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1. Introduction 

1.1. Heterogeneous catalysis 

Chemical industry is essential in modern world economics.  It allows conversion of raw 

materials into various products. The development of science and technology increased the role of 

chemistry. The limited amount of natural resources, especially precious metals, motivates further 

research in the field of chemistry aiming to substitute these limited resources with more common 

materials. 

The purpose of every chemical process is the conversion of rather cheap raw materials into 

more valuable products. In almost 80% of cases catalysts are used [1]. Catalyst is a material that 

effectively decreases the activation barrier of a chemical reaction hence causing it to run more 

rapidly. The three major properties of catalysts are their activity in the reaction, selectivity towards 

the reactants and stability at reactive conditions. Considering their physical state towards the 

reactants, catalysts are divided into homogeneous (those in the same physical state as the reactants) 

and heterogeneous (those in a different physical state compared to the reactants). We will focus our 

attention on heterogeneous catalysts.  

In order to make the chemical reaction run smoothly one has to optimize the reacting system, 

process, and the catalyst. The main characteristics of a catalyst are its activity and selectivity. 

Technical heterogeneous catalysts, however, have to fulfill additional criteria [1]:  

1. They are applied in large-scale technical reactors with reactor volumes from 1 up to 

several 100 m
3
. This has consequences for the mass and heat transfer and the mechanical 

properties of the catalyst. It also requires a reasonable lifetime of the catalyst, including 

the rather trivial but nonetheless sometimes difficult demand to survive the chemical 

conditions, for example hot and strongly acidic liquid phases in the reactor. 

2. The catalyst itself has to be manufactured in large scale equipment, that is, there has to 

be a reliable production process of solids for the catalyst, with all the challenges that are 

involved when it comes to the process technology of solids. The challenge is especially 

high when special catalysts are involved; these are only produced in small volumes and 

sometimes, due to long catalyst lifetime, with time elapsing between catalyst production 

campaigns. 

3. Beyond that, however, there is also for technical catalysts the goal to improve the 

understanding of the elementary steps of the catalyzed reaction at the catalyst surface. In 

doing so, further improvements of the catalyst itself, and probably even more importantly, 
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the combined system of the catalyst and the catalytic process can be expected. A close 

co-operation between academia and industry has proven to be extremely fruitful for this 

task. 

In order to develop more efficient catalysts, it is essential to understand the processes which 

occur during the chemical reaction and the contribution of a catalyst into the reaction as well as the 

chemical, structural and geometrical properties that determine the efficiency of a catalyst. However, 

under normal conditions the variety of physicochemical processes such as adsorption, desorption, 

diffusion, nucleation and dissociation, occurring simultaneously during the chemical reaction is 

large preventing examination of each of them separately [2]. In order to study each of the above-

mentioned processes separately, one has to limit the influence of the other processes onto the 

catalytic system via setting up special conditions for preparation and measurement of this system. 

 

1.2. Model catalysis 

In order to develop catalysts with better activity, selectivity and stability, full understanding 

of the influence of separate parameters of a catalyst such as morphology, stoichiometry, or 

concentration of bulk and surface defects onto its performance in the chemical reaction is required. 

Simplification of the catalytic system as well as studying it under well-defined conditions allows 

tuning all its parameters separately resulting in better characterization of the catalyst. Model 

catalysts are a perspective approach and allow to achieve this [3], [4].  

Model catalysts represent simplified well-ordered crystalline surfaces usually prepared and 

measured under well controlled conditions in ultra-high vacuum (UHV). This allows the use of 

various advanced surface science methods which are able to precisely measure the properties of 

such surfaces. However, the significant differences between the model and real catalysts represent 

so called “gaps” between surface science and heterogeneous catalysis: the materials gap and the 

pressure gap [5]. 

The materials gap represents the difference between the structural and compositional 

complexity of industrial catalysts and the well-defined surface of model catalysts of metals or oxides 

[6]. In order to bridge this ‘‘materials gap’’, model catalysts were developed, which allowed us to 

introduce certain complex features of real catalysts in a well-controlled fashion, but — at the same 

time — to avoid the full complexity of the real system. The development of these model systems is 

schematically illustrated in Figure 1.2.1 [7]. 
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Figure 1.2.1 Development of the model systems in order to bridge the materials gap between surface 

science and heterogeneous catalysis, adapted from [7]. 

In a first step oxide nanocrystals or a well-defined epitaxial oxide film is prepared on a metal 

crystal surface [8], [9]. This allows detailed characterization of its physicochemical properties by a 

range of surface science methods such as scanning tunneling microscopy (STM) [10], [11], X-ray 

photoelectron spectroscopy (XPS) [12], low energy electron diffraction (LEED) and temperature 

programmed desorption (TPD). The charging effect of the oxide surface is diminished by using 

metal crystal as a substrate. 

Next step involves introducing the active phase (metal nanoparticles) mainly with the help of 

the physical vapor deposition (PVD) [7]. The particle size can be varied by controlling the 

deposition parameters [13]. Further complexity of the system is achieved by additional surface 

modification or by introduction of additional active components, oxides or promoters. 

The pressure gap is the difference in surface structure and chemistry between a catalyst 

under operation conditions of high temperature and pressure and under an ultrahigh vacuum (UHV) 

condition usual for surface science [6]. Bridging of this gap is achieved by introducing novel 

ambient pressure surface science methods such as high-pressure STM [14], [15], high-pressure 
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atomic force microscope (HP-AFM) [16], ambient pressure XPS [14], [17]; by combining the 

surface science methods (LEED, STM) with methods used under real conditions (infrared 

adsorption spectroscopy (IRAS) [18], [19], chemical reactor systems [20]–[22]), and by combining 

the surface science methods with theoretical calculations (Density Functional Theory, Monte-Carlo 

simulations) [23]–[26].  

 

1.3 Single-atom catalysis 

Metal nanoparticles on oxides possess considerable catalytic activity. These catalytic 

systems have enhanced active surface and lowered metal content. Recent development of these 

systems resulted in the development of single-atom catalysis. 

In modern catalysis precious metals are used in most catalysts. Noble metals, such as Pt, Pd, 

Ru, Rh, and Ir represent superior heterogeneous catalysts and have been widely used in the 

petrochemical industry, drug production, environmental protection, and in energy conversion and 

storage. However, owing to the high price and low natural abundance of such noble metals, the 

production of these materials cannot meet the increasing demand. As an illustrative example we take 

a brick with the dimensions 20×10×5 cm, made of pure gold with a price of $38.1 per gram, and 

worth approximately $736 000. If a common brick worth 20 cents is coated with an atomically thin 

layer of gold, the cost of the gold layer is 1 cent and the total value is just 21 cents (Figure 1.3.1). 

The gold-coated brick, despite only having an extremely thin layer containing gold, is still capable 

of accelerating and controlling the overall chemical reaction because, essentially, only the surface 

atoms of the catalyst are necessary for heterogeneous catalysis. Thus, one of the strategies to cost 

reduction is to maximize the exposition of surface atoms of noble metals to reactants [27].  

 

Figure 1.3.1 Prices of different bricks with a size of 20x10x5 cm; a) gold brick; b) common brick; c) 

common brick coated with a single atomic layer of gold atoms. Adapted from [27]. 
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A perspective approach maximizing the efficiency of noble metals use is so called “single-

atom catalysis” [28]. It is currently one of the most innovative and fastest growing research areas in 

the field of catalysis. Several key factors have contributed to this rapid development. Continued 

advancements in techniques of characterization have made feasible the experimental evidence of the 

presence of atomically dispersed metal species, thereby enabling an improved understanding of their 

structure, stability, and catalytic properties [29]. Another attractive feature is the apparent simplicity 

that single atoms offer with respect to the identification of the active sites of a single-atom catalyst 

[30]. 

The synthesis of single-atom catalysts and the control of the electronic properties of catalytic 

sites is a major challenge in heterogeneous catalysis [31]. The surface free energy of metals 

increases significantly with decreasing particle size, promoting aggregation of small clusters. Using 

an appropriate support material that strongly interacts with the metal species prevents this 

aggregation, creating stable, finely dispersed metal clusters with high catalytic activity [32], [33]. 

Model catalytic approach allows preparation of well-defined single-atom catalysts with controlled 

density of active sites for stabilization of metal single atoms [34]. The existing methods of 

preparation of single-atom catalysts include high-vacuum physical deposition techniques (e.g., a 

mass-selected soft-landing method and an atomic layer deposition method) and wet-chemical routes 

[35]–[37]. Vacuum deposition of single atoms is easier to control and can provide desirable model 

catalysts for fundamental studies of metal–support interactions and the particle size effect. However, 

it may not be possible, at least at the moment, to use this technique to produce commercial catalysts 

for industrial applications due to the high cost and low yield. So far, wet-chemical routes have been 

mainly used to synthesize single-atom catalysts because this method does not require specialized 

equipment and can be conveniently practiced [37]. 

Single-atom catalysts are efficient in various chemical reactions. Many recent works show an 

excellent performance of single atom catalysts in CO oxidation [38]–[57], hydrogen production 

[58]–[61], production of anilines [35], production of different fuels and acids (HCOOH, CH4, 

CH3OH, etc.) [62], solar cells [63], production of hyperpolarized fluids [64], hydrogenation of 

nitrobenzene and cyclohexanone [65]. Among the various investigated catalysts, the best 

performance in these reactions exhibit Au and Pt single atoms on different supports: reducible oxide 

thin films and clusters [66]–[69], carbon nanotubes [60], [70] and graphene [36], [59]. Platinum 

single-atom catalysts were estimated to have the best performance in hydrogen evolution reaction – 
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up to 37 times more active than the commercial samples [59]. Also, they have better activity 

towards the CO oxidation reaction than Ni and Ir single-atom catalysts [51], [52].  

Many theoretical works explain this excellent reactivity of Pt atoms towards CO oxidation 

and hydrogen evolution reaction [40], [42], [43], [50], [54], [57], [59], [67]. An example of a 

proposed catalytic cycle of  stabilization of Pt single atoms on Al2O3 surface is discussed in [42]. 

Single supported Pt atom prefers to bond to O2 over CO. Carbon monoxide molecule, therefore, 

bonds to oxygenated Pt atom and forms a carbonate, which then dissociates to liberate CO2, leaving 

an oxygen atom on Pt. Subsequent reaction with another CO molecule regenerates the single-atom 

catalyst. Supported Pt atoms are catalytically active and this catalytic activity can occur without 

involving the substrate [43].  

Whereas the performance of Pt single atoms in chemical reactions has been broadly 

discussed, the stabilization mechanism of these atoms at the support is studied in few works [65], 

[68]. Chang et al. [68] investigated the adsorption sites of the Pt atoms on TiO2 using aberration 

corrected STEM. Combining the experimental results with the systematic density functional theory 

calculations revealed that the most favorable Pt adsorption sites were on vacancy sites of basal 

oxygen atoms located in subsurface positions relative to the top surface bridging oxygen atoms. 

Zhang et al. [65] investigated Pt atoms on acid-modified active carbon and came to conclusion that 

they are stabilized by four oxygen atoms in a distorted square-planar geometry. However, the 

analysis of the influence of surface defects, such as steps and vacancies on the stabilization of Pt 

single atoms still needs clarification, the question of measuring the charge transfer between Pt single 

atoms or nanoparticles and an oxide support remains unanswered, and a common well-developed 

methodology for preparation of model Pt single-atom catalysts is still a challenge. The presented 

thesis is proposing the approach to solve these challenges.  

 

1.4 Reducible metal oxides 

Reducible metal oxides are among the most important and widely used substances in modern 

chemical industry. The main reason for this is given by their wide application in different industrial 

areas: heterogeneous catalysis [71], fuel and solar cells [72], [73], batteries [74], gas sensors [75] 

and electronic devices [76]. Reducible metal oxides show a unique property of facile absorption, 

storage and release of oxygen, which is essential in many catalytic reactions [77], [78]. Modifying 

their surface structure with metal adatoms or nanoparticles increases the number of surface active 

sites which improves the overall catalytic activity of the system [79]. 
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The most investigated and used reducible oxide in modern chemistry is titanium dioxide. In 

addition to the above-mentioned industrial applications, it is also important in earth sciences, plays a 

role in the biocompatibility of bone implants, is being discussed as a gate insulator for the new 

generation of MOSFETS and as a spacer material in magnetic spin-valve systems, and finds 

applications in nanostructured form in Li-based batteries and electrochromic devices [80]. Other 

widely used reducible metal oxides include copper oxide [81], iron oxide [82], cobalt oxide [83], 

manganese oxide [84], vanadium oxide [85], praseodymium oxide [86] and cerium oxide [87]. 

 

1.5 Cerium oxide 

Metallic cerium (Ce), with a 4f
2
5d

0
6s

2
 electron configuration, is highly active towards 

oxidizing in oxygen-rich atmosphere and forms an oxide capable of easy absorbing, storing and 

releasing of oxygen. This property of cerium oxide, or ceria, is being widely used in modern 

chemical industry [88], [89]. While storing and releasing oxygen, cerium oxide shifts between two 

limiting stoichiometric phases: the fully oxidized cerium dioxide (CeO2, all cations are Ce
4+

) and the 

fully reduced cerium sesquioxide (Ce2O3, all cations are Ce
3+

). Bulk CeO2 has a fluorite-like 

structure with face-centered cubic unit cell (lattice parameter a = 5.41134 Å) in which each cerium 

cation is surrounded by eight neighbor oxygen anions as shown in Figure 1.4.1 (a). The C-type 

structure of Ce2O3 [Figure 1.4.1 (b)], which is the end product of the reduction process of CeO2, has 

a bixbyite structure, and can be constructed out of eight unit cells of CeO2 with 25% oxygen 

vacancies ordered in a particular way [90]. 

CeO2 is more stable than Ce2O3 which rapidly oxidizes in an oxygen-rich atmosphere. It is 

possible to reduce the ceria under the reducing conditions. Removing the oxygen atom stimulates 

the localization of two 4f electrons on two neighboring Ce
4+

 ions forming Ce
3+ 

[91], [92]. Due to 

one excess electron, the radius of Ce
3+

 ions is bigger than of Ce
4+

. Together with the increasing 

degree of reduction, the lattice parameter of cubic ceria increases. Oxygen vacancies together with 

other surface defects form low-coordination surface sites of a ceria surface [93], [94].  
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Figure 1.4.1 Bulk unit cells for CeO2 (a) and Ce2O3 (C-type) (b). A cubic unit cell of C-type 

Ce2O3 can be constructed out of eight CeO2 unit cells by increasing their volume by 3% and 

removing 25% of the oxygen atoms along four nonintersecting {111} diagonals. Blue, red, and white 

spheres indicate the cerium, oxygen atoms, and vacancies, respectively. Adapted from [90]. 

The preparation of thin ordered epitaxial ceria films on metal substrate has been a challenge 

in model catalysis. The common preparation method is the evaporation of Ce material onto the 

metal single crystal surface [Cu(111), Ni(111), Ru(0001)] in oxygen background atmosphere with a 

subsequent annealing at higher temperatures [95]–[102]. Controlling the deposition and annealing 

parameters provides a good control over the morphology of ceria thin films such as: the coverage of 

the surface, the concentration of surface adsorption sites (steps and defects) and the ordering of the 

film [103]. Whereas this method proves to be efficient in producing CeO2 thin films, the question of 

creating well-ordered Ce2O3 films as well as transition CeOx films is more challenging. The existing 

preparation methods are based on modifying the CeO2 film via annealing in UHV at elevated 

temperatures [104], via interaction with hydrogen or methanol [105], or via the interaction with 

metallic ceria [106]. The first two methods lead to the formation of a reduced ceria thin film with 

disordered surface oxygen vacancies. The preparation method developed in our working group and 

based on the interaction of metallic cerium with a CeO2 thin film allows to create reduced ceria thin 

films with well-ordered surface vacancies and long-range periodicity, revealed by scanning 

tunneling microscopy, low-energy electron diffraction, resonant photoelectron spectroscopy and X-

ray photoelectron spectroscopy [107], [108]. However, the question of preparation of reduced ceria 

ultrathin films (2-3 monolayer thick) together with their precise characterization remains unsolved. 



9 
 

The presented work provides the solution to this question and gives a thorough analysis of the 

reduced ceria ultrathin films. 

Ceria-based catalysts find their application in gas sensors [75], fuel cells [72] and three-way 

automotive catalysts [87], [109]–[112]. The water splitting properties of Ce2O3 also allow its 

application for hydrogen production [113], [114]. Cerium oxide has proved to be an efficient 

support for single-atom catalysts, its stoichiometry has a great influence on the state of the surface 

metal adatoms [111]. Therefore, controlling parameters of the ceria support provides the necessary 

control over the metal adatom state. 

 

1.6 Experimental control of defects on CeOx model catalysts 

Every prepared model system has defects: steps, kinks, vacations, dopants, metal-oxide 

interface etc. The role of defects is important in catalysis. They serve as active sites in chemical 

reactions and they also play key role in stabilizing metal atoms in single-atom catalysts [34], [87], 

[91], [115], [116]. Preparing model systems with well-defined and controllable concentration of 

defects is an important task in model catalysis.  

In our group, methods for preparation of model CeOx thin films on Cu(111) single crystal 

with controllable thickness, concentration of steps and oxygen vacancies were developed [103], 

[106], [108]. Figure 1.6.1 shows STM and LEED images of well-ordered CeOx films with 

controllable concentration of oxygen vacancies and density of steps (Figure 1.6.1). The prepared 

films served as a starting point in the present work and were used for reactivity measurements, 

stabilization of Pt atoms and development of inverse model systems with controllable stoichiometry. 
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Figure 1.6.1. Overview of model ceria surfaces with adjustable step density, oxygen vacancy 

concentration, and oxygen vacancy ordering. In the top row, the morphology of the ceria surfaces is 

visible as revealed by STM (unoccupied states). Middle row shows the corresponding 

diffractograms obtained by LEED. Bottom row shows proposed models of the surface structure of 

the reduced CeOx(111). The preparation temperature, the surface reconstructions due to ordering of 

surface O vacancies, and concentrations of surface oxygen vacancies (b) and surface monoatomic 

steps (a) are labeled in the corresponding images. Adapted from [117]. 

 

1.7 Scope of the thesis 

The current work focuses on the studies of surface defects of model catalysts represented by 

CeOx thin films on Cu(111), on the reaction properties of these defects, and on the role of surface 

defects in accommodation of the Pt deposit on CeOx. Pt on ceria has outstanding catalytic properties, 

the system is thus of a great scientific interest. Presented investigations of this system led to the 

development of new preparation and characterization methods such as determining metal-oxide 

charge transfer in Pt/ceria and preparation of Pt
1
/CeO2 single-atom catalyst. It has been discovered, 

that ceria step edges stabilize Pt atoms in ionic Pt
2+ 

state, whereas oxygen vacancies usually stabilize 
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it in Pt
0
 or Pt

δ+
 state. The control over the surface reduction of the ceria and its surface step coverage 

allows to prepare Pt
1
/CeO2 single-atom catalysts with different Pt loading.  

Apart from Pt stabilization properties, reactivity measurements of continuous CeOx thin 

films with different stoichiometry towards H2O dissociation were performed and the role of 

concentration and ordering of oxygen vacancies was estimated. Third, based on the developed 

preparation method of continuous CeOx films with controllable stoichiometry, inverse model 

systems of ultrathin and discontinuous CeOx films on Cu(111) with controllable stoichiometry were 

prepared and studied. 

The presented thesis consists of five chapters. The first chapter of the thesis characterizes 

Pt/CeO2 model catalysts with different Pt loading and evaluates the Pt-ceria charge transfer using 

SRPES and STM surface science methods. The developed charge transfer evaluation method was 

suggested to be applied for other model systems on ceria support. The second chapter concentrates 

on the preparation of Pt
1
/CeO2 model single-atom catalysts and evaluation of the influence of 

different surface properties of ceria on the dispersion and chemical state of Pt adatoms. Platinum 

single atoms were found to stabilize as Pt
2+

 ions at step edges of the fully oxidized ceria support and 

theoretical calculations revealed the adsorption geometry for Pt
2+

 ions. The third chapter investigates 

the maximum Pt load for the ceria step edges. The interplay between the surface oxygen content of 

ceria and Pt
2+

 concentration was estimated. The fourth chapter is dedicated to study of the H2O 

adsorption onto continuous CeOx thin films with different stoichiometry. The influence of 

concentration and position of surface oxygen vacancies onto the activity of the CeOx model system 

towards water splitting was analyzed. Finally, the fifth chapter deals with the preparation and 

characterization of inverse model CeOx/Cu(111) systems with different stoichiometry. Atomically-

resolved images of different surface reconstructions were obtained and the influence of metal-oxide 

interaction on the properties of the inverse model catalysts was examined. 
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2. Experimental 

This chapter describes the surface science methods applied in the presented thesis. A brief 

introduction of the Scanning Tunneling Microscopy (STM), X-ray Photoelectron Spectroscopy 

(XPS), Thermodesorption Spectroscopy (TDS) and Low-Energy Electron Diffraction (LEED) is 

given and the relevant data processing methods is described. Special attention is given on the sample 

preparation procedures applied in this work.  

 

2.1 Scanning Tunneling Microscopy 

Scanning Tunneling Microscopy is a powerful tool for imaging solid surfaces down to the 

atomic scale invented by Binnig and Rohrer and implemented by Binnig, Rohrer, Gerber, and 

Weibel [118], [119]. The principle of the STM is straightforward. Figure 2.1.1 shows its essential 

elements. Tungsten or Pt-Ir tip is positioned upon the measuring surface using XYZ plane 

positioning piezoceramics. By applying a sawtooth voltage on the x piezo and a voltage ramp on the 

y piezo, the tip scans on the xy plane. Using the coarse positioner and the z piezo, the tip and the 

sample are brought to within a fraction of a nanometer within each other. The wave functions of the 

tip and sample overlap, enhancing the tunneling conductance. By applying the tip-sample voltage, 

tunneling current is generated.  

The tunneling current is converted to a voltage by the current amplifier and compared with a 

reference value. The difference is amplified to drive the z piezo. The phase of the amplifier is 

selected to provide a negative feedback: if the absolute value of the tunneling current is larger than 

the reference value, then the voltage applied to the z piezo tends to withdraw the tip from the sample 

surface, and vice versa. As the tip scans over the xy plane, a two-dimensional array of equilibrium z 

positions, representing a contour plot of the equal tunneling-current surface, is obtained, displayed, 

and stored in the computer memory [120]. This scanning mode is called constant current mode. The 

benefit of this mode is its ability to scan uneven surfaces, but the feedback limits the scanning speed. 

Another scanning mode is constant height mode, where the tip is stabilized at the fixed height above 

the sample and the tunneling current difference is being plotted. This mode allows a very rapid 

scanning, but is limited to only atomically-flat surfaces. The most commonly used scanning mode is 

the constant current mode.  

The topography of the surface is displayed on a computer screen, typically as a gray-scale 

image which is further stored in the memory. The gray-scale image is similar to a black-and-white 

television picture.  
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Figure 2.1.1. The scanning tunneling microscope in a nutshell. The scanning waveforms, 

applying on the x and y piezos, make the tip raster scan on the sample surface. A bias voltage is 

applied between the sample and the tip to induce a tunneling current. The z piezo is controlled by a 

feedback system to maintain the tunneling current constant. The voltage on the z piezo represents 

the local height of the topography. To ensure stable operation, vibration isolation is essential. 

Adapted from [120]. 

In order to achieve good resolution in STM several conditions have to be preserved. First, 

since the tip-sample distance is 1nm or less, the whole system should be isolated against the 

vibrations. This is achieved by making the STM unit as rigid as possible, and by reducing the 

influence of environmental vibration to the STM unit [120]. Second, the resolution of the 

microscope depends on the tip condition: cleanliness, shape and stability, therefore, different 

approaches were developed in order to achieve clean sharp stable tip: chemical etching, Ar 

sputtering, tip formation using carbon nanorods or dipole molecules, etc. Third, appropriate 

grounding of the electronics and the use of high-quality low-noise amplifiers are essential in order to 

reduce the electric noise of the system. Finally, the response of the piezo-scanner towards the 

voltage change is nonlinear and, therefore, appropriate time constant should be selected during 

scanning process in order to avoid the distortion of the image [121]. 

The interpretation of the STM images is not straightforward. The technique provides 

mapping of the electronic structure of the surface [120], modified by the electronic structure of the 
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tip, which not always has a direct connection with the topgraphy of the surface. The geometry and 

the chemical composition of the tip strongly influence the image contrast and sometimes change of 

the tip apex structure results in the inversion of the contrast. In order to provide satisfactory image 

interpretation, STM is usually coupled with other surface science methods and theoretical 

simulations (DFT+U, Bardeen’s perturbation theory, Tersoff-Hamann approach, etc.) [122]–[124] 

Despite the challenges in measurement and interpretation, STM has become a powerful 

surface science method and is widely used in science. It allowed to characterize and understand 

many surface phenomena, such as surface defects and reconstructions, adsorption sites, surface 

strain and surface catalytic reactions [125]–[127]. Further development of the technique allowed to 

obtain more information about the surface: for example, the development of Scanning Tunneling 

Spectroscopy provided the information of the electronic states near the Fermi level of the surface 

[120], modulation of the tunneling current allowed mapping of the distribution of the surface work 

function [128], and the development of the four-probe STM made it possible to measure surface 

conductivity [129]. Implementation of the ambient-pressure STM bridged the pressure gap between 

the model and real catalysis [127].  

In this work, Scanning Tunneling Microscope surface science technique is extensively used 

to make quantitative characterization of the morphology of CeOx and Pt/CeOx systems. Analyzing 

the statistics of Pt clusters on ceria surface helped to reveal the optimal cluster size for maximum 

Pt/Ceria charge transfer value per Pt atom (Chapter 3.1). Also, statistics of Pt clusters on Pt
1
/CeO2 

model system helped to disclose the existence of 90% of Pt deposit in ionic Pt
2+

 state, which was 

later confirmed by XPS and SRPES measurements (Chapter 3.2). STM measurements provided 

possibility to make quantitative evaluation of step density of CeO2 thin films which was essential 

parameter in determining the step capacity towards Pt
2+

 stabilization (Chapter 3.3). Without STM 

measurements, the study of the influence of surface defects of ceria on stabilization of Pt ions would 

not be possible. In experiments concerning inverse model CeOx/Cu(111) systems, STM was used to 

identify morphology and ordering of the prepared films revealing (1×1), (√7×√7), (3×3) and (4×4) 

surface reconstructions of ceria (Chapter 3.5). 

 

2.2 Photoelectron Spectroscopy 

Many catalytic properties of the materials depend on their chemical composition. 

Photoelectron Spectroscopy is a non-destructive surface science technique which allows to measure 

electronic structure of a specimen, providing information about its chemical structure. It includes 
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various spectroscopy methods, depending on the energy of the used primary photons and on the 

implementation of the photon source: X-ray Photoelectron Spectroscopy (XPS), Ultraviolet 

Photoelectron Spectroscopy (UPS) and Synchrotron Radiation Photoelectron Spectroscopy (SRPES) 

including Resonance Photoemission Spectroscopy (RPES). In the present work XPS, SRPES and 

RPES measurements were broadly used in order to determine chemical composition of the prepared 

model systems. 

 X-ray Photoelectron Spectroscopy (XPS) is a is a broadly-used non-destructive, surface 

sensitive analytical technique. XPS provides information about the elemental composition, empirical 

formula of pure material, surface contamination, and chemical/electronic state of the elements [130].  

The principle of XPS is based on the photoelectric effect, in which electrons (called 

photoelectrons) are emitted from the matter as a result of the absorption of the X-ray 

electromagnetic radiation. Figure 2.2.1 shows the experimental setup, the photoelectron emission 

process and the example of an XPS spectrum. Radiation, produced by an X-ray source (usually Al 

Kα or Mg Kα), is directed at the grounded sample and the emitted photoelectrons are detected by an 

energy analyzer. The electron excitation process can be described as a sequence of the following 

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

the photoelectron through the sample to the surface and photoelectron transition to the vacuum by 

overcoming the surface potential barrier. The kinetic energy of the photoelectrons is detected by a 

hemispherical electron energy analyzer. The value of this energy equals the energy of the absorbed 

photon minus the binding energy of the electron in its ground state and the analyzer work function. 

Hence, the kinetic energy distribution provides the information about the electronic structure of the 

sample and is characteristic for each element. The surface sensitivity of the XPS is given by the 

information depth of photoelectrons associated with the inelastic mean free path of electrons (IMFP) 

in studied material. This parameter depends on the properties of the examined sample making 

precise quantitative analysis of the XPS spectra more challenging, especially for typical samples 

investigated in the present thesis – Pt deposit on CeOx thin films supported by Cu(111).  



16 
 

 

Figure 2.2.1. Schematics 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. 

Adapted from [117]. 

In XPS with primary photon energy 1486.6 eV, IMFP for Cu 3p (binding energy [BE] = 

75eV) photoelectrons travelling through CeO2 film grown on Cu(111) crystal is 2,29 nm. Binding 

energy of the Pt 4f photoelectrons is 73 eV for Pt
2+

 and 71.5 eV for Pt
0
. With typical CeOx film 

thickness of 2.5 nm, Pt 4f spectrum contains high signal of Cu 3p doublet which overlaps with the Pt 

signal (Figure 2.2.2a,b). Hence, the surface sensitivity of XPS is insufficient especially for 

measurements of low quantities of Pt deposit. In order to achieve better surface sensitivity and 

exclude influence of the copper substrate, lower primary energy of photons is required. One of the 

ways to solve this challenge is using synchrotron radiation and the analysis method based on it: 

Synchrotron Radiation Photoelectron Spectroscopy (SRPES). 

Synchrotron Radiation Photoelectron Spectroscopy (SRPES) is a non-destructive, surface 

sensitive analytical technique which allows to achieve better surface sensitivity via tuning the 

energy of primary photons. The assembly of SRPES is similar to XPS with only difference in the 

radiation source, which in case of SRPES is synchrotron radiation. The ability to select the energy of 

the synchrotron light provides the possibility of achieving high surface sensitivity. For example, at 

180eV primary photon energy, the IMFP for Cu 3p photoelectrons is only 0.475nm which at 2.5 nm 
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thickness of CeO2 film allows complete suppression of the Cu doublet from the substrate (Figure 

2.2.2c). 

 

Figure 2.2.2 XPS and SRPES measurements of 0.05ML of Pt deposit on CeO2 surface: a) 

XPS spectra with Cu doublet; b) same spectra with subtracted Cu doublet; c) SRPES measurements 

of the same film, adapted from [131].  

Tuning the primary energy of the photons enables 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 

[117], [132], [133]. In cerium oxide, resonance enhancement of the Ce
3+

 and Ce
4+

 signal in the 

valence band allow determining the stoichiometry of the ceria samples with very high resolution and 

high surface sensitivity [132]. 

In modern science and technology, XPS is one of the most commonly used methods for 

chemical composition measurements. It allows characterizing different types of materials such as 

metals, alloys, polymers, semiconductors, geological and biological samples, and generally any 

samples which are compatible with high vacuum systems. Coupling the XPS with other surface 

science methods provides the detailed characterization of the examined surfaces. Recent 

development of the Ambient Pressure XPS (AP-XPS), designed for measurements at higher pressure, 

bridged the pressure gap to a great extent between the model and real catalysis [134]. 

In this work, XPS was used for quantitative characterization of the thickness and the 

stoichiometry of ceria thin films as well as for qualitative estimation of Pt deposit: its existence and 

chemical state. In order to make quantitative evaluation of the deposited low quantities of Pt and for 
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determining the amount of Pt
2+

 ions in the Pt deposit, SRPES measurements were performed 

(Chapters 3.1, 3.2). In order to estimate the stoichiometry of the reduced ceria films with high 

sensitivity, RPES measurements were performed (Chapters 3.1, 3.2, 3.3). XPS was also used in the 

measurements of reactivity of H2O on CeOx in order to estimate the stoichiometry of CeOx film 

before and after adsorption-desorption cycles of water molecules (Chapter 3,4). In experiments 

concerning inverse model CeOx/Cu(111) systems, XPS was used for evaluation of stoichiometry of 

ceria films (Chapter 3.5). 

 

2.3 Low-energy Electron Diffraction 

Low-energy Electron Diffraction (LEED) is a highly surface-sensitive technique used to 

study the crystal structure of surfaces. The schematics of the setup as well as the example of the 

LEED pattern are shown in Figure 2.3.1. The experimental setup consists of an electron source, a set 

of grids, a fluorescent screen, and a CCD camera. Electrons, emitted from the electron source, are 

directed at the sample. The energy of the electrons is in the range of 20-500 eV, which corresponds 

to their wavelengths below 0.3 nm. Since the electron wavelength is comparable with the 

interatomic distances in the solids, the electrons undergo diffraction. The diffracted electrons move 

back towards the fluorescent screen in specific directions, determined by the surface crystallography. 

They are energy-filtered and accelerated by a set of grids and hit the surface of the screen, causing a 

fluorescent glow.  

LEED pattern from a well-ordered surface produces sharp diffraction spots which 

correspond to the image of surface lattice in reciprocal space. The distance between the LEED spots 

in reciprocal space is inversely proportional to the interatomic distances of the lattice in real space. 

Kinetic analysis of the LEED patterns provides the information about the interatomic distances, the 

ordering of the surface layer and surface reconstructions. Using the dynamic theory (I-V LEED), 

more complicated analysis of the spot intensity in relation to the electron energy can be performed 

and the detailed information about the lattice atomic composition can be obtained. LEED allows the 

determination of the lattice parameters, surface reconstructions, surface relaxations, and adsorption 

geometry [135]. 
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Figure 2.3.1 a) The schematics of LEED setup; b) an example of a LEED diffraction pattern. 

Adapted from [117]. 

In the presented thesis, LEED was used to control the quality of prepared ceria thin films, 

measure the lattice constants of ceria, and characterize the surface reconstructions determining the 

ordering of surface oxygen vacancies in model reduced cerium oxide films on Cu(111) substrate 

(Chapter 3.4, 3.5). 

 

2.4 Temperature Programmed Desorption 

Temperature Programmed Desorption (TPD, also Thermal Desorption Spectroscopy - TDS) 

is a technique, that provides information about chemical reactivity of studied surfaces. The 

schematics of the TPD setup together with an example of TPD spectrum are shown in Figure 2.4.1. 

During the experiment, the sample is first exposed to a specific gas, vapor or their mixture. Then, 

the temperature of the sample is linearly increased in time, which results in desorption of adsorbed 

molecules. Desorbed products are then detected by a mass spectrometer. The acquired spectrum 

shows the dependence of the amount of desorbed molecules on temperature. Resolution of the TPD 

depends on the rate of the temperature ramp: lower ramp increases the resolution of TPD but 

decreases the sensitivity. In the presented work, temperature ramp was selected to be 2K/s.  
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Figure 2.4.1. 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). 

Adapted from [117]. 

In the body of the mass spectrometer, the molecules are ionized in order to be detected. This 

can also cause fragmentation or multiple ionization of the molecules. Also, different molecules can 

have the same mass (for example, CO and NO), resulting in an overlap of their signals in TPD. All 

of these phenomena should be taken into account during the interpretation of the TPD spectra.  

TPD is a highly surface-sensitive technique, since adsorption-desorption processes 

preferably occur at the surface. It provides information about the adsorption-desorption process. 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. The order of 

desorption is given by the shape of the desorption peaks. 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 [136], [137]. 

In the present work, TPD was used in reactivity measurements of reduced CeOx thin films 

grown on Cu(111) single crystal towards water splitting (Chapter 3.4). H2O molecules were 

adsorbed onto the film at 100K and the system was heated with a 2 K/s ramp to 700K. During the 

TPD cycle, the desorption of H2, and H2O was measured. 
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2.5 Experimental setup 

The experiments were performed at two different laboratories located at the Department of 

Surface and Plasma Science of Charles University in Prague, Czech Republic, and at Material 

Science Beamline (MSB) at synchrotron Elettra in Trieste, Italy.  

The major part of the experiments was made at Surface Science laboratory in Prague on the 

combined STM/XPS/LEED/TPD apparatus shown on Figure 2.4.1. The setup is operated at base 

pressure of the 10
-8

 Pa range and is equipped by standard tools for substrate cleaning and sample 

preparation: an Ar
+
 ion gun for sample cleaning, a set of e-beam evaporators for deposition of 

different materials, a sample holder equipped with resistive heating system and K-type chromel-

alumel thermocouple, a manipulator equipped with liquid nitrogen cooling system and quartz crystal 

microbalance for deposition rate measurements, and a set of gas valves for adding different 

operating gases to the system. The system also includes several surface science methods for 

measuring different properties of the sample: a beetle-type STM equipped with a liquid nitrogen 

cooling system for low temperature measurements (95-300 K), a differentially-pumped quadrupole 

mass spectrometer for temperature programmed desorption (TPD) measurements, an Al Kα/Mg Kα 

X-ray gun with a hemispherical energy analyzer for XPS measurements, and an electron gun with 

rear-view LEED optics for diffraction measurements.  

The whole experimental system is divided into three chambers: the load-lock, the 

XPS/TPD/preparation chamber and the LEED/STM chamber. In order to minimize the mechanic 

noise during STM measurements, the setup is equipped with the vibration insulation system. The 

combination of local microscopic technique with the integral techniques for the chemical and 

structural analysis is unique in Czech Republic and allows a complex in-situ study of the prepared 

model systems.  
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Figure 2.5.1. STM/XPS/LEED/TPD experimental setup. 

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. The apparatus utilizes mostly linearly polarized and 
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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 [117]. The 

experiments performed at MSB represent complementary studies to the investigations accomplished 

in Prague and are focused on the quantitative analysis of Pt deposit on CeOx surface grown on 

Cu(111) single crystal and on the high-resolution study of interaction of water with ceria films. Due 

to high surface sensitivity of SRPES, the detailed information is obtained on the evolution of 

chemical states of the near surface region of ceria and the adsorbed water during thermal treatment. 

RPES is utilized for high surface sensitivity and high resolution measurements of Ce
3+

 

concentrations in the ceria samples. 

 

2.5 Data processing 

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

performed based on the periodicity of Si(111) - (7 × 7) surface and the height of a monoatomic step 

of Cu(111), respectively. STM images were processed using Gwyddion open-source software [138]. 

It is a powerful tool for visualization of the microscopic data. It allows applying height and lateral 

profile measurements, calibration of the image and statistic measurements [138]. Applying 2-D Fast 

Fourier Transform (FFT) method allows detection of periodic features even in the high noise images. 

In this work, Gwyddion was used to calibrate and filter STM images, to extract height profiles of 

ceria thin films, to measure statistics of Pt clusters on ceria thin films and to examine the periodicity 

of atomically resolved images of inverse model CeOx/Cu(111) system.  

The evaluation of step density of ceria thin films in this work was made using more complex 

approach (Figure 2.5.1). First, the STM image was calibrated and filtered using Gwyddion. Second, 

steps were manually marked on the separate layer of the image. This layer is saved and analyzed by 

means of a specially developed software, where it is virtually placed upon the CeO2(111) surface 

and the Ce atoms, which are crossed by the line, are counted giving the number of step edge atoms. 

The relation of the number of step edge Ce atoms to the overall number of surface Ce atoms yields 

the step density. Step density of the ceria thin films was a critical parameter in Pt
2+

/Ceria 



24 
 

experiments since it determined the maximum load of the Pt
2+

 ions for a particular cerium oxide 

surface. 

 

Figure 2.5.1. Evaluation of step density of ceria thin films: (a) – manual marking of the steps; 

(b) – counting step density using the CeO2(111) atomic grid. 

XPS/SRPES: XPS and SRPES data were fitted using the KolXPD software [139]. XPS and 

SRPES were used for the estimation of ceria film thickness and stoichiometry and measurements of 

the concentration and state of Pt adatoms. Presented core level spectra were fitted using Voigt 

functions (Cu 2p3/2, Ce 3d, O 1s), Gaussian and Lorentzian functions (Pt 4f) and Shirley background. 

The thickness of the ceria thin films was determined from the attenuation of Cu 2p3/2 signal 

from Cu(111) substrate as measured by XPS. Assuming the exponential attenuation of emitted 

electrons in the homogeneous environment, the thickness of the ceria layer      
was determined 

according to the relation: 

     
      

  
  

  
      

where the      
 is IMFP in CeO2,    and     are the areas of Cu 2p3/2 XPS spectra before and 

after the CeO2 deposition, respectively, and    is the emission angle of electrons (measured with 

respect to the surface normal). The determined thickness of the ceria thin film depends on the 

morphology and the coverage of the film and, therefore, is only an estimation of the real thickness of 

ceria. Generally, this parameter was compared with the Quartz Crystal Microbalance (QCM) 

measurements where a more precise estimation of the mass of ceria thin films could be made. QCM 
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method relies on the change of a resonance frequency of a piezocrystal while depositing different 

materials onto it.  Knowing the parameters of the piezocrystal and the time of the deposition allows 

us to estimate the mass of deposited material with higher precision by using Sauerbrey equation 

[140]. 

The average stoichiometry of ceria films was evaluated through fitting of the Ce 3d spectra. 

The spectrum of CeO2 consists of three u’’’ + v’’’, u’’ + v’’ and u + v doublets corresponding to 

three different final electronic states of the Ce
4+

 ions developed upon the emission of the 3d 

photoelectron (Figure 2.5.2). On the other hand, Ce2O3 spectrum consists of two u’+v’ and u0+v0 

doublets corresponding to two different final electronic states of the Ce
3+

 ions at different energies 

compared to the doublets of the CeO2 spectrum. CeO2 and Ce2O3 spectra were fitted according to 

the procedure described in [141], [142]. The stoichiometry of the CeO2-x film was determined 

according to the relation:  

      
     

           
 

where       is an overall area of Ce
3+

 doublets and       is an overall area of Ce
4+

 doublets 

in the CeO2-x samples.  

The concentration of Pt ions and their state was determined via fitting of Pt 4f doublets using 

Gaussian and Lorentzian doublets. The doublet corresponding to the Pt
0
 state is at 73 eV whereas 

the one corresponding to the Pt
2+

 state is 1.5 eV shifted towards higher binding energies. Calculating 

the ratio between the area of one of these doublets to the overall area of the Pt doublets gives the 

information on the relative concentration of Pt
0
 and Pt

2+
 ions. However, due to the low Pt content in 

the films, the sensitivity of the XPS was insufficient for precise estimation of the spectra, providing 

only general information on the state of Pt ions and their existence on the ceria surface. For 

quantitative measurements, SRPES experiments were performed at the synchrotron Elettra in Trieste, 

Italy. 
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Figure 2.5.2. Fitting of the CeOx XPS spectra which consists of three u’’’+ v’’’, u’’+ v’’ and 

u + v doublets corresponding to Ce
4+

 and two u’+v’ and u0+v0 doublets corresponding to Ce
3+

 

states. Adapted from [141]. 

RPES: Resonance photoelectron spectroscopy allows us to investigate the cerium oxidation 

state with high sensitivity and maximal surface sensitivity. If the photon energy is tuned in the 

proximity of the energy, denoted RE, corresponding to the energetic difference between the empty 

Ce 4f and filled Ce 4d levels, photoelectrons from the Ce 4f level can be emitted by means of two 

mechanisms: (1) direct photoemission from the Ce 4f level, (2) photoexcitation of a 4d electron to 

the 4f level and subsequent decay of the intermediate state followed by transfer of energy to a 4f 

electron [132]. As a result, at the resonant energy hν = RE we observe a resonant enhancement of 

the Ce 4f photoemission relative to hν < RE and hν > RE. The enhancement of the 4f emission is so 

strong that even weak 4f emission such as from slightly reduced surfaces of ceria nanoparticles can 

be observed by the use of the resonance [132]. The resonance process of the indirect emission from 

4f
1
 systems (Ce

0
, Ce

3+
) can be described by 

4d
10

4f
1
 + hν → 4d

9
4f

2
 → 4d

10
4f

0
 + e

−
, 

where hν and e
−
 stand for an incident photon and ejected photoelectron. The resonance process of 

the indirect emission from 4f
0
 systems is 

4d
10

4f
0
 + hν → 4d

9
4f

1
 → 4d

10
4f

0
L + e

−
, 
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where L denotes a hole in the valence band [132]. 

An example of the resonant valence band photoelectron spectra in the Ce 4d–4f 

photoabsorption region of a CeOx sample is shown in Figure 2.5.3. It can be seen, that two 

resonances appear: one at photon energy 121.4 eV corresponding to Ce
3+

 valence state and another 

at 124.8 eV corresponding to CeO
4+

 state. At 115 eV there is no resonance. Resonant enhancement 

of the valence band emission shows a strong dependence of the valence state, which makes RPES a 

powerful tool for the investigation of the Ce
4+

 → Ce
3+

 transition, and which exhibits considerably 

higher sensitivity than XPS of the Ce 3d level. The 4f density of states can be obtained by 

subtracting the off-resonance spectrum from an on-resonance spectrum [132]. 

The resonant intensity enhancement corresponding to the on–off resonant spectra difference 

is designated DCe
4+

 and DCe
3+

, respectively. The relation DCe
3+

/DCe
4+

 provides a relative measure 

of concentration of Ce
3+

 ions and is called resonant enhancement ratio (RER). In this work, it is used 

in Chapters 3.1 - 3.3 in order to precisely determine reduction rate of the ceria thin films. In order to 

obtain absolute values, RER must be calibrated against XPS (Chapters 3.1, 3.3). 

 

Figure 2.5.3. Resonance photoelectron spectroscopy of the cerium 4f level: Ce
3+

 and Ce
4+

 

resonant features obtained for the photon energies 121.4 eV and 124.8 eV respectively. 

LEED: Diffraction patterns obtained by LEED were processed by the data analysis software 

IGOR Pro v6.21 [143], Gwyddion [138] and Origin. The device calibration was performed by using 

the diffraction on Cu(111) single crystal. Sharp diffraction spots of this crystal were used as a 

reference for measurements of ceria lattice parameters. In order to minimize the barrel distortion of 

the projected LEED image, we always adjust the energy of the primary electrons so as to position 
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the analyzed diffraction spots of ceria and copper on the similar radius from the center of the LEED 

diffractogram. 

 

2.6 Sample preparation 

In the present work we developed preparation methods for cerium oxide thin films with 

adjustable step density and stoichiometry based on the previous works of our group [103], [108]. 

Copper (111) single crystal was cleaned using several cycles of Ar
+
 sputtering in ultrahigh vacuum 

with successive annealing at 700K. Thin CeO2 films were grown at 523K via depositing metallic Ce 

in oxygen background atmosphere (p=3-5×10
-5 

Pa) from Ta or Mo crucible, heated by electron 

bombardment. After deposition, the prepared thin films were kept at the same temperature in oxygen 

atmosphere for another 10 minutes. The resulting film thickness was estimated to be 2-2,5nm 

(Figure 2.6.1.a). This film was used as buffer layer for Pt-CeO2 charge transfer measurements 

(Chapter 3.1). 

Control over stoichiometry of the deposited film was achieved via its interaction with 

metallic cerium following an algorithm described in [106]. In order to achieve limiting Ce2O3 

stoichiometry, metallic cerium in amount equal 1/3 of the amount used for buffer film was added at 

room temperature. The specimen was then annealed at 900K for 5 minutes in UHV. The resulting 

Ce2O3 film was continuous, had low step density and possessed (4×4) surface reconstruction [106], 

[108] (Figure 2.6.1.b). Reducing the amount of deposited metallic cerium resulted in achieving 

different transition stoichiometries: Ce7O12 and CeO1,67. The overall thickness of the films was 3nm. 

The prepared reduced ceria films were used in this work for reactivity measurements of H2O on 

CeOx (Chapter 3.4). Oxidation of the Ce2O3 films maintained low step density, which was used as 

starting point for preparation of CeO2 films with controlled step density (Figure 2.6.1.c). Adding 0.3 

ML of CeO2 resulted in growing small 1ML high CeO2 islands on top of the flat CeO2 buffer layer, 

increasing the step density of the model system (Figure 2.6.1.d). The resulted density of step edges 

of the prepared film was 15% and this system was used for stabilization of Pt
2+

 ions at the surface 

providing sufficient morphological simplicity for STM measurements (Chapters 3.2 and 3.3). 

The described reduction method for CeO2 films was also used for preparation of inverse 

model CeOx/Cu(111) systems with controlled stoichiometry. Buffer layer was prepared using 

oxidation of Ce deposit at room temperature. Cerium was deposited onto the Cu(111) single crystal 

from Ta crucible heated via electron bombardment. Cerium deposit was then exposed to 12L of O2 

at room temperature (P=2.6×10
-5

 Pa) and subsequently annealed at 700K in UHV (Figure 2.6.1.e). 
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Full oxidation of the film was achieved through the heating of the sample at 750K in oxygen 

background atmosphere (P=2.6×10
-5

 Pa) for 5 minutes. The film was then reduced via the 

adsorption of metallic cerium onto the surface with subsequent annealing at 900K in UHV for 5 

minutes [106] (Figure 2.6.1.f). The average film thickness was determined from a quartz crystal 

microbalance method and was estimated to be 1-2ML (Chapter 3.5). 

 

Figure 2.6.1. Morphology of the well-defined ceria thin films on Cu(111) measured with 

STM: a) – buffer layer of CeO2(111) deposited and annealed at 523K; b) – reduced c-Ce2O3 ceria 

film with low step density; c) – oxidized ceria film with low step density; d) – same film with 

increased step density (0,15ML) due to homoepitaxy of 1 ML high CeO2(111) islands; e) – inverse 

model CeO1.9/Cu(111) system; f) – reduced inverse model CeOx/Cu(111) system. The size of the 

images is 100×100nm. 

Platinum was deposited onto ceria films with different stoichiometry and step density in 

UHV at room temperature via heating of the Pt wire with electron bombardment. Samples were 

subsequently heated to 700K for stabilization of Pt deposit. Adjusting the deposition time allowed 

control over amount of Pt at the surface. In the present work, the amount of deposited Pt was in the 

range of 0.03 to 3.5ML.  
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The deposition rate was measured using Quartz Crystal Microbalance (QCM) method and 

was estimated 12ML/hour for cerium and for 0.9ML/hour for Pt. Film thicknesses were determined 

from STM and XPS measurements and compared to the values, determined from QCM results. 
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3. Results and discussion 

In this chapter the main results and achievements are presented in the form of three 

publications and two manuscripts. Each of the sections is briefly introduced. The usage of the well-

defined ceria model systems for advanced studies in morphology and reactivity is presented. The 

first section is dedicated to the quantitative estimation of charge transfer between Pt clusters and 

cerium oxide surface. The second and third sections concentrate on investigation of the role of ceria 

step edges towards stabilization of Pt single atoms and their capacity for maximum Pt loading. The 

fourth section presents reactivity study of H2O molecules on reduced ceria. Finally, the last section 

presents the preparation of inverse model CeOx/Cu(111) systems with different stoichiometry and 

their characterization using advance surface science methods. 

3.1 Counting electrons on supported nanoparticles 

Noble metal nanoparticles on oxides are among the most widely-used catalytic systems in 

modern chemical industry. Steps towards increasing their activity and efficiency in the catalytic 

reactions often include optimization of the metal-oxide interactions via choosing the appropriate 

support materials, particle sizes, particle structures or via adding promoters [144]–[147]. Nowadays, 

we understand, that the catalytic activity of these systems is governed by several factors including 

the electronic system of the supported nanoparticles [148], their nanostructure [144], [146], their 

structural flexibility [149], [150], and, which is more important, their interaction with the support 

[147], [151]–[154].  

The interaction between Pt nanoparticles and an oxide support, leading to 20-fold increase in 

reactivity of the system towards water-gas shift reaction, is described in literature as an electronic-

metal support interaction (EMSI) and is related to the particle-support charge transfer (CT) 

mechanism [146], [155]. Experimental measurement of the CT has always been a challenge. In fact, 

it can be determined from binding energy shifts in photoelectron spectroscopy. In reality however, 

strong final state effects prevent reliable measurements of the small initial state effects owing to the 

EMSI [156]–[158]. In order to solve this question, more advanced approach has to be developed so 

as to estimate particle-support charge transfer value.   

In this work, we study Pt nanoparticles on a well-defined cerium oxide surface. The contact 

between Pt and ceria results in electron transfer, reducing Ce
4+

 ions to Ce
3+

 [146], [151]. The Ce
3+

 

centers can be detected with an outstanding sensitivity by resonant photoemission spectroscopy 

(RPES). Combining these results with structural data from STM, we are able to ‘count’ the number 
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of electrons transferred across the metal/oxide interface per Pt particle. Furthermore, we can provide 

the CT as a function of the particle size, from very small particles to large ones containing several 

hundreds of atoms. 

The results show, that the CT value increases with the particle size reaching its maximum for 

particles containing from 30 to 70 Pt atoms (0.11±0.025 electrons per Pt atom). Pt nanoparticles 

become partially oxidized, forming Pt
δ+

 with an average charge of δ∼0.11±0.025. For larger 

particles, charge transfer is suppressed. The maximum CT value per surface area amounts to 1.2 × 

10
18

 electrons per m
2
, which corresponds to approximately 17% of the surface cerium ions being 

reduced to Ce
3+

. On average, one of six Ce
4+

 surface ions can be reduced to Ce
3+

 during charge 

transfer process. Smaller charge transfer value for smaller Pt particles can be explained through their 

nucleation at Ce
3+

 adsorption sites. 

The experimental results were supported with the DFT calculations for Pt8, Pt34 and Pt95 

particles on CeO2(111) surface. 

To this work I have contributed the key information on the statistics of the Pt cluster 

population as a function of increasing Pt amount on CeO2(111). Samples with different amounts of 

Pt deposit on CeO2(111) were prepared by evaporating Pt at room temperature and imaged with high 

resolution with STM (Figure 1a of the article). The obtained STM images were then analyzed and 

density of Pt clusters was determined. For each amount of Pt deposit several STM images from 

different areas of the specimen were processed. The total analyzed area of the specimen for each 

amount of Pt deposit remained constant. The obtained data on Pt cluster density and Pt cluster size 

(Figure 1b of the article) was then compared to data on charge transfer between Pt deposit and ceria 

substrate obtained by RPES in the collaborating laboratory; the results of this comparison is shown 

in Figure 2 of the article. These results were essential in evaluating the amount of transferred charge 

as a function of Pt cluster size, and, particularly, for determining Pt cluster sizes providing 

maximum charge transfer (Figure 2a of the article). 
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3.2 Creating single-atom Pt-ceria catalysts by surface step decoration 

Single-atom catalysts represent the group of supported metal catalysts with metal load 

dispersed as single atom [32]. This provides maximum efficiency for using metal atoms in catalytic 

reactions, giving an opportunity to minimize precious metal content in catalysts [151], [152]. 

Central challenge in the production of single-atom catalysts is understanding of specific adsorption 

sites on supports which provide stabilization for single metal atoms during catalytic reaction at 

elevated temperatures. Among the existing single-atom catalysts, highly dispersed Pt ions on ceria 

hold a promise for radical reduction of Pt load in critical large-scale catalytic applications — 

hydrogen production [152], three-way catalytic converters [159] and fuel cells [160]. Recent studies 

on large area ceria samples identify the necessity of nanostructuring the ceria substrates so as to 

obtain supported Pt
2+

 ions and propose a square-planar PtO4 unit as a Pt
2+

-containing surface moiety 

[151]. In the present study we show, that Pt
2+

 ions are stabilized at monoatomic step edges of 

CeO2(111) surface. Additionally, we adjust the step density of the ceria support so as to maximize 

the load of Pt
2+

 ions.  

In order to determine the specific adsorption sites for Pt
2+

 ions, several ceria model surfaces 

with different concentration of step edges and surface oxygen vacancies were prepared. Platinum 

particles in quantity of 0.06 ML were deposited onto these ceria surfaces and stabilized via heating 

at 700K. The state of Pt
 
nanoparticles was determined from XPS and SRPES measurements. First, 

platinum was deposited and stabilized on flat CeO2
 
surface with low density of steps and oxygen 

vacancies, resulting in two chemical states: metallic Pt
0
 clusters and ionic Pt

2+
 atoms, as evidenced 

by spectroscopic measurements. Second, Pt was deposited at flat CeO1.7 surface with increased 

concentration of oxygen vacancies. In this case, Pt stabilized exclusively as small Pt
0
 clusters clearly 

seen in STM. Finally, Pt was deposited onto the oxidized CeO2 surface with increased step density. 

Here, Pt preferably stabilized into Pt
2+

 state indicating the key role of step edges on the ceria surface 

in stabilizing monodispersed Pt
2+

 ions. Once created, Pt
2+

 ions remain stable during the repeated 

cycles of annealing at 700K as well as during the CO adsorption and desorption in UHV.  

Platinum was also deposited onto ceria films with adjustable density of monoatomic steps. 

Control over density of step edges was achieved by using methods developed in our group (Figure 

1.6.1). STM and SRPES measurements revealed the presence of both Pt
0
 clusters and Pt

2+
 ions on 

stepped CeO2 surfaces, and a direct proportionality between the observed amount of Pt
2+

 ions and 

the step density on the samples (Figure 2 of the publication). 
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High sensitivity SRPES and RPES spectroscopic measurements also revealed, that the 

oxidation of Pt atoms and their stabilization into Pt
2+

 ions is not accompanied by reduction of 

surface Ce
4+

 ions. This excludes the direct participation of ceria into the observed Pt oxidation at 

steps therefore indicating the involvement of other oxidizing agents in the stabilization of Pt
2+

 ions, 

such as excess oxygen atoms. The possible source for excess oxygen in UHV environment can be 

water adsorbing in sub-ML amounts from background atmosphere and undergoing dissociation on 

reduced ceria and Pt/ceria substrates [114], [146]. 

In order to support and understand the experimental observations, ab-initio DFT calculations 

were performed for adsorption sites on CeO2(111) surfaces including oxygen vacancies, regular sites 

on terraces and two preferred types of steps at the CeO2(111) surfaces. Agreement between the 

theory and the experiment can only be achieved when taking into account the step edges in the 

presence of an excess of O atoms. DFT calculations also reveal high binding energy values for Pt
2+

 

ions at step edges with excess oxygen (6.6-6.7 eV).  

Theoretical calculations proposed the binding mechanism for Pt ions on ceria. At step edge, 

Pt atom binds to four neighbor O atoms forming stable PtO4 unit (Figure 3 of the publication). On 

terrace and oxygen vacancy Pt atoms are weakly bound and easy coalesce into Pt
0
 clusters. At step 

edges, the presence of excess oxygen atoms is essential for the formation of PtO4 moieties (Figure 4 

of the publication).     

The results presented in this work can be applied for the interpretation of the properties and 

the optimization of the Pt
2+

 load on large-area ceria supports [152], [159], [160]. In general, the step 

edges may represent a common type of adsorption sites providing stabilization for monodispersed 

metal atoms and ions in any oxide-supported single-atom catalysts [161]. Our results therefore 

introduce important concepts of step reactivity [162] and step engineering [163] in understanding 

the stability, the activity and in designing new single-atom catalysts.  

My contribution to this work was preparation of ceria layers with controlled stoichiometry 

and density of step edges with subsequent Pt deposition and characterization of the obtained systems 

using STM and XPS. I have developed experimental procedures for preparing CeO2 substrates with 

increased step density via homoepitaxy of CeO2 islands on CeO2 thin films (Figure 2.6.1 d). STM 

measurements revealed Pt clusters on the ceria surface. However, statistics of Pt clusters on the 

CeO2 surface with high step density in comparison with QCM data indicates, that the clusters 

contained only 10% of the total Pt deposit. Most of the Pt deposit remained invisible in STM images. 

Theoretical calculations showed that Pt
2+

 species are not discernible in empty states STM imaging 
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because of their electronic structure. XPS and SRPES measurements showed most of the Pt to be in 

atomically dispersed Pt
2+

 state. In order to disclose the Pt
2+

 ions microscopically, STM imaging in 

empty and occupied states was performed as well as detailed STM images of the ceria islands were 

obtained (Figure 3.2.1a-c). STM imaging of occupied states showed better contrast of Pt0 clusters, 

but Pt ions remained invisible. Hence, statistical approach based on step density evaluation and Pt
2+

 

signal in SRPES together with DFT calculations was performed.  

The qualitative analysis of the state of Pt deposit was made by using XPS. With XPS it was 

only possible to determine the existence of Pt at the ceria surface and its preferred state as metallic 

or ionic (Figure 2.2.2). More precise and quantitative evaluation of the Pt state was performed on a 

series of samples prepared under the same conditions (stoichiometry, step density, Pt amount, 

temperature) using SRPES at synchrotron Elettra in Trieste, Italy.  

 

 

Figure 3.2.1. STM images of model Pt/CeO2 system with 0.06ML of Pt deposit stabilized as 

Pt
2+

 ions: a) – imaging in empty states; b) – imaging of the same area in occupied states; c) – 

detailed image of a CeO2 island in empty states (sample from Figure 1h of the publication). Even on 

highly resolved STM images the Pt
2+

 ions provide no specific STM contrast. The size of the a-b 

images is 70×70nm, c – 9.5×9.5nm.  
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3.3 Controlling Pt dispersion on ceria by surface oxygen content 

In previous chapter, the conditions for stabilization of Pt
2+

 ions were analyzed. It was shown, 

that Pt stabilizes in Pt
2+

 state at step edges of stoichiometric CeO2, and in the excess oxygen at step 

edges. In this chapter, detailed analysis of the influence of the surface oxygen content of ceria film 

on the stabilization of Pt
2+

 ions is presented. 

Thin films of ceria were prepared on Cu(111) single crystal using the procedure described in 

[103], [131]. The resulting step density of the films was estimated to be 15%. Films were prepared 

stoichiometric CeO2 and slightly reduced CeOx. Control over stoichiometry of the ceria film was 

achieved via heating the sample in methanol background atmosphere at 650K and, depending on the 

annealing time, different degrees of reduction of the film were obtained. Different quantities of Pt 

were added onto the surface and the whole system was heated at 700K for the stabilization of Pt 

deposit. Morphology of the film was measured using STM and stoichiometry of the film as well as 

quantitative analysis of Pt deposit was estimated using SRPES and RPES. The obtained 

experimental results were compared with the DFT calculations. 

The results indicated that in oxygen rich conditions the concentration of Pt
2+

 ions increases 

with the increasing Pt load of the film. The appearance of three-dimensional metallic Pt clusters is 

observed on the STM for Pt amounts of 10-15% ML. Further increasing of the Pt deposit resulted in 

increasing both Pt
0
 and Pt

2+
 signals in SRPES. Pt

2+
 signal reached a saturation of approximately 20% 

ML at 50% ML Pt deposition. Without exposing the system to oxygen, the appearance of Pt
0
 

clusters in the course of Pt exposition resulted in partial reduction of CeO2 surface and 

destabilization of Pt
2+

 ions. The present experiments, mainly the observation of saturation coverage 

of 20% ML Pt
2+

 on a substrate with 15%ML monoatomic steps, and the stability of the Pt
2+

 deposit, 

show that the capacity of step edges to accommodate Pt
2+

 is maximized in oxygen rich conditions 

and a minimum of 1 Pt
2+

 ion is stabilized per 1 step edge adsorption position. 

Initial reduction of the ceria surface rapidly decreased the concentration of Pt
2+

 species 

leading to their disappearance at a particular critical degree of reduction of the CeOx surface. 

According to previous observations, monoatomic step edges of ceria play a key role in stabilizing 

Pt
2+

 ions [131]. At the same time, they also represent sites, where lattice oxygen is most weakly 

bound [99], [164]. Considering the preferential O removal at the step edges, and the step edge 

concentration of 15% on our samples, the critical degree of reduction may correspond to the 

removal of lattice O atoms at step edges. Without lattice O, the step edges lose the ability to stabilize 
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Pt
2+

. Hence, we suppose that the critical reduction degree for ceria surface preventing Pt
2+

 

stabilization may correspond to the complete reduction of step edges. 

Experimental measurements of fully oxidized Pt-Ceria systems in oxygen rich conditions 

revealed enhanced content of Pt
2+

 species. At initial step coverage of 15% ML concentration of Pt
2+

 

ions reached 20%. Theoretical modeling provided possible explanation of such phenomenon which 

is based on the influence of excess oxygen atoms on the formation of PtO4 moieties at ceria step 

edges.  

Theoretical calculations supported the phenomena observed in the experiment. Assuming the 

presence of excess oxygen at step edges during Pt
2+

 stabilization, the capacity of a step was 

estimated to be up to 5 Pt
2+

 ions per 3 step edge adsorption positions.  

The prepared Pt/ceria system is highly promising for experiments concerning redispersion of 

Pt species, i.e. decomposition of metallic Pt clusters in favor of monodispersed Pt
2+

 ions. In the 

changing conditions of the surface chemical reactions, our results indicate that the Pt/ceria catalyst 

can react very flexibly making available a rich variety of configurations that provide the 

stabilization of monodispersed Pt
2+

. Analyses of the binding energy of Pt
2+

 in the PtO4 moieties 

indicate important consequences for exploiting and engineering the dispersion of Pt in Pt/ceria 

catalysts: on reduced and stoichiometric ceria, monodispersed Pt
2+

 ions and Pt adatoms at step edges 

can coexist with the metallic Pt clusters. In the presence of excess oxygen, binding energy of Pt
2+

 at 

ceria step edges exceeds the cohesive energy of Pt bulk triggering the technologically important 

process of redispersion.  

My contribution to this work was preparation and measurement of the Pt-ceria model 

systems using STM and XPS. I have developed one-step experimental procedures for preparing 

CeO2 samples with step density 15% allowing faster and better defined experiments (Figure 3.3.1). 

The emergence of Pt
0
 clusters was detected in STM using measuring modes in occupied and empty 

states. Qualitative analysis of the Pt deposit was made using XPS, where the existence of Pt deposit 

at the surface and its preferential state could be deduced. In parallel, more precise quantitative 

SRPES measurements were performed at synchrotron Elettra in Trieste, Italy.  
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Figure 3.3.1:  CeO2(111) substrates with 15 % of monoatomic steps used in the present study. 

(a) Multi-step procedure described in Section 2.6, Figure 2.6.1 d. Substrate is obtained by 

deposition of 0.3 ML CeO2 at RT on a Cu(111) supported CeO2(111) thin film with the lowest 

achievable density of substrate steps (approx. 4%), followed by annealing to 800 K. CeO2(111) thin 

film with the lowest step density is obtained by oxidation of a 20 Angstrom Ce2O3 thin film prepared 

according to Refs. [106], [108].  (b) One-step procedure. Substrate is obtained by deposition of 20 

Angstrom of CeO2(111) on Cu(111) at 250
o
C and subsequent annealing to 800 K. Substrates from 

(a), (b) are eventually reduced by repeated annealing in vacuum to 700 K and/or by adsorption of 

methanol and desorption at 700 K, both approaches conserving the density of surface monoatomic 

steps 15%. 
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Abstract: 

Experimental strategies for obtaining the highest dispersions of oxide supported metals, including 

single-atom dispersion, allow development of advanced, resource- and cost-effective catalysts. We 

investigate the role of oxygen atoms on the CeO2(111) surface in the stabilization of Pt as monodispersed Pt
2+

 

ions or, concurrently, as metallic Pt clusters. We demonstrate that the necessary condition for the formation 

of Pt
2+

 ions is the availability of lattice O or excess O atoms at surface step edges. Although Pt
2+

 ions can 

exist on partially reduced surfaces, excess O atoms are required to maximize the capacity of the surface to 

accommodate Pt
2+

 and for triggering the redispersion of Pt clusters. Over a wide range of O concentrations, 

Pt
2+

 ions are located at ceria step edges as various configurations of fourfold oxygen-coordinated PtO4 units. 

Our study provides the rationale for the oxidation and reduction strategies for controlling and optimizing the 

dispersion of Pt in ceria-based catalysts. 

Introduction: 

Oxide supported metal catalysts belong to the most widely used heterogeneous catalysts. Increasing 

the metal dispersion in the oxide supported metal catalysts has proven to positively influence the activity [1] 

and the stability of the metal load [2] as well as the selectivity of the catalyzed reactions [3] giving rise to the 

concept of catalysis by single supported atoms (single-atom catalysis) [4–6]. In single-atom catalysts, 

minimal amounts of atomically dispersed precious metals are expected to yield an ultimate effectiveness and 

selectivity in many relevant chemical reactions [7]. In parallel to the identification and characterization of 

new oxide supported single-atom catalysts [8–11] model single atom catalysts are being investigated where 

single metal atoms and ions are supported on single crystalline oxide surfaces [12–14]. Highly defined 

morphology and the broad spectrum of applicable analytical methods on model catalysts effectively 

contribute to elucidating the stability [15], the reaction mechanisms [16], and the nature of the active sites [13] 

in single-atom catalysts. 

The nature of the active sites in single-atom catalysis is often concealed by their highly dynamic 

character [17,18], and for many relevant catalysts arguments are found both for the activity of single 

supported atoms and ions [9,19–22] and for small metallic clusters [23–26]. A close relationship between the 

single-atom dispersion and the activity of small metallic clusters is being utilized in advanced procedures for 

precise control of  the dispersion of metal load in heterogeneous catalysts, especially Pt. Single-atom 

dispersion of Pt, usually obtained by annealing of the catalysts in oxygen-rich atmospheres [27,28], 

represents a technological step for obtaining smallest metallic Pt clusters upon subsequent controlled 

reduction, and becomes an indispensable ingredient in the recipes for preparing highly active [29] and highly 

stable catalysts [30] by means of Pt redispersion [31–33]. 

Using a model single-atom catalyst Pt/CeO2(111) we demonstrate that it is the surface oxygen content 

of the catalyst support determining whether the Pt deposit be stabilized as monodispersed Pt
2+

 ions or as 

metallic Pt clusters. Pt/ceria catalysts represent an important class of single-atom catalysts [11] exhibit high 

mailto:josef.myslivecek@mff.cuni.cz
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effectiveness of Pt usage in industrially relevant applications [34–36], and provide efficient redispersion of Pt 

load [27,29,30,37]. On model CeO2(111) surfaces, atomically dispersed Pt
2+

 ions reside in stable adsorption 

positions at monoatomic step edges [14]. The stability of the atomically dispersed Pt
2+

 state has been 

demonstrated to depend sensitively on the oxidation state of the ceria support [38,39]. In the present 

experimental and ab-initio study on stoichiometric and reduced CeO2(111) surfaces we demonstrate that Pt
2+

 

formation becomes inhibited when the ceria step edges lose the lattice oxygen atoms [40]. The oxygen 

atmosphere over CeO2(111) surfaces, on the other hand, allows bonding of excess oxygen at the step edges 

and formation of dense arrangements of PtO4 moieties maximizing the capacity of the surface to 

accommodate single Pt
2+

 ions. The excess oxygen on the CeO2(111) surfaces is triggering the redispersion of 

Pt by energetically favoring the binding of Pt in the PtO4 moieties over incorporation of Pt in metallic Pt 

clusters. 

Experimental Results: 

Model single-atom Pt/ceria catalysts are prepared by deposition of Pt on a stepped oxidized CeO2(111) 

surface followed by annealing in vacuum at 700 K for activating the conversion of deposited metallic Pt to 

monodispersed Pt
2+

 ions [14]. The present experiments are performed on CeO2(111) surfaces with density of 

monoatomic steps 0.15 ML (Figure S1; ML represents a monolayer, 1 ML = 7.9×10
14

 cm
-2

 and corresponds 

to density of Ce atoms on the CeO2(111) surface). To determine the influence of surface oxygen content on 

the stabilization of Pt
2+

 ions we observe the evolution of the Pt deposit on the samples during repeated 

evaporation and annealing of Pt under oxidizing or reducing conditions.  As a primary indicator of the single-

atom dispersion of Pt deposited on ceria we consider the presence of Pt
2+

 signal in the Pt 4f synchrotron 

radiation photoelectron spectra (SRPES) of the samples (Figure S2a) [14,21,31]. Determined are also the 

complementary Pt
0
 signal in the Pt4f SRPES (Figure S2a) and the highly surface sensitive resonant 

enhancement ratio (RER) from resonant photoelectron spectroscopy (RPES) of the CeOx valence band (VB) 

as a measure of surface concentration of Ce
3+

 ions (Figure S2b).   

 

 

Figure 1: Evolution of Pt
2+

 SRPES signal on ceria samples upon stepwise deposition of Pt and 

annealing at 700 K after each deposition. (a) stoichiometric CeO2 sample, Pt deposition and annealing in 

vacuum (b) reduced CeOx sample, Pt deposition and annealing in vacuum (c) reduced CeOx sample, Pt 

deposition and annealing in vacuum, two intermittent oxidations in O2 (d) stoichiometric CeO2 sample, 

deposition of Pt in vacuum, annealing in 5 × 10
-5

 Pa O2. Lines represent guides to the eyes. Dotted line 

indicates the expected Pt
2+

 signal for complete conversion of Pt deposit to Pt
2+

. 

Characteristic scenarios of the evolution of the Pt
2+

 concentration in the Pt deposit are displayed in 

Figure 1, the complementary Pt
0
 and RER signals are in Figure S3. For stoichiometric CeO2(111) sample 

(Figure 1a, Figure S3d), Pt
2+

 amount – monodispersed ions –  is equal to the deposited Pt amount up to 0.05 

ML (Figure 1), followed, upon further deposition of Pt, by an increase of the concurrent Pt
0
 signal – metallic 

Pt clusters (Figure S3d). The appearance of Pt clusters is followed with a reduction of the CeO2 substrate 

(increase in RER, Figure S3d) and, within next few Pt depositions, Pt
2+

 concentration drops indicating 

depletion of the population of monodispersed Pt
2+

 ions. The observed scenario corresponds well with recent 

experimental observations of destabilization of Pt
2+

 population on ceria in reducing environments of H2 [38] 

and CH3OH [39], and the catalytic action of metallic Pt clusters on the destabilization [38,39]. In the present 
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experiment, the reduction of the samples occurs during annealing to 700 K via clean-off of ceria surface from 

residual carbon (Figure S4). The residual carbon is deposited on the sample e.g. during Pt deposition.  

In Figures 1b and S3b we demonstrate that Pt
2+

 can exist on a slightly reduced CeOx(111) surface. 

Prior to Pt deposition, RER of the sample was 0.28.  Upon initial Pt deposition, Pt
2+

 signal as well as Pt
0
 

signal is observed indicating the coexistence of monodispersed Pt
2+

 ions and Pt clusters. The maximum of 

Pt
2+

 concentration is reached for Pt amount 0.05 ML. For higher Pt amounts, stabilization of Pt in the form of 

Pt
0
 clusters is dominating and reduction of the substrate together with the destabilization of the Pt

2+
 

population is observed in qualitative agreement with the stoichiometric CeO2(111) sample in Figure 1a and 

S3d. We can determine the critical stoichiometry of the CeOx(111) surface that does not allow any Pt
2+

 

stabilization. We prepare a series of CeOx(111) surfaces with RER between 0.36 (Figure S3a) and 0.02 

(Figure S3d) and perform Pt deposition and stabilization on these surfaces. We may conclude that for 

RER >= 0.3 no Pt
2+

 stabilization is observed and the Pt deposit nucleates as Pt
0
 clusters. RER of the as 

prepared CeOx(111) samples can be used for quantitative considerations because prior to Pt deposition Ce
3+

 

concentration on the CeOx(111) surface is determined solely by the amount of O vacancies [41]. Upon Pt 

deposition, Ce
3+

 concentration is additionally influenced by charge transfer between Pt
2+

 ions or Pt
0
 clusters 

and the ceria substrate [14,42].  

The destabilized population of Pt
2+

 on the slightly reduced CeOx(111) surface can be recovered upon 

annealing the sample at 700 K in oxygen. This is shown in Figure 1c and S3e. Intermittent annealing at 700 K 

in 5×10
-5

 Pa O2 after reaching Pt coverages of 0.07 ML and 0.12 ML has recovered the Pt
2+

 concentration to 

the level comparable with Pt
2+

 concentration on the  stoichiometric CeO2(111) sample (Figure 1a). This 

process was accompanied by a corresponding decrease of the Pt
0
 SRPES signal indicating the redispersion of 

the Pt
0
 clusters, i.e. decomposition of metallic Pt clusters in favor of monodispersed Pt

2+
 ions. 

Pt
2+

 concentration and stability on the CeO2(111) surface can be maximized by depositing Pt on the 

stoichiometric CeO2(111) in vacuum and performing the Pt
2+

 stabilization via annealing at 700 K in 5×10
-5

 Pa 

O2. Results of this experiment are presented in Figures 1d and S3f, and, for the extended range of the Pt 

coverages up to 0.7 ML, in Figure 2. Under oxygen rich conditions, initially, all deposited Pt is stabilized as 

Pt
2+ 

ions. From about 0.05 ML Pt deposition above, the signal of metallic Pt
0
 is detected and it is increasing 

during further Pt deposition. Pt
2+

 signal, on the other hand, is reaching a saturation of approximately 0.2 ML 

at 0.5 ML Pt deposition. The appearance of the Pt
0
 signal is related to the nucleation of metallic Pt clusters 

[14,38,39] that are evidenced on the STM images in Figure 2 for Pt coverage of 0.1-0.15 ML and higher. Pt
2+

 

species, on the other hand, were not associated with any observable STM features (Figure S5, [14]). The 

evolution of Pt
2+

 and Pt
0
 signals in oxygen rich conditions clearly illustrates the competition between the 

trapping of Pt as Pt
2+

 atoms in energetically preferred, but limited in quantity, stable adsorption positions, and 

the nucleation of Pt clusters [43,44]. The preferential adsorption positions have been identified previously as 

monoatomic step edges providing binding sites for Pt
2+

 ions in square-planar PtO4 moieties [14]. 
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Figure 2: Evolution of Pt
2+

 and Pt
0
 XPS signals during deposition of Pt on CeO2(111) and annealing 

of Pt in O2. In the presence of oxygen, the capacity of CeO2(111) to accommodate Pt
2+

 is maximized and Pt
2+

 

population saturates at a concentration approximately 0.2 ML. Pt not stabilized in the form of Pt
2+

 ions 

nucleates as metallic Pt clusters that are distinguished on the STM images at Pt coverage of 0.1-0.15 ML and 

higher. Width of the STM images is 40 nm. 

Calculations: 

Ab-initio DFT simulations aim at validating the role of oxygen content on the CeO2(111) and CeO2-

x(111) surfaces on the stabilization of monodispersed Pt
2+

 species. The model systems employed in the 

present theoretical analysis are vicinal surface slabs exposing (111) terraces and two different monoatomic 

step geometries, which we label as Step I and Step II following Refs. [14,40,45]. In both cases, the lateral size 

of the periodic supercell is 3 lattice units along the step edge. We introduce Pt atoms, excess O atoms, and O 

vacancies at step edges and investigate the charge state of Pt and Ce atoms. The amounts of Pt,  O, Pt
2+

, Pt
0
, 

and Ce
3+

 are expressed as step coverages σY where Y is one of the Pt, O, Pt
2+

, Pt
0
, and Ce

3+
 species, and σY is 

the concentration of this species relative to step edge Ce atoms. 

To study the effects of oxygen content, we consider stoichiometric step edges (denoted S), over-

stoichimetric edges containing excess O atoms with σO=1/3-6/3 (denoted as O+1/3-O+6/3), and sub-

stoichiometric edges obtained by removing a lattice oxygen atom from the step edge (denoted as O-1/3, 

Supplementary Figures S6, S7). In the over-stoichiometric steps, the excess O adatoms bind preferentially to 

the step edges forming peroxide groups (supplementary Information and Figure S6, S7), similarly to the 

adsorption on flat ceria terraces [46,47]. In the sub-stoichiometric steps, step edges are the preferential sites to 

form O vacancies [40]. N Pt atoms (N=1-6, σPt=1/3-6/3) were introduced at the step edges as isolated species, 

linear chains, and clusters, considering several morphologies and distributions of reduced Ce
3+

 ions 

(Supplementary Discussion, Tables S1-S8). Given the large number of calculations required to create a 

complete set of results covering all the cases reported above, we perform a full analysis for Step I and 

validate the findings on Step II only for a selected subset of cases. 
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Figure 3: Number of Pt
2+

 (a) and of Ce
3+

 ions (b) that form on the step edge from the adsorption of 

neutral Pt atoms. The numbers of deposited Pt, and of resulting Pt2+ and Ce3+ ions are expressed in step 

coverages σPt, σPt2+, and σCe3+, respectively. Step coverage 1 is defined as 1 species per step Ce atom. The 

results refer to the model Step I and different symbols/colors refer to the surface oxygen content of the step.  

 

The results displayed in Figure 3 demonstrate the role of step-edge oxygen content for the 

stabilization of Pt
2+

 species on CeO2(111) and CeO2-x(111) surface steps. Following the layout of the 

experimental data presented in Figures 1 and S3, Figure 3a reports the number of Pt
2+

 species resulting from 

depositing a particular amount of Pt atoms on a step edge with a specific oxygen content.  The numbers of 

metallic and ionic Pt atoms in the supercell are reported in terms of the step coverages σPt and σPt2+, 

respectively. The ionic or metallic state of the Pt atoms were determined on the basis of the Bader charge 

analysis as described in the Supplementary Information and reported in Tables S1-S9. Figure 3b reports the 

number of Ce
3+

 ions resulting from depositing a given amount of Pt atoms on the step edge. The Ce
3+

 ionic 

state of the Ce ions was obtained from the projection coefficients of the charge density on the atomic-like Ce 

4f wavefunctions and the number of Ce
3+

 ions for each supercell is reported in Tables S1-S8. Calculated Pt 

binding energies (BE) of the Pt atoms, ions, and clusters for the considered step edges and Pt amounts are 

displayed in Figure 4 together with the adsorption geometries, which are also reported in the Supplementary 

Tables S1-S9. Color coding in Figure 4 is the same as in the Figure 3.  

For σPt<=2/3, every Pt atom deposited on the stoichiometric Step I (Step I-S, blue symbols) is 

converted to a Pt
2+

 species by transferring 2 electrons to the ceria surface and reducing 2 Ce
4+

 ions to Ce
3+ 

(Figure 3a). This is evident in the linear increase of the number of Ce
3+

 ions up to σPt =2/3 (Figure 3b, blue 

symbols). Additional Pt atoms deposited on the Step I-S are not completely oxidized to Pt
2+

. This is 

demonstrated by the change of slope of the σCe3+ curve for σPt between 2/3 and 1, leading to 3 Pt atoms in the 

supercell accompanied with only 5 reduced Ce
3+

 ions instead of 6. σPt > 1 yield the nucleation of metallic Pt 

clusters (Table S1) and the decay of the σPt2+. This transition from dispersed single-ions to metallic clusters 
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becomes also apparent in the thermodynamics (Figure 4, blue lines), which shows the preferential 

aggregation of the dispersed Pt
2+

 species into metallic clusters for σPt>1.  

The transition from dispersed single-ions to metallic clusters involves charge redistribution and 

charge transfer between the ceria substrate and Pt deposit that however does not affect substantially the 

degree of surface reduction: For σPt = 1, σCe3+ reaches a maximum at 5/3 and remains constant at 4/3 also after 

nucleation of Pt clusters. This is in agreement with previous works demonstrating that ceria-supported Pt 

clusters and nanoparticles yield partial reduction of the substrate due to charge transfer [42,48]. We note that 

a residual number of Pt ionic species persists on the surface also after nucleation of the metallic clusters 

(Table S1). The computed charges of these ionic species in the cluster, ~9.3 e, are larger (i.e. less ionic) than 

those of the monodispersed Pt
2+

 species, ~8.3-8.5 e, but smaller than the metallic species, ~10 e; Pt species in 

the clusters can thus be designated as partially charged, Pt
δ+

, with partial charge of a particular atom 

depending on its position within the cluster. Pt
δ+

 species are not identified in the experiment (Figure S2a), 

their presence is only influencing the shift of the experimentally determined Pt
0
 peak in SRPES. Our 

calculations show that in all cases presented in this work the Pt
2+

 species with Bader charge ~8.3-8.5 e are 

always incorporated in the characteristic PtO4 moiety described previously [14] confirming that the intensity 

of the Pt
2+

 signal in SRPES is the correct measure of the density of monodispersed Pt
2+

 ions.  

 

Figure 4: Average binding energy (BE/Pt atom) of the structures resulting from depositing Pt atoms 

with step coverage σPt on the model ceria Step I. The gray horizontal line indicates the calculated cohesive 

energy of metallic Pt. The insets show the atomistic structure of the corresponding Pt adsorbates. O atoms 

are represented with different shades of red, while blue and yellow are used for the Pt and Ce atoms. 
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We show here that step edges accommodating excess O atoms allow to increase the maximum 

conversion of the deposited Pt to ionic Pt
2+

 species. For step edges having a full coverage of excess O atoms 

(Step I-O+1, orange symbols in Figure 3a), the metallic-to-ionic conversion is linear up to σPt = 1, thus larger 

than for the stoichiometric Step I-S. Metallic species appear only for σPt > 1. The analysis of the ceria degree 

of reduction, Figure 3b, points to a different mechanism of Pt
2+

 formation that is active in the presence of 

excess O. Differently from the stoichiometric steps, here the Pt deposit is oxidized by the excess O atoms and 

not by the lattice Ce atoms. As a result, the conversion to Pt
2+ 

for σPt <= 1 does not involve ceria reduction 

and therefore σCe3+ = 0 (Figure 3b, orange symbols). At σPt = 1 full reduction of the excess O atoms is 

achieved; for higher x(Pt) the nucleation of metallic clusters does not lead to further ceria reduction, similarly 

to the stoichiometric step edge, reaching the same  σCe3+ saturation limit as with Step I-S. Note that also in this 

case, the calculations predict the persistence of partially charged Pt
δ+

 species at high Pt coverage 

(Supplementary Tables S2).  

Larger amounts of excess O atoms at the steps further increase the fraction of deposited Pt that is 

fully oxidized to Pt
2+

. For Step I-O+4/3 and I-O+2, complete metallic-to-ionic conversion is predicted up to σPt 

= 4/3 and 5/3, respectively (Figure 3, red and purple symbols). The high Pt
2+ 

step density that can be achieved 

in these Step I-O+4/3 and -O+2 model systems result from the Pt incorporation in PtO4 units forming single and 

double rows along the step edge (insets in Figure 4 corresponding to the purple symbols and Tables S3-S4).  

The presence of O vacancies at ceria step edges, on the other hand, hinders the Pt conversion to Pt
2+

. 

but does not completely suppress the formation of Pt
2+

 species.  We report in Figure 3a the results obtained 

for the reduced Step I-O-1/3 (cyan symbols) obtained by removing one of the three step-edge O atoms in the 

supercell. Calculations on this model step evidence that the Pt
2+

 stabilization process by the step edges is a 

highly local property, which is not affected by the step structure neighboring the PtO4 moiety. Pt atoms that 

bind to the step edge one lattice site away from the vacancy, i.e. to stoichiometric-like regions of the step 

edge, are shown to be converted to Pt
2+

 ions following the same mechanisms reported for Step I-S. The 

calculated Pt binding energies (BE) to this stoichiometric-like region of the reduced Step I-O-1/3 is equal to the 

one calculated for the stoichiometric step Step I-S (Figure 4, Table S8). Obviously, the maximum Pt
2+

 

concentration that can be achieved on the reduced Step I-O-1/3  is smaller than on the stoichiometric Step I-S. 

This is because, on reduced step edges, the fraction of stoichiometric-like step sites available for Pt binding 

and conversion to Pt2+ is less than 100% due to the presence of the O vacancies.  

The results calculated for Step II (Supplementary Figure S8 and Table S5-S9) support the main 

conclusion reported above for Step I, i.e. that step edges with excess O atoms favor the Pt conversion and 

dispersion as ionic Pt
2+

 species. With stoichiometric Step II-S, its different geometry compared to the 

stoichiometric Step I-S prevents the stabilization of Pt
2+

 species. Pt atoms at Step II-S stabilize as 

monodospersed partially charged Pt
δ+

 species. Monodispersed Pt
2+

 ions on Step II can be formed in the 

presence of excess O species at the step edge. Indeed, 100% of the Pt atoms deposited on Step II-O+1 is 

converted to Pt
2+

 (Figure S8a) for σPt <= 1. Compared to Step I-O+1, for σPt > 1 the geometry of Step II-O+1  

allows stabilization of second row of monodispersed Pt which is now partially charged Pt
δ+

. With step II-O+1  

we have also investigated the situation when the system is forced to nucleation of clusters. It turns out that the 

decoration of step edges with PtO4 rows containing Pt2+ is, for the same  σPt, energetically more favorable 

than Pt aggregation in metallic clusters (Table S6). Monodispersed Pt
δ+

 ions on Step II can be stabilized in the 

vicinity of O vacancy at the step edge, see Table S8. Calculations on Steps II with different amounts of 

surface oxygen suggest that the Pt
2+

 stabilization effect of surface step edges is a general property that is not 

dependent on the geometry of the specific step model used in the simulations.  

Our calculations provide an important information on the effects of oxygen content of the CeO2(111) 

and CeO2-x(111) surfaces and steps on the adsorption energetics of Pt
2+

 and Pt
0
 species. We report in Figures 

4 and S8 the average binding energy (BE/Pt atom) of the deposited Pt atoms on the ceria Step I and Step II 

systems described above. The calculated binding energies are compared to the cohesive energy of metallic Pt 

bulk (gray horizontal line).  For stoichiometric Step I-S and II-S (blue symbols) all the calculated BEs are 

lower than the cohesive energy of metallic Pt. According to our BE calculations, at stoichiometric ceria steps, 

Pt single ions/atoms and PtN clusters (N=3-6) are less stable than large metallic supported Pt particles. The 

role of excess surface oxygen in stabilizing single Pt
2+

 ion dispersions is demonstrated by the larger BEs 

calculated for the over-stoichiometric systems (orange, red, and purple symbols). The set of calculations for 

Step-I clearly shows the continuous shift of the BE to larger values with increasing content of excess O from 
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Step I-O+1 to Step I-O+2. The physical origin of this shift is the larger amount of O atoms available at the 

oxidized step edges that allow to accommodate multiple rows of PtO4 units. As anticipated above, O 

vacancies on the ceria step edges do not affect Pt
2+

 formation and its adsorption energetics on the 

stoichiometric regions of the partially-reduced steps. 

Discussion: 

The calculated results on the evolution of the Pt
2+

 population on ceria substrates with increasing Pt 

coverage are in qualitative agreement with the experiment. In particular, for a wide range of the oxygen 

content on the samples, from O-defective to samples with excess O, a maximum in the evolution of Pt
2+

 is 

observed with increasing Pt coverage, shifting to higher values of Pt
2+

 with increasing O content on the 

surface. In the calculations, the existence of this maximum is an intrinsic property of the Pt-ceria system to 

accommodate Pt
2+

 ions as PtO4 moieties at step edges, and the related charge transfer of electrons from Pt 

atoms to ceria substrate, and is not primarily accompanied with creating O vacancies on the surface. In the 

experiments, nucleation of Pt clusters makes reduction of the samples by reducing agents more efficient, and 

the destabilization of Pt
2+

 population proceeds further via losses of surface O, complicating the quantitative 

interpretation of the experimental results.  

The PtO4 moiety at the step edge containing an isolated Pt
2+

 ion represents a universal motif 

arranging itself in many point, linear, and bilinear patterns on Steps I and II for all considered O contents of 

the ceria surface. Monoatomic steps at the CeO2(111) surface expose the lattice oxygen atoms arranged in the 

preferred square-planar geometry for PtO4 stabilization, and, in addition, allow the excess O atoms to 

combine with lattice O atoms in the square-planar geometry and stabilize PtO4, too.   

For reduced CeOx(111) surfaces, the calculations suggest that on the reduced step edge two 

neighboring lattice O atoms are sufficient to stabilize an isolated PtO4 moiety (Figure 4, Step I-S, σPt = 1/3). 

In the experiment, we may determine the minimal oxygen content in the surface necessary for the 

stabilization of Pt
2+

 ions from the critical RER of 0.3 when no Pt
2+

 stabilization is observed on samples with 

RER >= 0.3 (Figures S3a – S3d). RER, as a qualitative indicator of CeOx reduction, can be calibrated against 

the quantitative measure of Ce
3+

 concentration obtained from XPS of Ce3d (Figure S2c, Supplementary 

discussion). Considering the information depth of the SRPES and XPS measurements, and the exclusive 

localization of Ce
3+

 ions at  the surface of the used experimental samples ([49], see also calculated geometries 

in Figure S6) we obtain the concentration of surface Ce
3+

 ions psurf = 0.9 × RER (Supplementary discussion). 

The critical RER of 0.3 thus corresponds to surface Ce
3+

 concentration of approximately 0.3 ML.  

On reduced CeOx(111) surfaces with monoatomic steps, O vacancies are preferentially localized at 

the step edges with 1 step edge O vacancy inducing localization of 2 Ce
3+

 ions in the vicinity of the step edge 

[40]. For the surfaces with step density of 0.15 ML used in our experiment, Ce
3+

 concentration of 0.3 ML is 

expected for the situation when all step edge O atoms are removed. The disappearance of Pt
2+

 stabilization in 

the experiment can thus be related to complete reduction of surface step edges. Apparently, PtO4 moieties and 

Pt2+ ions in the experiment are able to nucleate as isolated and independent entities provided that lattice O at 

step edges is locally available. 

On the samples with excess oxygen, on the other hand, increasing amount of the excess O atoms at 

the step edge allows nucleating of increasingly dense arrangements of PtO4 moieties forming linear or 

bilinear structures of PtO4 moieties at the step edges (Figure 4). Eventually, the concentration of stabilized 

Pt
2+

 may exceed the density of ceria step edges. This is observed in the experiments when the capacity of the 

surface to accommodate Pt
2+

 is maximized by sample treatment in O2 atmosphere. Indeed, Pt
2+

 concentrations 

of up to 0.2 ML are obtained on the samples containing 0.15 ML steps (Figure 2). Besides the favorable 

square-planar geometry excess O atoms are adopting at ceria step edges, excess O atoms are also 

accommodating the charge released during the stabilization of the Pt
2+

 ions in PtO4 moieties, and increase the 

capacity of the system to accommodate Pt
2+

 ions that is delimited by the capacity of the system to 

accommodate, at the step edges, the Ce
3+

 ions with increased ionic radii compared to Ce4+ ions. 

Excess O atoms preventing the charge transfer between the Pt
2+

 ions and the substrate improve 

considerably the stability of the Pt
2+

 ions. Indeed in our calculations, only the Pt
2+

 configurations containing 

excess O atoms provide stronger stabilization to the Pt
2+

 ions compared to the cohesion of bulk Pt (Figure 4). 

This is an important consequence for the redispersion of Pt when Pt clusters dissolve at the expense of the 

growing Pt
2+

 population as observed in our experiments with intermittent oxidation of Pt deposit on 
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CeO2(111) (cf. Figure 1c, S3e). Based on the calculated energetics we can conclude that the excess O 

represents a necessary prerequisite for the experimental realization of the redispersion of Pt on ceria 

substrates.  

On stoichiometric and reduced CeO2(111) substrates, Pt
2+

 stabilization in PtO4 moieties is provided 

only at Step I, and the binding energy of Pt2+ is smaller than the cohesion of bulk Pt. However, considering 

the calculated non-monotonous evolution of the Pt binding energy for increasing σPt (blue curves in Figures 4 

and S7) we may expect the coexistence of the monodispersed Pt
2+

 species and metallic Pt clusters on the ceria 

substrates. In addition, Steps Type II can provide support for the monodispersed, partially charged Pt
δ+

 atoms. 

This is an important consequence for considering the catalysis over stoichiometric and reduced Pt/ceria. 

Under mild reducing conditions, Pt population on ceria can be bimodal containing both small metallic Pt 

clusters and monodispersed Pt
2+

 and Pt
δ+

 species. 

Conclusions: 

We have performed experiments and calculations studying behavior of Pt deposit on stoichiometric 

and reduced CeO2(111) substrates over a wide range of Pt and surface O concentrations. The experiments and 

simulations illustrate the extreme driving force for the Pt deposit on CeO2(111) to create isolated Pt
2+

 ions in 

PtO4 configurations. On the reduced substrates, the Pt
2+

 is stabilized as soon as there appear any O atoms at 

the steps, lattice or excess. In the oxidizing atmospheres, excess O is incorporated at step edges creating new 

and more dense PtO4 moieties, these incurring modifications of the oxygen storage capacity of the system. In 

the varying conditions of the surface chemical reactions, our results indicate that the Pt/ceria catalyst can 

react very flexibly making available a rich variety of configurations that provide the stabilization of 

monodispersed Pt
2+

 ions. Analyses of the binding energy of Pt
2+

 in the PtO4 moieties indicate important 

consequences for exploiting and engineering the dispersion of Pt in Pt/ceria catalysts: on reduced and 

stoichiometric ceria, monodispersed Pt
2+

 ions and Pt
δ+

 adatoms at step edges can coexist with the metallic Pt
0
 

clusters. In the presence of excess oxygen, binding energy of Pt
2+

 at ceria step edges exceeds the cohesive 

energy of Pt bulk triggering the technologically important process of Pt redispersion.  
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Experimental details: 

The experiments were performed at the Materials Science Beamline at Synchrotron Elettra, Italy, and 

in the Surface Physics Laboratory in Prague. We have performed stepwise deposition of small amounts of Pt 

on model stoichiometric CeO2(111) and slightly reduced CeOx(111) surfaces containing a well-defined 

amount of monolayer-high steps [14]. Stepped surfaces of CeO2(111) provide a suitable model for real ceria 

catalysts [27,50], and allow drawing quantitative conclusions on the character of  the Pt deposit [14,42].  

CeO2(111) was prepared as a 20-30 Angstrom thick film on Cu(111) single crystalline substrate by 

two alternative methods [14,51] both yielding approximately 0.15 ML step sites on the CeO2(111) surface. 

STM images of the clean stepped CeO2(111) surfaces and the details of the preparation methods are displayed 

in Figure S1. CeOx(111) surfaces were obtained by repeated annealing of CeO2(111) surfaces in vacuum 

and/or by adsorption and thermal desorption of methanol, both approaches conserving the step density on the 

samples. CeO2(111) and CeOx(111) surfaces were exposed with Pt atoms evaporated from e-beam heated Pt 

wire in small amounts of the order 0.02 ML. The amount of Pt was determined by deposition time after 

calibrating Pt evaporation rate by a combination of quartz crystal microbalance measurements and XPS 

intensities of Pt 4f and (attenuation of) substrate Cu 2p3/2 peaks [14].  After each Pt deposition the samples 

were flash heated at 700 K in vacuum or in O2 atmosphere to promote the thermally activated stabilization of 

Pt
2+

 ions [11,14].  

In between the Pt deposition steps, the charge state of the Pt deposit was determined from Pt4f 

synchrotron radiation PES spectrum [11,14] (SRPES) measured at normal emission using photon energy hv = 

180 eV (Figure S2a). The charge state of the ceria support was determined by combination of the information 
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from XPS of Ce3d measured 20° off normal by Al Kα (Figure S2c) and the information from resonant PES 

(RPES) measurement of CeOx valence band (VB) at normal emission (Figure S2b). XPS of Ce3d has been 

fitted for Ce
3+

 and Ce
4+

 contributions following the approach by Skála et al. [52]. In RPES measurements, 

ceria reduction has been expressed as so called resonance enhancement ratio (RER) [53,54] determined from 

resonance enhancements of Ce 4f states of Ce
3+

 and Ce
4+

 ions in VB photoelectron spectra taken at 115 eV, 

121.4 eV, and 124.8 eV  - photon energies off resonance, on Ce
3+

 resonance, and on Ce
4+

 resonance.   

Concentration of Ce
3+

 ions on the reduced ceria samples can be sensitively detected using RER. For 

quantification of Ce
3+

 concentration, the RER signal  is calibrated against XPS signal [42] under an 

assumption that the concentration of Ce
3+

 ions is homogeneous over the information depth of RPES and XPS, 

i.e. 3-6 ML.  For our experimental setup, this calibration is plotted in Figure S9 and yields bulk Ce
3+

 

concentration Pbulk = 0.2 × RER in agreement with Ref.  [42], see Supplementary Discussion. Generally, 

however,  Ce
3+

 ions tend to accumulate in the near surface region of CeOx(111) samples [55]. For the smallest 

reductions, all Ce
3+

 ions are expected to localize in the surface monolayer (1
st
 ML) of CeOx(111) samples 

[49]. We may thus impose another limiting assumption that all Ce
3+

 ions in the investigated samples are 

localized within the 1
st
 ML. This yields the calibration of surface Ce

3+
 concentration Psurf = 0.9 × RER, see 

Supplementary Discussion.  

Computational details: 

All the calculations were based on the density functional theory employing the Perdew, Burke and 

Ernzerhof (PBE) generalised gradient-corrected approximation [56] for the exchange and correlation 

functional. The spin polarized Kohn-Sham equations were solved in the plane-wave and (ultrasoft) pseudo 

potential framework applying periodic boundary conditions as implemented in the Quantum ESPRESSO 

package [57]. The plane-wave basis sets used to describe the electronic wavefunction and density were 40 

and 320 Ry, respectively.   

The ceria-based materials were simulated with the PBE+U approach in the implementation of 

Cococcioni and de Gironcoli [58], which includes an additional Hubbard-U term to the Kohn-Sham 

functional that disfavors fractional occupancies of the Ce 4f states. The value of the parameter U was set to 

4.5 eV.  

The adsorption of Pt atoms and clusters with ceria step edges was modelled with periodic supercells 

describing vicinal surfaces. To verify that the main conclusions of the calculations do not depend on the 

specific details of the step edge geometry we selected two of the lowest-energy model steps proposed in Ref. 

[40]. Following this work, we label our two model step surfaces as Type I and Type II. In both models, the 

step edge exposes 3 independent O atoms, separates two (111) terraces and is oriented along the [110] 

direction. The lateral dimensions of the monoclinic supercells were (17.97, 11.67) Å and (15.72, 11.67) Å for 

Step-Type I and II, respectively, along the [112] and [110] directions correspondingly. The supercell slabs 

comprised nine atomic layers and their surfaces were separated by more than 11 Å of vacuum in the direction 

perpendicular to the (111) terrace. All the atomistic structures were relaxed according to the calculated 

Hellman- Feynman forces until the maximum force was less than 0.02 eV/Å. During the structural relaxation, 

the lowest three atomic layers were constrained to their bulk equilibrium coordinates, as well as the Ce atoms 

in the central O-Ce-O trilayers far from the step edge. Integrals in the Brillouin zone were calculated at the 

gamma point. Computational details are reported in the Supplementary Information.  
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SUPPORTING INFORMATION 

 

 

 

 

 

 

 

 

Figure S1:  CeO2(111) substrates with 0.15 ML of monoatomic steps used in the present study. (a) 

Substrate obtained by deposition of 0.3 ML CeO2 at RT on a Cu(111) supported CeO2(111) thin film with the 

lowest achievable density of substrate steps (approx 0.04 ML), followed by annealing to 800 K. CeO2(111) 

thin film with the lowest step density is obtained by oxidation of a 20 Å thick Ce2O3 film prepared according 

to Refs. [55,59].  (b) Substrate obtained by deposition of 20 Å of CeO2(111) on Cu(111) at 520 K and 

subsequent annealing to 800 K. Substrates from (a), (b) are eventually reduced by repeated annealing in 

vacuum to 700 K and/or by adsorption of methanol and desorption at 700 K, both approaches conserving the 

density of surface monoatomic steps 0.15 ML. 

 

 

Figure S2: Examples of the experimental data and the fitting procedures to obtain quantitative 

information. The displayed data correspond to the sample in the Figure S3c, Pt amount 0.09 ML. 
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Figure S3: Concentration of Pt
2+

 ions and metallic Pt
0
 atoms, and RER during Pt deposition and 

annealing on CeO2 and CeOx(111) samples as described in Figure 1 (S3b, S3d-f) and other CeOx samples 

(S3a, S3c). Initial surface reduction (RER of the CeOx samples before deposition of Pt) determines whether 

Pt
2+

 ions will be formed. RER >= 0.3 (S3a) inhibits Pt
2+

 formation. With RER < 0.3 Pt
2+

 ions are forming at 

the beginning of the Pt deposition (S3b-S3d).  Intermittent annealing in O
2
 can recover the Pt

2+
 population 

(S3e) via redispersion of Pt
0
 clusters. Pt

2+
 population is maximized by deposition and annealing of Pt in 5 × 

10
-5

 Pa O2 (S3f). 
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Figure S4: (a) carbon deposited on the sample during evaporation of Pt at room temperature. (b) 

clean-off of carbon upon annealing of the Pt deposit at 700 K in vacuum. The amount of the deposited C 

varies slightly between different samples. It is small (<= 1000 counts after every Pt deposition) for the 

sample in Figures  1a and S3d, medium (<= 2000 counts after every Pt deposition) for the samples in 

Figures 1b and S3b, 1d and S3f,  S3a,  S3c, and increased (<= 3000 counts after every Pt deposition) for the 

sample in Figure 1c and S3e. The displayed data correspond to the sample in the Figure S3c, Pt amount 0.09 

ML. 

 

 

 

 

 

 

Figure S5:  High resolution STM images of CeO2(111) samples during initial stages of deposition of 

Pt and Pt annealing in O2 atmosphere. The morphology of clean and Pt covered samples is qualitatively the 

same. At Pt coverage between 0.1 and 0.15 ML, metallic Pt clusters are being identified, compare Figure 2. 

 

                           

Figure S6: Computational supercells used to simulate the Step I-O-1/3 (a), Step I-S (b), Step I-O+1 (c). 

A square mark the position of the O vacancy, while the * symbol mark the excess O atoms forming peroxide 

groups at the step edge. O atoms are represented with different shades of red, while blue and yellow are used 

for the Pt and Ce atoms. 
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Figure S7: Computational supercells used to simulate the Step II-O-1/3 (a), Step II-S (b), Step II-O+1 

(c).  

 

Figure S8: Number of Pt
2+

 (a) and of Ce
3+

 ions (b) that form on the Step II upon the adsorption of Pt. 

(c) Average binding energy (BE/Pt atom) of the structures resulting from depositing Pt atoms with step 

coverage σPt on Step II. The gray horizontal line indicates the calculated cohesive energy of metallic Pt. 

Definitions and color codes as in Figure 3. 

 

 

  



_____________________________________________________________________Manuscript 1 

71 
 

 

 

 

Figure S9: Experimental dependence between the bulk concentration of Ce
3+

 in the ceria samples determined 

by XPS of Ce3d , and the RER calculated from RPES of Ce4f. 

 

Supplementary Discussion: Determining the surface Ce
3+

 concentration from RPES and 

XPS measurements 

In the present work, surface Ce
3+

 concentration is determined based on highly sensitive resonant 

enhancement ratio (RER), a value straightforwardly determined from resonant photoemission measurements 

of Ce4f VB state [53,54]. Calibration of the RER for Ce
3+

 concentration is performed comparing the 

measured values of RER for a range of clean and Pt exposed CeOx(111) samples with Ce
3+

 concentrations 

determined from XPS of Ce3d [42]. XPS of Ce3d represents a less sensitive measure of Ce
3+

 concentration 

than RER, and requires a complex analysis [52] yielding, however, a quantitative information. 

An implicit assumption in analyzing XPS of Ce3d for Ce
3+

 concentration is that the Ce
3+

 

concentration be constant over the information depth of XPS [42]. In such case, peak areas of Ce
3+

 and Ce
4+

 

in XPS of Ce3d (ACe3+, ACe4+) are considered proportional to concentrations of Ce
3+

 and Ce
4+

 in the sample, 

and the relative bulk concentration of Ce3+, Pbulk, is obtained as 

Pbulk = ACe3+ / (ACe3+ + ACe4+).                     (1) 

For the experimental setup used in the present work, Pbulk obtained from XPS is plotted against the 

corresponding RER determined from SRPES in Figure S8. This calibration allows us to determine Pbulk in the 

present experiments based on the values of RER as  

Pbulk = 0.2 × RER,          (2) 

in good agreement with the calibration of Ref. [42].  

The linearity of the dependence in Figure S8, and its intercept at (0,0) indicate that in the observed 

range of RER values, both RER and XPS of Ce3d are well-defined measures of Ce
3+

 concentration. The 

information depth of XPS of Ce3d and RER is related to the mean free path of the corresponding 

photoelectrons which evaluates according to TPP2M formula [60] as λXPS=10.9 Å (585 eV photoelectrons 

escaping from CeO2 20° off normal) and λRER=4.9 Å (120 eV photoelectrons escaping from CeO2 along 

normal). Defining the information depth ι as the depth from which 90% of the XPS or SRPES signal is 

coming we obtain ιXPS=2.3 × λXPS=25 Å, and ιRER=2.3 × λRER=11 Å; for CeOx(111) the values of ι are in the 

range of 3-7 ML thickness (1 ML is 3.12 Å thick). 
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Previous experiments and theoretical considerations [49,55] confirm that Ce
3+

 ions in reduced 

samples tend to accumulate near the surface, and, for the lowest reduction, all Ce
3+

 ions are expected to reside 

in the topmost monolayer of the sample [49]. In such case, the above calibration of bulk Ce
3+

 concentration 

would be underestimating the actual surface concentration of Ce
3+

. We may analyze the experimental XPS 

and SRPES data under the assumption of exclusive localization of Ce
3+

 in the topmost monolayer and obtain 

the corresponding surface Ce
3+

 concentration Psurf. This assumption is expected to hold for Psurf up to 0. 25 

ML [49]. 

For the evaluation we consider the quantitative XPS data and sum the expected XPS signals J from 

the topmost and the lower lying monolayers of the sample. Thus, 

JCe3+ = Psurf × W,           

 (3) 

where W is the instrumentation constant, and 

JCe4+ = W- JCe3+ + ∑                 
 
   .        (4) 

Evaluating now, formally, 

JCe3+ / (JCe3+ + JCe4+)   = Psurf (              )           (5) 

we obtain 

Psurf = Q JCe3+ / (JCe3+ + JCe4+),             (6) 

where Q = 1/ (              ).         (7) 

Comparing now the expected XPS signals JCe3+, JCe4+ to the areas of experimental XPS peaks ACe3+, 

ACe4+ appearing in the calibration of Pbulk from the XPS (1) we obtain for the surface Ce3+ concentration 

Psurf = Q Pbulk,            (8) 

under the assumption that all Ce
3+

 atoms reside in the topmost monolayer of the sample. 

The extent of the correction Q depends on the mean free path of the photoelectrons; for XPS of Ce3d 

yielding the quantitative information in our experiments Q = 4.0. Combining (2) and (8) we obtain the surface 

Ce
3+

 concentration determined form the values of RER in our experimental setup  

Psurf = 0.9 * RER.           (9) 

Supplementary Discussion: Computational charge analysis and binding energies. 

The Bader charge analysis was used to determine the charge state of the supported Pt ions. The 

results are reported in the Tables below. It is well known that charge population analysis do not provide an 

absolute measure of the oxidation state of a given element. To define the charge state of Pt, we employ here a 

definition that is similar to the experimental approach, i.e. we focus on the electrons transferred to the Ce 

atoms of the substrate. According to this approach, if the adsorption of one Pt atom leads to the presence of 2 

Ce
3+

 ions, we define it as Pt
2+

. On the basis of the calculated Bader charges, we can set a cutoff value of 9.0 e. 

Pt atoms with Bader charge < 9.0 e are defined as Pt2+. Bader charges between 9 and 9.4 e can be associated 

to partially oxidized atoms Pt
δ+

. Bader charges > 9.5 e are considered metallic species Pt
0
.   

For the supported Pt clusters, we started from the Pt6 cluster whose supported geometry was fully 

optimized with a basin-hopping global minimization algorithm [48]. Smaller clusters were obtained by 

removing one Pt atom a time from this Pt6 cluster, relaxing the atomic coordinates, and, for each Ptn case, 

selecting the lowest energy configuration for further analysis. A full global minimization was not performed 

again. 
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The average binding energies (BE) of the systems involving Ptn atoms on the ceria substrate were 

computed using the usual formula: BE = - 1/ n [E(Ptn-surf) − (E(Ptn) + E(surf)]. E(Ptn-surf), E(Ptn) and E(surf) 

are the total energies of the combined Pt-ceria system, and of the isolated Ptn atoms/cluster and surface, 

respectively.  

Supplementary tables containing all configurations considered in present study. For each 

configuration the geometry of the platinum bonding environment is shown in the configuration column. 

Binding energies, number of reduced cerium atoms and Bader charges are shown. 

 

 

 

Table S1. Step I-S. For each value of Pt step coverage σPt we report the relaxed geometry, average 

BE per Pt atom, number of reduced cerium atoms and Bader charges. 
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Table S2. Step I-O+1. For each value of Pt step coverage σPt we report the relaxed geometry, average 

BE per Pt atom, number of reduced cerium atoms and Bader charges. 

 

Table S3. Step I-O+4/3. For each value of Pt step coverage σPt we report the relaxed geometry, 

average BE per Pt atom, number of reduced cerium atoms and Bader charges. 

.  
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Table S4. Step I-O+2. For each value of Pt step coverage σPt we report the relaxed geometry, average 

BE per Pt atom, number of reduced cerium atoms and Bader charges. 

 

Table S5. Step II-S. For each value of Pt step coverage σPt we report the relaxed geometry, average 

BE per Pt atom, number of reduced cerium atoms and Bader charges. 
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Table S6. Step II-O+1 ridge. For each value of Pt step coverage σPt we report the relaxed geometry, 

average BE per Pt atom, number of reduced cerium atoms and Bader charges. 

 

Table S7. Step I-O+1 clusters. For each value of Pt step coverage σPt we report the relaxed geometry, 

average BE per Pt atom, number of reduced cerium atoms and Bader charges. 
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Table S8. Step I-O-1/3 and Step II- O-1/3. For each value of Pt step coverage σPt we report the relaxed 

geometry, average BE per Pt atom, number of reduced cerium atoms and Bader charges. The position of the 

vacancy is marked with a square.  
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3.4 Bulk Hydroxylation and Effective Water Splitting by Highly Reduced 

Cerium Oxide: The Role of O Vacancy Coordination 

In almost every catalytic reaction ceria-based catalysts are operated in water-rich 

environment. The interaction of water with reduced CeOx relevant for reaction conditions in 

classical [165], [166] and emerging catalytic applications[167]–[169], as well as for hydrogen 

production via thermochemical cycling of ceria [170]–[172] is of special interest. Recent TPD 

studies showed that the possibility of splitting H2O molecules on CeOx that leads to molecular H2 

and lattice O atoms increases with increasing concentration of O vacancies on the CeOx surface. 

Present work analyses the interaction of H2O molecules with ceria films with different degree of 

reduction. The role of concentration of oxygen vacancies as well as their ordering onto water 

splitting was analyzed. 

Thin CeO2 films were grown on Cu(111) substrate via deposition of cerium in oxygen 

background atmosphere (P=5×10
-5

 Pa) with subsequent annealing at 523K. Afterwards, films were 

reduced using an approach described in [106], [108]. The resulting stoichiometry of the film was 

Ce2O3. Ceria films with intermediate stoichiometries (Ce7O12 and CeO1.67) were also prepared and 

the reactivity of all prepared samples towards H2O was studied. The prepared reduced ceria films 

were cooled down to 100K and water molecules were adsorbed. The films were then linearly heated 

to 700K (2K/s) and temperature-programmed desorption (TPD) products corresponding to H2 and 

H2O were detected by a mass spectrometer. Films were analyzed by XPS and LEED after each TPD 

cycle. In order to achieve better surface sensitivity, the same experiments were performed at the 

synchrotron Elettra in Trieste, Italy and the films were characterized by using SRPES and LEED 

after each TPD cycle.  

Analysis of XPS and TPD spectra showed high production of H2 for cubic c-Ce2O3 films, 

and their simultaneous oxidation. After 10 TPD cycles, the stoichiometry of the films stabilized at 

Ce7O12 value, further oxidation of the films in the conditions of TPD in UHV was slow. Preforming 

higher expositions of water (100L) did not change the stoichiometry of the films.  

In order to explain the reactivity of the Ce2O3 film, experimental results were compared with 

DFT calculations. After analyzing of the obtained data, we related the reactivity of c-Ce2O3 and its 

water incorporation capacity to the intrinsic presence of next nearest neighbor (NNN) O vacancies 

and to their cooperative effect to stabilize 3-fold coordinated bulk OH species originating from the 

dissociation of H2O. The discovered relation showed the dependence of the reactivity of the ceria 

films towards water splitting not only on the number of oxygen vacancies, but also on their positions 
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in the film and discovered a bulk channel for the oxidation of ceria by water. Our work suggests that 

controlling the concentration and the coordination of oxygen vacancies in ceria is a valuable design 

principle that can foster the functionality of ceria-based heterogeneous catalysts, and that can be 

related to the more general concept of strain engineering of oxide catalytic materials [173]. 

My contribution to this work was preparation of the ceria films with different concentration 

and coordination of the oxygen vacancies (Figure 1.6.1 b) and performing the TPD experiments. In 

order to enhance the reactivity of the ceria films towards water splitting, the prepared model system 

was eventually modified by adding Pt deposit onto CeOx surface. The resulting system showed a 

property of oxidizing completely even during TPD cycles in UHV indicating a catalytic effect of Pt 

clusters on the oxidation of ceria by making this system attractive for further reactivity studies.   
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3.5 Ordered phases of reduced ceria as inverse model catalysts 

Considering the results obtained for continuous ceria films prepared by using methods of 

precise control over ceria morphology and stoichiometry developed in our group, these methods 

were applied for inverse model CeOx/Cu(111) systems. While under “normal” model catalysts we 

understand metal particles on oxide surfaces, inverse model catalysts represent oxide particles 

grown on metal surfaces. 

Inverse model catalysts have attracted much attention during the last decade due to their 

increased number of active sites at the oxide-metal interface [174]–[177]. At decreased thicknesses 

of an oxide film, the influence of the substrate becomes crucial leading to the emergence of new 

phenomena which change structural, electronic and chemical properties of the oxide film [176], 

[178]. Analysis of such influence is, therefore, important for the developing of catalysts with 

controllable morphology, stoichiometry and concentration of surface defects. The study of the 

interaction between cerium oxide layer and metal support led to the development of catalysts with 

enhanced activity towards water-gas shift reaction [175], [179].  

For the presented preparation of inverse model catalysts, ultrathin ceria films (1-2ML) were 

grown on Cu(111) substrate via deposition of metallic cerium in UHV and its subsequent oxidation 

in oxygen background atmosphere at room temperature. STM, XPS and LEED measurements 

revealed the resulting film to be discontinuous, well ordered and partially reduced (estimated 

stoichiometry was CeO1.85). Further oxidation of the film at room temperature maintained its 

stoichiometry at CeO1.85 to CeO1.9. Stoichiometric CeO2 film was obtained only via oxidation at high 

temperature (700K) which resulted, parallel to oxidation of CeO1.85 to CeO2, also in oxidation of the 

copper substrate. These experiments reveal the existence of an activation barrier for oxidation of 

ultrathin ceria film which can be attributed to oxide-support interaction.  

Control over stoichiometry of the prepared films was achieved using the interaction of the 

films with metallic cerium, as described in [106], [108]. Depending on the amount of added cerium, 

films with different stoichiometry were obtained. LEED measurements as well as detailed STM 

images revealed (1×1), (√7×√7)R19°, (3×3) and (4×4) surface reconstructions. Analysis of the 

stoichiometry of the films corresponding to each reconstruction revealed their higher degree of 

reduction compared to the continuous ceria films [108] and better correspondence with the 

stoichiometry expected for the corresponding phases of bulk reduced ceria, CeO2, i-Ce7O12, Ce3O5, 

and c-Ce2O3 (Table 3.5.1). Such correspondence together with small film thickness allows us to 

make an assumption of homogeneous reduction of the films.  
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Quantitative analysis of the LEED diffraction patterns allowed estimation of ceria lattice 

parameter for different stoichiometry of the films. In bulk reduced ceria Ce
3+

 ions feature an 

increased atomic radius compared to the Ce
4+

 ions resulting in a linear dependence of the bulk lattice 

parameter on oxygen content in the sample and on the corresponding sample stoichiometry. 

Experimental lattice parameter obtained in the present inverse catalyst samples shows a linear 

dependence of the bulk lattice parameter on the sample stoichiometry, too, but with a distinctly 

different slope. In agreement with the previous observations 2-3 ML thick CeO2(111) layers on 

Cu(111) exhibit 2% lattice contraction compared to bulk CeO2. However, the dependence of the 

lattice parameter on the sample stoichiometry in inverse model catalysts is stronger than in the bulk 

resulting in 1% lattice expansion of 2-3 ML thick c-Ce2O3(111) layer on Cu(111) compared to c-

Ce2O3 bulk (Figure 5 of the manuscript).   

The prepared inverse reduced ceria films oxidized from background UHV atmosphere during 

several hours of measurement indicating a high reactivity of the prepared inverse model catalysts. 

Future studies of the prepared inverse CeO1-x/Cu(111) catalytic system may include characterization 

of surface catalytic reactions influenced by the combination of ordering of surface oxygen vacancies 

and strong oxide-support interaction. 

 

Surface 
reconstruction 

Expected 
stoichiometry 

CeOx, x= 

Estimated 
stoichiometry 

CeOx, x= 

1×1 high 

temperature 
oxidation 

2 1.99 

1×1 low 

temperature 
oxidation 

2 1.90 

(√7×√7)R19° 1.7 1.69 

3×3 1.67 1.60 

4×4 1.5 1.54 

Table 3.5.1. Estimated and expected stoichiometry of ceria thin films with different types of 

reconstructions of surface oxygen vacancies. 

My contribution to this work was preparation and characterization of the prepared inverse 

model system, analysis of the acquired STM, LEED and XPS data and writing a manuscript. 
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Abstract 

Inverse model catalysts represent valuable systems for studying metal-oxide interactions and finite 

size effects in heterogeneous catalysis. To maximize the potential of model catalytic studies, high level of 

control over model catalyst properties is desirable. Here we introduce experimental approaches for obtaining 

inverse ceria/copper model catalysts of well-defined crystallographic phases CeO2, ι-Ce7O12, CeO1.67, and c-

Ce2O3 supported on Cu(111). The presented cerium oxide thin films are ultrathin (2 monolayers), 

discontinuous, and feature highly defined stoichiometry and crystallographic structure with characteristic 

(1×1), (√7×√7)R19°, (3×3), or (4×4) electron diffraction patterns. Compared to thicker films and bulk ceria, 

the prepared ultrathin cerium oxides exhibit a distinctly different dependence of the lattice constant on the 

stoichiometry, and show activation barrier preventing their complete oxidation. These phenomena illustrate 

that metal-oxide interactions and finite size effects strongly influence the behavior of the presented inverse 

model catalysts indicating their prospective use in disentangling complex functionalities of ceria/copper 

catalytic systems. 

Introduction 

Inverse oxide-metal catalysts have attracted attention in the last decade due to new catalytic 

functionalities obtained as a result of replacing the classical catalyst morphology – metal nanoparticles on an 

oxide support [1–3] with “inverse” morphology – oxide nanoislands on a metal support [4–6]. This changes 

qualitatively the nature of the active sites exposed at the oxide-metal interface, and the related spillover 

processes, potentially resulting in a significant enhancement of activity, e.g. in the water-gas shift reaction 

[4–7]. Oxide nanoparticles in the inverse oxide-metal catalysts often take the form of ultrathin oxide films 

with thickness of units of monolayers (ML). With decreasing thickness of the oxide film, the influence of the 

metal substrate becomes important, determining the structural, electronic and chemical properties of the oxide 

via charge transfer and epitaxial strain imposed on the oxide  [6,8]. The “inverse” geometry thus provides 

new degrees of freedom for controlling the physicochemical properties of metal-oxide systems, both in the 

basic research and in potential applications. 

Ceria is known for its excellent ability to store and release oxygen and, therefore, finds its application 

in various fields of modern technology. It proves to be effective in gas sensors [9], fuel cells [10], and three-

way automotive catalysis [11]. Epitaxial films of ceria are often prepared as supports for model catalysts. 

Continuous CeO2(111) thin  films were prepared on different metal substrates {Cu(111) [12–14], Ru(0001) 

[15], Au(111) [4], Pt(111) [16]} and thoroughly investigated by experimental surface science methods. 

Discontinuous CeO2(111) ultrathin films prepared as inverse model catalysts on Au(111) and Cu(111) 

substrates exhibited a considerable activity in the water-gas shift reaction [7,17]. Besides the active sites at 

the metal-oxide interface [7], ultrathin CeO2(111) films reveal their different structural, chemical and 

electronic behavior compared to the thicker or bulk CeO2(111). The oxide-support interaction results in 

partial reduction of the ultrathin ceria, and, in 1 ML thick films, to the emergence of (2×2) reconstruction of 

oxygen vacancies [18]. Lattice mismatch between the Cu(111) single crystal and the CeO2-x(111) layer 

stimulates the formation of Moiré superstructures [19,20].  

  Broadly investigated active sites on the ceria surfaces are the oxygen vacancies [21,22]. In model 

thin film CeO2(111) catalysts, the concentration of the oxygen vacancies can be changed by various reducing 

strategies [16,23–25]. Oxygen vacancies in ceria tend to organize in the bulk as well as on the surface 

resulting in several distinct crystallographic phases of reduced ceria observed experimentally on bulk and thin 

film samples [26–28].  We have developed a robust experimental procedure for preparing continuous thin 

films with nominal CeO2, Ce7O12, Ce3O5 and Ce2O3 stoichiometry [13,28–30] exhibiting characteristic (1×1), 

(√7×√7)R19°, (3×3), and (4×4) surface reconstructions easily identified by low-energy electron diffraction 

(LEED). Well-defined concentration and spatial coordination of these ordered phases of reduced ceria allow 
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performing advanced model catalytic studies including studies of the spatial coordination of O vacancies on 

the chemical reactivity of ceria [31,32]. 

In the present work, we prepare ordered phases of reduced ceria as inverse model catalysts on a 

Cu(111) surface. We observe effects of the finite size and of the proximity of the copper substrate on the 

physicochemical properties of such inverse model catalysts and introduce the newly developed model 

catalysts as prospective systems for advanced model studies in heterogeneous catalysis. 

Experimental 

The experiments were performed on the ultra-high vacuum (UHV) apparatus operating at base 

pressure of 10
-8 

Pa and combining experimental methods of Scanning Tunneling Microscopy (STM), X-ray 

Photoelectron Spectroscopy (XPS), and Low-energy Electron Diffraction (LEED). Cu(111) single crystal 

substrate (MaTecK) was cleaned via repeated cycles of Ar sputtering and subsequent annealing in UHV. In 

order to achieve the two-dimensional growth of the inverse model catalyst, and to avoid the oxidation of the 

Cu substrate during the preparation procedure, cerium oxide thin films were prepared using method 

developed by Berner et al. [16]. Metallic cerium was deposited on Cu(111) surface at room temperature and 

then annealed at 900 K in UHV for 10 minutes. Cerium was deposited on the substrate from Ta crucible 

heated via electron bombardment. For obtaining the desired cerium oxide stoichiometry and structure, cerium 

deposit was then exposed to oxidizing and/or reducing treatments as proposed by Stetsovych et al. [29].  The 

oxidizing treatment consists of the exposure of the sample to O2 atmosphere at room temperature 

[p(O2)=2.6×10
-5

 Pa] and subsequent annealing at 700 K in UHV for 5 minutes. The reducing treatment 

consists of evaporation of metallic cerium onto the sample in UHV and subsequent annealing at 900K in 

UHV for 5 minutes. The average film thickness was determined using quartz crystal microbalance. 

Photoelectron spectroscopy of the Ce 3d, Cu 2p3/2 and O 1s core levels was performed with an X-ray 

radiation of 1486.6 eV (Al Kα) at normal emission. XPS data were processed using KolXPD software [33]. 

The deconvolution of Ce 3d spectra revealing the relative concentration of Ce
3+

 and Ce
4+

 ions in the cerium 

oxide samples was performed according to the procedure developed by Skála et al. [34,35].  STM 

measurements were performed using tips mechanically cut from Pt-Ir wire and thermally annealed in vacuum. 

STM images were obtained via tunneling into the unoccupied states of the sample. Samples were further 

characterized with LEED. Image processing and analysis of the STM and LEED data was performed using 

Gwyddion software [36]. All measurements were performed at room temperature. Due to the increased 

reactivity of reduced phases of ceria compared to stoichiometric CeO2, and due to the small volume of ceria 

in the prepared inverse model catalysts, the samples tend to progressively oxidize from the residual H2O 

atmosphere in the experimental apparatus. The stability of a particular ordering of O vacancies in the sample 

is in the order of tens of minutes. 

Results 

Preparation of the inverse model catalyst template 

As a starting point for all presented experiments an inverse model catalyst template was prepared 

following the method of Berner et al. [16]. The STM, LEED and XPS of Ce 3d of the sample during 

preparation of the template are shown in Figures 1a, 1b, and 2a, 2b. Figures 1a and 2a describe the sample 

after deposition of metallic cerium and vacuum annealing. The amount of Ce on the sample is 1 ML [1ML 

represents 7.9×10
14

 cm
-2

 Ce atoms, equivalent of Ce atom density in one monolayer of CeO2(111)]. Small 

islands were observed on the STM images and LEED revealed weak CeO2(111)(1×1) spots which can be 

attributed to partial oxidation of cerium at the surface. XPS of Ce 3d spectra (Figure 2a) reveals a metallic 

Ce
0
 contribution together with a small Ce

3+
 contribution accompanied by a small oxygen peak in XPS of O 1s 

(not shown).  

To obtain the inverse model catalyst template, the predominantly metallic Ce deposit is subject to 

oxidizing treatment. Exposure to 12 L of oxygen at room temperature and subsequent annealing in UHV at 

700 K leads to the formation of flat two-dimensional ceria islands as shown in Figure 1b. Coverage of ceria 

on the inverse model catalyst template is 50% and the local thickness of the ceria islands is 2-3 ML. LEED 

exhibits bright CeO2(111)(1×1) spots. In some cases, rotational domains are observed (cf. Figure 3c). Areas 

with 1 ML thick CeO2(111), and the (2×2) LEED patterns associated with 1 ML thick areas [18] are not 
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observed on the inverse model catalyst templates.  Analysis of the XPS spectra (Figure 2b) reveals the 

presence of both Ce
4+ 

and Ce
3+

 doublets corresponding to the effective stoichiometry of CeO1.85 indicating 

incomplete ceria oxidation. It is interesting to note that repeated oxidizing treatments of the inverse model 

catalyst templates do not result in further decreasing the Ce
3+

 concentration. The equivalent oxygen content in 

the inverse model catalyst templates in our experiment does not exceed CeO1.9. This is in contrast with 

analogous oxidizing treatments applied on thicker continuous cerium oxide films in Ref. [13] that can be used 

to achieve oxygen content of up to CeO2.  

 

Fully oxidized inverse model catalyst CeO2(111)/Cu(111) 

In order to achieve stoichiometric ultrathin films of CeO2 on Cu(111),  inverse model catalyst 

template must be heated in oxygen background atmosphere [20]. Fully oxidized inverse model catalyst 

CeO2(111)/Cu(111) obtained by annealing at 750 K in oxygen background atmosphere (p = 2.6×10
-5 

Pa) for 5 

min is presented in Figures 1c, 1d and 2c. LEED diffraction pattern does not change. STM reveals 

coalescence of the ceria islands. CeO2 coverage of the inverse model catalyst remains 50% and the local 

thickness of the ceria islands 2-3 ML. Detailed STM images reveal the presence of an oxidized copper 

substrate in between cerium oxide islands (Figure 1d and inset). XPS spectra show a decrease of the Ce
3+

 

concentration resulting, effectively, in CeO1.99 stoichiometry (Figure 2c). 

 

 

Figure 1. a) STM and LEED data of metallic Ce deposit on Cu(111); b) inverse model catalyst 

template; c) fully oxidized inverse model catalyst CeO2(111)/Cu(111); d) detailed STM image of the fully 

oxidized inverse model catalyst revealing oxidized Cu(111) substrate (inset). The size of the STM images in a-

c is 100×100 nm, in d – 30×30 nm, inset 12×12 nm. LEED images were taken at electron energy of 35 eV. 
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Figure 2. Ce 3d XPS spectra of a) metallic Ce deposit on Cu(111); b) inverse model catalyst template; 

c) fully oxidized inverse model catalyst CeO2(111)/Cu(111) 

 

Inverse model catalysts ι-Ce7O12, Ce3O5, and c-Ce2O3 on Cu(111) 

In order to prepare inverse model catalysts of ordered reduced phases of ceria [13] the inverse model 

catalyst templates were modified using the experimental approach developed by Stetsovych et al. [29] 

repeatedly applying the reduction steps of deposition of small amounts of metallic cerium and annealing at 

900 K in UHV. Depending on the total amount of the deposited cerium, different stoichiometries and 

crystallographic structures are obtained in the inverse model catalyst geometry, cf. Figure 3. Metallic cerium 

reacts with the existing CeOx islands leaving clean Cu(111) substrate in between the islands. In analogy with 

the experiments on thicker continuous ceria layers presented in Ref. [13], inverse model catalysts of reduced 

ceria exhibit sharp LEED patterns of four main geometries, (1×1) (Figure 3a-c), (√7×√7)R19° (Figure 3d-f), 

(3×3) (Figure 3g-i), and (4×4) (Figure 3j-l). The notations of the surface reconstructions refer to CeO2(111), 

designated as 1×1. Samples in Figure 3 are carefully prepared to show only the diffraction belonging to one 

particular surface reconstruction. Generally, prepared inverse model catalysts of reduced ceria may exhibit a 

mixture of two surface reconstructions [13].   From left to right, samples in Figures 3a, d, g, j correspond to 

increasing amount of deposited Ce, and thus increasing degree of reduction of the samples. STM images 

show increasing coverage of the ceria islands (Figures 3a, d, g, j). The thickness of the islands remains 2-3 

ML.  

In high-resolution STM images, structures with periodicity corresponding to the size of the surface 

unit cells in real space can be observed (Figures 3b, e, h, k); the unit cells of the surface reconstructions are 

outlined red, and the unit cells of the original 1×1 ordering of the inverse model catalyst template are outlined 

black. In analogy, black and red outlines indicate the 1×1 unit cells and the unit cells of the surface 

reconstructions in the LEED images of the reciprocal space (Figures 3 c, f, i, l). In Figures 3e and 3f, mutual 

rotation of the original and the reconstructed structures by 19° is apparent. For this purpose an STM image 

showing a coexistence of the (√7×√7)R19° and (1×1) reconstructed areas was chosen for Figure 3e. 

In the inverse model catalyst samples, the reconstructions described above correspond to the 

reconstructions generally observed in supported ceria films on metals [13,28]. Reconstructions which can be 

found on bulk-like reduced ceria (√3×√3, √7×√3 [28]) are not observed here. This allows us to interpret the 

(1×1), (√7×√7)R19°, (3×3), and (4×4) reconstructions in analogy with the previous studies as thin films of  

bulk reduced ceria phases ι-Ce7O12 (Figure 3d-f), Ce3O5 (Figure 3g-i), and c-Ce2O3 (Figure 3j-l) 

demonstrating that besides the possibility to prepare these structures on singular [13,37] and vicinal [38] 
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metal substrates, they can also be created as ultrathin 2-3 ML discontinuous layers, i.e. inverse model 

catalysts. 

 

Figure 3. STM and LEED of inverse model catalyst samples with different stoichiometry: (a-c) –

inverse model catalyst template with 1×1 reconstruction; (d-f) – ι-Ce7O12 R19° surface with √7×√7 

reconstruction; (g-i) - CeO1.67 with 3×3 reconstruction; (j-l) – c-Ce2O3 surface with 4×4 reconstruction. Unit 

cells of the surface reconstructions are highlighted red, basic 1×1 unit cell black. The size of the STM images 

a), d), g), f)  is 100×100 nm
2
, b), e), h), k) – 9×9 nm

2
. LEED images were taken at the electron energy of 35 

eV. 

Discussion 

Finite size effects on the stoichiometry of the inverse model catalysts 

Identification of the prepared inverse model catalysts with ordered crystallographic phases of reduced 

ceria, CeO2, ι-Ce7O12, Ce3O5, and c-Ce2O3 implies a well-defined stoichiometry of the inverse model catalysts 

of CeO2, CeO1.71, CeO1.67, and CeO1.5. We determine the stoichiometry of the samples from XPS of Ce3d 

shown in Figure 4. The spectra are fitted for Ce
3+

 and Ce
4+

 contributions according to the procedure 

developed by Skála et al [34,35], and the areas of Ce
3+

 and Ce
4+

 XPS peaks are converted to the effective 

stoichiometry CeOx .  Displayed are the spectra of the samples exhibiting only the diffraction belonging to a 

single particular surface reconstruction as in Figure 3. Results of the experimental determination of the 

sample stoichiometry are summarized in Table 1. 
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Figure 4. Ce 3d XPS spectra of a) 1×1 inverse model catalyst template; b) inverse model catalyst 

exhibiting LEED pattern (√7×√7)R19°; c) (3×3); d) (4×4). The results were fitted according to Skála et al. 

[34,35]. Ce
3+

 and Ce
4+

 contributions to the Ce 3d spectra are plotted in green and blue, respectively.  

 

sample and 

its LEED 

assigned 

crystallographic 

structure 

expected 

stoichiometry 

CeOx, x= 

XPS 

stoichiometry 

this work 

CeOx, x= 

(±0.03) 

XPS 

stoichiometry 

thick films  

(10-15 ML)**  

CeOx, x= 

1×1 fully 

oxidized* 
CeO2(111) 2 1.99 1.98 

1×1 template CeO2(111) 2 1.90 - 

(√7×√7)R19° ι-Ce7O12 1.71 1.69 1.86 

3×3 Ce3O5 1.67 1.60 1.78 

4×4 c-Ce2O3 1.5 1.54 1.50 

 

Table 1. Expected and experimentally determined stoichiometry of inverse model catalysts with 

different types of LEED patterns, cf. Figures 3 and 4. *from Figures 1c, 1d, 2c. **from the work of Duchoň et 

al. [13] and analysis of Ce 3d XPS measured at normal emission. 

 

The experimentally determined stoichiometry of the inverse model catalysts from Figures 3 and 4 

corresponds very well to the expected stoichiometry. The difference between the expected and the determined 
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stoichiometry observed for 1x1 inverse catalyst templates (Figures 3a, 4a) can be diminished by full 

oxidation of the inverse catalyst template, cf. Figures 1 c, d, 2c. The observed agreement between the 

expected and the determined stoichiometry for the 2-3 ML thick discontinuous cerium oxide layers in the 

present inverse model catalysts is in contrast with the findings on thick continuous films of ordered reduced 

ceria [13]. For the (√7×√7)R19° and 3×3 LEED patterns the experimentally determined stoichiometry for 10-

15 ML thick films departs significantly from the expected stoichiometry ([13], Table 1, last column).  

Duchoň et al. explain this discrepancy by surface segregation of the oxygen vacancies in the thicker films 

resulting in the formation of 2-4 ML reduced phase floating on top of a near-stoichiometric ceria film [13].  

On such samples, XPS is detecting both the reduced ceria phase and the underlying near-stoichiometric 

substrate biasing the XPS data towards, apparently, higher Ce
4+

 content. 

In the inverse model catalysts presented in this work the layers of stoichiometric as well as reduced 

ceria are 2-3 ML thick, i.e. < 1 nm. For such layers the information depth of XPS is higher than the layer 

thickness and all Ce atoms in the layer contribute to the experimentally detected Ce
3+

 signal. Given the 

correspondence of the experimentally determined stoichiometry with the expected stoichiometry we can 

propose that due to their limited thickness the inverse model catalysts introduced in this work represent 

homogeneous layers of the CeO2(111), ι-Ce7O12, Ce3O5, and c-Ce2O3 crystallographic structures 

corresponding to the observed LEED patterns. 

 

Finite size effect on the lattice parameter of the inverse model catalysts 

LEED patterns of the inverse model catalyst samples exhibiting only diffraction belonging to one 

particular surface reconstruction can be analyzed quantitatively to obtain the lateral lattice parameter of the 

surface lattice. The lattice parameter is determined from the distance of 1×1 spots that can be identified in any 

of the (1×1), (√7×√7)R19°, (3×3), and (4×4) diffraction patterns (Figure 3c, f, i, l, black outlines). The lattice 

parameter expressed as a unit cell size of a corresponding cubic CeO2 structure is plotted as a function of the 

expected sample stoichiometry in Figure 5.  

In reduced bulk ceria Ce
3+

 ions exhibit an increased atomic radius compared to Ce
4+

 ions resulting in 

a linear dependence of the bulk lattice parameter on the oxygen content in the sample and on the sample 

stoichiometry. This bulk dependence is plotted as a reference in Figure 5 (grey line, [39]). Experimental 

lattice parameter obtained in the present inverse catalyst samples shows a linear dependence of the bulk 

lattice parameter on the sample stoichiometry, too, but with a distinctly different slope. In agreement with the 

previous observations 2-3 ML thick CeO2(111) layers on Cu(111) (Figure 5, LEED pattern 1×1) exhibit 2% 

lattice contraction compared to bulk CeO2 [19]. However, the dependence of the lattice parameter on the 

sample stoichiometry in inverse model catalysts is stronger than in the bulk samples resulting in 1% lattice 

expansion of 2-3 ML thick c-Ce2O3(111) layer on Cu(111) (Figure 5, LEED pattern 4×4) compared to c-

Ce2O3 bulk.   

Contraction of the lateral lattice parameter of the stoichiometric CeO2(111) layers on Cu(111) has 

been previously identified as a finite size effect that can be ascribed predominantly to the finite thickness of 

the film [19]. We point out that the lateral lattice parameter of the ceria layer can almost freely adjust without 

being dictated by epitaxial relationships to the underlying Cu(111) [19]. This allowed to experimentally 

observe the dependence of the lattice parameter of CeO2(111) films on Cu(111) as a function of film 

thickness [19,40]. In the present work, observations of inverse model catalysts allowed to determine the 

dependence of the lattice parameter of 2-3 ML thick ceria films as a function of the film stoichiometry.  
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Figure 5: Lattice parameter of the 2-3 ML thick reduced ceria in the inverse model catalysts (points) 

and the corresponding linear fit (red line). Dependence of the bulk lattice parameter on the ceria 

stoichiometry is indicated by grey line [39]. 

 

Barrier to complete oxidation of the inverse model catalysts 

 Our experiments show that the prepared inverse model catalysts of 2-3 ML thickness cannot, 

effectively, be fully oxidized by exposures to O2 background of p(O2) = 2.6×10
-5

 Pa at room temperature, in 

contrast to the thicker CeOx films of 10-15 ML thickness studied by Duchoň et al. [13]. The stoichiometry as 

derived from the Ce 3d XPS data did not exceed CeO1.9 in the 1×1 inverse model catalyst templates prepared 

by O2 exposure at RT. To fully oxidize the 2-3 ML thick films annealing of the 1×1 inverse catalyst templates 

in the oxygen background at 750 K is required indicating the activated nature of the oxidation (cf. Figures 1, 

2). 

 The appearance of Ce
3+

 ions in the ceria samples is most often discussed in terms of the presence of 

oxygen vacancies when two electrons from the removed lattice O
2-

 ion localize on the nearby Ce atoms 

creating 2 Ce
3+

 ions per bulk or surface O vacancy [41,42]. However, the charge accumulated on the Ce
3+

 

sites in ceria samples does necessarily originate from the removed lattice O. For ceria thin films supported on 

metal substrates, charge transfer from the substrate to the film is observed when the electrons from the 

substrate localize in the ceria and generate Ce
3+

 ions. For CeO2(111) layers on Cu(111), conversion of all 

Ce
4+

 ions at the copper-ceria interface to Ce
3+

 is predicted based on ab-initio calculations [18]. For 2-3 ML 

thick CeO2(111) layers in the present inverse model catalysts, the conversion of all interface Ce
4+

 atoms to 

Ce
3+

 would result in the Ce
3+

 concentration in the samples of 1/3-1/2 with Ce
3+

 ions localized at the metal-

oxide interface. Considering the inelastic mean free paths of Ce 3d XPS photoelectrons in CeO2 (11.83 Å for 

Al Kα  [43])  this translates to effective stoichiometries determined from the XPS intensity of the Ce
3+

 and 

Ce
4+

 ions of CeO1.86 and CeO1.93 for 2 ML and 3 ML thick ceria layers, respectively. Thus, charge transfer 

from the surface can fully account for the observed limiting CeO1.9 stoichiometry observed for the 1×1 

inverse model catalyst templates. 

To assess the eventual role of oxygen vacancies in the oxidation behavior of the prepared model 

catalysts, we have determined the relative areas of the lattice O 1s signal with respect to the Ce 3d signal in a 

number of inverse model catalyst samples. We plot the lattice O/Ce ratio as a function of their stoichiometry 

determined from XPS of Ce 3d. The results are shown in Figure 6. The inset shows the example of the 

identification and fitting of the lattice O 1s peak. In the range of ceria stoichiometries between CeO1.5 and 

CeO1.9 the lattice O/Ce ratio fluctuates at apparently constant value. We can fit an expected linear dependence 

on the experimental data (red line in Figure 6) between CeO1.5 and CeO1.9. It becomes apparent that the 

expected changes in the lattice O/Ce ratio are smaller than the precision of the measurement. 

For the inverse model catalyst stoichiometries exceeding CeO1.9 obtained by high temperature 

oxidation of the 1×1 inverse model catalyst templates, however, O/Ce ratio clearly exceeds the values 

expected for the stoichiometric CeO2. This is another illustration of the fact that exceeding the CeO1.9 

stoichiometry in the 2-3 ML thick ceria films is accompanied with oxidation of the Cu substrate. The 
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oxidation is observed in the STM images in the exposed Cu areas between ceria islands (Figure 1 d). Since, 

apparently, recombination of the surface O vacancies on ceria with O2 is a process active already at room 

temperature [13], we suggest that the activation barrier for achieving CeO2 stoichiometry in the 2-3 ML thick 

ceria films is related to the activated nature of Cu oxidation [44]. The presence of the copper oxide on the 

surface of the model catalysts may diminish the charge transfer between the Cu substrate and the ceria islands 

and suppress the formation of Ce
3+

 ions in the inverse copper-ceria catalysts. 

While the dependence of the lattice O/Ce ratio on the stoichiometry of the ceria in the inverse model 

catalysts is hidden in the error of the lattice O/Ce ratio determination, the dependence of the lattice O peak 

binding energy is well resolved. The dependence is plotted in Figure 7. We observe a continuous shift of the 

lattice O binding energy by approximately 0.5 eV between CeO1.5 and CeO2 stoichiometries in agreement 

with previous experimental observations [12,29,45].  
 

 

Figure 6. Dependence of the O 1s/Ce 3d peak area ratio on the stoichiometry of the inverse model 

catalysts. The inset shows the decomposition of the O 1s peak into the lattice O and surface hydroxyl 

contributions [22]. 

 

 

Figure 7. Dependence of the O 1s peak position on the stoichiometry of the inverse model catalysts.  
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Conclusions 

In the present work, we have prepared inverse model catalysts of CeOx/Cu in the form of highly 

ordered, discontinuous, and ultra-thin CeOx films on Cu(111). Investigations using surface science methods 

reveal that the prepared inverse model catalysts represent 2-3 monolayer thick films of ordered cerium oxides 

CeO2(111), ι-Ce7O12, Ce3O5, and c-Ce2O3(111). The prepared cerium oxide films exhibit diffraction patterns 

and stoichiometries precisely corresponding to the structure and stoichiometry of bulk cerium oxides 

potentially bringing a high level of control over the oxygen vacancy concentration and coordination in the 

inverse model CeOx/Cu catalysts. 

Experimental observations reveal pronounced size effects and metal-oxide interactions that 

codetermine the physicochemical behavior of the CeO2(111), ι-Ce7O12, Ce3O5, and c-Ce2O3(111) inverse 

model catalysts. Particularly, limited thickness of the films determines their lateral strain, and the charge 

transfer from the Cu surface their oxidation properties. Introducing the present inverse model CeOx/Cu 

catalysts opens the way towards designing new experiments in model catalysis aiming on disentangling and 

optimizing the roles of  the oxygen vacancy concentration, coordination, oxide strain, and metal-oxide 

interactions in the catalysts of copper-ceria, and generally, metal-ceria catalytic systems. 
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Conclusions 

Chemical industry has become one of the most important branches in modern industry. 

Major part of reactions used in modern chemistry are based on catalysts. Commercial catalysts 

represent complicated systems making their characterization and understanding of their performance 

in catalytic reactions more challenging. Model catalysis is a perspective approach in understanding 

the key parameters of the real catalytic systems. Studying the model systems provides an 

opportunity to develop real catalysts with enhanced activity, selectivity and stability.  

In this work, the role of surface defects on ceria in the stabilization of Pt single atoms on 

ceria as well as in water splitting over ceria was studied. Experimental results combined with DFT 

calculations revealed the step edges of ceria to be the active surface sites for stabilization of Pt
2+

 

atoms. In the presence of excess oxygen, CeO2 step can stabilize one or more monodispersed Pt
2+

 

ions per step edge adsorption site. Partial reduction of the ceria film leads to complete reduction of 

step edges which lose their ability to stabilize Pt
2+

 ions. At partially reduced ceria surfaces as well as 

at surfaces with low density of steps, Pt deposit coalesces into Pt
0
 clusters. Charge transfer between 

these clusters and cerium oxide was measured and its highest value was revealed to be for clusters 

containing from 30 to 70 Pt atoms: 0.1 electrons per Pt atom. For bigger Pt clusters, charge transfer 

is decreased.  

Oxygen vacancies on ceria play key role in water splitting. Present work revealed, that the 

activity of reduced ceria film not only depends on the concentration of oxygen vacancies, but also 

on their position with respect to each other. Hence, Ce2O3 films with 4×4 reconstruction had the 

highest reactivity towards water giving highest H2 production during TPD. Results also proved that 

the OH
−
 in the bulk of c-Ce2O3 is mediated by a particular spatial coordination of O vacancies: a 

network of next-nearest-neighbor (NNN) O vacancies in bixbyite c-Ce2O3, and by pairs of NNN O 

vacancies in less-reduced CeOx phases. 

Finally, inverse model CeOx/Cu(111) systems with precisely controlled morphology and 

stoichiometry were prepared and analyzed. The results revealed the existence of an activation barrier 

for oxidation of the ultrathin ceria films on Cu(111) due to the oxide-support interaction. Complete 

oxidation of the film could only be achieved at elevated temperatures together with the oxidation of 

the substrate. Results revealed (1×1), (√7×√7)R19°, (3×3) and (4×4) surface reconstructions for the 

reduced films and with stoichiometry corresponding to the expected values of CeO2, Ce7O12, Ce3O5, 

and Ce2O3 corresponding to the bulk reduced phases of ceria. 
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The results concerning the role of defects on ceria surfaces obtained in this work represent an 

important step towards understanding the surface related phenomena in catalysis over ceria. 

Controlling the concentration and the coordination of oxygen vacancies in ceria is a perspective 

approach that can improve the functionality of ceria-based heterogeneous catalysts, and that can be 

related to the more general concept of strain engineering of oxide catalytic materials. The developed 

methods of adjusting density of monoatomic step edges and concentration of oxygen vacancies on 

ceria provide a powerful tool for future studies of the redispersion of metal particles on cerium oxide 

surfaces. Applying these methods in inverse model catalysis provides a perspective of development 

of inverse catalysts with enhanced catalytic activity, selectivity and stability. 
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