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1 Introduction
This Thesis deals with implementation of the experimental technique Scanning Tunneling Microscopy
(STM) on the research in the field of model catalysis in the Surface Physics Group, Department of
Surface and Plasma Science, Faculty of Mathematics and Physics, Charles University in Prague. STM
allows investigating the morphology of model catalyst surfaces, extracting quantitative morphological
information, and relating the quantitative morphological information to the information on the
chemical state and the chemical reactivity of model catalysts. This allows performing advanced atomiclevel studies into the physical and chemical processes controlling the reactivity, selectivity and stability
of industrially relevant heterogeneous catalysts.
The Thesis takes a form of a commented compilation of my publications. The publications selected for
the compilation are attached as Appendices 1-22. The Thesis, and the selected publications cover two
topics representing the prerequisites for the model catalysis research employing the quantitative
morphological information – the STM technique and its capabilities (Section 3, Appendices 1-4), and
the self-organization phenomena governing the creation of surface nanostructures (Section 4,
Appendices 5-10). Subsequently, the Thesis describes the model catalytic studies over ceria (CeOx) and
Pt-ceria model catalysts (Section 5, Appendices 11-22). The presented studies introduce novel ceria
based model catalysts, where self-organization is employed to obtain atomic-level control of the
morphology and stoichiometry of the model ceria surfaces as well as novel Pt-ceria model catalysts
where the Pt load is ultimately dispersed in the form of single supported Pt ions.

2 Model catalysis
Model catalysis is a general denomination for a large spectrum of experimental and computational
approaches towards understanding the physicochemical foundations of heterogeneous catalysis and
to knowledge-based designing of more effective heterogeneous catalysts [1]. An industrial
heterogeneous catalyst is a multiple phase nanostructured material where a nanostructured structural
support is carrying a nanostructured catalyst, often in the form of a binary metal-oxide nanostructure
[2], (Figure 1). The catalyzed chemical reactions are taking place on the very complex surface of the
catalyst.

Figure 1. Left: scanning electron microscope image of a large-area oxide-metal heterogeneous catalyst
on carbon nanotube support. Right: Schematic of the catalyst structure. Filip Dvořák, Ph.D. Thesis,
Charles University in Prague, 2014 [2].
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Model catalysis is following a so called “reductionism approach“ [3] when structurally complex real
catalysts are replaced by ordered surfaces with simple geometry. Historically, the first approximation
to studying the properties of real catalysts was studying the physical and chemical properties of lowindex metal surfaces representing idealized flat terminations of metal single crystals (Figure 2).

Figure 2: Top view of atom arrangement on different low-index surfaces of platinum. Outlined is the
bulk unit cell of Pt.

The surface structure, the adsorption and desorption of reactants, and the kinetics of the surface
chemical reactions on low-index single crystal surfaces have been clarified in detail by a growing
number of surface sensitive experimental techniques, rendering surface science a mature scientific
discipline in the second half of the 20th century [4]–[6]. The relevance of surface science on single
crystal surfaces has been acknowledged by the award of Nobel prize in chemistry to Professor Gerhard
Ertl in 2007 "for his studies of chemical processes on solid surfaces" [7], including a detailed
understanding of one of the most important for mankind catalyzed reaction, the synthesis of ammonia
by Haber-Bosch process [8].

2.1 Model catalysts with controlled complexity
In spite of its indisputable strengths, the surface science on single crystal surfaces is being criticized for
the overly simplification that cannot clarify more complex catalytic reactions [9]. The difference
between the simplicity of single crystal surfaces and the complexity of the real catalysts is referred to
as “materials gap” [10]. For bridging the materials gap, several important concepts were developed.
The surface science studies extended to oxide surfaces [11]–[15], the studies of surface chemical
reactions extended to so called “active sites” – defects on low-index surfaces (Figure 3) that may
deliver considerably more reactivity than the low-index surfaces alone [16]–[20], and the model
catalytic studies extended to well-defined metal clusters supported on oxide surfaces [21]–[25].
Using the above concepts for resolving a particular problem in heterogeneous catalysis it becomes
possible to prepare model catalysts with increasing but controlled complexity [26] (Figure 4) that allow
to recognize the critical causalities without imposing unrealistic abstractions. Particularly, for
supported metal catalysts the models with controlled complexity allow studying a broad range of
processes that determine the catalytic properties of the supported metal catalyst [26] (Figure 5).
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defects on low-index surfaces:
facet boundary (111) vs. (100)

low-index surfaces:

monoatomic step on (111) facet
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vacancy on (111) facet
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Figure 3: Defects on low-index surfaces that may act as active sites for heterogeneous catalytic
reactions.

Figure 4: Hierarchical buildup of model catalysts with increasing but controlled complexity. Adapted
from Ref. [26]

Figure 5: Structural parameters of the model catalyst with the controlled complexity and their relation
to physical and chemical processes determining the catalytic action of the supported metal catalyst.
Adapted from Ref. [26].
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2.2 Quantitative morphological information in model catalysis
Central experimental techniques of surface science are space-averaging providing information on the
sample properties from a characteristic area of approximately 1 mm2. These techniques provide
complex information on the surface and adsorbate crystallography (low- or high energy electron
diffraction– LEED, RHEED [27]–[29]), on the surface and adsorbate chemical composition and chemical
state (photoelectron spectroscopy – PS [30], [31]), or on the products and kinetics of the surface
chemical reactions (temperature programmed desorption – TPD [32], [33], molecular beams – MB [34],
[35]). Information on the sample morphology yielded by these techniques is however indirect.
The availability of high resolution bulk and surface imaging methods – electron microscopy [36],
scanning tunneling microscopy [37], [38], and atomic force microscopy [39] allowed to view the
morphology of the model catalysts in real space with atomic resolution and to quantify the
morphological information. Studies that relate the quantified morphological information to the
reactivity of the model catalysts maximize the insight in the elementary catalytic processes, and the
impact on the overall advance in the field. Prototypical studies quantifying the density of different
surface defects [40], the coverage of the active phase [41], and the size of the metal clusters in
supported metal catalysts [42] are presented in Figures 6-9.

(a)

(c)

(e)

(b)

(d)

(f)

Figure 6: Quantification of the step density of different step types. (a, b) STM of different step
architectures on Pt(111) surface – “ripples” prepared by ion bombardment (a) and “mountains”
prepared by by Pt homoepitaxy (b). STM image width 90 nm. (c, d) Schematic of the model Pt(111)
surfaces. “Ripples” on model Pt(111) surface contain equal proportion of two types of steps, (100)step and (111)-step (c). “Mountains” on model Pt(111) surface contain a majority of (111)-steps (d).
(e, f) TPD of H2O from model Pt(111) surfaces. The intensity of the three desorption peaks (B, C, D –
red, green and blue curves) corresponds to the surface density of different adsorption sites on the
model Pt(111) surfaces. B – Pt(111) terrace, C- (111)-step, D – (100)-step. This prototypical study
resolves different adsorption sites for H2O molecule on Pt(111) surface complementing the picture of
water chemistry on Pt surface [43]. Adapted from Ref. [40].
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(c)

(a)

(b)

Figure 7: Quantification of the coverage of the active phase. (a, b) STM of CeO2 clusters on Au(111)
surface – example of model catalyst in so called inverse layout [44]. The coverage is determined as the
fraction of the metal substrate covered by the oxide. STM image width (a) 200 nm, (b) 30 nm. (c) H2
yield of the water-gas shift reaction over the CeO2/Au(111) and TiO2/Au(111) model catalysts. H2 yield
exhibits a maximum for oxide coverage of approximately 30 % rendering the metal-oxide boundary as
an active site for the water-gas shift reaction [45]. This prototypical study ultimately resulted in
designing of a new class of industrial inverse catalysts for water-gas shift reaction [46]. Adapted from
Ref. [41].

(b)
(a)

(c)

Figure 8: Quantification of the size of the supported metal clusters. (a) STM of Au clusters on TiO2(110).
(b) CO2 yield exhibits a maximum for the diameter of Au clusters approximately 3 nm corresponding to
a situation when the Au clusters are formed less than 3 monolayers thick and are becoming
nonmetallic [42], (c). This prototypical study brought microscopic insight into the intriguing
phenomenon of catalysis by gold when gold nanoparticles exhibit catalytic activity in spite of the fact
that gold, generally, is catalytically inactive [47]. Adapted from Ref. [42].
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2.3 Model catalysis in the Surface Physics Group
The Surface Physics Group at the Charles University in Prague, under the guidance of Professor
Vladimír Matolín, is an active player in the field of model and real heterogeneous catalysis.
Investigations performed in the Surface Physics Group contributed to understanding of several
important concepts in the supported metal catalysis, mainly the metal-support interactions [48], [49],
and the metal-support spillover effects [50] (cf. Figure 5). Initially, the focus of the investigations were
metal clusters on nominally inert oxide supports (Pd/Al2O3). Recently, the focus transferred to metals
supported on reducible oxide supports, where the metal-support interactions and the activity of the
support alone are the central phenomena influencing the activity.
Most investigated are currently metal/CeO2 model and real catalytic systems. The model catalysis over
CeO2 (ceria) has developed based on a successful preparation of model ceria system in the form of
oriented CeO2(111) thin film on Cu(111) single crystalline support [51] that allowed performing model
studies on the different types of interaction between ceria and metal deposits, particularly Au [52],
[53], Sn [54] or W [55].
Parallel to model catalytic studies, the Surface Physics Group is developing techniques for preparing
real metal/ceria catalysts by physical methods [56], [57]. Professor Vladimír Matolín holds a range of
international patents on preparation of Pt-ceria catalysts by scalable planar methods of magnetron
sputtering compatible with industrial fabrication of thin films and semiconductors [58]. The methods
of magnetron sputtering allow preparing highly active Pt/ceria catalysts for use in Polymer Electrolyte
Membrane Fuel Cells (PEMFCs) where they exhibit an exceptional activity with a very low load of Pt
metal bringing the PEMFC technology even closer to applications [57], [59]–[61]. At present, the
methods of magnetron sputtering are further exploited for activation of the fuel cell catalysts [62]–
[64] and the technology is being adopted on both electrodes of the PEMFC with excellent results in
reducing the Pt load without sacrificing the fuel cell activity [65].
The characterization of the model as well as real catalysts in the Surface Physics Group traditionally
relied on the space-averaging experimental methods of surface science, TPD [48], [49], MB [48], LEED
[51], and RHEED [66], combined with photoelectron spectroscopy as the main experimental method.
The Surface Physics Group significantly contributed to development of photoelectron spectroscopy
methods in model catalysis, predominantly to methods allowing detailed investigations of the chemical
state of model catalysts. Important PS methods developed in the Surface Physics Group allow
determining the degree of reduction of the ceria supports by laboratory X-ray PS (XPS) [54],
determining the degree of reduction of the ceria supports by highly sensitive resonance PS (RPES) [67],
studying buried interfaces in heterogeneous catalysts by high-energy PS (HAXPES) [68], and observing
the changes of the electron structure of model catalytic systems by angle-resolved PS (ARPES) [69].
In model catalytic studies, the information on the morphology of the investigated model catalysts in
the Surface Physics Group was obtained indirectly from the space-averaging experimental methods of
surface science. A direct, atomically resolved view of the morphology of the model catalysts has been
obtained after installation and application of the experimental technique of STM. The consequences
of this extension of the model catalytic research in the Surface Physics Group, and the resulting model
catalytic studies based on the quantitative morphological information obtained from STM are
described in the present Thesis.

8

3 Scanning tunneling microscopy
Scanning Tunneling Microscope is an electromechanical device measuring, in the first approximation,
the height profile of surfaces of solid samples. The surface is scanned with a sharp tip at a small
distance allowing for the flow of electrons between the sample and the tip via quantum tunneling
(Figure 9). The parameters of the tunneling contact are the order of 1 nm width, 1 V sample bias, and
1 nA tunneling current. STM is capable of delivering images of the surface with details on the atomic
scale [37] on samples with finite conductivity allowing for the passage of the tunneling current.

The tunneling current flowing between the tip and the sample is predominantly determined by the
electronic structure of the valence and the conduction bands of the sample [70]. STM can thus yield
information on the electronic structure of the sample via analysis of the current-voltage characteristic
of the tunneling junction, so called Scanning Tunneling Spectroscopy (STS) [71], [72]. The possibilities
to move and arrange atoms and molecules by the tip of the STM [73] and to perform vibrational
spectroscopy on the molecules in the tunneling junction [74] broaden the spectrum of experimental
techniques available in the scanning tunneling microscope and render the STM as an effective
nanolaboratory (Figure 9).

Scanning
Tunneling
Microscope:

(STM)

of surface
nanostructures

nanolaboratory
Figure 9: (A) Tip and sample arrangement in the Scanning Tunneling Microscope. (B-D) Experimental
techniques available in the STM – microscopy, spectroscopy, and nanostructuring. Illustration from the
undergraduate course NEVF140 – Surface Properties of Solids. Josef Mysliveček, MFF UK Praha.
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3.1 Implementation in the Surface Physics Group
For the quantitative characterization of the morphology of model catalyst samples we have adapted a
STM measuring head manufactured by CreaTec Fischer & Co. GmbH, Erligheim, Germany [75]. The
STM head is so called “beetle” type [76], [77] (Figure 10). The STM head has been mounted on a
homemade LN2 cryostat allowing besides measurements at room temperature also measurements at
100 K. For STM control and data acquisition we have built a homemade control unit based on the
design of, and controlled by the software developed by Doc. RNDr. Pavel Sobotík, CSc. (MFF UK). The
control unit and the control software allow advanced STM and STS measurements [78]–[80].

triple-helix ring
tip scanner + tip
ring scanner

sample

baseplate

sample holder

spring suspension
1 cm

eddy current damping

Figure 10: STM “beetle” type measuring head used in the Surface Physics Group.

The STM has been integrated in a newly built ultra-high vacuum (UHV) apparatus allowing
characterization of samples, parallel to STM, by the key space-averaging experimental methods of
surface science, TPD, MB, LEED, and laboratory XPS (Figure 11). The samples are prepared and
characterized by all available methods “in-situ”, i.e. without exposing the samples to air for transport
between the methods. Uniquely in the Czech Republic, our apparatus thus allows correlating the
information on the surface and adsorbate structure and chemical composition of model catalysts, and
on the products and kinetics of the surface chemical reactions, with the quantitative morphological
information resulting in advanced high-impact model catalytic studies.

3.2 Quantifying the morphological information
In the present Thesis, the observed morphological quantities on model catalyst samples are the density
of monoatomic steps and the density and the size distribution of supported clusters. Example STM
topographical images corresponding to a stepped model catalyst surface and the model catalyst
surface with supported clusters are shown on Figure 12. The employed methods for quantifying the
morphological information are partly automated, however, the identification of the morphological
phenomena in STM images (steps, clusters) remains mostly manual. In spite of the advances in the
automated image recognition, imperfections and artefacts of the STM imaging currently prevent fully
automated recognition of most morphological features on model catalysts.
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Figure 11: Apparatus integrating STM, XPS, LEED, TPD and MB experimental techniques for obtaining
a complex view of the morphology and the physicochemical properties of model catalysts. Page from
the 2014 calendar celebrating the 60th anniversary of the Department of the Surface and Plasma
Science, the home to the Surface Physics Group.

(a)

(b)

Figure 12: Morphologies of (a) stepped model catalyst surface and (b) the surface with supported
metal clusters. (a) CeO2(111) surface with threading dislocations, 250 × 250 nm2. (b) CeO2(111) surface
with 0.1 ML of deposited Pt, 35 × 35 nm2.
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For determining the step density, we have developed a semi-automated procedure when first step
outlines are marked in STM images manually. These outlines are then mapped onto a properly scaled
and rotated mesh of surface atoms and the atoms that are closest to the outlines are automatically
identified and considered step-edge atoms. Thus, step-edge atoms and their density in monolayers
(ML) are calculated directly without the need of calibration and conversion from total step length per
unit area. Sample output of the procedure is displayed in Figure 13.

(a)

(b)

(c)

Figure 13: Illustration of the semi-automated procedure for determining the step density. (a) Manual
outline of steps in the STM image (b) automated mapping of the outline on the idealized mesh of
surface atoms (c) detail of the mapping output.
For determining the morphological properties of populations of supported metal clusters, automated
procedures for grain recognition and grain statistics available in microscopy software packages may be
used [81]. The analysis of STM images must take into account a significant lateral broadening of the
detected clusters due to a finite diameter of the STM tip. Since the tip shape is generally unknown the
analysis can be complemented with an independent experimental input. For cluster populations
prepared by vacuum deposition in our experimental apparatus (Figure 11), the complementary
information is the total weight of the deposit determined by Quartz Crystal Microbalance (QCM) [82]
with resolution better than 1 per cent of a monolayer. The automated analysis of a cluster population
and subsequent correction of the result for the total deposited amount of material is illustrated in
Figure 14.
Automated software procedures provide detailed analysis of the density and size distribution of the
clusters when supported on sufficiently flat substrate. For clusters on supports with complex
morphology (cf. Figure 12 b) manual identification and quantification of the clusters remains the most
effective method.

(a)

(b)

(c)

Figure 14: Illustration of the automated procedure for determining the statistics of Pt cluster
population. (a) STM of 1.5 ML of Pt supported on CeO2(111), 60 × 60 nm2. (b) Automated detection of
clusters [81], (c) correction of the cluster sizes for the total amount of Pt determined by QCM.
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3.3 Surface electronic structure
Besides imaging of the surface morphology, STM provides a possibility to determine the electronic
structure of the samples via STS. Compared to the standard technique of PS for obtaining the electronic
structure STS provides local information measured at the position of the STM tip, and information on
both the occupied and unoccupied electron states of the sample. On the other hand, STS is limited in
the energy of the investigated electron states to less than approximately 5 eV above or below the
Fermi level, sufficient for investigations of valence and conduction bands, but with no access to core
level electron states.
We demonstrate the spatial resolution of surface electronic spectra in an experimental study of the
Si(111)-7×7 surface [83], Appendix 1. The Si(111)-7×7 surface represents one of the reference surfaces
in surface physics, being the first surface to be imaged by STM with atomic resolution [84] and the first
surface where spatially resolved STS has been demonstrated [85]. Easily prepared and imaged in STM,
the Si(111)-7×7 surface is used to calibrate the magnification of STMs.
The Si(111)-7×7 surface contains several distinct adsorption positions related to the broken Si-Si bonds
on the Si(111) surface and to the 7×7 reconstruction (Figure 15 a, b). In STS, each of these positions
yields a characteristic STS spectrum revealing the spatial localization of the observed electron states
(Figure 15 c). The imaging capability of the STM allows scanning the surface and mapping the spatial
intensity of the individual electron states resulting, effectively, in imaging the wavefunctions of the
sample for different electron energies (Figure 16). Our study [83], Appendix 1, improved the energy
resolution of STS on the Si(111)-7×7 surface, and has become a reference for STS on the Si(111)-7×7
surface [86], [87]. For their illustrative qualities, the images from our study (Figures 15, 16) have been
included and serve as an example of STS in a classical textbook on STM technique, “Introduction to
Scanning Tunneling Microscopy” by C. J. Chen [88]. In model catalytic studies, STS is being used for
investigations of electronic structure of active sites on model catalyst surfaces – supported clusters
[42], linear [89] and point defects [90].

(a)

(b)

(c)

Figure 15: Spatially resolved STS electronic spectra. (a) STM of the Si(111)-7×7 surface with outlined
two half-unit cells. (b) Schematic of the surface adsorption positions and their localization in the
faulted (F) and unfaulted (U) half- unit cells. Restatoms – dots, corner adatoms – empty circles and
center adatoms – crossed circles. (c) STS spectra measured at different adsorption positions assigning
the localized electron states to rest atoms (S2), corner adatoms (S1´, S1, U1), and center adatoms (U1´,
U1´´). Adapted from Ref. [83], Appendix 1.
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(a)

(c)

(b)

(d)

Figure 16: STS spatial maps of the electron states from Figure 15. Occupied states (a) rest atoms – S2,
(b) faulted corner adatoms – S1, unoccupied states (c) unfaulted corner adatoms – U1, (d) center
adatoms – U1´´. Adapted from Ref. [83], Appendix 1. S1, S2, U1, and U1´´ are defined in Figure 15.

3.4 Chemical contrast in the STM
For model catalytic studies, obtaining chemical contrast in a local microscopy technique represents a
very desirable feature. In STM the tunneling current It is mostly influenced by the local density of states
(LDOS) of the sample and the local height of the tunneling barrier φ. However, both LDOS and φ are
lacking the chemical specificity in most cases. Electron states relevant for the STM lie within 5 eV from
the surface Fermi level in valence and/or conduction bands, where the large energy shifts due to
delocalization and hybridization prevent identifying energy levels of single atoms. The local tunneling
barrier is modified by a charge redistribution between the surface and the bulk and can be affected by
the presence of different surface atoms, however, with little relation to their chemical nature.
Obtaining chemical information in STM measurements is thus more an exception than the rule.
We have illustrated the origin of the chemical contrast in STM in an experimental study of Bi
terminated Si(111)-√3×√3-Bi surface [91], Appendix 2. On the Si(111)-√3×√3-Bi surface, deposition of
Ge results in formation of two-dimensional, Bi terminated Ge-Si nanostructures that can act as
nanowires [92] or as templates for self-organized growth of supported nanostructures [93]. The Ge-Si
nanostructures (Figure 17 a) exhibit distinct, tunneling voltage-dependent STM contrast (Figure 17 b,
c). Detailed measurements of STS spectra (Figure 17 d) and effects related to the tunneling barrier φ
(Figure 17 e, f) identify contributions of both LDOS and φ of the Ge and Si terminated areas to the
chemical contrast.
Although reasonably well understood, the chemical contrast in STM, when available, only reveals the
spatial distribution of different chemical phases on the sample surface [94]–[96]. The chemical
identification of the phases must be accomplished by other means. With model catalyst samples, the
most straightforward method is a stepwise preparation of the samples by subsequent deposition of
selected chemical species with STM observations after each deposition step identifying the
morphology, and, eventually, the chemical contrast of individual chemical phases. For analysis of the
sample chemical composition, complementary PS measurements are routinely performed.
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(a)

(f)
Ge
Si
(b)
(c)

(e)

(d)

Figure 17: Chemical contrast in STM of Ge-Si nanostructures on the Si(111)-√3×√3-Bi surface. (a) STM
and schematic side view of the boundary between Ge and Si-terminated areas on the Si(111)-√3×√3Bi surface. STM image width 5 nm. (b, c) tunneling voltage-dependent height difference between Ge
and Si-terminated areas for tunneling voltage Vs ϵ (-3, 3) V (b) and Vs ϵ (2, 10) V (c). (d, e) Normalized
(STS, d) and plain (e) differential conductivity of the tunneling contact over Ge and Si-terminated areas.
Differences of the electronic structure of Ge and Si-terminated areas (electron states v1, v2, c1-c3)
determine the height difference at low Vs between -3 V and 2 V. Above 2 V, the height difference is
dominated by non-LDOS features due to penetration of the electric field of the tip in the sample and
consequent band bending. (f) “Inv” denotes tip induced inversion in the sample, “Vac” denotes
crossing of the sample vacuum level by tip Fermi level. The positions of “Inv” and “Vac” differ on Ge
and Si-terminated areas due to more efficient screening of the electric field of the tip on Ge areas.
Adapted from Ref. [91], Appendix 2.

3.5 Molecules in the tunneling contact
STM can image and investigate the properties of individual molecules in the tunneling contact, i.e. the
molecules adsorbed at the sample surface under the position of the tip. Particularly, the tunneling
electrons passing the molecule between the sample and the tip can undergo an inelastic energy loss
towards a vibrational state of the molecule. Similarly to STS, the inelastic losses can be determined by
analysis of the current-voltage characteristic of the tunneling junction, so called Inelastic Electron
Tunneling Spectroscopy (IETS, [74]).
We demonstrate IETS on individual molecules in an experimental study of endohedrally doped
fullerenes Ce2@C80 adsorbed on Cu(111) [97], Appendix 3. In this study, we have detected besides the
vibrations of the C80 cage also the low-energy vibrations associated with movements of the Ce atoms
encapsulated inside the C80 cage (Figure 18). Our study proved that the vibrations of the encapsulated
atoms in the endohedral fullerene may be active in determining the properties of molecular junctions.
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(a)

(b)

ν1

(c)

Figure 18: Inelastic electron tunneling spectroscopy of a molecule in the tunneling contact. (a)
schematic of a Ce2@C80 molecule on Cu(111). (b) Antisymmetric peak at |Vs| = 6 mV in the second
derivative of the current-to-voltage characteristic of the tunneling junction indicates a low energy
vibration ν1 of Ce2@C80. (c) Schematic of the ν1 vibration of the Ce atoms encapsulated in the C80 cage.
Adapted from Ref. [98], Appendix 3.
In model catalytic studies, detection of molecular vibrations by IETS has been performed for
identification of the products and intermediates in several outstanding fundamental studies of the
elementary surface chemical reactions [99], [100], but due to the extreme requirements on the
stability of the experiment [74], employing IETS in model catalytic studies is rare.
In numerous model catalytic studies, on the other hand, simple topographic contrast of the adsorbed
molecules is used to identify the adsorption positions of the molecules, or, for multiple adsorbed
species, to discriminate different molecular species. We demonstrate the topographic contrast
between two types of molecules, endohedral fullerene Ce2@C80, and plain fullerene C60 in Ref. [98],
Appendix 4 (Figure 19). The molecules were identified in a two-step deposition experiment as
described in Section 3.4. Unambiguous identification of the adsorbed molecules in STM is limited by
the lacking chemical sensitivity of the method and significant misinterpretations may occur. On Figure
20 two interpretations of the same model catalytic system are presented [101], [102]. To prevent such
situations extreme caution in preparing and interpretation of experiments employing topographic STM
data on adsorbed molecules is required, with strong support of ab-initio calculations of the STM
contrast [103].

Figure 19: Topographic contrast of two molecular species adsorbed on Cu(111). (a) STM, image width
8 nm. (b) schematic of Ce2@C80, (c) of C60 molecules. From Ref. [98], Appendix 4.
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(a)

(b)

Figure 20: Ambiguous interpretation of the molecular topographic contrast on the model catalyst
surface of rutile TiO2(110). (a) the original interpretation of molecular features on rutile TiO2(110) as
oxygen vacancies and adsorbed O2 [101], (b) corrected interpretation as surface hydroxyls and
adsorbed H2O [102].

4 Self-organization of surface nanostructures
For investigation of the relationships between the morphology and the reactivity of model catalysts
experimental control of the morphology of the model catalysts is inevitable. In this respect,
nanostructured model catalysts can be prepared with a desired morphology using self-organization
phenomena taking place during growth of thin films on single-crystalline solid substrates [104]. Main
parameters allowing the control of the morphology of model catalysts by self-organization are the
material of the substrate, the deposition rate of the deposit, the amount of the deposit, and the
thermal treatment of the sample prior, during, or after model catalyst deposition.
The material of the substrate determines the equilibrium morphology and so called growth mode of
the thin film (Figure 21). The equilibrium growth of one phase (homoepitaxy, material of the substrate
and of the deposit is the same) ideally proceeds by attaching the deposit material at monoatomic steps
of the substrate and the substrate morphology is replicated by step flow [105], (Figure 21 a). In the
case of two phases (heteroepitaxy, material of the substrate and of the deposit differ), depending on
the mutual energetics of the substrate and deposit surfaces, step flow may be modified by nucleating
islands after reaching a certain film thickness [106], or not take place at all in case the deposit is
nucleating as three-dimensional (3D) islands from the beginning [107]. The morphology in equilibrium
is dictated by minimization of the sample free energy, and the island surfaces may adopt different
crystallographic structure and orientation than the substrate.

(a)

(b)

(c)

Figure 21: Equilibrium growth modes of thin films. (a) Step flow, Ge on Bi-terminated Si(111) adapted
from Ref. [108]. (b) Stranski-Krastanov, Ge on Si(100), adapted from Ref. [109]. (c) Volmer-Weber, Pb
on Ru(0001) adapted from Ref. [110]. Image width (a) 60 nm, (b) 130 nm, (c) 3000 nm.
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Under non-equilibrium conditions, the morphology of the growing film is kinetically determined by a
competition between the deposition rate F, at which new atoms or molecules of the deposit impinge
at the substrate, and the diffusion rate of the atoms or molecules of the deposit on the surface of the
substrate and of the growing thin film [111], [112]. Among different surface diffusion processes, the
most important is the diffusion rate of the deposit on the atomically flat terraces of the substrate, D.
Far from equilibrium, the competition gives rise to nucleation of islands on the terraces between the
steps (Figure 22 a). The density of these islands n can be adjusted by adjusting F or D as n=(F/D)χ with
χ≤1 [111], [113]. Islands nucleated far from equilibrium are typically one monolayer high and adopt
the crystallographic orientation of the substrate. Subsequent growth of the thin film follows by lateral
spreading of the islands and nucleation of new islands on top of the completed monolayers by so called
layer-by-layer growth (Figure 22 b, c) [114], [115].

(a)

(b)

(c)

Figure 22: Non-equilibrium growth mode of thin films. Homoepitaxy of Fe(001). (a) Island nucleation,
adapted from Ref. [116] (b), (c) layer-by-layer growth – Frank-van der Merwe, adapted from Ref. [115]
(b), (c). Image width (a)-(c) 130 nm.
Further diffusion processes that determine the morphology of the thin films far from equilibrium are
the diffusion of the deposit across or along the monoatomic step edges on the sample. The diffusion
across the step edges is determining the rate of incorporation of the deposit from the upper and the
lower terrace adjoining the step, and the stability of the step train during step flow growth.
Predominant incorporation from the upper terrace destabilizes the step train against step bunching
[117] (Figure 23 a), while the predominant incorporation from the lower terrace destabilizes the step
train against step meandering [118] (Figure 23 b). The latter condition is related to the presence of so
called Ehrlich-Schwoebel barrier at the step edges preventing the diffusing particles of the deposit
from descending the monoatomic steps [112], [117]. The presence of the Ehrlich-Schwoebel barrier
causes destabilization of the growth front also during layer-by-layer growth leading to formation of
mounds [119] (Figure 32 c).

(a)

(c)

(b)

Figure 23: Growth instabilities due to barriers for crossing the step edge. (a) Step bunching during step
flow growth. Homoepitaxy of InP(111), adapted from Ref. [120]. (b) Step meandering during step flow
growth. Homoepitaxy of Cu(001), adapted from Ref. [121] (c) Growth of mounds destabilizing layerby-layer growth. Homoepitaxy of Pt(111), adapted from Ref. [122]. Image width (a) 3000 nm, (b) 150
nm, (c) 250 nm.
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The diffusion along the step edges is determining the morphology of the monoatomic steps
propagating across the surface during growth. Step edges are compact (Figure 24 a) closer to
equilibrium and become open – fractal (Figure 24 b) or dendritic (Figure 24 c), when the growth
conditions depart from equilibrium [123].
(a)

(b)

(c)

Figure 24: Growth instabilities due to barriers for diffusion along the step edge. (a) Compact islands
closer to equilibrium, Pt(111) homoepitaxy, adapted from Ref. [124]. (b) Fractal islands, (c) dendritic
islands far from equilibrium. (b), (c) Ag on Pt(111), adapted from Ref. [125]. Image width (a) 300 nm,
(b), (c) 100 nm.
As we show in the following, further kinetic effects affecting the morphology of the growing thin films
cat be identified giving the experimentalist a broad range of possibilities on how to adjust the
morphology of thin film model catalysts by self-organization in a desired manner. Besides thin film
growth, self-organization of the surface morphology may occur also during ion erosion of the surfaces
that can be, to a certain extent, considered as a growth with negative deposition rate [124]. Directional
ion erosion is used in model catalysis as a method for controlling the orientation of the monoatomic
steps on model catalyst surfaces [40], [126].

4.1 Surface instability due to diffusion anisotropy
Many technologically relevant surfaces exhibit anisotropic surface structure and anisotropic
physicochemical properties including anisotropic surface diffusion. A prominent representative of
anisotropic surfaces is Si(001) [127]. The anisotropic 2×1 surface reconstruction forms so called dimer
rows that rotate by 90° on each subsequent monoatomic terrace [128]. On vicinal Si(100) 2×1 miscut
towards [110] direction this gives rise to two types of monoatomic steps alternating on the surface:
step type A – SA, with straight step edge parallel to dimer rows on the upper terrace (terrace type A),
and step type B – SB with jagged step edge perpendicular to dimer rows on the upper terrace (terrace
B). A microscopic view of such Si(001) surface is displayed on Figure 25 a.
In Ref. [129] (Appendix 5) we prove that the anisotropic diffusion on Si(001) gives rise to step bunching
instability (cf. Figure 23 a) observed in a narrow temperature range during Si homoepitaxy on Si(001)
[130]. The explanation is based on the observation of morphology of vicinal Si(100) 2×1 surfaces.
During homoepitaxy, the equilibrium structure of the Si(100) 2×1 surface as in Fig. 25 a persists only at
high temperatures (Figure 25 b). Lowering the temperature during growth causes pairing of SA and SB
steps and step flow of SA-SB step pairs [131] (Figure 25 b). In the presence of diffusion anisotropy in the
model of Si(001) homoepitaxy SA-SB step pairs incorporate diffusing Si atoms from upper terraces more
effectively than from lower terraces leading to step bunching (Figure 25 c, d) [129]. As a new and a
generic instability the step bunching instability due to diffusion anisotropy on Si(001) has become a
standard reference for growth instabilities observed in silicon-germanium, and, generally,
semiconductor nanostructures [132], [133].
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Figure 25: Step bunching instability due to diffusion anisotropy. (a) STM view of anisotropic Si(001)2×1
surface with A and B terraces and SA and SB step edges. Image width 50 nm. Adapted from Ref. [134].
(b) STM view of morphology during Si(001) homoepitaxy. At 550 °C, formation and step flow of S A-SB
step pairs is observed. Image width 100 nm. (c) Diffusion potential for Si atom moving perpendicular
to SA-SB step pair in the presence of diffusion anisotropy favors incorporation of diffusing Si atoms from
the upper terraces. (d) This is causing step bunching instability observed in STM and reproduced in
growth simulation using the anisotropic surface diffusion potential from (c). STM image width 300 nm.
Figures (b)-(d) adapted from Ref. [129], Appendix 5.

4.2 Modification of growth kinetics via surfactants
Growth properties of a particular combination of substrate and thin film may be modified by depositing
third species on the surface – a surfactant – that is floating on the surface of the growing thin film but
is not incorporated into it. Surfactants are mainly used to influence the self-assembly of semiconductor
nanostructures when the presence of the surfactant changes the growth mode of the system (cf. Figure
21), e.g. suppressing [135] or promoting [136] the formation of 3D islands.
In Ref. [137] (Appendix 6) we demonstrate how the surfactant influences the morphology of 2D island
populations (cf. Figure 22 a) in Ge/Si heteroepitaxy. We prepare populations of 2D Ge islands on Si(111)
in the presence of Bi surfactant (Figure 26 a) and quantify the island size distribution of the Ge islands
(Figure 26 b). We observe that at low temperatures, the normalized Ge island size distribution deviates
from island size distribution predicted by a standard growth model [116] changing from a peaked to a
monotonous function. To understand this behavior at the atomic level we perform simulations of
surfactant mediated epitaxy considering thermally activated processes of exchange and deexchange
[138] that are not present in the standard model [116] and represent the transport of the deposited
material through the surfactant layer (Figure 26 c). We conclude that the processes of exchange and
deexchange can hinder the incorporation of deposited material at the step edges of the growing
islands and modify the island size distribution in surfactant mediated epitaxy as observed in our
experiment (Figure 26 d, e). The slow incorporation of deposited material at the step edges causes
collapse of the depletion zones around nucleating islands [139] resulting in uncorrelated random
nucleation of 2D islands and the monotonous size distribution.
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(a)

(d)

(c)
(e)

(b)

Figure 26: Influence of surfactant on the nucleation of 2D islands. (a) surfactant mediated epitaxy of
Ge on Si(111) with Bi as a surfactant. (b) Normalized island size distribution of Ge islands as a function
of temperature (color symbols denote lower temperature than grayscale symbols). (c) Atomic-level
kinetic processes considered in the simulation of surfactant mediated epitaxy. (d, e) Morphology (d)
and normalized island size distribution (e) obtained from the simulation of surfactant mediated
epitaxy. Adapted from Ref [137], Appendix 6.
In a standard application of surfactant mediated epitaxy the surfactant is deposited at the surface using
deposition parameters that maintain 100% coverage of the sample by the surfactant during thin film
growth. In Ref [108] (Appendix 7) we have demonstrated that such strategy may be detrimental for
stabilization of certain surface nanostructures. Particularly, surfactant mediated epitaxy allows
fabrication of Ge/Si nanowires on Si(111) surfaces due to suppressing of Ge-Si intermixing [92]. At the
same time, however, the presence of surfactant causes meandering of Si(111) step edges (Figure 27 a)
and uneven decoration of the Si(111) step edges by Ge (Figure 27 b). In an attempt to prepare highly
ordered Ge nanowires on highly ordered Si(111) surfaces we have developed a strategy when the
amount of surfactant on the surface is temporarily reduced during critical steps of sample preparation
and the ordering of the Si(111) is not disturbed (Figure 27 c, d). The presented works on surfactant
mediated epitaxy have been reviewed as valid contributions to the theory and fabrication of
semiconductor nanostructures [140]–[142].
(c)

(e)

(a)
(b)

(d)
Figure 27: Surfactant coverage as an adjustable parameter during growth of surface nanostructures.
(a) Step meandering on Si(111) fully covered by Bi surfactant. (b) Rotation of the growth front during
step flow growth of Ge on Si(111) fully covered by Bi surfactant. (c-e) Atomically straight Ge nanowires
on Si(111) prepared by step flow with intermittent reduction of Bi surfactant coverage. Adapted from
Ref. [108], Appendix 7.
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4.3 Metal clusters in surface superstructures
Nucleation of islands during growth of a thin film can be a result of minimization of the system free
energy (Figure 21 b) [143] or a sign of growth far from equilibrium (Figure 22 a) [116]. In both cases,
positions of the nucleated islands on the surface are random, with weak mutual correlations due to
depletion zones [139] and/or modifications of the elastic strain [144] around the nucleated islands.
Spatially ordered nucleation of islands can be achieved on surfaces exhibiting ordered surface
superstructures – regular long-range arrangements of surface atoms due to e.g. surface reconstruction
[145] or a dislocation network [146]. We have studied nucleation of Ag on the Si(111) surface with 7×7
surface reconstruction [147], [148] (Appendices 8, 9).
The 7×7 reconstruction of Si(111) [84], [149] forms a large surface unit cell composed of 2.7 nm wide
triangular parts – faulted and unfaulted half-unit cells (Figure 15 a). Upon deposition of Ag, three types
of objects are identified in STM, denoted A-C (Figure 28 a) [147], Appendix 8. Statistical analysis of the
object density reveals that the objects are Ag monomers (A), Ag dimers (B) and Ag clusters of 3 or more
atoms (C) (Figure 28 b). The delocalized appearance of Ag monomers and dimers together with a
considerable lifetime (at room temperature) of Ag objects indicate that the half-unit cells of the 7×7
reconstructions act as traps for Ag atoms. Ag atoms can easily move inside the half-unit cells while the
transport of Ag between the half-unit cells is much slower.

(a)

A
B

C
A

(b)

C

B

Figure 28: Nucleation of Ag on the Si(111)-7×7 surface. (a) Sample morphology with three types of Ag
objects that can be identified. STM, image width 20 nm. (b) Detailed view of different Ag clusters and
their corresponding densities in experiment (grey bars) and in a growth model (white bars). Adapted
from Ref. [147], Appendix 8.
In order to capture the physics underlying the nucleation of Ag clusters on the Si(111)-7×7 surface we
have proposed a coarse-grained model of Ag nucleation [148], Appendix 9. The coarse-graining
approach focuses on the rate limiting processes taking place on the lateral scale of single half-unit cells
– filling of half-unit cells by Ag atoms and transport of Ag atoms between half-unit cells – and neglects
the fast processes taking place on the lateral scale of atoms – movements of Ag atoms inside half-unit
cells. For determining the physical parameters of the coarse-grained model we have quantified the
morphological parameters of Ag deposit on the Si(111)-7×7 surface for a range of preparation
conditions – upon growth at different substrate temperatures and Ag deposition rate or upon
annealing at different temperatures (Figure 29 a). Evaluated was the density of Ag clusters and the
preference of Ag clusters to nucleate in the faulted half-unit cell (Figure 29 b, c, symbols). Fitting of the
model outputs for the density of Ag clusters and the preference (Figure 29 b, c, lines) allowed to
determine the activation energy for hopping of Ag atoms between half-unit cells Ed = 0.75 eV, the
stability of Ag clusters with > 5 Ag atoms, and the capacity of the half-unit cell to accommodate ≈ 20
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Ag atoms. In addition, the morphology of the samples was found to be influenced by a transient
mobility of the impinging Ag atoms.

(a)

(b)

(c)

Figure 29: Morphological parameters and growth model of Ag deposit on the Si(111)-7×7 surface. (a)
Morphology of Ag deposit upon different experimental treatments. Orientation of the faulted half-unit
cell is marked by a black triangle. STM, image width 15 nm. (b, c) Evaluated morphological parameters
(symbols) and outputs of the growth model (lines) for samples upon growth (b) or upon thermal
annealing (c) of the Ag deposit. Adapted from Ref. [148], Appendix 9.
The presented analysis of nucleation of Ag on the Si(111)-7×7 surface has become a standard reference
for the nucleation of metals on Si(111)-7×7 surface, in general [150], [151], and for optimization of
metal cluster distribution on Si(111)-7×7 surface [152]. The coarse-grained approach to modeling of
growth of metal clusters in surface superstructures was used, e.g., in a study of nucleation of metals
on a superstructure formed by a graphene layer on Ir(111) substrate [153], Appendix 10.
Graphene [154] on iridium [155] and on other metal surfaces [156] forms Moiré superstructures with
periodicity in single nm range due to the mismatch between the lattice constants of graphene and of
the underlying metal (Figure 30 a). Similarly to the surface reconstruction of Si(111)- 7×7 surface
triangular half-unit cells of the Moiré superstructure can accommodate metal clusters (Figure 30 b).
Supported graphene can thus be used for fabricating large arrays of perfectly ordered metal clusters
(Figure 30 c). Self-organization of metal clusters on graphene has become an important part of
graphene physics [156], [157]. Generally, self-organization of metal clusters on surface superstructures
represents an advanced technique for preparing model catalyst systems [25].

(a)

(b)

(c)

Figure 30: (a) Graphene on Ru(0001). STM of the Moiré superstructure. Image width 5 nm. Josef
Mysliveček, unpublished results. (b) STM of nucleation of Pt on graphene/Ru(0001). Image width 20
nm. Unit cells of the surface superstructure are outlined black, triangular half-unit cells are marked
green and blue. (c) STM of spatially extended array of Ir clusters on graphene/Ir(111). STM image width
250 nm, inset width 50 nm. Figures b, c adapted from Ref. [153], Appendix 10.
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5 Model catalyst studies over Pt/ceria
Ceria based materials including ceria supported Pt find vast applications as heterogeneous catalysts
[158]. They represent a main component of three-way automotive catalysts [159], [160] and catalyze
a range of important chemical reactions in energy conversion, environmental protection, and
production – hydrogen generation [161], water-gas shift [162], [163], selective catalytic reduction of
NO [164], soot combustion [165], or a range of organic reactions [166]. Ceria based materials allow
the development and investigations of perspective and intriguing catalytic phenomena – catalysis by
gold [167], [168] or single-atom catalysis [169], [170]. Ceria also represents an important functional
material in devices for energy conversion – solid electrolyte in high temperature and intermediate
temperature solid oxide fuel cells [171], [172] or oxygen exchange material in thermochemical
H2O/CO2 splitters [173], [174].
The Surface Physics Group at the Charles University in Prague is developing Pt-ceria catalysts for
polymer electrolyte membrane fuel cells (PEMFC, Section 2.3). Preparation and properties of catalyst
for hydrogen oxidation on the anode of the fuel cells are presented in Figure 31 (Ref. [59], Appendix
11). The catalysts are prepared by a patented method of magnetron sputtering [58] on high-area
carbon substrates (Figure 31 a, b). A characteristic feature of these Pt-ceria catalysts is the presence of
Pt in ionic states Pt2+ and Pt4+ (Figure 31 c). The catalysts show a high activity in power tests in fuel cells
(Figure 31 d). Pt-ceria catalysts yield the power density comparable to the reference Pt/Ru catalysts,
however with 3 orders-of-magnitude smaller Pt load promising a significant reduction of Pt load in the
emarging PEMFC applications.

(a)

(b)

(c)

(d)

Figure 31: Properties of Pt-ceria catalysts for hydrogen oxidation on the anode of PEMFC. (a) Scanning
electron micrograph of double-wall carbon nanotube (DWCNT) catalyst support. Image width 1.5 µm.
(b) 30 nm of Pt-ceria catalyst sputter deposited on the DWCNT support. Image width 900 nm. (c) PES
of Pt 4f showing the presence of Pt in ionic forms Pt2+ and Pt4+. PES with high surface sensitivity (bottom
curve) indicates that Pt2+ is localized preferentially on the surface of the catalyst. (d) Polarization and
power density diagrams of a fuel cell with Pt-CeO2/DWCNT anode demonstrate the high activity of the
catalyst. Adapted from Ref. [59], Appendix 11.
Model catalyst studies aiming at understanding the physicochemical properties of ceria based catalysts
have been performed by a range of laboratories, mainly on thin oriented films of CeO2 (111) on single
crystal metal substrates. Majority of the work have been performed on CeO2/Ru(0001) [14], [175]–
[177]. Important results have been obtained also on other metal substrates – Pt [178]–[180], Au [41],
[181], Cu [45]. The main adjustable parameter in existing model studies on ceria is the degree of ceria
reduction and the related concentration of oxygen vacancies in ceria [14]. Low-coordinated sites on
the surface of ceria, particularly the monoatomic steps have been considered qualitatively as the
nucleation sites of metal clusters [182], [183].

24

The Surface Physics group has been developing model catalyst system of thin film of CeO 2(111) on
Cu(111) [51]. Employing scanning tunneling microscope and evaluating quantitative morphological
information on this model catalyst as described in the present Thesis we were able to develop a range
of model ceria based catalysts with increasing but controlled complexity (cf. Figure 4) and to use these
model catalysts in high-impact model catalytic studies on ceria and Pt-ceria catalysts.

5.1 Inverse model catalysts and proximity effects
Parallel to the traditional configuration of model catalysts when metal clusters are supported on planar
oxide surfaces [21]–[25], model catalysts are prepared and investigated in so called “inverse”
configuration as oxide clusters supported on planar metal surfaces. Such configuration is readily
investigated with microscopic methods [184], and, compared to the traditional configuration, oxide
clusters expose many low-coordinated active sites relevant for the comparison with real catalysts ([44],
[45], Figure 7). Inverse model catalysts represent systems of ultrathin oxide layers that are strongly
influenced by the close proximity of the metal [185] eventually giving rise to oxide phases that are not
existing in bulk but may be relevant for heterogeneous catalysis [186].
We have studied inverse model catalyst CeO2/Cu(111), Refs. [187], [188], Appendices 12, 13. Islands
of CeO2(111) growing on Cu(111) consist of 1 monolayer (1 ML), 2 ML, and ≥2 ML thick areas allowing
to compare physicochemical properties of different thicknesses of ultrathin ceria (Figure 32 a). 2 ML
and thicker ceria exhibit bulk-like unreconstructed termination in STM (Figure 32 b), Ref. [189]. 1 ML
thick ceria, on the other hand, exhibits a 2×2 reconstructed structure (Figure 32 c). Ab-initio
calculations reveal that the observed structure is due to an ordered array of oxygen vacancies localized
in the interface between Cu and 1 ML ceria (Figure 32 c). Different behavior of the oxygen vacancies
in 1 ML thick ceria compared to bulk ceria may give rise to the high catalytic activity of ultrathin cerium
oxide islands on Cu(111).

(a)

(b)

(c)

Figure 32: Inverse model catalyst CeO2/Cu(111). (a) Morphology of 0.5 ML CeO2(111) on Cu(111). STM,
image width 100 nm. Green – oxidized Cu substrate, blue – 1 ML thick ceria, brown – 2 ML or thicker
ceria. (b) properties of 2 ML thick ceria. Left – STM view of the unreconstructed CeO2(111) surface of
2 ML thick ceria, middle – structure of 2 ML ceria from ab-initio calculation, right – ab-initio calculation
of STM image of 2 ML thick ceria. The elementary surface unit cell is outlined red. (c) properties of 1
ML thick ceria. Left – STM view of the 2×2 reconstruction of 1 ML thick ceria, middle – structure of 1
ML ceria from ab-initio calculation, right – ab-initio calculation of STM image of 1 ML thick ceria. The
unit cell of the 2×2 reconstruction is outlined red. Image width (b, c) 2.5 nm. Adapted from Ref. [187],
Appendix 12.
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Besides the variations in the behavior of oxygen vacancies caused by charge transfer between ceria
and copper in 1 ML thick ceria we observe a contraction of the lattice constant of ultrathin ceria as a
function of ceria thickness (Refs. [187], [188], Appendices 12, 13). Ab-initio calculations on thin ceria
slabs identify this phenomenon as an intrinsic finite size effect. Supported on Cu(111) the contraction
of the lattice constant is alleviated by the charge transfer between the ceria and the substrate as well
as by the formation of the oxygen vacancies, however, it still remains a distinct property of the inverse
model catalyst CeO2/Cu(111). Variation of the ceria thickness in the inverse model catalyst
CeO2/Cu(111) causes a strongly inhomogeneous strain distribution in the ceria thin film that can be
considered as a generic mechanism of strain buildup in heteroepitaxy of incommensurate thin films
([188], Appendix 13). The presented studies of the inverse model catalyst CeO2/Cu(111) have become
a standard reference for the crystallographic and electronic structure and for the proximity effects on
metal-ceria interfaces [190]–[193].

(a)

(b)

(c)

(d)

Figure 33: (a) Thickness-dependent lattice constant of ceria films with 1, 2, and 3 nm thickness. STM
– from experimental Moiré patterns, DFT – from ab-initio calculations. (b - d) Strain distribution in the
inverse model catalyst CeO2/Cu(111). (b) STM of a Moiré pattern on the CeO2 island on Cu(111) with
indicated 1 ML and 2 ML thickness. Image width 120 nm. (c) Simulation of the Moiré pattern in the
CeO2 island from a finite element calculation. (d) Radial displacement ur and radial strain εr in the CeO2
island. Adapted from Ref. [188], Appendix 13.

5.2 Step density and oxygen vacancy concentration on model ceria surfaces
Step edges are considered important low-coordinated adsorption positions that may determine the
surface chemical reactivity in a decisive way [16], [194], [195]. The importance of the step edges is
beginning to be recognized also on oxide substrates [196]–[198] including ceria [189], [199]–[201]. For
quantitative investigations of the chemical reactivity of step edges on ceria we have developed
experimental procedures allowing to adjust the step density on the CeO2(111) thin films on Cu(111),
Ref. [202], Appendix 14.
For depositing CeO2 on the copper surface we are using a standard method of depositing Ce metal on
the Cu substrate at elevated temperature and in oxygen atmosphere with oxygen pressure 5×10-5 Pa
[51]. The growth mode of ceria on Cu(111) turns out to be three-dimensional, yielding a discontinuous
film with ceria mounds separated by trenches with exposed Cu substrate (Figure 34 a). Since the high
chemical reactivity of the ceria-copper interface [45] may strongly influence the results of model
catalytic studies, we first modify the procedure to obtain continuous ceria films. This is achieved by
imposing a kinetic limitation on the growth of the ceria layer [203], [204] by depositing ceria initially
at room temperature (RT) and increasing the temperature of the copper substrate at later stages of
ceria deposition [202]. The resulting films are continuous, atomically flat, and mimicking the ideal
termination of a CeO2(111) single crystal (Figure 34 b).
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Figure 34: Morphology of ceria layer on Cu(111). (a) Growth at constant substrate temperature, (b)
growth with substrate temperature increasing from room temperature. STM images 240×240 nm 2,
adapted from Ref. [202], Appendix 14.
On the flat and continuous CeO2(111) films on Cu(111) we obtain control over the density of monolayer
high step edges by adjusting the maximum temperature of the copper substrate during growth. Step
densities between approximately 6 and 18%, i.e. changing by a factor of 3 can be achieved (Figure 35).
When using these model catalysts for further investigations care must be taken about the maximum
temperature in the experiment. When the temperature in the experiment exceeds the growth
temperature of the model catalyst, step density of the model catalyst may decrease [202].

150 °C, constant

250 °C, constant

450 °C, gradient

(a)

(b)

(c)

Figure 35: Morphology and step density of ceria layers on Cu(111) prepared at different maximum
temperatures (constant or gradient). STM image width 60 nm, adapted from Ref. [202], Appendix 14.
Virtually all practical applications of ceria are based on the ability of ceria to release and store oxygen
via creation and annihilation of surface and bulk oxygen vacancies [158], [205]–[208]. Density of
oxygen vacancies, and the related degree of reduction of ceria are thus the most important parameters
of model and real ceria based catalysts [14], [46], [174], [209]. In model catalysts, ceria reduction has
been achieved by a variety of experimental approaches – growth of ceria layers in a reduced pressure
of oxygen [175], reduction of ceria by annealing in vacuum [178], by interaction with a reducing
atmosphere [210], or by ion erosion [211]. Ceria reduction is standardly determined by XPS [54].
Oxygen vacancies on the ceria surface can be identified by microscopic methods [179]. In some cases
microscopy reveals a tendency of the surface oxygen vacancies to organize in regular structures [206],
[212].
We have developed an alternative method of preparing reduced thin films of ceria. Instead of removing
oxygen from the ceria sample we deposit Ce metal on thin films of CeO2(111) and let the Ce react with
the CeO2 thin film ceria in a so called interfacial reaction [213]–[215]. Initially, the method has been
used for preparing thin films of Ce2O3 on Cu(111), Figure 36 ([213], Appendix 15).
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Figure 36: Method for obtaining thin films of reduced ceria via interfacial reaction with metallic Ce.
STM morphology of (a) thin film of CeO2(111)/Cu(111), (b) Ce metal deposited on the CeO2(111) thin
film at room temperature, (c) thin film of Ce2O3 upon annealing of Ce/CeO2(111)/Cu(111) at 900 K In
vacuum. (d) A detailed view of the surface morphology of the Ce2O3 thin film with outlined unit cell of
the 4×4 surface reconstruction [with respect to CeO2(111)]. Image width (a) – (c) 45 nm, (d) 6 nm.
Adapted from Ref. [213], Appendix 15.
Ce2O3 represents a limiting case of ceria reduction with 25 % of oxygen atoms removed. Thin films of
Ce2O3 prepared by the interfacial reaction exhibit a surface superstructure corresponding to a 4×4
surface reconstruction with respect to CeO2(111) (Figure 36 d). This is a fingerprint of cubic bixbyite
structure of the prepared Ce2O3 layers [216] and a result of long range ordering of oxygen vacancies in
ceria reduced by interfacial reaction with Ce metal.
Degree of reduction and the concentration of oxygen vacancies in ceria layers prepared by the
interfacial reaction with Ce can be adjusted by depositing different amounts of Ce metal. This way,
layers of CeO2-x in the full range of 0 ≤ x ≤ 0.5 can be obtained (Ref. [214], Appendix 16). Besides Ce2O3,
we observe formation ordered oxygen vacancies also for other stoichiometries of the reduced CeO 2-x
layers, particularly a 3×3 superstructure for CeO1.67, and a √7×√7 superstructure for CeO1.71 or Ce7O12,
Figure 37. The interfacial reaction with Ce, and the identification of reduced ceria phases by electron
diffraction represent universal approaches that can be used also on other substrates than Cu(111) as
evidenced on the examples of Ru(0001) [215] or Cu(110) [217].
(a)
1×1

(b)
√7×√7

(c)
3×3

(d)
4×4

(e
)
Figure 37: Ordered phases of reduced ceria obtained by the interfacial reaction of Ce with CeO2(111)
thin films. LEED diffraction pattern (E=55 eV) and surface models of (a) CeO2(111) surface before the
reaction, and (b)-(d) superstructures obtained for CeO1.71 (√7×√7), CeO1.67 (3×3), and CeO1.5 (4×4). Red
outline – surface unit cell of CeO2(111), white outline – surface unit cells of the oxygen vacancy
superstructures. Ball models: yellow – Ce, blue – O, black – O vacancy. (e) XPS spectra corresponding
to the ordered phases of reduced ceria. Adapted from Ref. [214], Appendix 16.
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The experimental bottom-up approaches to nanostructuring thin films of ceria on Cu(111) developed
and presented in Refs. [202], [213], [214] (Figures 34-37, Appendices 14-16) allow to prepare ceria
based model catalysts with independent atomic-level control of key morphological parameters – the
coverage of the ceria layer, the density of steps of the ceria layer, and the density and the space
correlations of oxygen vacancies. The unique portfolio of the bottom-up approaches to
nanostructuring thin films of ceria has been summarized in a dedicated review (Ref. [218], Appendix
17) as well as in a dedicated book chapter [219]. The studies involved in establishing the bottom-up
approaches to nanostructuring thin films of ceria revealed many fundamental physicochemical aspects
of ceria reduction and metal-ceria interactions and have been broadly acknowledged by the
heterogeneous catalysis community being listed e.g. in many recent reviews of catalysis over ceria and
catalysis over reducible oxides in general [14], [191], [220]–[222].
A study of chemical reactivity on the abovementioned model ceria surfaces appeared in Ref. [223],
Appendix 18 dealing with the interaction of ceria surfaces with water. We have compared the
adsorption and desorption of water on stoichiometric stepped CeO2(111) surface (Figure 38 a) and on
the same surface reduced by ion erosion (Figure 38 b). Morphological information obtained from STM
revealed that adsorption and desorption of water induces no morphology changes on both the
stoichiometric and the reduced ceria (cf. Figures 38 a, b top and bottom), and, in combination with
resonant photoelectron spectroscopy measurement [67] allowed to conclude that after ion erosion,
reduction of ceria is due to creation of oxygen vacancies on the terraces of CeO2(111). We observe
stronger formation of OH by dissociation of water on the reduced ceria surfaces (cf. Figures 38 c, d).
Our study contributed to shaping the up-to-date view of the interaction of the most important
molecule – the water molecule – with the ceria surface [208], [224], [225].

(c)

(d)

Figure 38: Interaction of stoichiometric and reduced ceria surfaces with water. (a, b) STM morphology
of stoichiometric CeO2(111) (a) and of the same surface reduced by ion erosion (b). Top – morphology
before, and bottom – morphology after adsorption and desorption of water. (c, d) XPS spectra of O 1s
documenting adsorption and desorption of water on stoichiometric CeO2(111) (c), and on the surface
reduced by ion erosion (d). H2O – water molecule, OH – dissociated water, OL – lattice oxygen of ceria.
Adapted from Ref. [223], Appendix 18.
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5.3 Platinum clusters on model ceria surfaces
Continuous thin films of CeO2(111) on Cu(111) introduced in Section 5.2 (Figure 35) are serving as welldefined substrates with a controlled amount of surface defect sites in the studies of ceria supported
metal catalysts [210], [226]–[229]. We have performed two fundamental studies into the properties
of Pt/ceria catalysts [230], [231], Appendices 19, 20. In both studies, STM was employed to obtain
quantitative morphological information on the properties of Pt cluster population on the model ceria
surface.
In a study of CO interaction with model Pt/ceria catalysts (Ref. [230], Appendix 19) Pt particles were
deposited on the CeO2(111) layer on Cu(111) prepared at 250 °C (Figure 35 b, Figure 39 a). The
interaction of CO with this model catalyst were studied by temperature programmed desorption (TPD)
and by infrared absorption spectroscopy (IRAS). In TPD, oxidation of CO and production of CO2 is
observed as a result of reverse spillover of lattice oxygen from the ceria support to the Pt particles
[232]. IRAS identifies the adsorption positions of CO molecules on the Pt/ceria catalysts. Besides
adsorption positions on the low-index surfaces and on defects on Pt and on CeO2 we identify
adsorption positions of CO influenced by the phenomenon of the reverse spillover – both on the
reduced sites of CeO2, and on the oxidized Pt particles.

(b)

(c)

Figure 39: Interaction of CO with model Pt/ceria catalyst. (a) STM of model catalyst – 0.4 nm Pt on a
thin film of 5 ML CeO2(111) on Cu(111). Image width 60 nm. Bottom – height profile of the model
catalyst. (b) Production of CO2 upon repeated TPD of CO on the model catalyst. (c) Adsorption
positions of CO on the model Pt/ceria catalyst identified by infrared absorption spectroscopy (IRAS).
Adapted from Ref. [230], Appendix 19.
The properties of the Pt/ceria model catalyst system, and the availability of the highly sensitive
resonant photoelectron spectroscopy (RPES) for determining the degree of reduction of the ceria
supports [67] allowed us, for the first time, to quantify the charge transfer between the metal particles
and the oxide support on the example of Pt/ceria system (Ref. [231], Appendix 20). The charge state
of the supported metal particles is difficult to detect by the existing experimental methods. When
supported on ceria, however, electrons transferred from the Pt particles to the ceria substrate cause
reduction of Ce4+ ions to Ce3+ ions and a clear RPES Ce3+ signal [67]. A careful evaluation of the density
and the size of the supported Pt particles (Figure 40 a) complemented by the quantification of the
charge transfer based on the RPES data allows us to determine the size-dependent charge transfer in
the Pt/ceria model catalyst (Figure 40 b). We identify a maximum of the charge transfer between Pt
and ceria for Pt particles of 30-70 atoms in size, when approximately 1 electron per 10 Pt atoms is
transferred. This information can be used e.g. for increasing the selectivity of heterogeneous catalysts
for reactions that are sensitive to the charge of the metal particles in the catalyst.
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(a)

(b)

Figure 40: Quantification of the charge transfer between Pt particles and ceria support. (a) Clean
CeO2(111)/Cu(111) surface and Pt deposits of different thickness for quantification of the sizes of Pt
particles. (b) Dependence of the Pt particle charge per Pt atom (yellow circles) and per Pt particle
(green squares) as a function of Pt particle size. Adapted from Ref. [231], Appendix 20.

5.4 Monodispersed platinum ions on model ceria surfaces
For very small loads of platinum on ceria, the platinum deposit no longer forms metal particles but is
becoming predominantly ionic. Catalysts containing platinum ions supported on ceria show an
exceptional reactivity in a range of industrially relevant applications including three-way automotive
catalysts [233], water-gas shift catalysts [234] or catalysts for hydrogen oxidation reaction on the
anode of PEMFC developed in the Surface Physics Group [59], [61], [65]. Platinum ions are stable at
reaction conditions of elevated catalyst temperature and reactant pressure and are seemingly
responsible for the majority of the turnover in the investigated reactions [233], [234]. Metallic Pt
particles, on the other hand, seem not to be catalytically active [233], [234].
The high activity of the ionic Pt allows developing highly active catalysts with very reduced amount of
costly Pt. This may represent a practical way for reducing the Pt load in strategic large-scale catalytic
applications as, e.g., catalysis for hydrogen economy. Experiments indicate a high dispersion of the Pt
deposit [235] qualifying the catalysts with ionic platinum as single-atom catalysts [170]. Single-atom
catalysts represent a newly defined and quickly developing branch of research in catalysis dealing with
catalysts where the metal load is ultimately dispersed as single metal atoms [236]. Depending on the
actual charge, Pt ions seem to be a bulk dopant in ceria (Pt4+ ions [59], [169], [237]) or a surfacestabilized species (Pt2+ ions [59]).
We have investigated the nature of the Pt2+ site on ceria in Refs. [238], [239], Appendices 21, 22.
Initially, the geometry of the adsorption site allowing for the stabilization of Pt atom on the ceria
surface in the form of Pt2+ ion has been predicted theoretically. According to the prediction, Pt2+
occupies fourfold oxygen-coordinated sites at the apices of ceria nanoparticles where it strongly binds
to four O atoms in a square-planar coordination ([238], Figure 41 a). The energy of the Pt-O bond of
Pt2+ in square-planar coordination exceeds the Pt-Pt cohesive energy of metallic Pt clusters and ensures
the high-temperature stability of the monodispersed Pt2+ species. Predicted by the calculation,
thermally stable Pt2+ species were identified on the Pt-doped CeO2 nanoparticles deposited on the
CeO2(111) model catalyst surface ([238], Figure 41 b). Actually, as evidenced by PES measurements,
Pt2+ species are the only ionic species stable up to the catalyst temperature of 750 K while Pt4+ species
initially present in the samples together with Pt2+ become destabilized ([238], Figure 41 c).
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(b)

(a)

(c)

Figure 41: Stability of the ionic Pt2+ species supported on the ceria substrate. (a) Geometry of the
single-atom adsorption position stabilizing Pt2+ ions on the ceria surface as predicted by ab-initio
theoretical calculations. (b) STM of Pt-doped CeO2 clusters supported on a model ceria substrate. (c)
PES of Pt 4f state indicating the presence of Pt2+ and Pt4+ species on the as-prepared sample (top). Only
Pt2+ species remains stable upon annealing of the sample at 450 K (middle) and 750 K (bottom).
Adapted from Ref. [238], Appendix 21.
Besides Pt-doped CeO2 nanoclusters we have studied adsorption of small amounts of Pt on highly
ordered model ceria surfaces introduced in Section 5.2, Figures 35-37 (Ref. [239], Appendix 22). On
reduced model ceria surfaces, Pt always forms metallic Pt clusters ([239], [240], Figure 42 a). On
oxidized model ceria surfaces, we observe partial or complete ionization of Pt to Pt2+ (Figure 42 b).
Preparing oxidized model ceria surfaces with different density of step edges we observe that the
amount of Pt adsorbed as Pt2+ is proportional to the density of steps on the model ceria surface (Figure
45 c). Based on this observation we can conclude that Pt2+ species are stabilized also at step edges of
ceria surfaces. The accompanying ab-initio calculations identify the adsorption of Pt2+ at different ceria
step edges in a square–planar coordination (Figure 45 d, e). This indicates that the ceria surface can
effectively bind Pt2+ on various types of defects. For stabilization of Pt2+ at ceria step edges, binding of
excess oxygen from the reaction atmosphere becomes favorable (marked by * in Figures 45 d, e)
indicating that the presence of Pt2+ in the Pt/ceria catalysts modifies its oxygen storage capacity.

(a)

(d)

(b)

(e)
(c)

Figure 42: Stabilization of Pt2+ on model ceria surfaces. (a) growth of metal Pt clusters on reduced ceria
surface. (b) Stabilization of Pt2+ on the CeO2(111) surface with a high density of steps. (c) Direct
proportionality between the density of steps on the model ceria surface and the amount of Pt 2+
stabilized on the samples. (d, e) Ab-initio theoretical calculation of the geometry of Pt2+ stabilized at
ceria step edges. (d) step type I [200], (e) step type II [200]. * denotes excess oxygen from the reaction
atmosphere. Adapted from Ref. [239], Appendix 22.
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Our model studies of monodispersed platinum ions on model ceria surfaces identify a characteristic
square-planar coordination of thermally and chemically stable Pt2+ ions on the ceria surface. Pt2+ ions
can stabilize at different adsorption sites on the ceria surface including monoatomic step edges that
represent the most ubiquitous defect on the ceria substrate [196]. We have obtained model catalysts
with adjustable concentration of surface stabilized Pt2+ ions that will find a broad use in upcoming
studies of single-atom catalysis in Pt/ceria systems.

6 Conclusions
The present Thesis illustrates the importance of microscopic characterization, and quantification of
morphological parameters in model catalysis. Introduction of the technique of Scanning Tunneling
Microscopy in the Surface Physics Group allowed to perform advanced model catalysis studies where
the most fundamental question of heterogeneous catalysis – the relationship between the structure
and the reactivity of a catalyst – has been effectively addressed. For experimental studies of industrially
very important ceria and Pt/ceria based catalyst we have developed a hierarchical system of model
catalysts with controlled complexity (Figure 4, Figures 36-42) and used these model catalysts for
elucidation a range of physicochemical phenomena underlying the reactivity of ceria and Pt/ceria
based catalysts. The relevance of the presented research has been demonstrated by publication in
leading specialized [188], [213], [238] as well as interdisciplinary international scientific journals [231],
[239]. The presented research has been acknowledged by the international community of researchers
in catalysis [14], [208], [221], [222].
Introduction of the technique of Scanning Tunneling Microscopy in the Surface Physics Group
enhanced the level of education in the Surface Physics Groups. Working on the topics related to the
present Thesis, 1 bachelor, 1 master, and 5 Ph.D. students have finished their Theses gaining invaluable
experience with cutting-edge interdisciplinary and international research. The availability of the
unique experimental apparatus combining the microscopic and space-averaging surface science
techniques (Figure 11) allows the students to obtain hands-on experience with advanced experimental
techniques in model catalysis research.

7 Outlook
Quantification of the morphological information in model catalysis and creation and investigation of
model catalysts with hierarchically complex morphology as described in the present Thesis represent
effective strategies for overcoming the so called materials gap between the real and the model
catalysis [10]. The use of classical experimental techniques of surface science that are operated in
ultrahigh vacuum imposes another critical difference between the real and the model catalysis – that
of the pressure of the reactants above the model catalyst surface. In the conditions of ultrahigh
vacuum reactants are exposed on model catalyst surfaces at pressures that are typically 10 orders of
magnitude smaller than the atmospheric pressure; this situation is denoted as “pressure gap” [10].
Reactants at realistic pressures may drastically change the morphology of model catalysts [241], [242]
huge efforts worldwide are thus directed towards modifying the existing and employing new surface
sensitive experimental methods capable of characterizing the model catalysts at realistic pressures
([243], [244], Figure 43). These so called “operando” techniques are currently being adapted for use
also in the Surface Physics Laboratory. Ambient pressure photoelectron spectroscopy ([245], Figure
44) allows characterizing the chemical properties of the samples under realistic pressures of the
reactants. In combination with high-pressure Scanning Tunneling Microscope ([246], [247]) a powerful
experimental apparatus for studies of relationships between structure and reactivity in model catalysts
at realistic reaction conditions will become available.
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Figure 43: Extending the scope of topics that can be addressed by the methods of surface science when
“operando” methods of surface characterization at realistic pressures and in liquids become available.
Adapted from Refs. [243], [244]. Illustration from the graduate course NEVF515 – Methods of Surface
and Thin Film Physics I. Josef Mysliveček, MFF UK Praha.

(a)

(b)

Figure 44: Near ambient pressure electron energy analyzer Specs Phoibos 150 NAP [248], [249]
installed in the Surface Physics Group as a part of a complex experimental apparatus allowing
operando characterization of real and model catalysts. Adapted from the Internet presentation of the
manufacturer SPECS Surface Nano Analysis GmbH, Berlin, Germany [249].
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Many of the up-to-date catalytic applications including Polymer Electrolyte Membrane Fuel Cells
(PEMFCs, [250]) or Electrolyzers (PEMECs, [251]) are, essentially, electrochemical in their nature. For
effective development of the corresponding model catalysis experiments implementation of the
electrochemical analytic methods on the model catalysts becomes inevitable. In the Surface Physics
Laboratory we are implementing the method of transferring highly defined model catalysts prepared
and characterized by surface science methods in vacuum into electrolyte for the subsequent
electrochemical characterization ([252], [253], Figure 44). This will allow us to enter the prospective
field of model electrocatalysis [254], [255] and develop model electrocatalysis of oxide/metal systems
relevant to hydrogen economy.

Figure 45: Electrochemical characterization of model catalysts transferred from vacuum to electrolyte.
(a) Model catalyst as a working electrode (WE) in contact with liquid electrolyte. Reference electrode
(RE) and counter electrode (CE) complement the setup for characterization by cyclic voltammetry. (b,
c) Cyclic voltammograms of clean Pt(111) surface in 0.1 M H2SO4 (b) and 0.1 M KOH solutions (c) –
proof-of-principle measurements confirming the correct adaptation of the method. Unpublished
results, Jiří Keresteš, Charles University in Prague, 2016.
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