is dominant on both CeO1.67(111)-(3x3) and ι-Ce7O12(111)-

(√7x√7)R19.1° surfaces. Repeated cycles of water adsorption/desorption allows us to 

follow the process of reoxidation of ceria. The (4x4) surface reconstruction of ceria 

is identified as the configuration of surface oxygen vacancies leading to the 

irreversible decomposition of water. The bulk of reduced ceria plays the role of a 

sink of oxygen ions. The facile diffusion of the oxygen ions into the bulk of ceria 

below room temperature enables the restoration of surface oxygen vacancies for 

further decomposition of additional water molecules.  

Experimental section 

The experiments were performed on the two ultra high vacuum (UHV) 

systems with a base pressure below 5 × 10
-8

 Pa. TPD was measured at Surface 

Science laboratory of Charles University in Prague, Czech Republic, on a combined 

UHV apparatus equipped with quadrupole mass spectrometer (QMS), home-built 

scanning tunneling microscope (STM), XPS, and LEED. SRPES was carried out at 

Materials Science Beamline of Synchrotron Elettra in Trieste, Italy, on UHV system 

utilizing intense light source with tunable photon energy (22 – 1000 eV). Both 

systems were additionally fitted with an ion gun, a water cooled e-beam evaporator, a 

manipulator cooled by liquid nitrogen (LN2), a gas inlet system, a dual Mg/Al Kα X-

ray source, a hemispherical electron energy analyzer, and rear-view LEED optics.              

A single-crystal Cu(111) (MaTecK, disk, ϕ = 10 mm) was used as the 

substrate for the growth of cerium oxide films. Cu(111) substrate was cleaned by 

repeated cycles of Ar
+
 sputtering and annealing in vacuum. The sample was heated 
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resistively by passing a current either through a Ta spiral located beneath the sample 

(at Prague), or through Ta wires fixating the sample (at Elettra). The sample 

temperature was measured by the K type thermocouple touching the back side of 

Cu(111) crystal. Films of CeO2(111) on Cu(111) were grown by physical vapor 

deposition of Ce (Goodfellow, 99.99%) under a background atmosphere of 

5 × 10
-5

 Pa of O2 (Linde 5.0) and at the substrate temperature of 250 °C
36,37

. Cerium 

was evaporated from a tantalum crucible heated by an electron bombardment. The 

reduced CeOx(111) films were prepared by the high temperature interfacial reaction 

of metallic Ce with stoichiometric CeO2 buffer layer
34,35

. The structure and the 

chemical state of the prepared ceria films were controlled by LEED and XPS. 

Before using, water was deionized and further cleaned by several freeze-

pump-thaw cycles. The purity of water was checked by QMS. While the sample was 

being kept on a LN2 cooled manipulator at temperature of 110 K, water was dosed 

through a variable leak valve by the backfilling method. The total exposure of water 

was 2.4 L or 5 L as stated below.  

TPD experiments were performed with a Pfeiffer PrismaPlus QMS installed 

in a differentially pumped nozzle in order to separate the direct desorption from the 

background contributions. The sample was positioned 3mm from the aperture of the 

nozzle of QMS section. The temperature was linearly increased by rate of 2 K/s from 

110 to 700 K.  

XPS was performed using the excitation energy of hν = 1486.6 eV (Al Kα) 

and the photoelectron emission angles 0° (at Prague), 20°, and 60° (both at Elettra) 

(with respect to the surface normal). The different photoelectron emission angles 

provided various surface sensitivity of XPS measurement with respect to the 

information depth of photoelectrons in ceria. The Ce 3d, Cu 2p3/2, and O 1s core 

level spectra were acquired to resolve the average stoichiometry of CeOx films, to 

determine the thickness of CeOx films, and to monitor the adsorption of water on 

CeOx films, respectively. The stoichiometry of CeOx film was obtained from the 

areas of Ce
3+

 and Ce
4+

 features determined by the deconvolution of Ce 3d spectra. Ce 

3d spectrum of Ce2O3 was used as the reference corresponding to the ceria film 

without any Ce
4+

. Ce 3d spectra were fitted combining the reference for Ce
3+

 features 

from Ce2O3 with Ce
4+

 features described by Skála et al.
38

. The thickness of CeOx 

films was determined from the attenuation of Cu 2p3/2 substrate signal where one 
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monolayer of CeOx(111) corresponds to the vertical stack of O-Ce-O trilayer which 

is 3.1 Å thick and contains 7.9 × 10
14

 cm
-2

 Ce atoms.  

 SRPES was used to study the chemical state of adsorbed water and of the 

near surface region of ceria. The valence band and the core level O 1s spectra were 

taken at photon energies 180 eV and 640 eV, respectively, under normal 

photoemission angle. O 1s core level spectra were also recorded at photoemission 

angle 60° to maximize the surface sensitivity. Additionally, resonant photoelectron 

spectroscopy (RPES) was performed to determine the surface concentration of Ce
3+

 

cations. Concentration of Ce
3+

 and Ce
4+

 on the surface was considered to be 

proportional to the resonant enhancements D(Ce
3+

) and D(Ce
4+

) of the Ce
3+ 

and Ce
4+

 

features in the valence band, located ca. 1.5 eV and 3.9 eV below the Fermi level, 

respectively
39

. The valence band spectra were recorded at photon energies 115 

(off-resonance), 121.4 (Ce
3+

 resonance), and 124.8 eV (Ce
4+

 resonance). The 

instrumental resolution was ca. 0.2 eV at 115-180 eV and 0.6 eV at 640 eV. The 

spectra obtained by SRPES were calibrated according to the position of the Fermi 

level. Data from SRPES and XPS were processed using software KolXPD
40

.         

Results 

The adsorption of water was studied on the fully oxidized CeO2(111) and on 

the well-defined reduced CeOx(111) (1.5 ≤ x ≤ 1.8) with the specific ordering of the 

surface oxygen vacancies
34,41

. The reduced ceria films exhibit a considerable level of 

ceria bulk reduction and surface reconstructions with the characteristic LEED 

patterns (√7×√7)R19.1°, (3×3), and (4×4). Both the surface reconstruction and the 

bulk reduction of ceria can be precisely controlled by LEED and PES. The surface 

reconstructions of reduced ceria films are associated with the ordering of the surface 

oxygen vacancies. The structural models assigned to (√7×√7)R19.1°, (3×3), and 

(4×4) surface reconstructions of ceria are represented by bulk termination of 

ι-Ce7O12(111), CeO1.67(111), and c-Ce2O3(111), respectively. Figure 1 shows top 

view of (111) plane of related structural models for reduced CeOx(111) films
41

. 

Surfaces with (√7×√7)R19.1°, (3×3), and (4×4) reconstructions exhibit 14, 17, and 

25 % of surface oxygen vacancy sites, respectively. c-Ce2O3(111) can be prepared in 

the form of the fully bulk reduced ceria film with uniformly distributed oxygen 

vacancies. Although the surface concentration of oxygen vacancies determined by 

64



Dvořák et al., manuscript for submission in JPCC                                                     7 

RPES matches the predicted structural models well, the bulk oxygen vacancies in 

reduced ceria surfaces with (√7×√7)R19.1° and (3×3) surface reconstructions exhibit 

gradient of concentration. The oxygen vacancies tend to accommodate in the near 

surface region of ceria corresponding to top 3 ML (1 nm) of ceria
41

. As a result of the 

gradient of concentration of bulk oxygen vacancies in ceria the XPS on the ceria with 

(√7×√7)R19.1° and (3×3) surface reconstructions reveals ,apparently, a lower degree 

of reduction—CeO1.86 and CeO1.78, respectively—than it is expected based on the 

considered surface models and determined by SRPES
41

. In the following text the 

specific structural types of ceria—CeO2(111)-(1×1), ι-Ce7O12(111)-(√7×√7)R19.1°, 

CeO1.67(111)-(3×3), and c-Ce2O3(111)-(4×4)—are denoted with respect to the 

surface stoichiometry expected according to the structural models of surface 

reconstructions. Although it should be kept in mind that the concentration of bulk 

oxygen vacancies in ι-Ce7O12(111)-(√7×√7)R19.1° and CeO1.67(111)-(3×3) decreases 

downwards the bottom of the ceria layer.    

The study of the interaction of water with reduced ceria surfaces was 

performed in several individual experiments: (i) TPD study of desorption of water 

from each structural type of ceria surfaces, (ii) complementary PES study of the 

adsorption of water on each structural type of ceria surface and of the behavior of 

Figure 1: Structural models for reduced ceria films on Cu(111) used for the water 

adsorption study. (a) CeO2(111) corresponding to (1x1) surface reconstruction. (b) 

ι-Ce7O12(111) corresponding to (√7×√7)R19.1° surface reconstruction. (c) 

CeO1.67(111) corresponding to (3×3) surface reconstruction. (d) c-Ce2O3(111) 

corresponding to (4×4) surface reconstruction. Surface unit cell is highlighted by a 

red line, and top and bottom oxygen vacancies are highlighted by full and empty 

red triangles, respectively. Adopted from Duchoň et al.
41

. 
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water and OH fractions during successive annealing, (iii) monitoring of the 

reoxidation process of c-Ce2O3(111)-(4×4) ceria surface in the repeated water 

adsorption-desorption cycles by TPD, XPS, and LEED, (iv) TPD and XPS 

experiment of water desorption from c-Ce2O3(111)-(4×4) ceria with various 

thickness. 

(i) TPD: Desorption of water from specific ceria surfaces 

 The nature of water adsorption, the thermal stability of adsorbates, and the 

desorption products were investigated on various structural types of ceria thin films 

by means of TPD. Figure 2 shows TPD spectra of desorption of H2O (mass 18) and 

H2 (mass 2) following the adsorption of 2.4 L of water on CeO2(111)-(1×1), 

ι-Ce7O12(111)-(√7×√7)R19.1°, CeO1.67(111)-(3×3), and c-Ce2O3(111)-(4×4) at 110K. 

The low-temperature and the high-temperature features of H2O TPD spectra are 

shown enlarged in the insets of Figure 2a. Fully oxidized CeO2(111) produces a 

Figure 2: H2O TPD (a) and H2 TPD spectra (b) after the adsorption of 2.4 L of 

water at 110 K on fully oxidized CeO2(111) (black line) and on reduced CeOx 

exhibiting (√7×√7)R19.1°, (3×3), and (4×4) surface reconstructions (red, green, 

blue lines, respectively).  
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sharp H2O desorption peak at ca. 160 K with a wide shoulder between 170 and 200 K 

and with a tail extended to 350 K. No peaks are observed in H2 desorption spectrum 

except those resulting from splitting of water in QMS. Besides the peaks in the low 

temperature region (below 300 K) of H2O desorption spectra, the reduced 

ι-Ce7O12(111)-(√7×√7)R19.1°, CeO1.67(111)-(3×3), and c-Ce2O3(111)-(4×4) generate 

recombinative desorption peaks of H2O or H2 in the high temperature region (450 – 

600 K). The process of recombination of water on reduced CeOx(111) is structure 

sensitive. TPD on ι-Ce7O12(111)-(√7×√7)R19.1° (red line) reveals the desorption 

peak of H2O with a broad maximum between 500 and 550 K. In case of 

CeO1.67(111)-(3×3) (green line) two distinctive desorption states of H2O are detected 

with the maxima approximately at 530 and 570 K. Only a minor production of H2 is 

observed between 500 and 600 K for ι-Ce7O12(111)-(√7×√7)R19.1° and 

CeO1.67(111)-(3×3) ceria surfaces. By contrast, pronounced desorption peak of H2 

with maximum at 530 K and only a minor recombinative desorption of H2O are 

detected by TPD on c-Ce2O3(111)-(4×4).  

(ii) PES: Adsorption and thermal stability of water on specific ceria surfaces        

SRPES and XPS experiments were performed to monitor the changes of the 

chemical state of both the adsorbed water and the ceria surface. O 1s spectra after the 

adsorption of 2.4 L of water at 110 K on CeO2(111)-(1×1), ι-Ce7O12(111)-

(√7×√7)R19.1°, CeO1.67(111)-(3×3), and c-Ce2O3(111)-(4×4) are shown in 

Figure 3a-d, respectively. After the water adsorption the samples were annealed as 

indicated. The constant temperature was maintained during acquiring the spectra to 

prevent the readsorption of water. Before the adsorption of water the O 1s spectra are 

dominated by the peak corresponding to the lattice oxygen of ceria between 529 and 

530 eV. After the adsorption of water two additional peaks appear at ca. 532 and 534 

eV corresponding to the hydroxyl groups and the molecular water, respectively. The 

molecular water is present up to 170 K on the fully oxidized CeO2(111)-(1×1) 

whereas it is completely desorbed or decomposed at 170 K on reduced CeOx(111) 

ceria surfaces. On the CeO2(111)-(1×1) the hydroxyl groups are present up to 300 K. 

The thermal stability of hydroxyls on reduced CeOx(111) is higher than on 

CeO2(111). Hydroxyls are the most stable on ι-Ce7O12(111)-(√7×√7)R19.1°, where 

they are detected up to 500 K. The hydroxyls are only weakly detected on 

CeO1.67(111)-(3×3) at 500 K and on c-Ce2O3(111)-(4×4) the hydroxyls are present up 
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to 400 K. The different thermal stability of hydroxyl groups on ceria is connected to 

the existence of two alternative recombinative processes—the production of 

hydrogen or the production of water.  

The evolution of the relative concentration of OH groups on the ceria surface 

is shown in Figure 4.  The relative concentration of hydroxyls was determined from 

the fitted area of OH peak normalized with respect to the total area of O 1s spectrum 

after the proper background subtraction. Below 300 K, the relative amount of 

hydroxyl groups increases with the increasing degree of reduction of CeOx(111). 

Compared with the CeO2(111), reduced CeOx(111) with (√7×√7)R19.1°, (3×3), and 

(4×4) surface reconstruction produce 40%, 48%, and 66% more hydroxyl groups at 

170 K. The comparison of relative ratio of the produced hydroxyl groups on 

ι-Ce7O12(111)-(√7×√7)R19.1°, CeO1.67(111)-(3×3), and c-Ce2O3(111)-(4×4) is 

1:1.2:1.65, respectively with the corresponding relative ratio of surface oxygen 

vacancies is 1:1.2:1.8 shows that the relative number of produced hydroxyls on 

reduced CeOx(111) is proportional to the concentration of surface oxygen vacancies. 

At higher annealing temperatures the total amount of hydroxyl groups is driven by 

overall thermal stability of hydroxyls on the studied surfaces as discussed above.  

Figure 3: O 1s core level spectra obtained by means of SRPES after the adsorption 

of 2.4 L of water at 110 K on fully oxidized CeO2(111)-(1×1) (a), and on reduced 

CeOx(111) with (√7×√7)R19.1° (b), (3×3) (c), and (4×4) (d) surface 

reconstructions. After the adsorption of water, samples were annealed as indicated. 

The curves were offset for clarity. In O 1s spectra, the presence of oxygen in lattice 

of ceria (529 – 530 eV), hydroxyl groups (532 eV), and molecular water (534 eV) is 

resolved. 
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The observed changes approximately correspond to the TPD spectra shown in 

Figure 2 and are consistent with the previously published results of Mullins et al
18

. 

The low-temperature desorption peaks below 200 K can be attributed to the 

multilayer and the monolayer of molecularly adsorbed water. In case of CeO2(111), 

the desorption of OH between 200 and 350 K associated with the decrease of 

intensity of OH in O 1s can be hidden in the tail of the low-temperature desorption 

peak. The onsets of high-temperature peaks in TPD correspond to the observed 

thermal stability of hydroxyl groups on the various phases of CeOx(111). In 

agreement with the onset of the production of H2 at 440 K the OH component in the 

O 1s spectra disappears above 400 K on Ce2O3(111)-(4×4). On CeO1.67(111)-(3×3) 

and more prominently on ι-Ce7O12(111)-(√7×√7)R19.1°, the traces of disappearing 

OH component at 500 K in O 1s spectra correspond to the onset of the recombinative 

desorption of H2O around 500 K.    

Figure 5 shows the results of RPES performed after the adsorption of 2.4 L of 

water and during the successive annealing. RPES was utilized in order to follow the 

changes of the stoichiometry of the ceria surfaces during the interaction with water.  

The resonant enhancements D(Ce
3+

), D(Ce
4+

), the resonant enhancement ratio 

D(Ce
3+

)/D(Ce
4+

) of Ce
3+

 and Ce
4+

 features in the valence band, and the surface 

stoichiometry of ceria derived from the resonant enhancements are visible in 

Figure 5a-d, respectively. Both the D(Ce
3+

) and D(Ce
4+

) are attenuated after the 

adsorption of 2.4 L of water at 110 K yielding a moderate increase of RER and of the 

reduction of the surface. The desorption of molecularly adsorbed water is 

accompanied by the increase of D(Ce
3+

), D(Ce
4+

), and RER, together with further 

Figure 4: The relative intensity of the spectral component of OH groups of O 1s 

spectra presented in Fig 3. The relative concentration of hydroxyls was obtained 

dividing area of fitted OH component by total area of O 1s spectra after proper 

background subtraction. 
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reduction of the surface. On the fully oxidized CeO2(111) the D(Ce
3+

), RER, and the 

surface reduction reach maximum at 140 K, then they gradually decrease until they 

reach the initial value at 400 K; the further onset of surface reduction is govern by 

the thermal instability of the CeO2 surface
37

. In the case of the reduced CeOx(111) 

phases the D(Ce
3+

), RER, and the reduction of surface reach maximum between 170 

K and 300 K. The successive heating above 400 K leads to the decrease of the 

D(Ce
3+

), RER, and the degree of reduction.  

The comparison of the result obtained by RPES (Figure 5) with the evolution 

of concentration of hydroxyls on the ceria surface (Figure 4) shows that the increase 

of RER and of the surface reduction of ceria is associated with the presence of OH 

groups on the surface. The shift of the maximum of RER and of the surface reduction 

to 140 K on the fully oxidized CeO2(111) can be caused by the presence of higher 

amount of non-dissociated chemisorbed water on CeO2(111) surface with respect to 

the reduced ceria surfaces. After disappearance of OH groups the reduced CeOx(111) 

surfaces exhibit certain degree of reoxidation. The total change of the surface 

stoichiometry is overestimated for the CeO1.67(111)-(3×3) and ι-Ce7O12(111)-

(√7×√7)R19.1°, because the reference values for clean surfaces (Figure 5d) are 

Figure 5: Resonant enhancements D(Ce
3+

) (a), D(Ce
4+

) (b), and the resonant 

enhancement ratio (RER) D(Ce
3+

)/D(Ce
4+

) (c) of Ce
3+

 and Ce
4+

 features in valence 

band of ceria through the adsorption-desorption cycle of water measured by means 

of RPES. (d) Approximate stoichiometry of surface of CeOx derived from resonant 

enhancements D(Ce
3+

) and D(Ce
4+

). 
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already lowered as a result of the adsorption of water from background atmosphere 

of UHV chamber. The surface of c-Ce2O3-(4×4) exhibits relatively small change of 

surface stoichiometry with respect to the expected production of high amount of H2 

(Figure 2b) corresponding to the preferable diffusion of the oxygen into the bulk of 

the ceria layer
41

.              

(iii) Reoxidation of ceria through multiple water adsorption-desortion cycles 

Water adsorbs dissociatively on the fully reduced c-Ce2O3(111)-(4×4) at 

110 K. During the successive annealing the dissociated water recombines to produce 

H2 and the remaining oxygen reoxidizes the reduced ceria. Figure 6 presents H2O 

and H2 TPD spectra from 10 adsorption-desorption cycles of water on reduced c-

Ce2O3(111)-(4×4) with the corresponding changes of stoichiometry and surface 

structure of ceria. The thickness of the prepared ceria film is 3.9 nm. The exposure of 

water is 2.4 L in the first TPD cycle and 5 L in all successive TPD cycles. The 

Figure 6: (a) H2O and (b) H2 TPD spectra of 10 following adsorption-desorption 

cycles of water at 110 K on c-Ce2O3(111)-(4×4) with thickness 3.9 nm. (c) The 

evolution of stoichiometry of specific types of reduced ceria through multiple 

water TPD cycles. (d )The illustration of structural changes accompanying the 

reoxidation of c-Ce2O3(111)-(4×4) by water.  
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stoichiometry of ceria was determined from the deconvolution of Ce 3d XPS spectra 

and reflects the average distribution of the bulk oxygen vacancies over the 

information depth of XPS (~5 nm). The XPS measurement was performed after each 

TPD cycle. The structural changes were determined from LEED diffraction patterns, 

which were obtained in a separate experiment, where the TPD cycles were simulated 

by low-temperature adsorption of water with subsequent flash to 700 K. LEED 

patterns were taken after each LT adsorption-flash cycle. H2O and H2 spectra of the 

first TPD cycle (black) are analogous to TPD spectra of c-Ce2O3(111)-(4×4) 

presented in Figure 2. The recombination of dissociatively adsorbed water results in 

dominant production of H2 with the maximum at ca. 530 K. After each TPD cycle 

the ceria reoxidizes proportionally to the produced H2 as shown in Figure 6c. The 

reoxidation of ceria is associated with the change of the surface structure—decrease 

of the number of surface and bulk oxygen vacancies, which affects the successive 

TPD cycle. In the second TPD cycle the production of H2 decreases and a small 

desorption peak of H2O with the maximum at ca. 540 K appears. In the successive 

TPD cycles the production of H2 diminishes and the desorption of H2O becomes 

dominant. The maximum of the desorption of H2O shifts to 590 K. Starting from the 

sixth TPD cycle (purple) almost no H2 but only H2O are produced. The changes of 

stoichiometry of ceria c-Ce2O3(111)-(4×4) associated with the water TPD cycles 

(Figure 6c) show that the production of H2 greatly diminishes in a region when the 

stoichiometry of ceria reaches approx. CeO1.7. LEED reveals the corresponding 

structural changes of ceria surface upon repeated water adsorption-flash cycles 

(Figure 6d), when the transition from surface (4×4) to (3×3) reconstruction is 

observed also around the critical stoichiometry of CeO1.7.  

The repeated TPD cycles of the water adsorption were also performed for 

ι-Ce7O12(111)-(√7×√7)R19.1° and CeO1.67(111)-(3×3). Recorded TPD spectra (not 

shown) are similar to the TPD spectra shown in Figure 2 and almost no changes are 

detected during the repeated TPD cycles. Similarly, the corresponding evolution of 

stoichiometry of ι-Ce7O12(111)-(√7×√7)R19.1° and CeO1.67(111)-(3×3) during 

repeated water TPD cycles, which is shown in Figure 6c, reveals only minor 

reoxidation of ceria in successive TPD cycles. Therefore the ι-Ce7O12(111)-

(√7×√7)R19.1° and CeO1.67(111)-(3×3) are considered to be stable against water 

induced reoxidation. The observed minor reoxidation can be connected to 

non-specific defect sites of reduced ceria surfaces.  
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(iv) The role of the ceria bulk oxygen vacancies in the interaction of ceria with water  

In order to the study the role of bulk of reduced ceria during the adsorption of 

water, the repeated TPD adsorption-desorption cycles of water were performed on c-

Ce2O3(111)-(4×4) with various thickness—2.4, 3.9, and 5.5 nm. Figure 7a shows the 

evolution of the total recombinative production of H2O and H2 in the successive TPD 

cycles determined from the integrated area of the observed desorption peaks. The 

change of the stoichiometry of c-Ce2O3(111)-(4×4) determined by XPS after each 

TPD cycle is displayed in Figure 7c. Because TPD spectra on both ι-Ce7O12(111)-

(√7×√7)R19.1° and CeO1.67(111)-(3×3) do not change significantly during the 

repeated adsorption-desorption cycles of water, the total recombinative production of 

H2O on both ι-Ce7O12(111)-(√7×√7)R19.1° and CeO1.67(111)-(3×3) is represented as 

single reference points in Figure 7a. The production of H2 on c- Ce2O3(111)-(4×4) 

decreases immediately after the first TPD cycle for both the 2.4 and 3.9 nm thick 

films whereas for 5.5 nm thick film the production of H2 starts to decrease after the 

fifth TPD cycle. The production of H2O on Ce2O3(111)-(4×4) with various 

thicknesses behave inversely to the production of H2. Onset of the production of 

Figure 7: The evolution of the total recombinative production of H2O and H2 (a) 

together with changes of the average stoichiometry (b) of c-Ce2O3(111)-(4×4) with 

various thickness obtained during the repeated adsorption-desorption cycles of 

water. 
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water is connected to the number of available bulk oxygen vacancies. The bigger is 

the volume of reduced ceria the later the onset of production of water occurs. The 

amount of produced H2 in the first TPD cycle increases with the thickness of the 

Ce2O3(111)-(4×4), the 3.9 and 5.5 nm thick films produce 29% and 71% more H2, 

respectively, than the 2.4 nm thick film. The surface structure of ceria cannot be 

responsible for the different H2 production because all the examined surfaces have 

the same structure (c-Ce2O3(111)-(4×4)). The different production of H2 points to an 

interplay of oxygen diffusion and bulk of c-Ce2O3(111)-(4×4) taking place 

immediately during the water adsorption. During the TPD cycle the oxygen may 

diffuse into the bulk of ceria and thus free the surface oxygen vacancy for 

decomposition of a further water molecule. The number of restored oxygen 

vacancies is proportional to the rate of oxygen diffusion which is connected to the 

concentration of available bulk oxygen vacancies in ceria. XPS measurements on 

Ce2O3(111)-(4×4) confirm that the production of H2 is associated with the 

reoxidation of ceria. Based on XPS measurements shown in Figure 7b, the critical 

stoichiometry of ceria associated with diminishing of hydrogen production channel is 

proposed to be approximately CeO1.7. Familiarly to the experiment (iii), the critical 

stoichiometry CeO1.7 represents a threshold between the fast and the slow reoxidation 

regime of ceria as it can be seen in Figure 7b. The fast regime proceeds during the 

first TPD cycles when significant amount of hydrogen is produced. The slow regime 

is connected to minor production of hydrogen, which can be associated with 

complete decomposition of water on non-specific surface defects. The rate of 

reoxidation expresses the total change of the average stoichiometry of ceria after one 

water adsorption-desorption TPD cycle. The slow regime corresponds to the 

reoxidation rates observed for ι-Ce7O12(111)-(√7×√7)R19.1° and CeO1.67(111)-(3×3) 

(Figure 6c).  

Discussion 

The ability to prepare the well-defined reduced ceria films with the 

controllable concentration and coordination of the surface oxygen vacancies allows 

us to address the fundamental aspects of the relation of the surface structure and the 

reactivity of reduced ceria towards water. The nature of the adsorption of water on 

ceria is structure sensitive. Our results generally support the results of the earlier 
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studies, H2O is observed to adsorb both associatively and dissociatively on the 

stoichiometric CeO2(111)
18,19

, the presence of the surface oxygen vacancies in ceria 

is found to stimulate the dissociation of H2O and to increase the thermal stability of 

the hydroxyl groups on ceria surface
14–19,23,24

. We are able to assign the channel of 

the reversible or the irreversible decomposition of water to the distinct surface 

structure of reduced ceria shown in Figure 1. The reversible decomposition of water 

dominates on both ι-Ce7O12(111)-(√7×√7)R19.1° and CeO1.67(111)-(3×3) while on 

Ce2O3(111)-(4×4) adsorbed water decomposes irreversibly and cause the reoxidation 

of ceria as shown on Figure 2 and Figure 6.  

In terms of the average stoichiometry of ceria determined from XPS, our 

results qualitatively fit to the earlier studies. Previously, the reversible decomposition 

of water on reduced ceria or no reoxidation of ceria upon the exposure to water were 

both reported on ceria films CeO1.84-1.93
15–17

 which are less reduced than 

CeO1.86(111)-(√7×√7)R19.1° and CeO1.78(111)-(3×3) (note that here we instead of 

the surface stoichiometry from structural models specify the average stoichiometry 

determined from XPS in the notations of reduced ceria films). The irreversible 

decomposition of water and the reoxidation of ceria was observed on ceria films 

CeO1.67(111)
18

 which are more reduced with respect to the average stoichiometry of 

CeO1.86(111)-(√7×√7)R19.1° and CeO1.78(111)-(3×3). The stoichiometry 

CeO1.67(111) approaches the region with x < 1.65 where our reduced ceria surfaces 

exhibit the characteristic (4×4) surface reconstruction as evidenced by LEED. 

However, both the reversible and the irreversible decomposition of water were also 

observed on CeO1.89(111) and weakly on CeO1.95(111)
19

 samples which were reduced 

by exposure to the atomic hydrogen. In terms of the average stoichiometry of ceria 

films the reported reactivity of the hydrogen reduced ceria films does not correspond 

to our results. The discrepancies can be caused by the fact that the average 

stoichiometry does not reflect the surface structure of studied films, but it is the 

average over the information depth of XPS (roughly 5 nm) and thus it is not suitable 

as the quantitative comparative parameter. The average stoichiometry of ceria 

obtained from XPS measurement is related to the gradient of concentration of 

oxygen vacancies in the bulk of ceria which generally depends on the total thickness 

of ceria film, the support material, the way of reduction of ceria, and the thermal 

treatment.  
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Additionally to discrimination of the nature of the adsorption of water on 

ceria, TPD spectra presented in Figure 2 bring qualitative information about the 

thermal stability of the adsorbed molecular water and the hydroxyl groups. Below 

300 K only the desorption peaks of water are visible in TPD spectra from all ceria 

surfaces, the desorption peaks of H2 represent falses signal coming from the splitting 

of water in QMS. The most prominent desorption peak of H2O corresponds to the 

adsorbed multilayer of water which desorbs around 160 K on all ceria surfaces; no 

systematic differences with respect to the stoichiometry of ceria are observed in 

terms of the uncertainty of TPD measurement. The shoulder of the desorption peak 

of multilayer of H2O at higher temperatures, which is attributable to the desorption of 

adsorbed monolayer of water on ceria, is evident in TPD spectra from CeO2(111), 

ι-Ce7O12(111)-(√7×√7)R19.1°, and CeO1.67(111)-(3×3). On CeO2(111) the 

monolayer of water desorbs between 170 and 200 K while the desorption state of 

molecular water on ι-Ce7O12(111)-(√7×√7)R19.1° and CeO1.67(111)-(3×3) exhibit 

a distinct maximum at ca. 180 K. According to the previous studies
18,19

, smaller 

thermal stability of the monolayer of water on reduced ceria is related to the absence 

of the possibility of creation of the additional hydrogen bonds to the surface oxygen 

as there are the oxygen vacancies on the surface of reduced ceria. No distinct 

desorption state of monolayer of water is observed in TPD from Ce2O3(111)-(4×4) 

indicating the complete dissociation of water bounded to the ceria surface or further 

lowering of the desorption temperature resulting in the overlap of the monolayer 

desorption peak with the desorption peak of multilayer of water.  

The further indication of the lowered adsorption energy of the molecular 

water on reduced ceria surfaces can be also derived from the O 1s core level SRPES 

spectra shown in Figure 3. The traces of the spectral component of molecular water 

(534 eV) are visible on O 1s spectra of CeO2(111) at 170 K, whereas on the reduced 

ceria films the molecular water is completely desorbed at 170 K. After the desorption 

of the molecular water, hydroxyl groups remain on the surface of ceria as evidenced 

from the presence of OH component in the O 1s spectra at 532 eV. Although no 

distinct desorption state resulting from the recombination of hydroxyls on CeO2(111) 

is observed in TPD spectra because of the high background from the desorption of 

multilayer of H2O, the SRPES reveals in agreement with the previous studies
18,19

 that 

the hydroxyl groups desorb from CeO2(111) mainly between 200 and 300 K. The 

small fraction of the hydroxyl groups remaining on the surface above 300 K can be 
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associated with the dissociative adsorption of water on the defective sites which are 

present on the surface of stoichiometric CeO2(111)
37

.  

Both SRPES and TPD measurements on specific types of reduced CeOx(111) 

films reveal lower thermal stability of the hydroxyl groups on Ce2O3(111)-(4×4) than 

on less reduced ι-Ce7O12(111)-(√7×√7)R19.1° and CeO1.67(111)-(3×3). The driving 

force for the higher desorption temperature of the recombinative water channel from 

reduced ceria can be associated with the reducibility of ceria—the readiness of ceria 

surface to give up oxygen, here, particularly in the form of hydroxyl recombining 

with hydrogen to produce water. The irreversible decomposition of water on 

Ce2O3(111)-(4×4) results in the production of H2 and the reoxidation of ceria. The 

successive heating during TPD enables the oxygen from the dissociatively adsorbed 

water to diffuse into the bulk of Ce2O3(111)-(4×4). On CeO2(111) film the onset of 

diffusion of oxygen was reported around 550 K
42

. The diffusion of oxygen proceeds 

with the respect to the equilibrium distribution of oxygen vacancies which are found 

to prefer the accommodation on a surface in agreement with the previous studies
43,44

. 

After the first TPD cycle the surface oxygen vacancies keep (4×4) reconstruction as 

controlled by LEED (Figure 6d). The additional adsorption-desorption cycles of 

water on the surface of reduced ceria exhibiting the (4×4) reconstruction results in 

further reoxidation of ceria and the production of H2. As the reoxidation of ceria is 

proceeding the recombinative production of water appears and later it becomes 

dominant. The critical average stoichiometry of ceria, associated with the almost 

complete attenuation of H2 production, approximately corresponds to CeO1.7. Before 

reaching the critical stoichiometry the ceria surface undergoes a structural change. 

The (4×4) surface reconstruction transforms to a combination of (√7×√7)R19.1° and 

(3×3) surface reconstructions as determined by the LEED. The (4×4) surface 

reconstruction of ceria is identified as the active surface structure responsible for 

irreversible decomposition of water. 

The investigation of the interaction of water with c-Ce2O3(111)-(4×4) films 

with various thickness reveals that the bulk of reduced ceria plays the role of oxygen 

sink and that the oxygen diffusion represents the key mediator between the surface 

and the bulk of ceria. The total number of produced H2 from as prepared c-

Ce2O3(111)-(4×4) increase with its increasing thickness (Figure 7). This can be 

explained by a facile oxygen diffusion taking place during the water TPD cycle on 

ceria. Oxygen diffusion enables the restoration of active surface sites, which can 

77



Dvořák et al., manuscript for submission in JPCC                                                     20 

decompose additional water molecule and increase the total number of the produced 

hydrogen. The onset of oxygen diffusion in CeO2 was reported around 550 K
42

. At 

this temperature no molecular water is present on ceria surface and the described 

reaction mechanism is not possible. However, the reduced ceria exhibit gradient of 

concentration of oxygen ions, which represent additional driving force for oxygen 

diffusion. Additionally, the exothermicity of the dissociation of water on defective 

ceria can release some local heat, which may also enhance the diffusion of oxygen 

from the surface into subsurface layers of ceria. The fact that the molecular water is 

present on the CeOx(111) approximately up to 300 K together with our result 

pointing to the crucial role of oxygen diffusion during the water TPD serve as 

indirect evidence of enhanced oxygen diffusion on reduced ceria surface which takes 

place below 300 K. The total number of produced hydrogen is limited either by the 

number of the surface active sites or by the number of the available oxygen 

vacancies in bulk of reduced ceria whatever be smaller.   

Conclusion    

We performed the study of the interaction of water with well-defined ceria 

films—CeO2(111)-(1×1), ι-Ce7O12(111)-(√7×√7)R19.1°, CeO1.67(111)-(3×3), and 

c-Ce2O3(111)-(4×4). The adsorption of water is structure sensitive. The presence of 

oxygen vacancies stimulates the dissociation of water. The water dissociation 

proceeds through two alternative channels—the reversible and the irreversible 

dissociation—depending on the ordering of surface oxygen vacancies. The channel 

of reversible dissociation prevails on ι-Ce7O12(111)-(√7×√7)R19.1° and 

CeO1.67(111)-(3×3), while the irreversible dissociation of water is dominant on 

c-Ce2O3(111)-(4×4). The irreversible decomposition of water on c-Ce2O3(111)-(4×4) 

leads to production of hydrogen and reoxidation of ceria. The ordered surface oxygen 

vacancies of ceria associated with the surface (4×4) reconstruction represent the 

active centers for complete decomposition of water. The bulk of c-Ce2O3(111)-(4×4) 

plays the role of the sink of oxygen ions. The enhanced diffusion of oxygen with the 

onset below 300 K is evidenced in c-Ce2O3(111)-(4×4). The facile oxygen diffusion 

is the important mediator allowing the interplay between the bulk and the surface of 

reduced ceria—storing the oxygen in bulk of ceria and restoring the surface active 

centers. The production of hydrogen from the irreversibly decomposed water on 
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c-Ce2O3(111)-(4×4) is limited by both the number of surface active centers and the 

number of available bulk oxygen vacancies. The successive reoxidation of 

c-Ce2O3(111)-(4×4) in the repeated cycles of water adsorption-desorption leads to 

the suppression of the irreversible channel of water decomposition and to the onset of 

the reversible channel of water decomposition. The critical average stoichiometry of 

ceria associated with the diminishing of the irreversible dissociation of water 

corresponds approximately to CeO1.7.  

The present study shows the first example of model catalytic study of ceria 

surface with the tailored concentration and coordination of oxygen vacancies. This 

example demonstrates the potential of the well-defined reduced ceria films to serve 

as adjustable model systems for the investigation of fundamental aspects of the 

relationship between the structure and the reactivity of ceria-based catalysts.  
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3.4 In-situ imaging of Cu2O under reducing conditions 

Catalysts work in a dynamic regime, when changes of geometric structure, 

composition, oxidation state, and phase of the catalyst often occur. Certain surface 

species or catalyst phases, which can play a crucial role in the reactivity of catalyst, 

are only stable in the presence of reactants. Therefore the in-situ studies of properties 

of catalysts under NAP are of great interest [26, 33]. 

We present a fundamental study on in-situ observation of reduction of thin 

film of Cu2O(111) on Cu(111) in near ambient atmosphere of CO. Cu2O(111) is 

prepared by oxidation of Cu(111) single crystal [80, 85]. The study is performed by 

advanced microscopic and spectroscopic techniques of surface science allowing the 

measurement under NAP. In the frame of this thesis, the applicable results originate 

from NAP-STM experiments. The process of reduction of Cu2O(111) is monitored at 

the nanometer scale. The reduction initiates at defects of Cu2O(111) located at 

terraces and step edges. The reduction propagates through the formation of 

intermediate oxide phases—the “hex” and “5-7” Cu2O [73]—followed by the 

transformation to metallic Cu(111). The particular transition phases are separated 

from each other by distinguishable boundaries. The break-up of Cu2O is 

accompanied by the massive mass transfer. The Cu atoms, released from Cu2O, 

readily diffuse across the surface in the presence of CO, attach to the existing steps 

or nucleate new Cu islands on the terrace, and forms metallic fronts expanding over 

the surface. Direct observation of structural changes during surface reaction allows 

the examination of kinetics of the reduction of Cu2O. The transformation of Cu2O to 

hex/5-7 Cu2O is slow, but after the hex/5-7 Cu2O is formed, the reduction proceeds 

quickly.   

The performed experiments represent the first microscopically resolved oxide 

surface imaged under NAP reaction conditions. The exceptional high resolution 

allows the observation of the dynamic behavior of surface active sites during the 

reaction. The obtained results illustrate the dynamic nature of catalytic surfaces in the 

presence of reactants and demonstrate the relevance of NAP experimental techniques 

in the investigation of catalytic processes and related structural effects taking place 

during the chemical reactions, which are otherwise out of reach of standard 

experimental UHV techniques of surface science.       
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ABSTRACT: Active catalytic sites have traditionally been
analyzed based on static representations of surface
structures and characterization of materials before or
after reactions. We show here by a combination of in situ
microscopy and spectroscopy techniques that, in the
presence of reactants, an oxide catalyst’s chemical state and
morphology are dynamically modified. The reduction of
Cu2O films is studied under ambient pressures (AP) of
CO. The use of complementary techniques allows us to
identify intermediate surface oxide phases and determine
how reaction fronts propagate across the surface by
massive mass transfer of Cu atoms released during the
reduction of the oxide phase in the presence of CO. High
resolution in situ imaging by AP scanning tunneling
microscopy (AP-STM) shows that the reduction of the
oxide films is initiated at defects both on step edges and
the center of oxide terraces.

Cu-based catalysts are used industrially for CO conversion
reactions such as CO oxidation,1,2 methanol synthesis,3

and the water-gas shift.4 CO oxidation is a prototypical reaction
for heterogeneous catalysis,5,6 and for CuOx catalysts the rate of
this reaction depends on the oxidation state of the substrate.7

Model catalytic systems used to understand processes at the
atomic level include supported Cu metal nanoparticles,8−10

inverse catalysts (MOx/Cu(111)
11,12), and mixed oxides MOx/

Cu2O.
13 Cu(111) oxidizes at 300 K,14−16 forms a well-ordered

Cu2O(111) film at elevated temperatures17−20 and can be further
oxidized in the presence of a second oxide.13 It has been
proposed that CO reduces oxides via the Mars-van Krevelen
mechanism and produces CO2 using oxygen from the sur-
face.21,22 Certain surface species and catalyst phases are only
stable in the presence of reactants, indicating a need for AP in situ
characterization.23,24 AP techniques have shown metals
restructuring and alloys segregating under reactive gases, as
well as catalyst oxidation state and chemical composition
changes.23,25−28 AP-STM images show an increase of the
mobility of edge and kink atoms on metallic steps28 and the
lifting of the Pt(100)-hex reconstruction under CO,29 as well as

active oxygen species during ethylene epoxidation on Ag(111).30

Atomic resolution of adsorbates has been demonstrated during
reactions under vacuum conditions (10−8 mbar)5 and via AP-
STM,31,32 but high resolution imaging of substrates under AP
conditions has resulted in being more challenging.
Cu2O/Cu(111) can be fully reduced with CO under UHV

conditions at ∼800 K.33 UHV-STM images taken as snapshots
by quenching the reaction showed a transition from a long-range
ordered oxide layer to a ring (glass-like) structure comprised of
hexagons (hex), and pentagons and heptagons (5−7 structure)
before fully reducing to the metallic Cu surface.20,34 UHV-STM
snapshots cannot however provide information about the origin
and dynamic mechanism of the reduction. Here, we show in situ
results from the CO reduction of a Cu2O/Cu(111) model
system with low energy electron microscopy (LEEM), ambient
pressure scanning tunneling microscopy (AP-STM), AP infrared
reflection absorption spectroscopy (IRRAS), and AP X-ray
photoelectron spectroscopy (XPS). We report STM images
showing highly resolved morphological, and therefore oxidation
state, changes that occur during the reaction and identify the
formation of a metallic phase front due to Cumass transfer as the
oxide film is reduced under ambient pressures of CO. The data
presented contains the first resolved oxide surface imaged under
AP reaction conditions, allowing us to monitor the reduction of
the substrate in situ.
Long-range ordered Cu2O(111)-like thin films grown on

Cu(111) appear as rows.17−20 Figure S.1A (see Supporting
Information) shows a clean Cu(111) surface with large
atomically flat terraces, with an atomic spacing of 0.256 nm,
and a Cu2O(111) film grown on Cu(111) (Figure S.1B), with a
compressed hexagonal (row) structure having a 0.6 nm
spacing.17,20,34 Using LEEM, the reduction of the Cu2O(111)
film was monitored on a microscopic scale during CO exposure
at 2× 10−6 Torr and 575 K. Figure 1 shows a series of in situ, high
temperature LEEM images progressing from the oxidized Cu2O/
Cu(111) to metallic Cu(111) recorded at 4 eV (see Movie 1 in
Supporting Information). The inset in Figure 1A shows the μ-
LEED pattern for Cu2O/Cu(111) at 44 eV with its characteristic
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double spots. During the CO exposure, the step edges (lines seen
in Figure 1A) become darker as the reduction begins in high step
density regions where terraces are narrow, and the metallic phase
grows from the steps (Figure 1B through 1D). Figure 1E and 1F
show that after CO has consumed the oxide in highly stepped
areas, a front propagates across the surface in the center. After the
reduction, μ-LEED (Figure 1F inset) shows a 1 × 1 diffraction
pattern for metallic Cu(111). This microscopic view shows that
metallic reaction fronts move across the surface as the oxide is
reduced under vacuum conditions at elevated temperatures.
LEEM and μ-LEED highlight the dynamic global behavior,

and STM can be used to show local changes in structure at the
nanoscale. Figure 2 shows consecutive in situ AP-STM images of
the reduction of Cu2O/Cu(111) under 10mTorr CO at 300 K in
a region with two step edges (see Movie 2 in Supporting
Information). Control experiments show no changes in the
Cu(111) surface under similar conditions. CO molecules
adsorbed to the STM tip help to enhance its sharpness.35,36

The reduction from the Cu2O oxide rows to the hex/5−7 ring
oxide, and then to metallic Cu is observed in the consecutive
STM images in Figure 2, beginning with a fully oxidized surface
in Figure 2A. After CO exposure for 281 s (Figure 2B), an area of
metallic Cu is seen growing from the upper step edge. Metallic
Cu areas are separated from the oxide row structures by bands of
hex/5−7 rings. As CO consumes the oxygen from the oxide, loss
of the long-range order is observed on the terraces of the
Cu2O(111) film (Figure 2C−G). The two step edges continually
grow during the reduction, showing mass transfer of Cu atoms to
the step edges during the reduction, resulting in a phase
separation between the oxide and the metal. We propose that as
Cu2O is consumed by CO, the Cu atoms released from the oxide
are highly mobile at 300 K in the presence of CO and rapidly
diffuse, forming metallic Cu terraces.
The sintering of small metallic particles supported on metal

substrates or oxide films has been shown previously by the mass
transfer of atoms bonded to CO,37−39 but metal/oxide phase
separations as shown here have not been reported. The coverage
of the three observed phases are plotted in Figure 2H, showing
that the appearance of the intermediate ring structure precedes
the metallic areas. The transition from the rows to the rings is

slow, but after the ring structure appears, it quickly reduces to
metallic Cu.
Consecutive AP-STM images are seen in Figure 3 (larger

images in Figure S.5) on a Cu2O/Cu(111) terrace during its
reduction under 45 mTorr CO. The long-range order in Figure
3A is lost as the reduction progresses. A new intermediate
structure was observed during the reduction of the Cu2O(111)
film, appearing as an ordered arrangement of bright protrusions
in Figure 3C (see Figure S.2C in Supporting Information for the

Figure 1. LEEM images recorded during the CO reduction of Cu2O/
Cu(111) at 575 K. (A) t = 454 s, inset shows a μ-LEED pattern of the
Cu2O(111) film; (B) t = 638 s; (C) t = 678 s; (D) t = 803 s; (E) t = 1013
s; (F) t = 1508 s, μ-LEED inset shows the hexagonal packing of metallic
Cu.

Figure 2. STM snapshots (see Movie 2) during the reduction of a Cu2O
film under 10 mTorr CO at 300 K after 46, 281, 374, 490, 603, 715, and
828 s (A−G); scale bar = 5 nm. (H) Phases coverages are plotted as a
function of CO exposure. The color in the images corresponds to
apparent height; scanning: 1.1 V, 0.83 nA.

Figure 3. AP-STM images of the CO reduction (45 mTorr) of Cu2O/
Cu(111) at 300 K (green circle serves as landmark). (A) The
Cu2O(111)-“44” film has a compressed hexagonal O−Cu−O lattice.
Schematic: O atoms are black, Cu atoms and chemisorbed O inside the
hexagons are not shown. (B) The film buckles (bright protrusions) as it
is reduced. (C) An arrangement of protrusions appears at the vertices of
the hexagonal rings. The black square shows a ring oxide structure, and
the arrow indicates the appearance of a Cu island. Scanning: 0.9 V, 0.78
nA, scale bar = 2 nm.
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corresponding large scale image). The arrangement could be
related to either (1) the adsorption of CO or (2) structural
rearrangements of the Cu2O(111) film during its transformation
to the ring structure. The reported height of CO on Cu(100) is
0.3 Å,40 similar to the protrusions seen in Figure 3C. However,
the residence time of the adsorbed CO on the Cu2O(111)-“44”
film at 300 K is expected to be short, and therefore highly unlikely
to be imaged. Additionally, CO adsorbed on the hexagonal film
would likely adopt a hexagonal packing rather than square. We
therefore assign the ordered arrangement to changes in the
structure of the Cu2O(111) film.
A square in Figure 3 shows a small area with hexagonal rings

for comparison. The bright protrusions appeared in areas with
rows, rather than on areas that had already converted to rings. A
network of compressed Cu2O hexagons (black circles are O
atoms, Cu atoms are not shown), corresponding to the
Cu2O(111)-“44” film is superimposed on top of the three
images to monitor the structural changes. Figure 3B and C show
that the small bright protrusions in the ordered arrangement
correspond with vertices of the Cu2O hexagons. As CO begins to
reduce the oxide at defects in the middle of a terrace, an apparent
buckling of the oxide film away from the surface propagates, as
the compressed hexagonal structure relaxes. The bright
protrusions only appeared on the terrace oxide during reduction,
and not at the step edges, which is buckling likely due to the
constraint of the surrounding compressed hexagonal oxide. The
appearance of small Cu islands is due to the mass transfer of Cu
atoms released from the oxide during the reduction, as indicated
by the arrow in Figure 3C (see also Figures S.2 and S.3). A large
scale image of Figure 3 (see Figure S.2) and Figure 2 show that
the released Cu is preferentially transferred to metallic fronts
growing from step edges, in agreement with the LEEM data
shown in Figure 1, but the nucleation and growth of Cu islands is
also possible at defects far from steps.
IRRAS experiments show that CO adsorbed on Cu2O/

Cu(111) under UHV conditions at 120 K presents a peak at
∼2097 cm−1.41 Similar to the adsorption of CO on Cu(111),41

CO adsorbs weakly on Cu2O/Cu(111) and desorbs molecularly
at ∼180 K, slightly higher than the ∼160 K desorption
temperature for CO on Cu(111).41 Figure 4A shows the AP-
IRRA spectra obtained by exposing Cu2O/Cu(111) to CO; at
4.8 mTorr a weak IR peak appears at 2094 cm−1, in addition to
CO gas phase features (centered∼2143 cm−1). The peak at 2094
cm−1 is assigned to CO adsorbed on the Cu2O(111) film.

41 The
intensity of the IR peak at 2094 cm−1 increases as the CO
pressure is increased to 10mTorr. The pressure was then held for
10 min, and a series of IR spectra were collected. At 10 mTorr of
CO, the intensity of the peak at 2094 cm−1 from adsorbed CO on
the well-ordered oxide decreases with time until it disappears,
corresponding to the reduction of the Cu2O(111) film. A very
weak feature at ∼2105 cm−1 is due to CO adsorbed on the hex/
5−7 structure.41 The weaker adsorption of CO on Cu(111)
prevents its observation at 10 mTorr. After increasing the CO
pressure to 80 and 266mTorr only the peaks for adsorbed COon
Cu(111) at 2070 cm−1 and gas phase CO remain (bottom in
Figure 4A). AP-IRRAS experiments confirm that CO adsorbs on
the Cu2O(111) film and reduces it at 300 K under 10 mTorr.
Figure 4B shows O 1s spectra (photon energy = 750 eV) from

AP-XPS as a function of time during the exposure of the Cu2O/
Cu(111) film to 10 mTorr CO at 300 K. The peak at ∼530 eV,
related to the oxide, decreases over time as CO reduces the
Cu2O. At time t = 0 s the sample is exposed to CO. No features
were observed in the C 1s and O 1s regions related to the

formation of carbonaceous surface species such as carbonates,
confirming that the only surface species during the reduction of
Cu2O is CO, as shown by IRRAS. The fast stage of the reduction
process, seen in the AP-STM images as the metallic front
propagates (5−7/hex to metallic), can be related to the AP-XPS
spectra by:

= = =tA B 1, 0 s[XPS (O 1s)] [STM(row oxide)]

= + >tA B 0.67C , 0 s[XPS (O 1s)] [STM(row oxide)] [STM(ring oxide)]

+ + =B C D 1[STM(row oxide)] [STM(ring oxide)] (STM(metallic Cu))

Before the reduction (t = 0 s), the O coverage is saturated and
therefore the AP-XPS and AP-STM areas can be normalized to 1.
After the reaction starts (t > 0 s) the Cu2O(111) film converts to
the ring oxide, eliminating O from the center of the compressed
hexagons. The lower O coverage is accounted for by a
normalization factor of 0.67 for the ring oxide structure. Upon
comparing the slope of the disappearance of oxide structures as a
function of time for AP-XPS and AP-STMmeasurements during
the fast reaction regime, under 10 mTorr of CO and 300 K, we
find a rate of disappearance of oxygen of (2.1 ± 0.1) × 10−3 s−1

for our AP-XPS results and (1.8± 0.1)× 10−3 s−1 from AP-STM.
The reduction of a Cu2O/Cu(111) film by CO was studied in

situ. LEEM imaging shows the propagation of metallic fronts as

Figure 4. (A) IRRA spectra obtained during the exposure of Cu2O/
Cu(111) to CO. The pressure was held at 10 mTorr for 10 min and a
series of IR spectra were collected, showing the reduction of the
Cu2O(111) film. (B) AP-XPS O1s spectra during the 10 mTorr CO
reduction of a Cu2O(111) film at 300 K.
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the reduction progresses. AP-XPS and AP-IRRAS show that the
reduction of Cu2O proceeds in the presence of only adsorbed
CO molecules. Using AP-STM, the reaction was monitored at
the nanoscale, observing the structural transformation from the
Cu2O(111) film to glass-like hex/5−7 ring structures, to metallic
Cu. The hex/5−7 intermediate propagated across the surface as a
front and precursor to the metallic phase. In situ measurements
show that the reduction begins at defects in the Cu2O(111) film
terraces and step edges. At terrace defects, the oxide buckles
during reduction, appearing as bright protrusions before
converting into the ring structure. Most of the Cu atoms
released by reduction of Cu2O in the presence of CO undergo
mass transfer to step edges, causing a massive reconstruction and
phase separation between the oxide and metal. The AP in situ
experiments presented here show the dynamic nature of catalytic
surfaces, including oxidation state changes and morphological
restructuring. Unprecedented highly resolved images under
ambient pressures allow us a unique look into the dynamic nature
of active sites generated in the presence of the reactants. This
visualization challenges the traditional static view of catalysts and
will help to promote the generation of a new framework for the
interpretation of catalysis at the molecular level.
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Supporting Information: 

In Situ Imaging of Cu2O under Reducing Conditions: 

Formation of Metallic Fronts by Mass Transfer 

Ashleigh E. Baber†, Fang Xu†‡, Filip Dvorak§, Kumudu Mudiyanselage†, Markus Soldemo¥, 

Jonas Weissenrieder¥, Sanjaya D. Senanayake†, Jerzy T. Sadowski∞, José A. Rodriguez†, 

Vladimír Matolín§, Michael G. White†‡, Darío J. Stacchiola*† 

 

 Clean (A) and oxidized (B) Cu2O/Cu(111) are shown in Figure S.1. The atomic spacing 

(0.256 nm) of Cu(111) is used for calibration. To oxidize the surface, Cu(111) is exposed to 

5x10-7 mTorr O2 at elevated temperatures (550 – 650 K) for 30 min, resulting in a Cu2O/Cu(111) 

film. This film is made of compressed Cu2O hexagons which appear as oxide rows. 

 

Figure S.1 UHV-STM images before and after oxidation of Cu(111): A) clean Cu(111) 

(scanning conditions: -0.6 V, 0.7 nA), (inset: atomic resolution, scanning: 0.76 V, 1.0 nA, scale 

bar = 1nm) and B) Cu2O(111) film on Cu(111) (scanning conditions: -0.5 V, 1.0 nA) (inset: 

highly resolved rows, scanning conditions: -1.1 V, 0.25 nA, scale bar = 3 nm). Scale bar = 5 nm. 
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A Cu2O(111) film with a single step edge is seen in Figure S.2A (see Movie 2). In Figure 

S.2A (tCO exposure = 92 s), defects in the Cu2O(111) film are indicated on the lower terrace by a 

white oval. As CO consumes the oxygen from the oxide, loss of the long range ordered rows is 

observed on the terraces of the Cu2O(111) film (Figure S.2B). Bright protrusions are observed at 

the boundaries between the Cu2O(111) row and ring structures. The reduction begins at defects 

in the film and a square arrangement of bright protrusions is seen during this transition, as seen 

in Figure S.2C and Figure 3 in the main text. In Figure S.2C (t = 368 s) the oxide has almost 

fully converted to the ring structure on the upper terrace, and a small metallic patch is seen 

growing from the modified step edge. As the Cu2O is consumed, the released Cu atoms are 

highly mobile at 300 K in the presence of CO and rapidly diffuse, forming metallic Cu terraces. 

 

Figure S.2. Consecutive in situ STM snapshots during the reduction of Cu2O/Cu(111) under 45 

mTorr CO. 92, 184, 276, 368 and 460 s (A-E) The coverages of the different phases are plotted 

as a function of time. Scanning: 0.9 V, 0.78 nA. 
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The hex/5-7 ring oxide structures are observed between the Cu2O(111) film and metallic 

Cu regions. On the upper terrace in Figure S.2C, at the boundary between metallic Cu and oxide 

rings, several broken oxide rings appear, which were not observed during UHV post mortem 

experiments, corresponding to the transition from the hex/5-7 structure to metallic Cu. Another 

intermediate structure is observed on the lower terrace in Figure S.2C, consisting of an ordered 

square arrangement of bright protrusions, which is discussed in detail in the main text (Figure 3). 

After the Cu2O(111) film has been converted to the ring oxide, the reduction to metallic Cu 

occurs rapidly (upper terrace Figure S.2D). Small Cu islands can nucleate on terraces (Fig. S.2D 

and S.3). The shape of the step edge has reorganized during the growth of the metallic region. 

Figure S.2E shows the continued growth of the upper step edge as the reduction proceeds to a 

completely metallic surface. The coverage of the different phases is plotted in Figure S.2F as the 

reduction progresses. Figure S.3 shows line scans before (from Figure S.2A) and after (from 

Figure S.2D) reduction. In Figure S.2D, a small Cu island has nucleated on the lower terrace, 

appearing red in the image, and having an apparent height matching that of the step, as shown by 

the line scan. 

 

Figure S.3. Line scans corresponding to before (Figures S.2A) and after (S.2D) the reduction.  
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Figure S.4 shows a large scale area of the Cu2O/Cu(111) surface during the CO reduction at 

300 K under 10 mTorr CO (see also Movie 3). The fully oxidized surface exhibits three terraces 

(Figure S.4A). In Figure S.4B the variation between Cu2O rows and the onset of the metallic 

phase appearing at the restructured step edge can be observed. A metallic front grows at the step 

edges due to the mass transfer of the remaining Cu atoms as the oxide is consumed. 

 

Figure S.4. Consecutive large-scale STM snapshots from a movie (Movie 3) showing the 

reduction of Cu2O on Cu(111) under 10 mTorr CO 300 K. 0, 1094, 1191, 1287, 1384, 1517, 

1673, 1770, 1866, 1963, 2059 and 2155 s (A-L); scale bar = 20 nm. Scanning: 1.3 V, 0.54 nA. 

The nucleation of a Cu island on the middle terrace is detected in Figure S.4D, and this 

continues to grow throughout the remainder of the reduction. The Cu island size continually 
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increases from Figure S.4D to 4L. A darker ring can be observed around the perimeter of the Cu 

island in Figure S.4E, related to the reduction of the oxide phase. The metallic phase continues 

growing primarily from step edges and due to the mass transfer of metallic Cu from the 

disappearing oxide film. 

 

 

Figure S.5. Larger image of STM presented in Figure 3 in the main text. 
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Experimental Methods 

 STM experiments were performed using a SPECS™ Aarhus HT-NAP STM, which 

contains an AP cell housed in a UHV chamber. Images were acquired at rates between 90 and 

150 s (scan parameters 0.8 nA and 1.0 V), and were recorded throughout the reaction without 

loss of resolution, i.e. under UHV conditions, during the filling of the cell with reactants, under 

reaction conditions and during the cell evacuation. IRRAS experiments were performed in a 

combined UHV surface analysis chamber and elevated-pressure reactor/IRRAS cell system.1 All 

of the IR spectra were referenced to a background spectrum acquired from Cu2O/Cu(111) prior 

to CO adsorption.  AP-XPS experiments were conducted at the MAX II storage ring at Lund 

University in Sweden. Experiments were performed at beamline I511-12 with a SPECS™ high 

pressure XPS system with a PHOIBOS 150 AP analyzer.3 A sealed AP cell was docked to the 

analyzer during experiments and three stages of differential pumping allowed the pressure in the 

analyzer to remain under UHV. LEEM and µ-LEED (spot size of 2 µm) were conducted at 

beamline U5UA at the National Synchrotron Light Source at Brookhaven National Lab. 
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4 Summary 

The present work was focused on the study of catalysis-related properties of 

two model catalysts—the CeOx(111) (1.5 ≤ x ≤ 2.0) and the Cu2O(111) both 

supported by the Cu(111) single crystal substrate. The investigation performed on 

CeOx(111) was focused on the relation between the surface structure and the surface 

reactivity of ceria. We prepared the epitaxial and continuous CeOx(111) thin films 

with the tunable concentration and the characteristic type of prevailing surface 

defects—the steps, or the oxygen vacancies—and studied the role of the surface 

defects of ceria in the interaction of water with ceria. The study conducted on 

Cu2O(111) was focused on the in-situ characterization of the process of reduction of 

Cu2O(111) under NAP of CO. In direct microscopic measurements, we observed the 

active initiation centers, the transitional phases, and the kinetics of the reduction 

reaction of Cu2O(111).   

The study of growth of CeO2(111) films on the Cu(111) single crystal showed 

that the ceria adopts the three-dimensional growth mode and the resulting 

morphology of ceria can be changed from the discontinuous films to the continuous 

films with the adjustable density of atomic steps on the ceria surface by varying the 

temperature of substrate during the growth. The degree of reduction of the ceria 

surface was found to be proportional to the density of steps suggesting the 

localization of reactive Ce
3+

 ions on the step edges. CeO2(111) films were thermally 

stable up to the maximal temperature of the substrate used during the growth.     

By means of the high temperature interfacial reaction between the metallic Ce 

deposit and the CeO2(111) buffer layer we prepared reduced CeOx(111) films, which 

exhibited the specific concentration and coordination of the surface oxygen 

vacancies together with the considerably high level of bulk reduction. Set of four 

distinct phases of ceria films with characteristic structure and stoichiometry was 

obtained: CeO2(111)-(1×1), ι-Ce7O12(111)-(√7×√7)R19.1°, CeO1.67(111)-(3×3), and 

c-Ce2O3(111)-(4×4). The characteristic surface reconstructions correspond to the 

specific ordering of surface oxygen vacancies. The tuned ceria phases maintain the 

fluorite-like structure with equilibrated distribution of oxygen vacancies, which tend 

to accumulate in the near surface region of ceria.  
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The study of the role of surface defects of ceria in the interaction of water 

with well-defined ceria films indicated that the process of water dissociation is 

greatly influenced by both the coordination and concentration of surface and bulk 

oxygen vacancies of ceria, while the atomic steps on ceria play only a minor role. 

The presence of surface oxygen vacancies of ceria stimulates the dissociation of 

water and increases the thermal stability of hydroxyls on the surface. Water favors 

the reversible dissociation channel on both the ι-Ce7O12(111)-(√7×√7)R19.1° and 

CeO1.67(111)-(3×3), whereas the irreversible dissociation channel of water is 

preferred on c-Ce2O3(111)-(4×4). The repeated water adsorption-desorption cycles 

on ceria with (4×4) surface reconstruction lead to gradual reoxidation of ceria. The 

oxygen ions originating from the irreversibly decomposed water prefer to fill the 

bulk oxygen vacancies near the ceria-copper interface. After the surface of ceria 

undergoes the structural change from (4×4) reconstruction to the combination of 

(3×3) and (√7×√7)R19.1° reconstructions, the irreversible channel of dissociation of 

water diminishes and the reversible water dissociation becomes dominant. The 

surface (4×4) reconstruction represents the configuration of surface oxygen 

vacancies active towards complete dissociation of water. The bulk of reduced ceria 

plays the role of sink of oxygen ions. The role of the mediator between the active 

surface and bulk sink is played by the facile diffusion of oxygen in ceria, which 

allows the redistribution of oxygen and the restoration of surface reactive sites.           

 The in-situ imaging of the reduction of Cu2O under NAP of CO showed that 

the reduction process initiates at the defects of Cu2O located on the steps and the 

center of oxide terraces. The reduction of Cu2O to Cu(111) proceeds through the 

transitional 5-7 or hex oxide phases. The process of formation of intermediate 5-7 or 

hex Cu2O oxide phases is about order of magnitude slower than the following 

transformation to metal. Decomposition of Cu2O is accompanied by massive mass 

transfer. The released Cu atoms readily diffuse over the surface in the presence of 

CO, attach to the existing steps or nucleate on the centre of terrace, and form metallic 

fronts expanding over the surface.    

The study of the interaction of water with reduced ceria surfaces and the in-

situ imaging of reduction of Cu2O under NAP of CO represent advanced model 

studies due to the high definition of model surfaces and the imaging directly in NAP, 

respectively. The presented results answered important open questions, such as the 

structure of ordered reduced ceria films, the key structural preconditions leading to 

96



 

irreversible decomposition of water on model CeOx(111), and the molecular-level 

understanding of the fundamental processes accompanying the reduction of 

Cu2O(111) under NAP of CO. The publications introduced in this thesis were 

recognized on the international level by the scientific community in the 

heterogeneous catalysis and gathered 20 citations.            
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