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N§zev pr§ce: Studium fyzik§ln²ch a chemickĨch vlastnost² syst®mŢ na b§zi oxidu 
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Vedouc² disertaļn² pr§ce: doc. RNDr. Karel Maġek, Dr. 

 

Abstrakt: 

PŚedkl§dan§ disertaļn² pr§ce se zabĨv§ katalytickĨmi syst®my na b§zi oxidu 

titanu, jejich interakc² s metanolem a vlivem dopov§n² pal§diem na tuto interakci. 

Epitaxn² modelov® vrstvy oxidu titanu byly pŚipraveny na povrchu monokrystalŢ mŊdi 

a rutilu za pŚ²tomnosti reaktivn²ho atom§rn²ho kysl²ku nebo za zvĨġen®ho tlaku 

molekul§rn²ho kysl²ku. StrukturnŊ i morfologicky sloģitŊjġ² polykrystalick® vrstvy 

oxidu c²nu byly pŚipraveny magnetronovĨm napraġov§n²m.  

Rozklad metanolu na ļist®m a pal§diem dopovan®m oxidu c²nu byl studov§n 

metodou fotoelektronov® spektroskopie v podm²nk§ch bl²zkĨch norm§ln²mu tlaku a v 

ultravakuovĨch podm²nk§ch za pomoci synchrotronov®ho z§Śen². Studia prok§zala, ģe 

rozklad metanolu prob²h§ pŚedevġ²m reakcemi, kter® vedou ke ġtŊpen² C-H a C-O 

vazeb. Intenzita reakce ġtŊpen² C-O vazby mŢģe bĨt zvĨġena dopov§n²m z§kladn²ho 

materi§lu pal§diem. 

 

Kl²ļov§ slova: modelov® syst®my, oxid c²niļitĨ, fotoelektronov§ spektroskopie, 

metanol, palladium. 

 

 

 

 

 

 

 

 

 

 

 



 

 

Title:  Study of physical and chemical properties of tin dioxide-based systems 

Author: Oleksandr Leiko 

Department: Department of Surface and Plasma Science 

Supervisor: doc. RNDr. Karel Maġek, Dr. 

 

Abstract: 

In the presented work, we studied the tin dioxide-based systems and their 

interaction with methanol and the influence of palladium doping on such interaction. 

Epitaxial tin dioxide model systems were prepared on the copper and rutile single-

crystal surface by evaporation in the reactive atomic oxygen flux or in the elevated 

pressures of molecular oxygen. More complex polycrystalline tin dioxide layers were 

prepared by magnetron sputtering. 

Studies of the methanol decomposition on pure and palladium loaded tin 

dioxide systems were performed by the photoelectron spectroscopy technique under 

near-ambient pressure or in ultra-high vacuum conditions using synchrotron radiation. 

The studies revealed that methanol decomposes through C-H and C-O scission 

reactions. The C-O scission reaction intensity can be enhanced via palladium loading. 

 

Keywords: model systems, tin dioxide, photoelectron spectroscopy, methanol, 

palladium. 
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1. Introduction  

Heterogeneous catalysis plays an important role in a range of modern 

industries. By definition, a catalyst is a material that accelerates the chemical reaction 

rate without catalyst material losses during that reaction. Heterogeneous means that 

catalyst and reactants are in distinct phases. A catalyst's influence on reaction depends 

on its surface properties. Thus, the rate of reaction accelerated by a catalyst is 

proportional to its surface area. Consequently, catalysts are made in a way to maximize 

their surface-to-volume ratio, and that's why they usually appear as powders or porous 

membranes. A catalytic system prepared with such an approach is complex and hence 

difficult to study. For the same reason, in the past, catalysts were chosen empirically. 

However, the rapid development of vacuum and spectroscopy technologies in the 

second half of the XX century provided means to study reactions that take place on the 

catalyst surface, and the role of different compounds of a catalyst in that reaction with 

surface science methods. Thus way for improving and tuning catalysts performance 

was created1.  

Rapid climate changes bonded with a vast emission of greenhouse gases 

demand application of new environment-friendly energy sources. Among possible 

solutions to this problem is the usage of proton exchange membrane fuel cells 

(PEMFCs). Fuel cells are devices that transform chemical energy into electricity, like 

transforming hydrogen and oxygen into water with electricity yield. One possible 

configuration of PEMFCs is direct alcohol fuel cells2,3, which draws a lot of interest 

due to the simplicity of alcohol production in an industrial scale through biomass 

fermentation4,5 or water-gas shift reactions6. The main problem of all PEMFCs, 

however, is low reaction rate on its electrodes. Currently platinum is the most efficient 

catalyst for enhancing reaction rate on the fuel cells electrodes7ï9. Yet Pt as a catalyst 

has several significant drawbacks such as high price and rapid CO poisoning of its 

surface, which drastically slows down reaction3,10,11. Due to these issues, PEMFCs 

related research aims mainly to replace Pt or at least decrease its quantity on electrodes 

surfaces preserving efficiency comparable with a platinum catalyst.  
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An attractive direction for avoiding CO poisoning, reducing the cost, and 

increasing catalyst durability is the usage of bimetallic catalysts or different catalyst 

support like carbon or metal oxides12ï14. One of the promising materials for this 

purpose is tin dioxide-based catalyst. Tin dioxide is a widely used n-conductive TCO 

(conductive transparent oxide)15,16. Its main applications lie in gas-sensing devices17ï

22, transparent TFT transistors23,24, and window coating for reducing radiative heat 

losses16, and of course in catalysis25,26. Tin dioxide is a multivalent post-transition 

oxide that can easily give up and receive lattice oxygen. Thus, oxidation reactions onto 

the tin dioxide surface occur through Mars-van Krevelen mechanism, when molecules 

are oxidized with tin dioxide lattice oxygen, which is resupplied and reoxidized the 

surface from the gas-phase. It was shown for different oxygen chemical potentials that 

tin dioxide surfaces with Sn4+ and Sn2+ states are stable, which indicates easy surface 

reduction and oxidation during catalytic oxidation reactions27. 

Catalysts based on tin dioxide are efficient toward CO oxidation 26, 28ï30. Thus, 

a combination of tin dioxide with such metals as platinum or palladium can be suitable 

candidates for an electrocatalyst in the direct fuel cells.  

As was mentioned above, real catalyst systems are complex. Because of this, 

fundamental research is better to conduct on well-defined epitaxial systems ï model 

systems. Those systems are easier to analyze with surface science techniques, which 

are very sensitive and make possible to conduct fundamental studies on their surfaces. 

Such experiments require clean surfaces and thus they have to be performed under the 

UHV (ultra-high vacuum) conditions. This inflicts important experimental limits but 

enables to use highly sensitive methods of surface science, which cannot be usually 

used in solid-state physics. Examples of such methods are RHEED (reflection high-

energy electron diffraction) or PES (photoelectron spectroscopy). A combination of 

these techniques makes possible to study structure of the sample surface and its 

chemical state from relatively broad region of interest. 

This work aims to provide detailed studies of tin dioxide model systems 

interaction with methanol and the influence of palladium doping on that interaction in 

UHV and under the near-ambient pressure (NAP) conditions. The results are compared 

with a system closer to real catalysts. Methanol was chosen due to simplicity of its 

molecule, which is suitable for model studies, and due to its potential use as fuel in 

fuel cells. To study methanol interaction with sample surface NAP-XPS (near-ambient 
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pressure X-ray photoelectron spectroscopy) and SRPES (Synchrotron radiation PES) 

spectroscopies were used. The NAP-XPS abolishes UHV limitations of PES and made 

possible to study the samples at pressures up to 10 mbar. This provides deeper insight 

into catalytic reactions running on a catalyst surface at conditions closer to operational. 

SRPES technique, on the other side, has extreme surface sensitivity and thus surface 

and adsorbate chemical states can be determined with high precision.  

Results presented in this work are divided into six parts. The first part is 

dedicated to preparation and analysis of a thin epitaxial film of tin oxide on a copper 

single crystal. The second, third and fourth parts deal with the preparation of tin 

dioxide nanoparticles on the rutile surface, studies of methanol decomposition on pure 

and palladium doped model systems using NAP-XPS and SRPES methods. The last 

two parts are dedicated to studies of the pure and palladium loaded tin dioxide films 

prepared by the magnetron sputtering or by reactive evaporation of tin, with NAP-XPS 

and SRPES techniques. 
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2. Theoretical description of used techniques 

This chapter is dedicated to the surface science techniques and preparation 

methods that were used in this work. In the first part of this chapter we give a brief 

description of Photoelectron Spectroscopies (PES), Scanning and Transmission 

Electron Spectroscopies (SEM, TEM), Atomic Force Microscopy (AFM), Reflection 

High Energy Electron Diffraction (RHEED), and Low Energy Electron Diffraction 

(LEED). In the last part, we describe sample preparation techniques and apparatus 

used in this work. 

 

 

2.1. Photoelectron Spectroscopy 

 

Photoelectron spectroscopy (PES) is one of the key instruments in surface 

science. PES principle lays on detecting kinetic energy of electrons excited by the 

incident photon flux and thus, determining electrons binding energy, intensity, and 

angle distribution. The data obtained by PES makes possible to study the chemical 

composition and electron structure of a material. In the next subchapters, one can find 

a concise description of X-ray Photoelectron Spectroscopy (XPS), Near-ambient 

Pressure XPS, and Synchrotron Radiation PES. 

 

 

2.1.1. X-ray Photoelectron Spectroscopy (XPS) 

 

The XPS technique is probably most widely conventionally used PES which 

enables a fast and convenient performance of the chemical analysis on a surface of 

conductive solids. The technique's base lies on surface irradiation with monochromatic 

photon flux with energy larger than work function of the solid, which leads to external 

photoemission. From the photoemission scheme showed in Figure 2.1.1 we can write 

the relation for the kinetic energy of the excited electron: 

 Ὁ  Ὤ’ ɀ Ὁ ɀ   (2.1) 
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where hɜ is the energy of an incident photon, EB is the binding energy of electron 

relative to the Fermi level in solid, and ū corresponds to the sample work function. 

The kinetic energy of an electron is precisely defined. Still, we need to know 

the sample work function for the calculation of binding energy. It depends on various 

factors, like surface lattice crystallographic orientation or change of the sample work 

function by the adsorbates, and thus it is difficult to define its precise value. However, 

electron on the route from the sample surface is accelerated or decelerated by the 

contact potential difference between the sample surface and analyzer; thus binding 

energy of an electron can be written as: 

where ūA is the analyzer work function, which can be deduced from a measurement of 

fermi edge of the etalon sample (usually gold foil is used). 

The binding energy of electrons is the primary goal of the PES measurements 

because of the unique electron shell configuration for every chemical element. Also, 

electron shell configuration is influenced by such factors as chemical bonding, charge 

transfer, or bimetallic interactions, which are unique for every distinct element. Thus, 

PES enables not only elemental analysis but also enables the performance of very 

precise atomic state analysis of atoms in chemical compounds. 

 

Figure 2.1.1: Scheme of the external photoefect. 

 

 Ὁ  Ὤ’ ɀ Ὁ ɀ           

(2.1) 
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Wide spectrum of the clean tin dioxide film is presented in Figure 2.1.2. The 

distinct energy levels (or electron shells) appears in the spectrum as peaks at specific 

binding energies. The photoelectron peaks are tagged accordingly nlj classification, 

where n is the principal quantum number, l is the angular momentum quantum number 

(associated with s, p, d, and f orbital letters), and j which is the total momentum 

quantum number defined as the absolute value of the sum of l and s where s is the spin 

momentum number. The spin momentum number s can be equal İ or -İ, so in all 

cases, where angular momentum is not equal 0, the spin-orbit splitting takes place and 

appears in the spectrum as a doublet. Distance between peaks in doublet increases for 

constant n and l with higher atomic number Z and decreases for the higher l with 

constant n. Relative intensities of the peaks in doublet are defined by the ratio of their 

degeneracies (2j + 1)31. Alongside photoemission peaks also other peaks induced by 

irradiation of the sample can be found in the spectrum. Those peaks are Auger peaks 

caused by the Auger transition or peaks that result from characteristic energy losses of 

electrons on the route toward the surface. The background is formed by the electrons 

which went through multiple inelastic interactions and thus must be extracted before 

peak interpretation. The information depth of PES on a specific element is defined by 

the inelastic mean free path (IMFP) of electrons in the sample material and kinetic 

energy of analyzed electrons.  

 

Figure 2.1.2: Wide spectra of a clean tin dioxide film measured with 

monochromatized Al k Ŭ X-ray source. 
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A basic configuration of PES equipment is presented in Figure 2.1.3. 

Measurements should be performed in ultra-high vacuum conditions because of 

inelastic collisions of analyzed electrons with gas molecules and contamination of the 

sample surface. After emission from the surface electron goes toward the analyzer, 

which is hemispheric analyzer in the majority of modern facilities. On the route to 

analyzer electron is decelerated or accelerated and focused to the analyzer entry slit by 

an electron optics. In the analyzer, the electric field is applied between hemispheres. 

A potential difference between hemispheres defines the kinetic energy of an electron 

that goes through an exit slit into an electron detector represented by several channel 

electron multipliers (CEM) or multi-channel plates.  

A hemispherical analyzer enables PES measurements in two modes: constant 

retard ratio mode (CRR), also known as fixed retard ratio (FRR), or constant pass 

energy mode (CPE), also known as fixed analyzer transition mode (FAT). The CRR 

mode maintains a constant ratio of EK /EP, where EK is initial electron kinetic energy, 

and EP stands for the analyzer pass energy, for the whole length of measured spectrum. 

 

Figure 2.1.3: Scheme of the PES equipment 
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For XPS measurements the CPE mode is usually used. In the CPE mode, analyzer pass 

energy is fixed; thus, the resolution of the analyzer is constant and peak width does not 

depend on the kinetic energy of analyzed electrons. 

 

 

2.1.2. Synchrotron Radiation Photoelectron Spectroscopy (SRPES) 

 

Synchrotrons are circular electron or proton accelerators with particles 

accelerated in their rings to the velocity close to the speed of light. For maintaining 

trajectory curvature of electrons in the ring the bending magnets are used. When 

electrons pass through bending magnets, in the bending point they emit intense, 

polarized, and directional electromagnetic radiation in the broad energy spectrum. 

Emitted radiation can be monochromatized and used as primary light source for a 

range of techniques.  

Spectroscopy-dedicated beamlines that enable to conduct SRPES 

measurements are usually equipped with monochromator that enables tuning of the 

linearly polarized synchrotron light with energy range up to 1500 eV. The inelastic 

mean free pass (IMFP) of the electrons excited at such energies results in an 

information depth of 10ï25 ¡. Low information depth and possibility to choose energy 

for the optimal photoionization effective cross section for specific material gives this 

technique extreme surface sensitivity. Besides high surface sensitivity beamlines with 

tunable radiation source enables to perform depth profiling, band dispersion mapping 

(ARPES), and study resonance effects (RPES).  

 

 

2.1.3. Near-Ambient Pressure X-ray Photoelectron Spectroscopy (NAP-XPS) 

 

As it was mentioned in Chapter 2.1.1 ï conventional XPS facilities requiring 

ultra-high-vacuum conditions because of sample contamination and scattering of the 

analyzing electrons on the background gas molecules. Although XPS enables precise 

analysis of surface elemental composition and chemical state of indicated elements, it 

has pressure limitations (5 Ĭ 10-7 mbar for X-ray source and 10-6 mbar for safe analyzer 

operation). Thus, conventional XPS cannot describe in a full-scale chemical process 
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that runs on the surface of the studied substrate at ambient pressures of different gases. 

To overcome these pressure limitations in the PES experiments, combinations of the 

differential pumping and electron optics were applied32,33.  

Currently, the majority of NAP-XPS facilities are realized, as depicted in 

Figure 2.1.4. The sample is placed in the NAP cell with pressure up to 10 mbar. In the 

NAP-cell the sample surface is moved toward nozzle tip. At the nozzle tip an aperture 

with a diameter about 100 Õm is placed. 

The gas pressure in the NAP cell and distance between sample and nozzle are 

the main factors that define signal intensity. The signal intensity of the NAP-XPS with 

comparison to the same signal at UHV is given by Beer-Lambert law: 

 

 

where ů(E) is the electron-scattering cross-section of gas at specific kinetic energy34, 

z is a distance between nozzle and sample. Since pressure of the background gas drops 

in the vicinity of aperture, distance z is critical and should be in the range of two 

aperture diameters for avoiding changes in the local pressure on the sample34ï36. The 

placement of the sample relative to the nozzle is shown in Figure 2.1.5. 

 

 

Figure 2.1.4: Scheme of the NAP-XPS analyzer. 

 

 
)

)
   Å  (2.2) 
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The X-ray beam is fed to the NAP-cell through silicon nitride window. The 

background gas absorbs a fraction of the X-ray beam photons, and thus gas-phase 

signal appears from the 10-2 mbar gas pressure. Gas-phase signal offers additional 

information about background gas. Also, electrons produced by the ionization in the 

gas-phase partially compensate sample charging of insulating samples. Charge 

compensation depends on the background gas pressure and energy of the incident 

photons. 

Although industrial catalysts or sensitive materials in gas sensors operates at 

several orders higher pressures, NAP-XPS technique significantly reduce pressure gap 

between UHV surface science and experiments performed under ambient pressure. 

 

 

Figure 2.1.5: Sample environment in the NAP-XPS cell. 
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2.2. Theory of Diffraction  

 

Diffraction is the physical phenomenon that joins the interference and bending 

property of the wave when it encounters an obstacle. X-ray ray diffraction has been 

used in solid-state physics throughout the XX century. X-ray diffraction is a brilliant 

instrument for studying a crystal structure in its bulk because of its deep penetration 

into the material. For the same reason, it is not suitable for surface structure studies, 

which can be different from the bulk structure.  

The development of quantum physics enabled describing particles in the 

microworld in terms of waves. In combination with rapid development of vacuum 

technologies and electronics, this breakthrough gave birth to electron diffraction ï a 

well-suited instrument for studying the structure of surfaces. 

The wavelength of a diffracting electron can be described by de Broglie 

equation: 

 

 

where h is Plank constant and p is momentum. When an electron is accelerated, the 

upper equation can be rewritten: 

 

 

where eU is kinetic energy of an electron (e is the electron charge) obtained by passing 

the potential difference U, and me is the electron rest mass. However, the wavelength 

equation for an electron with energy higher than 10 kV (energy used in RHEED) 

requires relativistic correction: 

 

 

 ‗  
Ὤ

ὴ
 (2.3) 

 ‗  
Ὤ

ςάὩὟ
 (2.4) 

 
ʇ  

Ὤ

ςάὩὟρ
ὩὟ
ςάὧ

 
(2.5) 
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where m0 is the electron rest mass and c is the speed of light. If a monochromatic beam 

of electrons with wavelength as described in Equation 2.6 falls onto the surface of 

solid electrons from the beam interacts with electron shells of the surface atoms. Thus 

electrons deflect and reflect from the surface. If the solid's surface has a well-defined 

crystallographic structure, reflected electrons will interfere in space and form electron 

current maxima on the detector.  

Bragg's law gives the simplest description of diffraction on the well-structured 

single-crystals. The Bragg's law's principle is shown in Figure 2.2.1. The incident 

monochromatic electron beam interacts with different parallel atomic planes. If the 

path difference between electron beams reflected from parallel planes is equal to a 

number that is multiple of their wavelengths (so they are in the same phase), a 

constructive interference takes place: 

 

where 2dsinɗ is the path difference between diffracting electrons (d is the interplanar 

distance), n is a natural number, and ɚ is the wavelength. 

The approach described above is called geometric. The geometric approach 

describes the direction of diffraction maxima but not their intensity or form. Adequate 

analysis of diffraction maxima is enabled by kinematic diffraction theory. Kinematic 

diffraction theory derives from the quantum mechanics model of an electron dispersion 

 ςὨίὭὲ—ὲ‗ (2.6) 

 

Figure 2.2.1: Bragg's law. 
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on atomic electron shells. The validity of kinematic diffraction theory is limited mainly 

by the following assumptions: 

Electron beam is monochromatic; 

Only an insignificant part of the beam is scattered; 

Incident and reflected waves are plane waves that do not interfere; 

Absorption of the incident beam is negligible; 

Multiple scattering is negligible; 

 

In the electron diffraction the first four conditions, as a rule, are almost fulfilled. 

The fifth condition requires that the reflected wave's amplitude is significantly lower 

than the amplitude of the incident wave. Thus, the fifth condition in the majority of 

cases is not carried out. 

The multiple electron scattering is the domain of the dynamic diffraction 

theory. Dynamic diffraction theory enables to determine with great precision position 

of the atom in a crystal unit cell. For achieving this a theoretical model is chosen which 

is then compared with experimental diffraction data. However, the calculation of 

models for dynamic diffraction theory is a complex endeavor that is not required in 

this work. 

Regardless of its limitations, kinematic diffraction theory is well suited for 

analyzing diffraction maxima pattern form, spot positions and partially also intensity. 

Let consider that the following expression defines the amplitude of a scattered wave: 

 

 

where nὶ ᴆ is electron density in lattice, Ὧᴆ and Ὧᴆ  are wave vectors of the incident and 

reflected waves; integration made through whole crystal volume V. 

Let's mark Ὧᴆ Ὧᴆ as a scattering vector ȹὯ ᴆ: 

 

 

 ὃ  ὲὶ ᴆẗὩẗ  ᴆ
ᴆ  ᴆὨὠ (2.7) 

 ῳὯ ᴆ  Ὧ ᴆ Ὧᴆ (2.8) 
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and assuming the infinite crystal the electron density can be expressed through periodic 

function of lattice: 

 

where Ὕ ᴆ is the crystal translation vector Ὕ ᴆ όὥ ᴆ ὺὦ ᴆ ύὧ ᴆ (u, v, w are natural 

numbers and ὥ ᴆȟὦ ᴆȟὧ ᴆ are crystal lattice base vectors). Thus, electron density can be 

rewritten as a Fourier series: 

 

 

where Ὃ ᴆ is a reciprocal lattice vector defined as Ὃ ᴆ Ὤὃ ᴆ  Ὧὄ ᴆ  ὰὅ ᴆ (h, k, l are 

natural numbers and ὃ ᴆȟὄ ᴆȟὅ ᴆ are base vectors of reciprocal lattice). If we put 

equations (2.9) and (2.11) into equation (2.8) we will obtain amplitude for scattered 

wave: 

 

 

The equation (2.12) has maximal value for: 

 

 

Thus, maximum amplitude arises when the scattering vector is equal to some 

reciprocal lattice vector. In the case of elastic scattering: 

 

 

equation (2.13) becomes a vector form of Bragg's law. If we multiply equation (2.13) 

by the lattice base vectors, the Laue diffraction condition will be obtained37: 

 
ὲὶ ᴆ  ὲὶ ᴆ   Ὕᴆ  

 
(2.9) 

 ὲὶ ᴆ  ὲ ᴆẗὩ
 ᴆ ᴆ

 ᴆ

 (2.10) 

 ὃ ὲ ᴆẗὩ
ẗ  ᴆ  ᴆẗ ᴆ Ὠὠ

 ᴆ

  (2.11) 

 ɝὯᴆ Ὃ ᴆ (2.12) 

 Ὧᴆ  Ὧᴆ  
ς“

‗
 (2.13) 
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Equation 2.13 with consideration of Equation (2.14) can be graphically 

expressed by means of Ewald construction38. The diffraction maxima appear in 

directions of the Ewald sphere intersections with nodes of the reciprocal lattice (Figure 

2.2.2). Hence, the diffraction pattern represents a projection of reciprocal lattice. 

 

 

Figure 2.2.2: Ewald construction for diffraction in a crystal bulk. 

 

Diffraction on the infinite ideal crystal using ideal apparatus results in a 

diffraction pattern consisting of the diffraction features having a profile in the form of 

delta function. Real profiles are broadened by physical properties of the diffraction 

device (instrument function), by finite size of the crystal and crystal lattice strain. 

Using kinematic diffraction theory, the scattered amplitude on crystal consisting of N 

unit cells, given by the Equation 2.12, can be rewritten in the next form: 

 

 

where integration is performed over a unit cell volume V. The integral represents 

structure factor SG that defines scattering properties of the unit cell depending on its 

geometry and composition. If the unit cell consists of the s atoms, the charge density 

of the unit cell is a summation of charge density from each atom: 
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From Equations 2.17 and 2.16 we will obtain well-known form of structure factor: 

 

 

where fj is the atomic scattering factor of j-th atom that determines the ratio of 

amplitude scattered by real arrangement of electrons in atom to amplitude scattered by 

single localized electron: 

 

 

where ɟ is defined as ”  ὶ ᴆ  ὶ ᴆ.  

Diffraction patterns measured during experiments have intensity Ὅ ͯ ȿὃȿȢ 

Assuming a single-crystal with unit cell parameters a, b, c, a crystal finite size of 

ὔὥȟὔὦȟὔὧ  and the same structure factor S for all unit cells, the amplitude A can 

be rewritten as: 

 

 

Thus, the intensity Ὅ ͯ ȿὃȿ of the diffraction pattern can be expressed in the 

following form: 

 

 

The intensity profile described by this formula is presented in Figure 2.2.3. Its 

maximum is directly proportional to the square of the crystal size on which the electron 
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beam has been scattered, while the profile width dependence on the object size is 

inverse (Figure 2.2.3). Moreover, such factors as temperature, electron beam 

divergence, and surface morphology strongly influence both the intensity and shape of 

the profile of diffraction maximum. 

 

 

Figure 2.2.3: Intensity profile of a diffraction maximum. 

 

A diffraction pattern enables the determination of a crystal lattice constant. 

From the properties of the reciprocal lattice we can calculate interplanar distance dhkl, 

where h, k, l are Miller indexes, using the absolute value of the reciprocal lattice vector 

Ghkl: 

After correct interpretation of the diffraction pattern, the interplanar distance 

can be calculated by the following formula: 

 

 

where Rhkl is the distance between the diffraction spots and Lɚ is the diffraction 

constant, which depends on the specific instrument.  

Practically, interpretation of the diffractograms starts from the Miller indexes 

identification of the diffraction pattern. When Miller indexes are identified, diffraction 

maxima are fitted with analytical functions. Such fits enable to determine the precise 

position of the diffraction maximum with their intensity profile. Thus, it is possible to 
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calculate an accurate distance between maxima and calculate interplanar distance. This 

approach is called the subpixel detection method39. The diffraction constant can be 

determined using a known calibration sample. We can calculate the lattice constant for 

studied material through expression corresponding to its lattice type. For cubic lattice, 

for example, the following equation is valid: 

 

 

 

2.2.1. Reflection High Energy Electron Diffraction 

 

The RHEED instrument consists of an electron gun, electron optics, sample 

holder, fluorescent screen, and CCD (charge-coupled device) camera for pattern 

recording. The components mentioned above are placed in a way that enables the 

electron beam to fall onto the sample surface under a small angle (Figure 2.2.4). Thus, 

perpendicular momentum part of electrons is kept low and high surface sensitivity is 

achieved.  

 

 

Figure 2.2.4: RHEED instrument configuration. 

 

Due to this arrangement of the RHEED components the evaporators can be placed in 

front of the sample. A considerable advantage of the RHEED technique is the 

possibility to observe film growth during deposition and hence controlling its quality 

and roughness.  

 ὥ  Ὠ Ὤ Ὧ ὰ (2.23) 
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2.2.2. Low-energy Electron Diffraction 

 

Low-energy electron diffraction (LEED) is a technique that is used, similarly 

to RHEED, for surface structure analysis of crystalline samples. Convenient LEED 

apparatus consists of the electron gun, sets of meshes, and fluorescent screen 

constructed in the form of hemispheres. LEED utilizes electrons with energy in the 

range of 20 ï 200 eV. The LEED technique's minimal electron wavelength is 3 

angstroms, comparable with the sample's interplanar distance. Hence, Bragg's 

condition may comply; diffraction pattern in such case will be visible on the positively 

biased fluorescent screen. The electrons which undergo an inelastic interaction are cut 

off by a retarding potential applied to the grids. This technique allows to obtain 

reciprocal lattice of the sample surface. 

 

 

2.3. Electron microscopy 

 

In this work, we used two basic electron microscopies: scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). These techniques 

allow studying surface morphology, chemical composition, and crystal structure. 

The SEM is used for morphology studies of the sample surfaces. In the 

microscope, a focused electron beam with energies in the range of 5 ï 30 keV is used 

for scanning the surface of interest. Incident electron beam causing an inelastic 

interaction with surface atoms, which may emit secondary electrons (SE) with 

relatively low kinetic energy. Only electrons from the surface area can leave the 

material, and the interaction depth of the primary electron beam is many times higher 

than SE. Hence, the SE yield depends on the angle under which the beam falls onto 

the surface. Thus, morphology of the surface can be mapped. 

Primary electrons beam can interact elastically with surface atoms and can be 

detected as backscattered electrons (BSE). Their yield depends on the atomic number 

of sample material; thus, a material contrast is obtained. Detectors for catching BSE 

are usually scintillators or semiconductor detectors placed in the primary beam axis's 

vicinity. The sample's chemical composition can also be studied with energy-
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dispersive X-ray spectroscopy (EDX) from the characteristic X-ray emitted due to 

beam interaction with a solid by using EDX detector integrated into SEM equipment. 

In this work, TESCAN-MIRA SEM equipped with SE and BSE detectors was 

used for morphology studies. Only secondary electron imaging was used for image 

acquisition with primary electron beam energies of 15 or 30 keV. EDX spectra were 

obtained with BRUKER EDX detector. 

The TEM operates using electron beams with energy in the range of hundreds 

of keV, which paths through the sample. For this reason, sample thickness should not 

exceed 100 nm. When an electron passes through a sample, it can undergo elastic 

and/or inelastic interactions. Hence, three types of images can be obtained: images in 

bright field, dark field, and diffraction patterns. 

The bright-field image is obtained by passing only the direct electron beam 

from the initial central beam. An image is acquired through the weakening of the beam 

due to interaction with the sample. For obtaining images in dark-field mode direct 

beam is blocked with an aperture, and only a few diffracting beams can pass through 

the aperture. Images acquired in dark field mode provide useful information like the 

particles' size or defects in sample structure. On samples with the crystal structure, 

diffraction patterns can be measured using larger objective apertures. Thus, diffracted 

and direct beams interference with each other and show maximal intensity in directions 

where Laue conditions are met.  

Images used in this work were taken on the JEOL JEM-2200FS microscope, 

with 200 kV acceleration voltage in the scanning (STEM) mode. STEM mode utilizes 

a condensed beam for probing sample point by point, images were acquired by an 

Angular Dark Field (ADF) detector. 

 

2.4. Atomic force microscopy 

 

Atomic force microscopy (AFM) is a surface-sensitive technique that can be 

utilized under ambient pressure. The AFM enables measuring surface morphology, 

potential, stiffness, etc.  

The AFM sensitive part is a cantilever in Õm-range length with a sharp tip at 

the end (in nm-range). When the cantilever tip interacts with the surface, cantilever 

bends depending on the surface morphology. Information about morphology is taken 
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through the optic system, which comprises laser and photodiode detector. Laser is 

pointed at the backside of the cantilever and reflected on the detector, which measures 

lateral and longitudinal movement of a cantilever.  

The AFM measurements are usually performed in three modes: contact mode, 

non-contact mode, and tapping mode. The contact mode can be measured with a feed-

back loop when pressure applied to the cantilever is kept constant, and without 

feedback when bending of the cantilever is measured. The drawback of contact mode 

is the influence of the cantilever's torsion effect, capillary effect on the measurements, 

and easiness of cantilever tip damage. In non-contact mode the cantilever is placed 

above the sample surface. The cantilever is quivered with a frequency close to its 

resonance frequency and with a small amplitude. The force between the surface and 

cantilever changes its amplitude and frequency. The feedback loop is adjusted in a way 

to keep constant one of the cantilever parameters. The pros of the method are the 

possibility of measuring fragile samples surfaces and the possibility of reaching an 

atomic resolution when measured in UHV. The cons are weak, susceptible to noise 

signal, and the influence of adsorbed species on the cantilever tip. 

The tapping mode is most often used. It combines the advantages of the two 

abovementioned modes. In this mode cantilever is also quivered with a frequency close 

to the resonance frequency, however with higher amplitude than in non-contact mode. 

Such measurements are not so sensitive as in non-contact mode, but the influence of 

adsorbates here is eliminated with a mild effect on the cantilever tip and sample 

surface. 

In this work, for the surface roughness was studied by using of ñVeeco di 

MultiMode Vò AFM with sharpened silicon Scanasyst Air probes having nominal tip 

radius 2 nm and resonance frequency 70 kHz. All measurements were performed at 

ambient conditions.  
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2.5. Thin films preparation  

 

2.5.1. Magnetron sputtering  

 

Magnetron sputtering is widely used in industry and laboratory applications for 

film preparation. In the convenient magnetron, sputtering occurs in the following way: 

a high negative voltage is applied to a target of the sputtered material and bombarded 

by ions of working gas (usually Ar) generated in the plasma discharge in vicinity of 

the target. Extracted by the ion bombardment atoms from the target condensate on a 

substrate forming a thin film. Figure 2.5.1 shows a simple scheme of a sputtering 

process. Permanent magnets are placed behind the target in such a way that one pole 

is placed at the central axis of the target, and the second pole forms a ring around the 

target edge. Such a configuration is used to confine electrons near the target. Due to 

the crossing of the electron and magnetic field, electrons are spiraling along magnetic 

field lines. Such a trajectory increases the electron pathway, and thus electron-atom 

collision events are more likely, which increase plasma density. 

 

Figure 2.5.1: Scheme of magnetron sputtering process. 

 

Depending on the target material conductivity, there are two modes of 

magnetron operation: DC and RF-sputtering. For conductive targets, DC sputtering is 

used. In this case, electron-ion recombination without target charging occurs, so 
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incident ions take electrons from a target. In the case of nonconductive targets, they 

rapidly became positively charged. This creates a retarding field and decreases the 

sputtering efficiency. A radio frequency (RF) source at 13.56 MHz frequency is 

usually used to deal with the charging effect. When such a frequency is applied, light 

electrons interact instantaneously interacting with the field, while heavy ions are more 

inert. Thus, RF field periodically creates a trap for electrons, in periods when there is 

no trap electrons compensate positive charge on the target. 

 

2.5.2. Physical vapor deposition 

 

Physical vapor deposition (PVD) of metals in UHV is widely used in 

fundamental research. PVD has a slow deposition rate, and thus it is well-controllable 

and convenient for sample preparation. For metal depositions in UHV are used mainly 

evaporation from crucible and evaporation from a metallic rod. In the first approach, 

crucibles with evaporation material inside are used. Crucible can be heated resistively 

with conductive wire placed around the crucible or by electron bombardment. In case 

of the electron bombardment, the crucible needs to be made from a conductive 

material. For metals with higher melting points, the second approach is used ï 

evaporation from electron-bombarded metallic rods. Efficient PVD from a rod can be 

achieved only for the metals which saturated vapor pressure is sufficient at 

temperatures below the melting point.  

Deposition of metals can be conducted under reactive gas background (RPVD). 

A reactive atmosphere and correctly chosen temperature of the sample enables to 

preparation of epitaxial oxide films.  
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3. Description of experimental facilities 

 

The majority of results presented in this work were obtained on the RHEED 

and NAP-XPS facilities at the Department of Surface and Plasma Science at Charles 

University. Another part of the data was obtained from measurements at the Materials 

Science Beamline at the Elettra synchrotron in Trieste, Italy. This subchapter contains 

a concise description of these three facilities. 

 

 

3.1.1. RHEED facility  

 

The picture of the RHEED facility placed at the Department of Surface and 

Plasma Science (DSPS) at Charles University is presented in Figure 3.1.1. The main 

chamber and RHEED electron gun are pumped with titanium ion pumps. The base 

pressure in the main chamber is below 1 Ĭ 10-7 Pa. For the sample insertion a 

preparation chamber is used. It is pumped with a combination of a scroll and 

turbomolecular pumps to the base pressure up to 5 Ĭ 10-6 Pa. The preparation chamber 

is equipped with an ion gun for sample cleaning and magnetic transfer for sample 

manipulation. Sample parking system with a capacity of three samples is mounted 

between both main and preparation chambers. 

  

 

 

Figure 3.1.1:  The RHEED apparatus.   
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The manipulator in the main chamber enables moving of the sample in three 

axes, rotation along the sample surface normal axis and sample tilting. The sample 

holder is also equipped with an electron bombard-based heating system, which enables 

sample heating up to 1000 ęC. Sample temperature measurement is realized with 

infrared pyrometer Raytek Marathon MM MTS, which is capable of measuring 

temperature in the range of 250 ï 1100 ęC. 

For the in-situ sample preparation the main chamber is equipped with several 

evaporators. One position enables to exchange evaporators without breaking UHV 

conditions in the main chamber. The main chamber is also equipped with a gas inlet 

system, vacuum gauge AIG17G supplied by Arun Microelectronics, and the 

quadrupole mass spectrometer Prisma QME200 supplied by Balzers. The scheme of 

the experimental setup is presented in Figure 3.1.2. 

X-ray source and electron hemispherical analyzer for XPS measurements are 

placed in the lower part of the apparatus. The X-ray source (Specs GmbH, XR50 X) 

has aluminum and magnesium anodes. The hemispherical analyzer has an average 

radius of 100 mm, and 16 channel detector. The analyzer enables measurement in the 

range of 0 ï 2000 eV in the FAT and FRR modes, respectively. 

 

One of the key parts of this experimental facility is the high energy electron 

gun, which enables measuring of RHEED, RHEELS (Reflection High-Energy 

Electron Loss Spectroscopy), and AES-RHEED (Auger Electron Spectroscopy-

RHEED) methods. The electron beam energy can be set in the range of 0 ï 30 keV.  

 

Figure 3.1.2:  Scheme of the RHEED aparatus. 
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The beam is focused and aimed with an electron optics fed with precise current 

sources. 

An electron optics of the RHEA ï 100 analyzer consists of focusing and 

retarding electron optics, electron retarding grid, and a fluorescent screen. The electron 

optics keeps the electron beams parallel and filters out inelastically scattered electrons. 

The diffraction patterns are taken with a digital CCD camera.  

Described experimental setup was used for a preparation of tin dioxide 

epitaxial systems, and their analysis with RHEED and XPS techniques. 

 

 

3.1.2.  NAP-XPS 

 

The NAP-XPS facility provided by Specs GmbH is placed at the Department 

of Surface and Plasma Science at Charles University (Figure 3.1.3). The base of the 

NAP-XPS experimental setup is vertically arranged preparation and analysis chambers 

with a corporate sample manipulator. The preparation chamber is equipped with 

evaporators, ion gun, and LEED. The XPS analysis under near ambient pressure 

conditions is performed using a monochromated Al KŬ X-ray source, a hemispherical 

analyzer (Specs Phoibos 150) coupled with a differentially pumped electrostatic pre-

lens system, a high-resolution CCD camera, and NAP ï cell. 

 

 

Figure 3.1.3: The NAP-XPS experimental facility. 
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The NAP-cell is a small chamber with a gas inlet system, heating system and 

3-axis manipulator placed in front of entrance optics of the XPS analyzer. In the case 

of the NAP-XPS measurements sample is inserted inside the NAP cell sealed by a 

special door. After the sample is fitted inside the cell and the door is closed with the 

help of the wobble-stick, NAP-cell is docked to the analyzer entrance with further 

sample adjustments inside the cell. Temperature of the sample is measured with K-

type thermocouple mounted behind the sample. Combination of the NAP-cell and 

differential pumping system at the analyzer entrance enables to perform XPS 

measurements in the pressure range from 1 Ĭ 10-9 to 10 mbar and temperature range 

from 200 to 775 K.  

In this work, the facility was used for preparation and measurement of tin 

dioxide samples and its interaction with methanol (at mbar pressure range) at different 

temperatures. 

 

 

3.1.3.  Material Science Beamline 

 

Material Science Beamline (MSB) was established at the Elettra radiation 

source in Trieste (Italy) by Department of Surface and Plasma Science. The 

experimental setup consists of preparation and main UHV chambers. Both chambers 

are equipped with sample manipulators. The preparation chamber has a set of 

evaporators. In the main chamber an Al/Mg X-ray source and synchrotron light source 

can be used. Synchrotron light energy source is bending magnet behind which 

beamline is placed. Light yielded from the bending magnet is tuned with a 

monochromator in 22 ï 1000 eV energy span. PES data are acquired with a Specs 

Phoibos 150 hemispherical electron analyzer. The main chamber is also equipped with 

LEED optics, gas inlet, ion gun, and some additional evaporators. The manipulator in 

the main chambers enables adjusting sample at precise position and perform heating 

or cooling of the sample in 120 ï 1300 K temperature range. The measurement of 

sample temperature is performed via the K-type thermocouple placed behind the 

sample. 

As described in Chapter 2.1.2, synchrotron radiation PES (SRPES) is 

extremely surface sensitive. The high brightness of a synchrotron source combined 
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with high resolution monochromator yields a beam with sufficient intensity and energy 

in the narrow bandwidth. With well-tuned beam energy an optimal photoionization 

effective cross section for the material can be chosen. Such energy selectivity enables 

investigation of redox reactions on the sample surface with great precision. In this 

work, the MSB experimental setup was used for methanol adsorption studies on tin 

dioxide systems. 
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4. Results 

This part of the thesis is dedicated to all experiments that were done during 

author doctoral studies. The chapter is divided into parts accordingly to the 

performance order of experiments. 

This chapterôs first and second parts are devoted to the preparation and 

characterization of tin dioxide epitaxial model systems on the copper and rutile single 

crystal substrates. 

The last four parts of this chapter are dedicated to the methanol decomposition 

studies at near-ambient pressures and under ultra-high vacuum conditions. These 

experiments have been conducted on the model systems in the form of tin dioxide 

nanoparticles on the rutile and on polycrystalline tin dioxide films prepared by the 

magnetron sputtering. Here the NAP-XPS and SRPES methods were used as the main 

experimental techniques. The methanol decomposition studies were made on both pure 

and palladium doped tin dioxide systems prepared in the same way. 

 

 

4.1.  Preparation of epitaxial thin films on Cu (111)  

 

The first experiment in this work deals with the creation of a model system in 

the form of thin, epitaxial tin dioxide film grown on the Cu (111) substrate. The tin 

dioxide film was prepared by reactive evaporation of metallic tin under an atomic 

oxygen atmosphere at the pressure of 5 Ĭ 10-7
 mbar. Metallic tin has been evaporated 

from the sapphire crucible in three steps with different duration (20, 40, and 40 min). 

The substrate temperature was kept at 673 K during depositions. The sample was then 

cooled in the atomic oxygen environment.  

After the tin dioxide film deposition, the XPS and RHEED techniques were 

applied to the sample with further interpretation of obtained data. The Sn 3d5/2 peak 

spectrum is presented in Figure 4.1.1 b. The charge shift was estimated from the Cu 

2p3/2 peak with binding energy (BE) of 933 eV (not shown). The Sn 3d5/2 peak is 

located at BE in 486.6 eV corresponding to the Sn4+ state as described in the literature40 

and indicating the formation of tin dioxide film. The O 1s spectra measured from the 

prepared film are presented in Figure 4.1.1 b. Spectra can be deconvoluted into the 
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two components located at BE 530.4 eV and 531.8 eV, which correspond  to the tin 

dioxide bulk and surface lattice oxygen and hydroxyl group41,42. 

 

The RHEED diffraction patterns confirmed the results of the XPS 

measurements. The diffractograms from the clean Cu substrate as well as from the 

prepared film are presented in Figure 4.1.2 a, b in two main crystallographic directions 

([211] and [110]) of the Cu (111) substrate surface. The diffraction patterns taken after 

tin oxide deposition revealed distinct straight lines perpendicular to the sample surface. 

The straight lines indicate that a 2D smooth surface has been formed. The same types 

of diffractograms repeated each 60ę during rotation of the sample around its normal. 

Figure 4.1.2 c represents the interpretation of the tin oxide diffraction patterns. It 

shows that the tin oxide epitaxial layers are composed of several populations of 

relatively flat crystal grains with different orientations with respect to the substrate 

surface. We can also conclude that obtained diffraction patterns correspond to the tin 

dioxide with rutile tetragonal (cassiterite) crystal lattice and (100) epitaxial plane. The 

interpretation shows that three different reciprocal planes given by [010], [001] and 

[01-1] zone axes are observed. The mutual orientations of the tin dioxide and copper 

surface are described with the next epitaxial relations: 

 

SnO2 (100) || Cu (111) 

SnO2 [010] || Cu [110]   

SnO2 [010] || Cu [211] 

a 

 

b

 

Figure 4.1.1: Sn 3d5/2 (a) and O 1s peaks (b) of SnO2/Cu (111) system. 
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The interpretation of diffraction patterns has shown that there are two 

orientations of tin dioxide on the substrate with respect to the substrate surface having 

SnO2 [010] direction arranged along [110] and [211] copper surface directions. Due to 

the hexagonal symmetry of the substrate surface each orientation is present in three 

equivalent positions. The resulting epitaxial model is presented in Figure 4.1.2 d. The 

RHEED method permits to determine lattice parameters with high precision. The 

calculations of lattice parameters of the tin dioxide gave us values of  a = b = 0.465 

nm and c = 0.312 nm, that are lower by 2 % comparing to the bulk values43. Such strain 

of the tin dioxide layer and its arrangement on the copper surface is caused by a 

tendency of the system to compensate lattice mismatch of the deposit and substrate in 

the [110] and [211] directions of copper (0.256 nm and 0.443 nm accordingly44). 

The Table 4.1.1 shows an accommodation parameter calculated from bulk 

(theoretical) and measured (experimental) values of lattice parameters of the deposit 

and substrate in the main substrate surface crystallographic directions. It should be 

noticed that there is slight angle mismatch between [011] tin dioxide direction and the 

main crystallographic directions of the copper substrate. The table clearly shows the 

tendency of the deposit to contraction of lattice. From this point of view the population 

given by the last line in the table should be more populated than the other one. It was 

confirmed by inspection of relative intensities of different reciprocal planes in the 

diffraction patterns from deposit (Figure 4.1.2. b). 

 

Theoretical SnO2 data 

 

  

[010] [001] [011] 

4.738 3.187 5.71 

Cu[110] 2.556 1.854 1.247 2.234 

Cu[211] 4.427 1.070 0.780 1.290 

Experimental SnO2 data 

  4.65 3.12 5.38 

Cu[110] 2.556 1.819 1.220 2.105 

Cu[211] 4.427 1.050 0.705 1.215 

Table 4.1.1: Accomodation parameters calculated from theoretical and experimental 

SnO2 lattice parameters. 
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Figure 4.1.2: a) RHEED patterns of the Cu substrate at [110] and [211] 

directions, b) RHEED patterns of the SnO2 film relatively to the Cu substrate, c) 

interpretation of the SnO2 diffractograms, d) model of SnO2/Cu (111) system in the 

direct space. 
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The morphology of the film is presented in Figure 4.1.3. The image shows 

characteristic terraces with length in a micrometer range. The results obtained by SEM 

are in full agreement with the results obtained by the RHEED technique. The grain-

like objects on the terraces belong to the tin dioxide clusters formed during deposition 

and ñfrozenò when sample heating was turned off. 

 

Although we were able to prepare thin epitaxial tin dioxide film on the Cu (111) 

single crystal, there are several issues that led to decision to stop further experiments 

with SnO2/Cu systems.  

 

 

Figure 4.1.3: SEM image of SnO2 (100)/Cu (111) system. 

 

 

 

Figure 4.1.4: Cu (111) single-crystals oxidized in the NAP-XPS cell by heating 

at 0.1 mbar pressure of oxygen on temperatures up to 500 K. 
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The first issue is that the tin diffuses intensively into the copper subsurface 

layers. After the cycles of argon ion sputtering and heating, tin traces were repeatedly 

detected making unsuccessful cleaning procedure of the substrate surface.  

The second issue is severe copper oxidation when heated at temperatures 

higher than 500 K under pressure higher than 0.1 mbar in oxygen or oxygen-containing 

gas mixture. The consequences of such oxidation are presented in Figure 4.1.4. The 

oxide film on the copper surface is clearly seen, and for its further usage a special 

polishing procedure is required after such treatment. Hence usage of such substrate in 

the experiments, which include NAP-XPS technique, is not sustainable. These reasons 

motivated us to search for a different substrate for the model studies of tin dioxide 

model system.   
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4.2.  Preparation of SnO2 nanoparticles 

 

This chapter is dedicated to Sn-SnO2 and SnO2 nanoparticle model systems 

preparation on the rutile surface and study of their properties.  

The rutile was chosen as a substrate for tin dioxide nanoparticle preparation 

due to the same tetragonal crystal structure and hence small lattice mismatch. Beside 

this, rutile is much more inert toward tin dioxide and treatment in different media. 

These properties make it much more appropriate for NAP experiments than a copper 

substrate.  

Preparation of nanoparticles has been performed in an ultra-high vacuum 

(UHV) RHEED-XPS chamber with base pressure below 3 Ĭ 10-10 mbar and at NAP 

XPS facility permitting XPS measurements and in situ sample oxidation at oxygen 

pressure up to 3 mbar. As a substrate, the rutile single crystal supplied by 

SHINKOSHA (10 mm Ĭ 10  mm Ĭ 0.5 mm) was used with surface polished along the 

(110) crystallographic plane. The rutile single-crystal was cleaned in situ by Ar+ ion 

sputtering until no impurities were detectable by XPS and annealed at 1173 K in UHV 

until sharp RHEED patterns were obtained. 

 

 

Figure 4.2.1: RHEED patterns of clean stoichiometric TiO2 (110) surface. 

 

Growth of the Sn-SnOx epitaxial nanoparticles was performed by deposition of 

metallic tin from the resistively heated sapphire crucible in the atomic oxygen 

atmosphere at the pressure of 5 Ĭ 10-7 mbar and substrate temperature of 773 K. 

Preparation of SnO2 nanoparticles was achieved by oxidation of Sn-SnOx 

nanoparticles, obtained as described above, in NAP cell at the pressure up to 3 mbar 

of oxygen and substrate temperature of 550 K.  
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After sample preparation they were studied by means of RHEED, XPS, NAP-

XPS, and SEM techniques. The charge shift in XPS measurement was estimated from 

Ti 2p3/2 peak position45. The results of chemical and structural studies are discussed in 

two chapters below. 

 

 

4.2.1. Sn-SnOx nanoparticles characterization 

 

The rutile single crystal was chosen as a substrate for SnO2 nanoparticle 

preparation because of matching their lattice structures. The possibility of preparation 

of epitaxial tin dioxide thin films with different degree of rutile coverage depending 

on oxygen pressure during deposition was shown by Hishita and al.46. Because of the 

use of atomic oxygen reactive atmosphere combined with a low deposition rate of tin 

we expected a formation of tin dioxide epitaxial nanoparticles on (110) surface of 

rutile. However, this expectation was not approved, and after tin deposition the 

formation of Sn-SnOx nanostructures were observed.  

Figure 4.2.2 shows Sn 3d5/2 XPS spectra taken at different steps of the 

experiment. Tin has Sn4+ and Sn2+ oxidative states, but due to the close values of their 

binding energies it is impossible to distinguish them in traditional XPS Sn 3d core-

shell spectrum47. For this reason, we refer the peak located at the binding energies of 

486.6 eV and 484.8 eV as Snx+ and Sn0 states, respectively. After deposition of tin 

Snx+/Sn0 intensity ratio was found to be 4.9 (Figure 4.2.2, curve a). 

In general, Sn exists in two Sn2+ and Sn4+ oxidation states. Unfortunately, it is 

impossible to distinguish between these two states only from the XPS data presented 

here. Considering high symmetry of the peak at 486.6 eV and its relatively low FWHM 

(1.27 eV), we can state that this peak corresponds only to a single oxidation state. As 

titanium oxide substrate is non-conductive material the all photoelectron spectra were 

corrected for charging effect. Unfortunately, there is no peak in the spectrum which 

can be used for energy axis calibration (like C 1s), so the absolute positions of Sn 

peaks on the energy axis are only estimative. In addition, the position of particular 

peaks can also be influenced by the size effect because of nanometer size of observed 

particles. Calculation of Auger parameter Ŭ, which independent of charging (but can 

be influenced by size effect), gave a value around 920 eV which is, in general, 
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attributed to Sn4+ oxidation state48. Taking to account the results of RHEED analysis, 

presented in the next section, showing the presence of oriented tin oxide with rutile 

structure and a similar form of Sn 3d photoelectron spectra for both types of samples, 

we can claim that tin is very probably in Sn4+ oxidation state.  

For the oxidation of the Sn-SnOx system a series of sample annealing were 

done. Each annealing was performed for a period of 10 minutes under the pressure 5 

Ĭ 10-7 mbar of atomic oxygen at substrate temperature of 573 K (Figure 4.2.2 a), 673 

K (Figure 4.2.2 c) and 773 K (Figure 4.2.2 d). The results show an increasing value 

of Snx+/Sn0 intensity ratio during annealing (10.5 at 573 K, 9.7 at 673 K and 11.5 at 

773 K). Full oxidation of tin was not achieved, as it is indicated by the presence of Sn0 

state in the XPS spectra. 

Figure 4.2.3 represents RHEED patterns taken along TiO2 [1-10] and [001] 

crystallographic directions after tin deposition. Interpretation of the diffraction 

patterns revealed a formation of 3-dimensional (3D) nanoparticles having ɓ-Sn 

 

 

Figure 4.2.2: Sn 3d5/2 XPS spectra taken after: (a) tin deposition, (b) annealing at 

573 K in atomic oxygen atmosphere 5 Ĭ 10-7 mbar, (c) annealing at 673 K in 

atomic oxygen atmosphere 5 Ĭ 10-7 mbar, (d) annealing at 773 K in atomic oxygen 

atmosphere 5 Ĭ 10-7 mbar. For better comparison the spectra are normalized to 

peaks maximum.  
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tetragonal lattice structure with lattice parameters of a = 0.581 nm, c =0.32 nm and 

following epitaxial relationships: 

  

Sn (010) || TiO2 (110) 

 Sn [001] || TiO2 [1-10] 

 

The annealing of the deposited particles did not cause any distinctive changes 

in the Sn structure. As no tin dioxide was detected by the RHEED method, the oxide 

phase indicated by the XPS method can be attributed to amorphous nanoparticles 

and/or a thin amorphous layer on the surface of ɓ-Sn nanoparticles. 

Morphological studies were performed by the SEM microscope (see Figure 

4.2.4). SEM image displayed 3D round-shaped Sn-SnOx nanoparticles homogeneously 

distributed over the substrate surface. The right panel in Figure 3 represents particles 

size distribution determined from 1ɛm Ĭ1ɛm area of the sample surface, giving a 

histogram with an average particle diameter of 26 nm Ñ 2.6 nm. 

 

Figure 4.2.3: RHEED patterns of ɓ-Sn nanoparticles in Sn [001] and [100] 

directions parallel to TiO2 [1-10] (left) and [001] (right) directions. 
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In this subchapter was shown that using tin deposition in atomic oxygen, we 

are able to prepare Sn-SnOx nanostructure consisted of epitaxial Sn particles with 

tetragonal structure and amorphous tin oxide. Preparation of SnO2 oriented 

nanoparticles from this Sn-SnOx system by oxidation at low pressures, though, is 

impossible even if we use reactive flux of atomic oxygen. 

 

 

4.2.2. SnO2 nanoparticles characterization 

 

The formation of tin dioxide epitaxial thin films is highly dependent on oxygen 

pressure46,49. For this reason and considering the fact that tin deposition under atomic 

oxygen flux did not lead to the formation of epitaxial tin dioxide nanoparticles, we 

decided to prepare tin dioxide nanoparticles from the Sn-SnOx nanoparticles obtained 

in the same way as described above by their further controlled oxidation in NAP-XPS 

cell.  

In Figure 4.2.5, we present an evolution of Sn 3d5/2 XPS spectra in dependence 

on the oxygen pressure and substrate temperature. Curve a) represents the spectrum 

after the preparation of Sn-SnOx nanostructures using atomic oxygen flux and 

corresponds to the first stage of the previous experiment (a). At the next steps of the 

experiment, the sample was treated at enhance oxygen pressure from 1-3 mbar (curves 

 

Figure 4.2.4: SEM image of Sn nanoparticles (left), Sn nanoparticles size 

distribution (right). 
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b-d) at room temperature and gradually increasing temperature from 400 K to 550 K 

at oxygen pressure of 3 mbar (curves e-g). 

 

The Snx+/Sn0 intensity ratio after tin deposition was 6.9. This ratio is higher 

comparing with that one for previously described Sn-SnOx nanoparticles. It is probably 

due to the slightly different experimental conditions during the preparation procedure. 

After preparation the Sn0 peak was located at 484.3 eV (curve a). Subsequent oxygen 

exposure at room temperature (curve b) caused Sn0 peak shift of 0.32 eV toward higher 

binding energy. An additional slight shift was observed after heating at the temperature 

of 500 K. On the other hand, position of Snx+ peak remained at a binding energy of 

486.6 eV during the whole experiment. The Sn0 peak shift can be caused by the size 

effect and/or charge transfer between Sn clusters and adsorbed oxygen on their 

surface50. Spreading of Sn clusters due to the oxygen adsorption at high pressure is 

highly probable due to the thermodynamics of this system (low surface free energy of 

metallic tin comparing to the tin oxide). The majority of Sn0 peak fraction was oxidized 

to Snx+ at the oxygen pressure of 3 mbar and temperature of 550 K. Nevertheless, 

 

Figure 4.2.5: Sn 3d5/2 peak spectra taken under different oxygen pressure in NAP 

XPS: (a) deposition of tin, (b) 1 mbar of oxygen at room temperature, (c) 2 mbar of 

oxygen at room temperature, (d) 3 mbar of oxygen at room temperature, (e) 3 

mbar of oxygen at 400 K, (f) 3 mbar of oxygen at 500 K, (g) 3 mbar of oxygen at 

550 K. For better comparison the spectra are normalized to peaks maximum. 
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complete Sn0 oxidation to Snx+ was never achieved and presence of small amount of 

metallic tin was always detectable by XPS. 

Formation of epitaxial tin dioxide nanoparticles was confirmed by the RHEED 

patterns presented in Figure 4.2.6. Interpretation of diffraction patterns shows that tin 

dioxide formed epitaxial structures having rutile structure with lattice constants a = 

0.471 nm and c = 0.301 nm (lower by 0.4 % and 5 % comparing to the bulk values51) 

and gives the following epitaxial relationships:  

 

SnO2 (110) || TiO2 (110) 

SnO2 [1-10] ||  TiO2 [1-10] 

 

The round shape of the diffraction spots indicates a 3-dimensional form of tin 

dioxide particles. This morphology was confirmed by SEM observations discussed 

later.  

Considering the results of RHEED observations and form of XPS Sn 3d spectra 

the Snx+ state at binding energy of 486.6 eV can be attributed to Sn4+ state of epitaxial 

tin dioxide particles.  

 

Figure 4.2.6: RHEED patterns of SnO2 nanoparticles in SnO2 [1-10] and [001] 

directions parallel to the TiO2 [1-10] and [001] directions. 
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Figure 4.2.7 represents morphological and chemical studies performed by 

SEM and EDX. SEM images revealed two populations of round-shaped and 

mushroom-like nanoparticles (Figure 4.2.7 a, c). Average diameter of nanoparticles, 

calculated from particle size histogram in Figure 4.2.7 b was 92.4 Ñ 16.8 nm which is 

3.5 times bigger than Sn-SnOx nanoparticles described above. The increase of 

nanoparticles size can be caused by the coalescence due to the enhanced substrate 

temperature (550 K) during annealing. The size of bigger particles with low surface 

density (20 particles for 20ɛmĬ20ɛm) varied between 190 and 300 nm. EDX images 

 

Figure 4.2.7: a) SEM image of SnO2 nanoparticles, b) particle size distribution,   

c) SEM image of SnO2 nanoparticles from single crystal cleavage with 2Á tilt, d) 

secondary electron image captured by SEM, e) EDX analysis of SnO2 and Sn 

nanoparticles, f) EDX spectra of measured system (Al peak contributed by Al 

sample holder). 
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(Figure 4.2.7 e, f) revealed that the bigger particles are composed mainly of metallic 

tin with amorphous structure (because of missing RHEED diffraction pattern).  

Formation of the rutile particles was also confirmed with HRTEM technique. 

For the HRTEM analysis the sample prepared in the NAP-XPS facility doped with 

palladium was used. Nevertheless, no traces of crystalline or dispersed palladium was 

detected either via STEM or EDX measurements.  

In Figure 4.2.8 a, b AFM scan and the cross-sectional dark-field STEM 

micrograph are presented. They confirm that nanoparticles with an average size of 

about 25 nm are homogeneously dispersed on the rutile surface. Moreover, the 

composition of the nanoparticle system was verified by the complementary EDX 

element mapping. The EDX element maps of Sn (green) and Ti (yellow) acquired on 

the area of the cross-sectional dark-field STEM micrograph are presented in Figure 

4.2.8 b. It is well seen that tin is localized solely in the form of nanoparticles, and the 

titanium dioxide surface remains partially uncovered.  

The crystallographic study of the sample performed by HRTEM indicates the 

nanocrystalline character of particles. As it is visible from Figure 4.2.8 c, the 

nanoparticles are composed of different crystallites up to several nanometers in size. 

A significant part of the recorded interplanar distances can correspond to SnO2 (110) 

and SnO2 (101). However, it is not possible to determine the crystals unambiguously 

based on the value of the interplanar distance within the measurement error. 

Nevertheless, we observed several crystallographic zone axes (one of them is 

displayed in Figure 4.2.8 c), which could be undeniably indexed as SnO2 [111]. 

Preparation of epitaxial tin dioxide structure in the NAP reaction cell was 

successful via exposure of Sn-SnOx system at high oxygen pressure and elevated 

temperatures. Obtained oriented SnO2 nanoparticles exhibited a rutile structure and 3,5 

times bigger diameter in comparison with Sn-SnOx nanoparticles because of cluster 

coalescence. The epitaxy of prepared nanoparticles was confirmed through RHEED, 

HRTEM, and EDX techniques.   
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Figure 4.2.8: a) AFM image of SnO2/TiO2 (110), b) STEM image of SnO2/TiO2 

(110) with complementary EDX element maps of Sn (green) and Ti (yellow), c) 

HRTEM image of SnO2 nanoparticle with [111] zone axis. 
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4.2.3. Thermal stability of the SnO2/TiO2(110) and Pd/SnO2/TiO2(110) systems 

in UHV  

 

In this chapter, we investigated stability of the samples with pure and palladium 

doped tin dioxide nanoparticles in UHV. The purpose of these measurements was the 

estimation of the thermal effects on the Pd 3d and Sn 3d doublets. 

First, we investigated the model system in the form of well-dispersed tin oxide 

nanoparticles with rutile structure and (110) epitaxial plane. The model system was 

prepared as described in Chapter 4.2.2. This model systemôs growth, morphology, and 

crystallographic structure were previously studied by RHEED, SEM, EDX, XPS52, 

and HRTEM techniques (Figure 4.2.8). 

For the thermal stability studies of the SnO2 nanoparticles on TiO2 (110) 

surface, we heated the sample in the UHV conditions in the temperature range from 

300 K to 600 K at a 50 K steps. The Sn 3d5/2 component of the Sn 3d photoemission 

spectra taken at each step is presented in Figure 4.2.9 a. For the ñas preparedò sample 

(at 300 K), the spectrum is dominated by the main peak located at 487 eV 

corresponding to the Sn4+ oxidation state. With the increasing temperature, the peak is 

shifted toward the lower BE. It can be explained in terms of the photoemission size 

effect and coalescence of tin oxide nanoparticles. A small shoulder at the lower BE 

side of the main peak around 484.8 eV can be attributed to the Sn0 metallic state. The 

Sn0 metallic phase was also observed in our previous experiments52 after oxidation in 

the NAP cell. The presence of the metallic phase is probably caused by insufficient 

oxidation under the given pressure conditions in the NAP-cell. However, the 

appearance of the Sn2+ state cannot be excluded. The energy difference between the 

Sn2+ and Sn4+ states is within 0.7 eV53ï55, but the Sn4+ peak broadness has not been 

changed visibly during heating (1.31 ï 1.35 eV). Therefore, it is difficult to make a 

precise deconvolution of the Sn2+ state from the Sn 3d5/2 peak. However, a shoulder in 

the valence band spectra at the BE of 3 eV, approximately, taken at 600 K was detected 

(Figure 4.2.9 b). It may originate from the Sn2+ state53,55.  
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In the next step we investigated a sample doped with palladium. Unfortunately, 

experimental time on the NAP-XPS facility is limited, so thermal stability of the Pd 

doped sample was measured on the sample prepared in the RHEED - XPS facility. The 

tin oxide nanoparticles were prepared by oxidation of the Sn-SnO2 nanoparticles with 

radio frequency (RF) oxygen plasma (at 10-2 mbar pressure) with its further annealing 

at 923 K in UHV. The sample with tin dioxide nanoparticles was then doped with a 

small amount of Pd. The equivalent deposit thickness of Pd was estimated to be about 

0.7 ML. The RHEED diffractograms of the prepared Pd/SnO2 system are presented in 

Figure 4.2.10. They indicated the same oriented rutile crystallographic structure as the 

sample prepared in the NAP reaction cell. There are no traces of crystalline palladium, 

and this indicates that it is amorphously dispersed on the SnO2/TiO2 (110) surface. The 

last statement was also confirmed by the HRTEM and EDX studies. 

In Figure 4.2.11 we present Sn 3d5/2 and Pd 3d5/2 photoemission peaks after Pd 

deposition. A charge shift of the spectra has been estimated from Ti 2p3/2 peak position 

at 458.8 eV. The BE of the Sn4+ state is shifted by 0.2 eV toward lower energy (486.3 

eV) comparing to the undoped sample. This decrease occurs due to the Fermi level 

shifts caused by the creation of metal-semiconductor interface56ï58. The peak located 

at BE in 484.9 eV corresponds to the Pd ïSn bimetallic phase59.  

a

 

 

b

 

Figure 4.2.9: XPS spectra from the SnO2 nanoparticles on rutile heated in 

the UHV a) Sn 3d5/2 peak heated from 300 K to 600 K, b) valence band for the 

sample heated at 300 and 600 K. The spectra are normalized to the peakôs 

maximum. 
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Deconvolution of the Pd 3d5/2 exhibited three peaks at 335.3 eV, 336.4 eV, and 

337.7 eV. Peaks at 335.3 eV and 336.4 eV correspond to the metallic palladium and 

Pd-Sn bimetallic phase, respectively. According to literature the peak located at 337.7 

eV is recognized as Pd2+ state60. In our experiment it could be a consequence of 

interaction the sample surface with residual adsorbates. 

Thermal stability was measured at the NAP-XPS facility. Figure 4.2.12  shows 

Sn 3d5/2 spectra in the temperature range from 300 K to 600 K. Spectra can be 

deconvoluted using two components at 486.7 eV and 485 eV that belongs to Sn4+ and 

Sn-Pd alloy states. The 0.2 eV shift is caused by the difference in measurement sets 

and increasing of the oxygen vacancies in the TiO2 bulk while the sample was exposed 

 

Figure 4.2.10: RHEED patterns in [1-10] and [001] directions of the Pd/SnO2 

model system prepared by the heating at 923 K of hte RF oxidized Sn-SnO2 sample 

in UHV. 

 

a

 

b

 

Figure 4.2.11: Sn (a) and Pd (b) 3d5/2 spectra of SnO2 particles after Pd 

deposition. Spectra were acquired at the RHEED facility. 
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to the atmosphere. With temperature increase, alloy fraction also increases. This is in 

agreement with Pd 3d5/2 spectra (Figure 4.2.13), where Pd0 part shifts to 336 eV that 

corresponds to the Sn- Pd bimetallic state59ï61. The tail at 337.9 eV, which belongs to 

adsorbates bonded to palladium, completely disappeared at 550 K. The peak located 

at 336.6 eV was attributed to the Pd dispersed phase61.  

In summary, undoped tin dioxide nanoparticles revealed to be thermally stable 

in UHV. On the other hand the tin dioxide model system loaded with palladium 

exhibited slight changes due to the heating. Elevated temperature induced important 

migration of metallic palladium and formation of Pd-Sn alloy. 

  

 

Figure 4.2.12: The Sn 3d spectra of the 

sample heated in UHV. 

 

 

Figure 4.2.13: Pd 3d5/2 spectra of the 

sample heated in UHV. 
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4.3. Methanol decomposition study on SnO2 and Pd/SnO2 

nanoparticles on TiO2 (110) surface at near-ambient pressure 

 

This chapter is dedicated to methanol decomposition studies at NAP 

conditions. The chapter contains three parts: measurements of clean rutile in methanol, 

and measurements conducted on the pure and Pd-doped tin dioxide nanoparticles on 

the rutile surface. 

 

 

4.3.1. Methanol decomposition on the clean rutile surface 

 

In the first stage of reactivity experiments at NAP conditions we measured 

methanol decomposition on a clean rutile surface. This was done to obtain a clear 

understanding of the methanol decomposition mechanism on the clean rutile surface, 

which can influence the results on the sample with nanoparticles. 

The clean rutile (110) surface was obtained by cycles of Ar+ sputtering and 

annealing at 840 K until no impurities was detected by XPS. Surface smoothness and 

structure were confirmed by LEED (Figure 4.3.1). The Ti 2p XPS spectrum (higher 

spin side of the doublet) taken after the preparation is shown in Figure 4.3.2 ï bottom 

curve. Since Ti 2p1/2
 peak is too broad comparing to Ti 2p3/2 component, it is 

impossible to perform a precise analysis of the whole Ti 2p spectrum. Besides the main 

peak at the binding energy (BE) of 458.8 eV corresponding to Ti4+, a shoulder at the 

lower BE (457 eV) indicates a low concentration of Ti3+ state62,63. Considering the 

slightly increasing inelastic background in the LEED pattern taken at this stage of the 

experiment (not presented) and the fact that the XPS signal comes from the surface, 

this peak can be attributed to oxygen vacancies on the TiO2 (110) surface.   
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Extensive studies of methanol adsorption on TiO2 (110) surface in UHV were 

made in the last decades64ï70. It was shown that methanol adsorbs mainly molecularly 

on 5-fold titanium atoms and dissociatively as methoxy species that adsorb either on 

5-fold titanium atoms or bridged oxygen vacancies69 and hydroxyls70,71.  

In our experiment, Ti3+ state disappeared after 1 mbar of methanol exposure. 

This observation confirms that the Ti3+ state indicated after substrate preparation 

indeed originates from the oxygen vacancies that are oxidized by direct bonding of 

methoxy species on the Ti3+ cations. At temperatures higher than 350 K, the TiO2 

surface was substantially reduced. It can be caused by two mechanisms: an alternate 

proton-transfer reaction of two hydroxyl species with H2O desorption followed by 

formation of oxygen vacancy72,73 and via oxidative H abstraction of methoxy with 

formaldehyde desorption and two electrons injection into TiO2 bulk with hydroxyl 

formation on the surface73. 

In Figure 4.3.3 we present O 1s (a) and C 1s (b) spectra during methanol 

exposure. The O 1s spectra are composed of four components: 530 eV ï bulk oxygen, 

531 eV ï OH- and surface oxygen, 531.9 eV ï methoxy, and 535 eV ï gas-phase. 

 

Figure 4.3.1: LEED diffraction pattern of TiO2 (110) surface with (1 Ĭ 1) 

periodicity taken at primary electron energy of 107 eV. 
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The C 1s spectra taken during methanol exposure and subsequent heating at 

temperatures from 300 to 600 K are presented in Figure 4.3.3(b). The deconvolution 

of the C 1s region is presented by the methanol gas phase at the BE of 288.3 - 288.4 

eV and five additional components that can be attributed to the different species 

present on the sample surface: 289.1 eV ï HCOO- (formate), 286.8 eV ï CH3OH(a), 

286.0 eV ï CH3O
- (methoxy), 285.3 eV ïCHx

- (methyl group), 284.4 eV ï graphitic 

carbon69,74.  

It was reported that dissociative adsorption of methanol is preferable to 

molecular adsorption64,66. This agrees with our results, where methoxy peaks are 

higher than methanol peaks. In literature, however, formate species on the rutile 

surface were observed only in photocatalytic studies74ï77. Thus, we suggest that 

formate species were induced by the X-ray irradiation. Panayotov et al.77 observed the 

formation of the formate in photocatalytic studies on the rutile nanoparticles. They 

found that when TiO2 nanoparticles are irradiated with UV photons a long-living 

electron-hole pairs are created in the TiO2 bulk. These holes are efficiently trapped on 

the surface by methoxy species with a further two-electron degradative process of 

methoxy to formate. Though formaldehyde and formyl are probably intermediates in 

the dehydrogenation pathway to formate, they have not been detected in this work even 

in Panayotov work. This can be explained by their low surface concentration due to 

 

Figure 4.3.2: Ti 2p3/2 spectra of TiO2 (110) at 1 mbar of methanol exposure. 

Spectra are normalized to peaks maximum. 
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rapid desorption of the species73 and, thus, short lifetime. Moreover, the formaldehyde 

peak may overlapped with the gas phase peak78.   

Also, a small carbon peak is detected at all spectra till 500 K. This indicates 

that some methoxy species undergo C-O scission with further methyl dehydrogenation 

to carbon. At 500 K carbon peak disappears and methyl peaks dwindles. This can be 

explained by the fact that at higher temperatures on the TiO2 surface with defects the 

 

a 

 

b 

 

Figure 4.3.3: C 1s (a) and O 1s (b) spectra for TiO2 (110) at 1 mbar of methanol 

exposure. All spectra are normalized to maximum. 
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methoxy groups decompose to methane and adsorbed oxygen69 which in turn reacts 

with carbon. 

 

 

4.3.2. Methanol decomposition on the SnO2 /TiO2 (110) system 

 

The model system in form of well-dispersed tin oxide nanoparticles having 

rutile structure and (110) epitaxial plane was prepared as described in Chapter 4.2.2. 

The growth, morphology, and crystallographic structure of this model system were 

previously studied by RHEED, SEM, EDX, XPS52, and HRTEM techniques. The 

system reveals to be thermally stable (Chapter 4.2.3). 

Further, the SnO2 nanoparticles prepared on the rutile surface were heated in 

the temperature range from 300 K to 600 K at 50 K steps under 1mbar of methanol. A 

similar shift pattern for the sample heated in the UHV (that points to the size effect) 

was observed in the Sn 3d5/2 photoelectron spectra (Figure 4.3.4). However, the 

spectra show a more pronounced metallic tin component (484.7 eV). It can be 

explained as a consequence of the surface reduction caused by the interaction with 

methanol. Particles surface reduction increase substantially at the higher temperatures 

(Figure 4.3.5).  

 

Figure 4.3.4: Sn 3d5/2 spectra of the SnO2 nanoparticles on the TiO2 (110) surface 

under 1 mbar of methanol. The spectra were normalized to the peaks maximum. 
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The methanol decomposition at the increasing sample temperatures can be 

followed from the O 1s and C 1s spectra presented in Figure 4.3.6. The O 1s spectra 

are similar to spectra obtained from the rutile surface. The C 1s spectra were 

deconvoluted in agreement with the methanol decomposition on the pure rutile surface 

in Figure 4.3.3 (a) and literature79,80. The spectrum is again dominated by the methanol 

gas phase. It can be seen that both methanol dehydrogenation pathways run in parallel 

up to the temperature of about 500 K and almost disappear at 600 K. The carbon peak 

at 284.8 eV is more intensive than on the rutile sample at all temperatures below 500 

K. This indicates much more pronounced C-O scission of methoxy groups with a 

further decomposition of methyl species to the graphitic carbon on the SnO2 

nanoparticles than on the pure rutile surface.  

 

The formate species observed in the C 1s spectra are originated from their 

adsorption on free rutile substrate. With sample heating the C 1s spectra shifted 

approximately by 0.1 eV toward lower BE and shifted back at 600 K similarly to Sn 

3d spectra. Since C1s components moved including the gas phase, this shift is caused 

by the change of surface work function and chemical potential81. 

 

 

 

Figure 4.3.5: The Sn0 state fraction from the whole Sn 3d doublet area of the 

SnO2/TiO2 (110) system under 1 mbar of methanol. 
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The form of the spectra above the temperature of 500 K indicates inhibition of 

the methanol C-O scission reaction and hindered adsorption of the reaction product 

 

 

Figure 4.3.6: O 1s (upper panel) and C 1s (lower panel) spectra of the 

SnO2/TiO2 (110) system under 1 mbar of methanol; The spectra were normalized 

to the peaks maximum. 

 

 

Figure 4.3.7: Evolution of the total area of C 1s spectrum for SnO2/TiO2 (110). 
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species. The rapid decrease of adsorbed species on the sample surface with increasing 

temperature can also be seen from the temperature dependence of the total C 1s area 

presented in Figure 4.3.7, This behavior correlates with a significant reduction of the 

SnO2 nanoparticle surface (up to ~ 7.2 % of the whole Sn 3d doublet area, Figure 

4.3.5). Furthermore, it was reported that on the SnO2 films, the surface reduction 

decreases active surface area82. A similar desorption process at higher temperatures 

has been observed by Cifty¿rek et al.83 for the SnO2 thin films under 5 mbar of O2 at 

673 K with the termination of water and hydroxyl species accompanied by the surface 

reduction. In the case of our SnO2 nanoparticles, this effect took place at lower 

temperatures. 

In summary, two competitive methanol decomposition pathways on the 

SnO2/TiO2 (110) were detected: C-H and C-O bond scission reactions. At the 

temperature threshold of 500 K the adsorption of the methanol decomposition products 

significantly drops followed by nanoparticle surface reduction. 

 

 

4.3.3. Methanol decomposition on the Pd/SnO2 /TiO2 (110) system 

 

In the third stage of the experiment, we have deposited a small amount of 

palladium onto the newly prepared SnO2/TiO2 (110) system. Experiments in methanol 

have been conducted on the in-situ prepared samples. The Sn 3d5/2 and Pd 3d5/2 

photoemission spectra are presented in Figure 4.3.8 and Figure 4.3.9, respectively. 

After Pd deposition, an intense peak appeared at 484.6 eV in the Sn 3d5/2 spectrum 

(Figure 4.3.8), indicating an immediate formation of Sn-Pd alloy59,61. 

The Pd-Sn alloy formation can also be deduced from the Pd 3d5/2 spectrum 

(Figure 4.3.9) by the presence of the peak located at 336.2 eV. When sample 

temperature increased up to 400 K, the peak that corresponds to Pd-Sn phase shifted 

to 336.4 eV, which correlates with Pd-Sn peak shift at Sn 3d5/2 spectra from 484.6 eV 

to 484.9 eV and intensity drop of 11 % (Figure 4.3.10). This shift is caused by the 

deeper diffusion of Pd atoms into the SnO2 subsurface layers60,84 promoted by 1 mbar 

of the methanol pressure and elevated temperatures.  
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With further temperature increase, Pd 3d5/2 spectra comprised metallic state at 

335.7 eV and shifted backward to 336.2 eV Pd-Sn state. At the same time, the Pd-Sn 

peak intensity in the Sn 3d5/2 spectra increased by 5 %, approximately (up to 550 K, 

Figure 4.3.10). It can be explained by the Pd aggregation into larger clusters in the 

vicinity of SnO2 nanoparticles surface during heating of the sample in the reducing 

environment. Such aggregation occurs due to the high Pd atoms cohesion61,85. The Pd 

clusters are covered with Pd-Sn alloy forming a typical core-shell structure, which 

 

Figure 4.3.8: Sn 3d5/2 spectra of Pd/SnO2 nanoparticles on TiO2 (110) surface under     

1 mbar of methanol. Spectra are normalized to peaks maximum. 

 

 

Figure 4.3.9: Pd 3d5/2 peak under 1 mbar of methanol exposure. Spectra are 

normalized to peaks maximum. 



60 

 

reduces high Pd free surface energy (2.1 J/cm2 for Pd and 0.71 J/cm2 for Sn86). The 

formation of the Pd clusters is also backed by the detection of a peak at 335.7 eV. 

 

 

Deconvolution of C 1s spectra is presented in Figure 4.3.11. Seven components 

can be distinguished: 289.1 ï formate, 288 - 288.3 eV ï methanol gas phase, 287.1 - 

287 eV ï adsorbed methanol, 286.4 ï 286.5 eV ï methoxy species, 285.6 ï 285.7 eV 

- CὌ , 284.8 eV ï carbon and peak at 284 eV that corresponds to PdCx carbide (for 

the temperatures above 400 K). Since peak at 284 eV was not indicated on the pure 

SnO2 particles, we assume that the peak at 284 eV belongs to the PdCx phase87,88 

created in the Pd clusters. In a previously published study of Pd single-crystals under 

near-ambient pressure of methanol (by Kaichev et al.87), the PdC0.14 state has been 

detected at 284 eV above the temperature of 400 K, which is comparable to our 

measurements. 

 

Figure 4.3.10: Pd-Sn phase part from the whole Sn 3d peaks area. 
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In summary, we have conducted methanol decomposition studies on the clean 

TiO2 (110) and in situ prepared SnO2 and Pd/SnO2 nanoparticles on the TiO2 (110) 

surface at 1 mbar pressure of methanol. The methanol decomposition and surface 

oxidation state of the prepared systems were studied using the NAP-XPS technique.  

The results revealed that on the clean rutile surface, methanol decomposition 

occurs mainly through C-H scission reaction with formate yield accompanied with a 

rutile surface reduction. 

The sample with undoped nanoparticles proved to be thermally stable in the 

UHV in the temperature range from 300 K to 600 K, no traces of reduction was 

detected in the Sn 3d doublet. The NAP-XPS analysis of the sample with tin dioxide 

nanoparticles at 1 mbar of methanol was conducted in the temperature range from 300 

to 600 K with 50 K step. Two competitive methanol decompositions pathways were 

detected: C-H and C-O bond scission reactions. At the temperature threshold at 500 K 

methanol decomposition products adsorption drops significantly with following 

nanoparticle surface reduction (around 7 %), which hinders further methanol 

decomposition.  

In the palladium doped sample heated in methanol environment, unlike the 

similar sample heated in UHV, a fraction of palladium aggregates to clusters and forms 

a carbide. Measurements in the methanol showed that methanol here also decomposes 

through two competitive paths: C-H and C-O bond scission reactions. Although the 

 

Figure 4.3.11: C 1s spectra of Pd/SnO2/TiO2 (110) system under 1 mbar of 

methanol. Spectra are normalized to peaks maximum. 
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adsorption was revealed to be lower than in the undoped sample, there is no abrupt 

adsorption drop after 500 K as in the later sample (Figure 4.3.12).  

 

  

 

Figure 4.3.12: C 1s peaks area for SnO2/TiO2 (110) and Pd/SnO2/TiO2 (110) 

systems. 
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4.4. SRPES study of methanol adsorption on the ex situ tin dioxide 

nanoparticles on the rutile  surface 

 

In this chapter we discuss our methanol adsorption studies by SRPES on the 

ex-situ prepared samples at the MSB beamline at synchrotron Elettra in Trieste. The 

samples of pure and Pd doped tin dioxide nanoparticles on rutile surface have been 

prepared at the NAP-XPS facility at Charles University by the procedure described in 

Chapter 4.2. 

Methanol was introduced to the analysis chamber from the glass tube with 

liquid methanol connected to the chamber using a leak-valve. Prior to the adsorption 

the methanol was cleaned by several freeze-pump-thaw cycles.  

Before the methanol adsorption experiment, the sample was cleaned to remove 

carbon species adsorbed on its surface due to air exposure. It is necessary to eliminate 

impurity peaks overlapping with methanol decomposition products. Unfortunately, the 

results showed that we are unable to remove all carbon impurity species from the 

surface without substantial changes of the original sampleôs complex structure and 

morphology.  

Figure 4.4.1 represents C 1s SRPES spectra through all cleaning cycles. 

Annealing in oxygen at 623 K for 90 minutes did not lead to a sufficient decrease of 

carbon impurities (C 1s intensity decreased by 1.21 with respect to its initial value). 

The most efficient carbon impurity removal has been achieved by using UV-lamp 

irradiation with further annealing in oxygen at 623 K (~ 4 times lower intensity 

comparing to the initial state). Although we couldnôt achieve complete carbon 

impurities removal, we are able to make a qualitative analysis of methanol 

decomposition products and compare those results with data obtained by 

measurements in the NAP-XPS facility.  

Another issue, that we encountered here, was inadequate peak positions in the 

SRPES spectra if we used the same charge shift estimation procedure as in the previous 

measurements at NAP-XPS (derived from the Ti 2p3/2 BE position at 458.8 eV). 

Charge shift estimation on the rutile crystal is always relative and tricky because of its 

insulator nature in the stoichiometric state. Hence, for PES measurements, it is 

required to be changed into a semiconductor. This is accomplished by heating of the 

rutile single crystal in UHV at temperatures higher than 870 K. Such heating creates a 
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sufficient concentration of oxygen vacancies in the rutile bulk and makes it n-

conductive15. However, it is relatively easy to change this oxygen vacancy 

concentration, the change strongly depends on the temperature and oxygen pressure 

applied to a single crystal, as it is well described in the literature89,90. We used a new 

rutile single crystal for nanoparticle growth. After preparation, the sample was kept 

under the atmosphere for a prolonged period of time, so oxygen vacancy concentration 

in this sample was lower than for the substrates used in our previous experiments.  

In the previous chapters, we confirmed by the RHEED, EDX, and HRTEM 

techniques that the particles on the rutile surface are indeed tin dioxide nanoparticles 

with a tetragonal structure. Thus, weôve estimated the charge shift of the spectra from 

Sn 3d5/2 peak position at 486.9 eV (Figure 4.4.2 a). After applying such a correction, 

the Ti 2p3/2 for all measurements aligned at 459.21 eV. Hence, we kept Ti 2p3/2 BE at 

459.21 eV as a benchmark of charge shift for all further measurements.  

 

 

Figure 4.4.1: C 1s SRPES spectra through the cleaning process. 
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Deposition of palladium was performed at room temperature of the substrate. 

The Sn 3d5/2 peak shifted slightly toward lower BE energies (Figure 4.4.2 b). This shift 

can be caused by the appearance of the tin dioxide - palladium interface, similarly, as 

described in the chapter above. In this case, there is a weaker tin-palladium interaction 

compared to the sample measured in the NAP-XPS. This can be explained either by 

palladium deposition onto the sample at room temperature and/or by the presence of 

carbon contamination on the ex-situ prepared sample. 

C 1s spectra for both samples taken at primary energy of 410 eV are depicted 

in Figure 4.4.3. Although the main contamination carbon peak partially overlaps with 

methanol decomposition products, the evolution of spectra with increasing 

temperature can be followed in a similar way to the samples measured in NAP-XPS. 

For both samples, we found two peaks that can be attributed to molecular multilayer 

of methanol located at BE of 287.1 eV and methoxy species at BE of 286.3 eV. With 

further series of flash heating, two minor peaks appeared at 288.2 and 289.1 eV that 

correspond to the formaldehyde and formate species, accordingly. The formaldehyde 

is a product of methoxy dehydrogenation and was detected due to low sample 

temperature that hindered its desorption. The formate species appeared on the rutile 

surface by the mechanism described in Chapter 4.3.1. 

Figure 4.4.4 shows how the area of the methanol decomposition products from 

the C 1s spectra (Figure 4.4.3) changes with each flash heating. Areas were normalized 

to the full area of the corresponding C 1s spectrum. The figure reveals that the 

Figure 4.4.2:  Sn 3d5/2 peaks for SnO2 (a) and Pd/SnO2 nanoparticles on the 

rutile during SRPES measurements at 650 eV. 
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adsorption of the methanol and methoxy species is lower on the palladium doped 

sample. This tendency was also observed for the samples measured at the NAP-XPS 

facility. Although samples have significant carbon contamination from the atmosphere 

exposure, we can conclude that methanol decomposition in UHV occurs by the same 

mechanism as in NAP conditions under the 1 mbar pressure of methanol. 

 

 

 

Figure 4.4.3: C1s spectra for SnO2 (a) and Pd-doped SnO2 nanoparticles on the 

rutile measured at 410 eV. 
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Figure 4.4.4: An evolution of carbon components deconvoluted from the C1s peak 

through flash heating series is presented. Graphs are normalized to the full area. 
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4.5. Methanol decomposition studies on polycrystalline SnO2 films 

under near-ambient pressure conditions 

 

In this chapter, we discuss methanol interaction under NAP conditions with tin 

dioxide films prepared by the magnetron sputtering and the influence of palladium 

doping on such interaction. Tin dioxide films were prepared by magnetron sputtering. 

The structure of these films is closer to the ñreal-lifeò catalytic systems than model 

systems, and due to film thickness, the influence of the substrate on the sample 

reactivity can be excluded.  

Tin dioxide films were prepared on the unpasivated Si (001) substrates by the 

DC magnetron sputtering from 2ǌ tin dioxide target (99.99 % purity, Safina). The 

magnetron head was positioned at an angle 45ę angle and distance of 12 cm from the 

substrate. The base pressure in the chamber was 5Ĭ10-6 mbar. Sputtering was 

performed in the argon atmosphere (99.9999 % purity, Linde) with a pressure of             

5Ĭ10-3 mbar for 30 minutes. A DC power source was set at 30 W power with an anode 

self-bias voltage of 365 V and a current of 82 mA. Tin dioxide film thickness was 

estimated to be about 20 nm.  

The NAP-XPS measurements were conducted under 1 mbar of methanol. 

Before the methanol exposure, samples were sputtered using Ar ions at pressure of 

1Ĭ10-5 mbar and primary energy of 500 eV and current of 3 ÕA for 7 minutes. After 

sputtering, no carbon impurities were detected by the XPS, and the samples have been 

venting with 1 mbar of oxygen to obtain a stoichiometric surface. Methanol was 

introduced from a glass tube connected to the NAP-cell by a leak-valve and cleaned 

with several freeze-pump-thaw cycles. The purity of methanol vapors was confirmed 

and monitored during measurements by the quadrupole mass spectrometer. 

 

 

4.5.1. Methanol decomposition study on SnO2 film  

 

During measurements of the sample in methanol at an increasing temperature 

of the sample, the spectra moved due to the charging effect. As there is no suitable 

peak for charging correction in the spectra (graphitic carbon or bulk substrate signal), 
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the spectra were shifted according to the position of tin dioxide bulk oxygen (O 1s, 

530.7 eV).  

Figure 4.5.1 shows Sn 3d5/2 spectra taken during measurements in 1 mbar of 

methanol. The spectrum is composed of dominant oxidic Sn4+ peak at 486.7 eV and 

shoulder at 485.2 eV, which corresponds to metallic Sn0 state. There were no important 

changes in the Sn4+/Sn0 ratio during measurements of the sample under methanol 

exposure and decomposition. 

 

In Figure 4.5.2, we present C 1s spectra taken during the same experiment in 

methanol at increasing sample temperatures. The methanol decomposition process on 

sputtered films has similar features as it was observed previously on the tin dioxide 

nanoparticles (see subchapter 4.3.2). Similar to the sample with nanoparticles, we 

observed five peaks that correspond to the methanol gas phase, adsorbed methanol, 

adsorbed CH3O
- species, methyl group, and carbon located at binding energies of 

288.4 ï 288 eV, 287 ï 286.6 eV, 286.4 ï 286, 285.4 ï 285 eV, 284.9 ï 284.5 eV. 

Unlike the samples with nanoparticles, a peak at ~ 291.7 ï 292.2 eV was detected at 

the temperature range from 550 K to 600 K. Figure 4.5.3 shows the time evolution of 

QMS signals at selected masses in this temperature range. We can see the dominant 

intensity changes for hydrogen (m/z = 2) and carbon monoxide (m/z = 28). Taking this 

into consideration, the peak mentioned above can belong to the acetate or methyl 

formate species. In the case of acetate, it is formed at lower temperatures, and its 

  

Figure 4.5.1: Sn 3d5/2 photoelectron spectra of SnO2 thin film on Si (001) under       

1 mbar of methanol exposure. 
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formation requires a transition-metal catalyst, HI, and a specific catalytic quantity of 

water91, which wasnôt detected by QMS (Figure 4.5.3). Thus, we can exclude the 

possibility of acetate formation. On the other side, methyl formate species have been 

detected for the methanol decomposition on SnO2 catalyst at ambient pressures92. 

From the pronounced increase of CO and H2 signals (m/z = 28 and 2) at the 550-600 

K temperature range, we conclude that methyl formate is formed through two possible 

reactions: 

CH3OH + CO = CH3OC(O)H 

and/or  

2ʉʅ3ʆʅ = 2ʉʅ3ʆ
- + ʅ2 

2ʉʅ3ʆ
- = 2ʉʅ2ʆ+ ʅ2 

2CH3O
- + 2CH2O = 2CH3OC(O)ʅ +ʅ2 

 

where formaldehyde is the intermediate of methanol deprotonation to carbon 

monoxide92. At 600 K two other reactions take place: 

 

CO + 3H2 = CH4 +H2O 

CO + H2O = CO2 + H2 

 

This is indicated by an increase of CH4, CO2, and H2O signals (m/z = 16, 44, and 18). 

The desorption and decomposition process of methanol can also be followed 

from the temperature evolution of C 1s total area presented in Figure 4.5.4. Similar to 

the sample with tin dioxide nanoparticles, the coverage of the sample surface by 

methanol and its decomposition products significantly decreased with increasing 

temperature (Figure 4.5.2,  Figure 4.5.4). Because no noticeable tin dioxide surface 

reduction has been detected, which could reduce sample catalytic activity92, this 

desorption drop is caused by the sample heating.  
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Figure 4.5.2: C 1s photoemission spectra of SnO2/Si (001) system under 1 mbar of 

methanol; Spectra are normalized to peaks maximum. 

 

 

 

Figure 4.5.3: QMS traces for selected m/z values in range from m/z = 2 to          

m/z = 44  taken at 1 mbar of methanol in 500 -600 K temperature range. 
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Figure 4.5.5 shows the SEM images of the sample after measurements under 

methanol at NAP conditions (b) and the untreated reference sample (a). The reference 

sample exhibits white flakes on its surface, which can be attributed to the bigger tin 

dioxide grains. According to the XPS analysis, the silicon surface is completely 

covered by tin dioxide thin film, and there are no traces of substrate signal in the 

spectra. The sample after methanol treatment revealed a considerably higher amount 

of such flakes having an area of ~ 16 % of the total surface area (against 2 % before 

methanol treatment). It indicates significant morphology changes of tin dioxide surface 

while heated in methanol. 

 

We can conclude that CïO, and CïH scission reactions run concurrently on 

this type of tin dioxide surface at NAP conditions. The C-O scission reaction runs in 

the whole temperature range and provides enough oxygen for re-oxidation of the SnO2 

 

Figure 4.5.4: Total Area under C 1s peak for SnO2/Si (001) system. 

 

 

 

Figure 4.5.5: SEM images of SnO2 surface of the reference sample (a) and sample 

after 1 mbar of methanol exposure (b). 
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surface and removing of carbon deposits. Thus, catalytic properties of the surface are 

not cut off, and the QMS detects C-H scission reaction spike from 550 K (hydrogen 

and carbon lines on the Figure 4.5.3 ), as well as, much less intensive reactions with 

methane, water, and carbon oxide yield. 
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4.5.2. Methanol oxidation study on Pd/SnO2 films  

 

This chapter shows results obtained on the samples prepared by the magnetron 

sputtering in the same way as described above but doped with palladium. Palladium 

doping was done by using an electron beam evaporator provided by the Tectra GmbH 

in the UHV chamber of the RHEED facility. Prior to the sample preparation evaporator 

has been calibrated by deposition on a silicon wafer. Deposition flux was maintained 

by the flux controller with an ion current of 100 nA. The deposition rate was estimated 

to be 0.065 nm/min. The thickness of the deposited palladium layer was determined 

from the Si 2p peak intensity attenuation. 

 

 

Figure 4.5.6: Sn 3d and Pd 3d doublets after deposition of Pd onto magnetron-

prepared SnO2 film (upper), Pd equivalent thickness was conducted from 0.3 to 2.4 

monolayers (ML); Proportion of tin to palladium atoms in the sample surface area 

(lower). 
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Before deposition of palladium, the sample was cleaned using argon ion 

sputtering. The palladium was deposited at several steps with the sample temperature 

maintained at 528 K during deposition. In Figure 4.5.6 (upper panel) we present Sn 

and Pd 3d doublets taken after each deposition step. We can see that even if the amount 

of deposited Pd increased almost 8 times, the palladium to tin ration presented at lower 

panel decreased only 3.35 times. It can be explained by diffusion of Pd atoms into tin 

dioxide bulk at elevated temperature maintained during deposition. The tin to 

palladium ratio was calculated from their 3d doublet areas taking into account their 

cross-section at incident photon energy of 1486.6 eV. After the last deposition step, 

the tin to palladium ratio within the surface area was equal to ~ 10. Before 

measurements at NAP XPS facility the sample was exposed to the atmosphere. 

  

Before the experiment with methanol, the sample was cleaned with argon until 

no carbon contamination has been detected. To restore stoichiometry of tin dioxide the 

clean sample was then treated in 1 mbar of oxygen. Figure 4.5.7 presents Pd 3d5/2 

spectrum at all stages of the experiment ï clean and methanol treated Pd/SnO2 surface 

at increasing annealing temperatures. Two palladium states at 336.2 eV and 337.2 eV 

are indicated in the spectrum. Peak located at 336.2 eV was attributed to the Pd-Sn 

alloy phase, and peak located at 337.2 eV to Pd2+ state, accordingly93. The presence of 

 

Figure 4.5.7: Pd 3d5/2 peak XPS spectra of Pd doped SnO2 thin film on Si (001) 

under 1 mbar of methanol exposure; Spectra are normalized to maximum. 
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Pd2+ state is probably a consequence of the sample treatment in oxygen. The formation 

of Pd-Sn alloy was previously observed during sample heating (see Chapter 4.2.3) and 

it is also confirmed by presence of alloy features in Sn 3d spectra (see later in this 

chapter). The Pd-Sn to Pd2+ ratio changes from ~ 3.5 to ~ 4.2 with heating from 300 K 

to 550 K and drops to ~ 3.5 at 600 K. Since changes are not significant, we can claim 

that both palladium states are stable. The stability of palladium peaks throughout the 

experiment is caused by the homogeneous palladium distribution and relatively high 

temperature during deposition. Satellite peak located at approximately 2.4 eV higher 

BE than Pd2+ 3d5/2 peak and having intensity equal to 15 %94,95 of its intensity was not 

observed because of low intensity of Pd2+ state. 

Sn 3d5/2 spectra taken at all experiment stages are presented in Figure 4.5.8. 

We distinguished two states at 486.7 eV and 485.4 eV, which belong to Sn4+ and Sn ï 

Pd alloy. The BE of the Sn4+ state is shifted by 0.2 eV toward lower energy compared 

to the undoped sample due to the creation of the metal-semiconductor interface56ï58. 

The Sn4+ to Snalloy ratio decreases slightly during the experiment (from 13.4 to 10), 

which is caused either by higher alloy concentration within the surface area with 

temperature rise and/or slight reduction of tin oxide.  
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Figure 4.5.8: Sn 3d5/2 photoemission spectra of Pd doped SnO2 thin film on Si 

(001) under 1 mbar of methanol exposure. 

 

The C 1s spectra of the sample under methanol exposure at different sample 

temperatures are presented in Figure 4.5.9. Till 400 K C 1s spectra are similar to the 

spectra measured on the films without palladium. Thus, C-O and C-H scission 

reactions run in parallel. However, for temperatures above 450 K, the CHx and C peak 

intensities started to rise. Such intensity increase indicates that C-O scission reaction 

plays a significant role above 450 K. Methanol molecules split to OH- and CH3 which 

dehydrogenate up to C. These carbonaceous species block the sampleôs active surface 

and hinders further methanol decomposition, as it is indicated by the C 1s area increase 

more than fourfold in comparison with undoped films (showed in the Figure 4.5.10). 

The last statement is also confirmed by the QMS measurements (Figure 4.5.11). The 

observed mass traces here exhibit dominant methanol lines96: 31, 32, 29, and 15, with 

only a slight hydrogen and carbon monoxide lines increase with temperature 

enhancement as a result of methanol deprotonation on the sample surface. The same 

effective surface blockage has been observed on the metallic palladium foil under near-

ambient pressures of methanol87. Thus, C-O scission reaction and further CHx 

dehydrogenation are activated thermally and caused by Pd incorporated in the film.  
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Similar to undoped film the peak at BE of 290.7 ï 291.1 eV was assigned to 

the methyl formate, although, in this case, it appeared at 50 K lower temperature (500 

K - 600 K). Additionally, the formate peak was detected at 600 K. Formate, most 

plausibly, originates from methyl format decomposition to CHOO- and CH3 

accordingly. The dehydrogenation of the CH3 may be one of the reasons for the 

increase of H2 signal in the QMS spectra at 600 K (see later in this chapter). 

 

 

 

Figure 4.5.10: Total area under C 1s peak for SnO2/Si (001) and Pd/SnO2/Si (001) 

system 

 

Figure 4.5.9: C 1s spectra of Pd/SnO2/Si (001) system under 1 mbar of methanol; 

Spectra are normalized to gas-phase region. 
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Figure 4.5.11: QMS spectra taken at 1 mbar of methanol in 500 -600 K range. 

 

Figure 4.5.12 shows the SEM images of the untreated reference sample (a) and 

sample after methanol exposure (b). On both samples, there are no flakes on their 

surface, as was previously observed for undoped samples. This is probably, caused by 

Sn-Pd alloy formation in the surface region which stabilizes the surface morphology 

of the sample. The sample after the methanol exposure is slightly rougher, although its 

topography change is not significant.  

This experiment reveals that palladium loading (Sn/Pd ~ 10/1) stabilizes 

surface morphology. The methanol decomposition up to 450 K occurs similarly as on 

undoped samples. When the temperature reaches 450 K, the CïO scission reaction 

path became dominant and resulted in a high yield of CHx and C. These deposits cover 

 

Figure 4.5.12: SEM images of Pd/SnO2 surface of the reference sample (a)and 

sample after 1 mbar of methanol exposure (b). 

 












































