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1. Introduction

Heterogeneous catalysis plays amportant 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 ad reactants are in distinct phases. A catalyst's influence on reaction depends
on its surface propertieS.hus, the rate of reaction accelerated by a catalyst is
proportional to its surface area. Consequently, catalysts are made in a way to maximize
their surfaceto-volume ratio, and that's why they usually appear as powders or porous
membranes. A catalytic system prepared with such an approach is complesnead
difficult to study. Forthe same reason, in the pasatalysts were chosen empirically.
However, the rapid development of vacuum and spectroscopy technologies in the
seconchalf of the XX century provided means to study reactions that take place on the
catalyst surfaceand the role of different compounds of a catalyshat reaction with
surfece science methods. Thus way for improving and tuning catalysts performance
was createl

Rapid climate changes bonded with a vast emission of greenhouse gases
demand application of new envmmentfriendly 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 watathwelectricity yield. One possible
configuration of PEMFCs is direct alcohol fuel céfiswhich draws a lot of interest
due to the simplicity of alcohol production in an industrial sdhroughbiomass
fermentatiof® or watergas shift reactiods The main problem of all PEMFCs,
however, is low reaction rate on its electr@d@urrently platinum is the most efficient
catalyst for enhancing reaction rate on the fuel cells electfdd¥st Pt as a catalyst
has several significant drawbacks such as pigte and rapid CO poisoning of its
surface, which drastically slows down reactiht' 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.



An atractive 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 oxidés% One of the promising materials for this
purpose is tin dioxiddased catalyst. Tin dioxide is a widely usedomductive TCO
(conductive transparent oxide}® Its main aplications lie in gasensing devicé$
22 transparent TFT transisté?t$4 and wi ndow coating for
losses®, and of course in cataly$tg® Tin dioxide is a multivalent postansition
oxide that can easily give up and receive lattice oxygen. Thus, oxidation reactions onto
the tin dioxide surface occur through Maran Kreveén mechanispwhen molecules
are oxidized with tin dioxide lattice oxygen, which is resupplied and reoxidized the
surface from the ggshase. It was shown for different oxygen chemical potentials that
tin dioxide surfaces with Shand SR* states are stédy which indicates easy surface
reduction and oxidation during catalytic oxidation reacins

Catalysts basedhain dioxide are efficient toward CO oxidatiéh?® 3. Thus,

a combination of timioxide 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. Becahisg of t
fundamental research is better to conduct on-dedfihed epitaxial systemis 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 surfacesthns theyhave tobe performed under the
UHV (ultra-high vacuum) conditions. This inflictmportant experimental limitbut
enables to use highly sensitive methods of surface science, which canrsotaliy
used in soliestate physics. Examples of such methodsRHE&ED (reflection high
energyelectrondiffraction) 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 neambient pressur@AP) conditions Theresultsare compared
with a system closer to real catalysts. Methanol was chosen due to simplicity of its
molecule, which is suitable for model studies, dneé toits potential use as fuah

fuel cells.To studymethanol interaction witkample surfacBAP-XPS (nheatambient
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pressure Xay photoelectron spectroscopy) and SRPES (Synchrotron radiation PES)
spectroscopiesere usedThe NARXPSabolishedJHV limitationsof PES and made
possible to studthesamples at pressures up to 10 mbars provide deeper insight

into cdalytic reactions rumingon a catalyst surface at conditions ctdseoperational.
SRPES technique, on the other side, has extreme surface sensitivity and thus surface
and adsorbate chemical states can be determined with high precision.

Results presentiein 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 nanoparticlesrothe rutile surface, studies of methanol decomposition on pure
and palladium doped model systems using NS and SRPES methods. The last
two parts are dedicated to studies of the pure and palladium loaded tin dioxide films
prepared by the magnetron deuing or by reactive evaporation of tin, with NA#PS
and SRPES techniques.



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 pathf 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 Daficn
(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 kmenergy of electrons excited by the
incident photon flux and thus, determining electrons binding energy, intensity, and
angle distributionThe data btainedby PES maks possible to study the chemical
composition and electron structure of a materrathe next subchapters, one can find
a concise description of -Kay Photoelectron Spectroscopy (XPS), Naabient
Pressure XPS, and Synchrotron Radiation PES.

2.1.1.X-ray Photoelectron Spectroscopy (XPS)

The XPS technique is probably most widely conventignaged 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, Wieads to external
photoemission. From the photoemission scheme showedune 2.1.1 we can write

the relation for the kinetic energy of the excigdectron:

0O "Mz0z (2.1)
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Figure 2.1.1: Scheme of the external photoefect

whereh ds the energy of an incident photdss is the binding energy of electron

relative to the Fermi level in solid, afdcorresponds to the sample work function.

The kinetic energy of an electron is precisely defined. Still, we need to know
the sample work function for trelculationof binding energylt 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 deifferecise valueHowever,
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

erergy of an electron can be written as:

(2.3
(0] Wz70 7

wherel ais 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@mary 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.
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Wide spectrum of the clean tin dioxide film is presenteBigure 2.1.2. The
distinct energy levels (or electron shells) appears in the spectrum as peaks at specific
binding energies. The photoelectron peales tagged accordinglgl; classification,
wheren is the principal quantum numbkis the angulamomentum quantum number
(associated witls, p, d,andf orbital letters), ang which is the total momentum
quantum number defined as the absolute valuleso$tim of andswheres isthe spin
momentum number. The spin momentum nuneran be efbuabkoliior al
cases, where angular momentum is not equal 0, theogpiinsplitting takes placand
appears in the spectrum as a doublet. Distance between peaks in doublet increases for
constantn and| with higher atomic number Z and a@eases for the highérwith
constann. Relative intensities of the peaks in doublet are defined by the ratio of their
degeneracies [2 1)*%. 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 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. Thefiormation 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.
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Figure 2.1.2: Wide spectra of a clean tohoxide flmmeasured with
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A basic configuration of PES equipment is presentedFigure 2.13.
Measurements should be performed in dftigh vacuum conditions because of
inelastic collisions of analyzed electrons with gas molecules and contamination of the
sample surface. After emiss 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 thenalyzer, 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 multiplierCEM) or multichannel plates.

Sample

Electron optics

Analyzer

Detector

Figure 2.1.3: Scheme of the PES equipment

A hemisphericabnalyzerenables 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
modemaintains a constant ratio Bk /Ep, whae Ex is initial electron kinetic energy,

andEp stands for the analyzer pass enefgythe whole length of measured spectrum.
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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 Hrealyzer 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 passhrough 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.

Spectoscopydedicated beamlines that enable to conduct SRPES
measurements are usually equipped with monochromator that enables tuning of the
linearly polarized synchrotron lightith energy range up to 1500 eV. The inelastic
mean free pass (IMFP) of the elects excited at such energies results in an
informationdepthof I5; . Low i nformation depth and
for the optimal photoionization effective cross section for specific material gives this
technique extreme surface sensitivBgsides 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 Xray Photoelectron Spectroscopy (NARXPS)

As it wasmentioned inChapter2.1.17 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 pressur e “Imbamorieaysouoce ad 1barifor safé analgr
operation). Thus, conventional XPS cannot describe in &dale chemical process

10



that runs on the surface of the studied substrate at ambient pressures of different gases.
To overcome these pressure limitations in the PES experiments, combinatibas of

Vs’ Electron optics

v v

P,<<P, P,<<P, P,<<P,
Pumps

Analyzer

Detector
Figure 2.14: Scheme of the NARPS analyzer

differential pumping and electron optics were apphédi

Currently, the majority of NARXPS facilities are realized, as depicted in
Figure2.14. The sample is placed in the NAP cell with pressure up to 10. inizhe
NAP-cell thesample surface is moved toward nozzle tip. At the nozzle tip an aperture
with adiameteraboutl 0 0 is(laced

The gas pressure ihg NAP cell and distance between sample and nozzle are
the main factors that define signal intensity. The signal intensity of the XZ$with

comparison to the same signal at UHV is given by Beenbert law:

D A (2.2)

)

wherell ( B }he electrosscattering crossection of gas at specific kinetic enety

z is a distance between nozzle and sample. Since pressure of the background gas drops
in the vicinity of aperture, distanceis critical and should be in the range of two
aperture diameters for avoiding chasgn the local pressure on the sarfie The

placement bthe sample relative to the nozzle is showkigure 2.1.5.

11
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Figure 2.15: Sampleenvironment in the NARPS cell

The X-ray beam is fed to the NA&ell through silicon nitride window. The
background gas absorbs a fraction of thea)X beam photons, and thus gdmse
signal appears from the #Gnbar gas pressure. GpBase signal ¢érs additional
information about background gas. Also, electrons produced by the ionization in the
gasphase partially compensate sample chargofiginsulating samples. Charge
compensation depends on the background gas pressure and energy of the incident
photons.

Although industrial catalysts or sensitive materials in gas sensors op#rates
several orders higher pressures, NAPS technique significantly reduce pressure gap

between UHV surface science and experiments performed under ambient pressure.

12



2.2.Theory of Diffraction

Diffraction is the physical phenomenon that joins the interference and bending
property of the wave when it encounters an obstaclayXay diffraction has been
used in soliestate physics throughout the XX centuryray diffraction is a brilliant
instrument for studying a crystal structure in its bulk because of its deep penetration
into the material. Fothe same reason, it is not suitable for surface structure studies,
which can be different from the bulk structure.

The developrant 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 diffracion
well-suited instrument for studyg the structure of surfaces.

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

equation:

= (2.3)

whereh is Plank constant anglis momentum. When an electron is accelerated, the

upper equation can be rewritten:

Q

= ca Q7Y 24)

whereeUis kinetic energy of an electroaig the electron chargeptainedoy passing
the potential difference), andmeis the electron rest mass. However, the wavelength
equation for an electron with energy higher than 10 kV (energy used in RHEED)

requires relativistic correction:

QY (2.9)

ca Q7 ¢ w

13



wherenyis the electron rest mass ani@ the speed of light. If a monochromatic beam

of electrons with wavelength as describedEguation 2.6falls 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 hasdevusdid
crystallographic structure, reflected electrons wiierfere in space and form electron
current maxima on the detector.

Bragg's law gives the simplest description of diffraction on the-steictured
singlecrystals. The Bragg's law's principle is shownFigure 2.21. 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
numker that is multiple of their wavelengths (so they are in the same phase), a

constructive interference takes place:

CQi Q& & (2.6)

Q,.\..

d}}z é

Figure2.21: Bragg's law

where2 d s is thelpath difference between diffracting electrahs the interplanar
distance)nis a natural number, args the wavelength.

The approach described above is called geometric. The geometric approach
describes the direction of diffracti 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

14



on atomic electron shell$he validity of kinematic diffraction theoiyg limited mainly
by the followingassumptions:
Electron beanis monochromatic;
Only an insignificant part of the beam is scattered;
Incident and reflected waves are plane waves that do not interfere;
Absorptionof the incident beam is negligible;

Multiple scattering is negligible;

In the eéctron diffraction he first four conditions, as a rule, alenost fulfilled
The fifth condition requires that the reflected wave's amplitude is significantly lower
than theamplitude 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 preciesiion
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 natredqgn
this work.

Regardless of its limitations, kinematic diffraction theory is well suited for
analyzing diffraction maxima pattern forspotpositiors andpartially alsointensity.

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

0 giptQl ® ° Qo (2.7)

where nip is electron density in lattic&®and’® are wave vectors of the incident and
reflected waves; integration made through whole crystal volume V.

Let's mark® ®@asascater i ng ® ector

({f@ ':'Q 'r@ (2 ) 8)
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and assuing the infinitecrystaltheelectron density can be expressed through periodic
function of lattice:
(2.9)

where"?is the crystal translation vecté® 6¢® U® 0 (u, v, w are natural

~ o~
v

rewritten as a Fourier series:

€ ip £ Df'Q o (2_10)

b

where'®@is a reciprocal lattice vector defined ® "®° "B &P (h, k, | are
natural numbers andth 6Bh 6P 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:
o g tqt ° Pteqe (2.12)
The equation (2.12) hasaximal value for:

30 @ (212)

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

reciprocal lattice vector. In the case of elastic scattering:
2 ® 9 — (213
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 obtined

16



@ ¢0
»B? ¢ 0 (2.14)
@9 ¢ a

Equation 2.13 with consideration ofEquation (2.14)can be graphically
expressed by means of Ewald construéfiohe diffraction maxima appear in
directions of the Ewald sphere intersections with nodes of the reciprocal laitjaes(

2.22). Hence, the diffaction pattern represents a projection of reciprocal lattice.

Figure 2.22: Ewald construction fodiffraction 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 phygoaperties of the diffraction
device (instrument function), by finite size of the crystal and crystal lattice strain.
Using kinematic diffractiotheory,the scattered amplitude on crystal consistintyl of

unit cells, given by th&quation 2.12¢an be revitten in the next form:

6 0 & tQt® °tPQae Oy (2.15)

where integration is performed over a unit cell volume V. The integral represents
structure facto&s that defines scattering properties of the unit cell depending on its
geometry and composition. If the unit cell consists ofsthioms, the charge dengsit

of the unit cell is a summation of charge density from each atom:
17



€ ip ¢ ip ip (2.16)

FromEquations 2.1and2.16we will obtain weltknown form of structure factor:

% §09) 2.17)

wherefj is the atomic scattering factor gfth atom that determines the ratio of
amplitude scattered by real arrangement of electrons in atom to amplitude scattered by

single localized electron:

"Q ¢ biQ 1°Qwn (2.18)

where } i" idefri ned as

Diffraction patterns measured during experiments have interi@ty®s 8
Assuming a singkerystal with unit cell parametews, b, c,a crystal finite size of
0 ¢fb ¢h @ and the same structure fac®for all unit cells the amplitudeA can

be rewritten as:

5 Y Q Q0 (2.19)

Thus, the intensity® s of the diffraction pattern can be expressed in the

following form:

® Ds S — — (2.20)

The intensity profile described by this formula is presentdédgare 2.2.3. Its

maximum is directly proportional to the square of the crystal size on which the electron
18



beam has been scattered, while the profile width dependence on the object size is
inverse Figure 2.23). Moreover, such factors as temperature, electron beam
divergence, and surface morphology strongly influence both the intensity and shape of

the profile of diffraction maximum.

Intensity

Position

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 interplanaricdidian
where h, k, | are Miller indexes, using the absolute value of the reciprocal lattice vector
Ghi:

Q= (2.22)

After correct interpretation of the diffraction pattern, the interplanar distance

can be calculated by thiellowing formula:

where Ry is the distance between the diffraction spots hnas the diffraction
constant, which depends on the specific instrument.

Practically, interpretation of the diffractograms starts from the Miller indexes
identificationof thediffraction pattern. When Miller indexes are identified, diffraction
maxima are fitted with analytical functions. Such fits enable to determine theereci
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 methothe 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 cubg; latti

for example, the following equation is valid:

G Q Q Q «a (2.23)

2.2.1.Reflection High Energy Electron Diffraction

The RHEED instrumentonsists ofan electron gun, electron optics, sample
holder, fluorescent screen, and C(&hargecoupled device)amera for pattern
recording. The components mentioned abaxeplaced in a way that enables the
electron beam to fall onto the sample surface undeird angle Figure2.24). Thus

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

achieved.
Electron
un
__>__.1 X
Electron
optics
CCD
camera

Figure 2.24: RHEED instrument corguration.

Due to thisarrangement 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.
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2.2.2.L.ow-energy Electron Diffraction

Low-energy electron diffraction (LEED) is a technique that is usexilarly
to RHEED,for surface structure analysis of crystalline samples. Convenient LEED
apparatus consists of the electron gun, setsnethes, and fluorescent screen
constructed in the form of hemispheres. LEED utilizes electrons with energy in the
range of 201 200 eV. The LEED technique's minimal electron wavelength is 3
angstroms, comparable with the sample's interplanar distance.eHBnagg'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 tigeids. This technique laws 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 studyingsurface 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 randge3if keV is used
for scanning the surface of interestcident 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 primaactron beam is many times higher
than SE. Hence, the SE yield depends on the angle under which the beam falls onto
the surfaceThus,morphology of the surface can be mapped

Primary electrons beam can interact elastically with surface aodan 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 Xray spectroscopy (EDX) from the characteristigay 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 detectmeas
usedfor morphology studiesOnly secondary electron imaging was used for image
acquisitionwith primary electron beam energies15 or 30 keV. EDX spectra were
obtained with BRUKER EDX detector.

The TBM operatesusingelectron beams with energn 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 intaxctions. Hence, three types of images can be obtained: images in
bright field, dark field, and diffraction patterns.

The brightfield image is obtained by passing only the direct electron beam
from the initial central beam. An image is acquired throughvirekening of the beam
due to interaction with the sample. For obtaining images in-fillck 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 usébuimation 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 marteraity in directions
where Laue conditions are met.

Images used in this work were taken on the JEOL -22BDFS microscope,
with 200 kV acceleration voltage in the scanning (STEM) mode. STEM mode utilizes
a condensed beam for probing sample point bptpanages were acquired by an
Angular Dark Field (ADF) detector.

2.4. Atomic force microscopy

Atomic force microscopy (AFM) is a surfasensitive technique that can be
utilized under ambient pressure. The AFM enables measuring surface morphology,
potentia) stiffness, etc.

The AFM sensiti ve prangetlengthswithaa sltag tiptat | e v e
the end (in nrrange). When the cantilever tip interacts with the surface, cantilever

bends depending on the surface morphology. Information about morphsltaken
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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 arsually performed in three modes: contact mode,
noncontact 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 messulhe 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-camact mode the cantilever is placed
above the sample surface. The cantilever isyeyed 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 keepconstantone of the cantilever parameteiidie 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 cantilp.

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-{icombact mode.

Swch measurements are not so sensitive as ircontact 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 v&igdied by using ofiVeec o di
MultiModeVO AFM with sharpened avidigmominahtip Sc an a s
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 usedmaustryand laboratorgpplicationgor
film preparation. In the conveniemtagnetronsputtering occurs in tHellowing way:
ahigh negative voltage is applied to a targethe sputtered material and bombarded
by ions of working gas (usually Ar) generated in the plasma dischargeinity of
the target. Extractedy the ion bombardmemitomsfrom the target condensate on a
substrate forming a thin filmFigure 2.5.1 showsa simple scheme of a sputtering
process. Permanent magnets are plaedind theargetin sucha way that one pole
is placed at the central axis of tfa@get,and the second pole forms a ring around the
target edgeSuch aconfiguration is used to confine electrons near the target. Due to
thecrossing of the electron and magnédigtd, electrons are spiraling along magnetic
field lines. Such atrajectoryincreases thelectron pathwayand thus electreatom
collisionevents are more likely, which increase plasma density.

Magnets

L=
2
L=
7]
=
=
7]
2
18}

Figure 2.5.1: Scheme of magnetr@puttering process

Depending on the target material conductivithere are two modes of
magnetron operation: DC and RBputtering For conductive targets, DC sputtering is

used. In this caseelectronion recombination without target chargimgcurs, &
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incident ions takelectronsfrom a target. Irthe case olnoncondutive targets, they
rapidly becamepositively charged. Thisreates aetarding field andlecreases the
sputtering efficiency A radio frequency (RF) source at 13.56 MHz frequency is
usudly used to deal with the charging effe@¥hensuch arequency is appliedight
electrongnteractinstantaneously interacting withefield, while heavy ions are more
inert. Thus, RF field periodically creatasrap for electrons, in periods when tbés

no trap electrons compensate positive charge on the target.

2.5.2.Physical vapor deposition

Physical vapor deposition (PVD)f metals in UHV is widely used in
fundamental researcRVD hasa slow deposition rateand thust is well-controllable
and convenient for sample preparation. For metal depositidfidV areused mainly
evaporatiorfrom crucible and evaporation froeametallic rod In the firstapproach
crucibles with evaporation material insidee usedCruciblecan be heated resistively
with condudive wire placed arounthe crucible or by electron bombardment. In case
of the electronbombardment, therucible need to be made froma conductive
materal. For metals with higher meltingoints, the secondapproach is used
evaporabn from electronbombardednetallic rod. Efficient PVD from a rod can be
achieved only for the metalgvhich saturated vapor pressure is sufficient at
temperatures belothe melting point.

Depositionof metals can be conducteddermreactivegasbackgroundRPVD).

A reactiveatmosphere and correctly chosen temperature of the sample enables to

preparation oepitaxial 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 NARXPS facilities at the Department of Surface and Plasma Science at Charles
University. Another parbf the data was obtained from measurements at the Materials
ScienceBeamline 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 theRHEED facility placed at the Department of Surface and
Plasma Science (DSPS) at Charlesvarsityis presented ifrigure 3.1.1 The main
chamber and RHEED electron gun are pumped with titanium ion pumps. The base
pressure in the mai n’Pa.lFarrhe sampld issertiored ow 1
preparation chamber is used. It is pumped with a comtibn of a scroll and
turbomolecular pumps to the base pressure Bp to “$F&. 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 sanmpimounted

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 tiltingaifipée
holder is also equipped with an electron bomidzaded heating system, which enables
sample heating up to 1000 eC. Sample te
infrared pyrometer Raytek Marathon MM MTS, which is capable of measuring
temperaturen the range of 2501 1 00 e C.

For the insitu 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 gath 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 presenteéigure 3.1.2

X-ray source and electron hemispheriaadlgzer for XPS measurements are
placed in the lower part of the apparatus. Thea)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 enatdessiment in the

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

RHEA Electron

g Analyzer gun
£ i k2
S <
)
U .
© Preparation
chamber
gvapof X-ray
source

Analyzer

Figure 3.1.2: Scheme of the RHEED aparatus.

One of the key parts of this experimental facility is tigh energyelectron
gun, which enables measuringf RHEED, RHEELS (Reflection Higknergy
Electron Loss Spectroscopy), and ARSEED (Auger Electron Spectroscepy

RHEED) methods The electron beam energy can be set in the rangé @&00keV.
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The beamis focused andiimed with an electron optics fed with precise current
sources.

An electron optics of the RHEA 100 analyzerconsistsof focusing and
retarding electron optics, electron retarding grid, and a fluorescent SEhesglectron
optics keeptheelectron beaparallel and filters out inelastically scattered electrons.
The diffraction patterns ataken with a digital CCD camera.

Described experimental setup was used for a preparation of tin dioxide

epitaxial systems, and their analysis with RHEED and XP$igues.

3.1.2. NAP-XPS

The NARXPS facility provided by Specs GmbH is placed at the Department
of Surface and Plasma Science at Charles UniveiSigypre 3.1.3). The base of the
NAP-XPS experimental setupvertically 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 monochromadd  K-ridy siurce, a hemispherical
analyzer (Specs Phoibos 150) coupled with a differentially pumped electrostatic pre

lens system, a higresolution CCD camera, and NARell.

Figure 3.1.3: The NARXPS experimental facility
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The NARcell is asmall 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 NARXPS measurements sample is inserted inside the NAP cell sealed by a
special door. After the sample fitted inside the cell and the door is closed with the
help of the wobblestick, NAR-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 teample. Combination of the NAfIl and
differential pumping system at the analyzer entrance enables to perform XPS
measurements in the “olé msauanctemparatugeeanger o m
from 200 to 775 K.

In this work, the facility was usefbr preparation and measurement of tin
dioxide sampleand its interaction witimethanol (at mbar pressure range) at different

temperatures.

3.1.3. Material Science Beamline

Material Science Beamline (MSB) was establislatdhe Elettra radiation
source in Tieste (Italy) by Department of Surface and Plasma Scientke
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 dfivlg 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 1000 eV energy span. PES data areuaed 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 positiorréorthpheating
or cooling of the sample in 1201300 K temperature range. The measurement of
sample temperature is performed via thayge thermocouple placed behind the
sample.

As described inChapter 2.1.2 synchrotron radiation PES (SRPES) is

extremey 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 weluned beam energy an optimal photoionization
effective crossection 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 ofthe thesis is dedicateth all experiments that were done during
author doctoral studies.The chapter is idided into parts accordingly to the
performance order of experiments

This chapteds first and second par@are devoted tothe preparationand
characterization ain dioxide epitaxial modedystems orhe copperand rutile single
crystal substrates.

Thelast fourparts of this chpterarededicated tdhe methanol decomposition
studiesat nearambient pressureand under ultra-high vacuumconditions These
experiments have been conducted onrtfuelel systems irthe form of tin dioxide
nanoparticleon the rutile andn polycrystallinetin dioxide films prepared by the
magnetron sputteringdere theNAP-XPS andSRPESmethods were used as the main
experimental techniqueBhe methanol decomposition studies were nuad®thpure

and palladium dopetih dioxide systems prepared in the sansy.

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

The first experiment in this work deals withe creation of a model system in
the form of thin, epitaxial tidioxide film grown on the C{111) substrate. The tin

dioxide film was prepared by reactievaporationof metallic tin underan atomic

oxygen at mospher e -‘ambartMetallicfirhassbeen evaporatdd 5

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

The substrate temperature was kept at 673 K ddepgsitions. 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. Ti3ekBpeak
spectrum is presented Figure 4.11 b. The charge shift was estimated from the Cu
2ps2 peak with binding energy (BE) of 933 eV (not shown). The38p peak is
located aBE in 486.6 eV corresponding to the*Sstate as described in the literatre
and indicating the formation of tin dioxide film. Thel®spectra measured from the

prepared film are presented 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 stiace lattice oxygen andytroxyl grougt42

a b

Intensity [a.u.]
Intensity [a.u.]

T T T T TTT T TTTT T

T T
490 488 486 484 482 536 534 532 530 528 526
Binding energy [eV] Binding energy [¢V]

Figure4.11: Sn 3d. (a) and O 1s peaks Jlof SnQ/Cu (111) system.

The RHEED diffraction patterns confirmethe results of the XPS
measurements. The diffractograms from the clean Cu substrate as well as from the
prepared film are presentedrigure4.1.2 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 tha® smooth surface has been formed. The same types
of diffractograms repeated each 60e¢e dur.i
Figure 4.12 c representghe interpretation of the tin oxide diffraction patterns. It
shows thatthe tin oxide epitaxial layerare composed of several populations of
relatively flat crystal grains with different orientat®with respect to the substrate
surface. We caalso conclude¢hat 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 airtltgoxide and copper

surface are described with the next epitaxial relations:

SnG»(100) || Cu111)

SnG»[010] || Cu[110]

SnG:[010] || Cu[211]
32



The interpretation of diffraction patterrisas shown that there are two
orientations of tin dioxide on the substrate with respetti@substratsurface having
SnQ [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 presentéidume 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 db a @465
nm and ¢ = 0.312 nm, that are lower B 2Zomparing to the bulk valu&sSuch strain
of the tn 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 accord)ngly

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 slighhgle 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 linén the table shoulte more populated than the other one. It was
confirmed by inspection of relative intensities of different reciprocal planes in the

diffraction patterns from deposkigure 4.1.2. b).

Theoretical Sn@data
[010] [001] [011]
4,738 3.187 571
Cu[110] 2.556 1.854 1.247 | 2.234
Cu[211] 4,427 1.070 0.780 1.290
Experimental Sn@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 parametecslculatedfrom theoretical and experimental

SnQ lattice parameters
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Figure4.12: a) RHEED patterns of the Gaubstrate at [110] and [211]
directions, b) RHEED patterns of the Srfln relatively to the Cu substrate, c|
interpretation of the SnQiffractograms, d) model of Sa@Qu (111) system in thi
direct space
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The morphology of the film is presented kigure 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 resutibtained by the RHEED technique. The grain
like objects on the terraces belong to the tin dioxide clusters formed during deposition

andfifrozerd when sample heating was turned off.

Figure4.13: SEM image of Snd§100)/Cu(111) system

Figure4.14: Cu(111) singlecrystals oxidized in the NARPS cell by heating

at 0.1 mbar pressure of oxygentemperatures up to 500.K

Although we were able to prepare thin epitaxial tin dioxide film on th€LCL)
single crystal, there are several issues lg@to decision to stop further experiments

with SnQ/Cu systems.
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The first issue is that the tinfflises 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 coppeidation when heated at temperatures
higher than 500 K under pressure higher than 0.1 mbar in oxygen or ecyg&ming
gas mixture. The consequences of such oxidation are preserigniia 4.14. 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 NAXPS technique, is not sustainable. Thessons
motivated us to search for a different substrate for the model swidigsdioxide

model system.
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4.2. Preparation of SnG: nanoparticles

This chapter is dedicated to-SmG and SnQ@ nanoparticle model systems
preparation on the rutile surface astddy of their properties.

The rutile was chosen assubstrate for tin dioxide nanoparticle preparation
due to the same tetragomaystalstructure and hence small lattice maich. Beside
this, rutile is muchmore inert toward tin dioxide and treatmémtdifferent media.
These properties make it much more appropriate for NAP experimenta ¢bpper
substrate.

Preparation of nanoparticles has been performed in anrhidinavacuum
(UHV) RHEEDXPS chamber with ba3%mnbapandaNARur e be
XPS facility permitting XPS measurements andsitu sample oxidation at oxygen
pressure up to 3 mbar. As a subsirdtee rutile single crystal supplied by
SHINKOSHA (10mmI  Imtnl  Gnmbwas used with surface polished along the
(110) crystallographic plae. The rutile singlerystal was cleaneih 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.

[110] [001]

Figure4.21: RHEED patterns of clean stoichiometric Bi10) surface

Growth of the S¥5SnQ, epitaxialnanoparticles was performed tgposition of
metallic tin from the resistively heated sapphire crucible in the atomic oxygen
atmosphere at the psesi r e 0fmba anll sulisBate temperature of 773 K.

Preparation of Snnanoparticles was achieved by oxidation ofSO
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 westidied by means of RHEED, XPSAP-
XPS and SEM technique3he darge shifin XPS measurememtas estimated from
Ti 2psr2peak positiofP. The results of chemical and structuraldiees are discussed in

two chapters below.

4.2.1.Sn-SnOx nanoparticles characterization

The rutile singlecrystal was chosen as a substrate for Sné@hoparticle
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 4hdBaicause of the
use of atomic oxygen reactive atmosphere combinedatw deposition rate of tin
we expected dormaion of tin dioxide epitaxial nanoparticles on (110) surfate o
rutile. However, this expectation was not approvadd after tin deposition the
formaion of ShRSnQ, nanostructures were observed

Figure 4.22 shows Sn3ds, XPS spectra taken at different stepstioé
experiment. Tin has $hand SA* oxidative statgut due to the close values of their
binding energies it is impossible to distinguish them in traditional XPSdmore
shell spectrurfl. For this reasarwe referthe peak located at the binding energies of
486.6 eV and 484.8 e¥s Sri* and SA states, respectilye After deposition of tin
Sn*/Sr? intensity ratio was found to be 4(Bigure 4.2.2, curve a).

In general, Sn exists in two Srand SA* oxidation states. Unfortunately, it is
impossible to distinguish between these two states only from the XPS data presented
here. Considenig high symmetry of the peak at 486.6 eV and its relatively low FWHM
(1.27 eV),we can state thahis peak corresponds only &single oxidation state. As
titanium oxide substrate is n@monductive material the all photoelectron spectra were
corrected fo charging effect. Unfortunately, there is no peak in the spectrum which
can be used for energy axis calibration (likel§}, so the absolute positions of Sn
peaks orthe energy axis are only estimative. In addition, the position of particular
peaks camlso be influencedly the size effect because of nanometer size of observed
particl es. Cal cul ation of Auger paramete

be influenced by size effect), gave a value around 920 eV which is, in general,
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attributed to St oxidation stat&. Taking to account the salts of RHEED analysis,
presented in the next section, showing the presence of oriented tin oxide with rutile
structure an@ similar form of Srn3d photoelectron spectra for both types of samples,

we can claim that tin is very probably in“Soxidation state.

Intensity [a.u.]
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Figure4.22: Sn3ds2 XPS spectra taken after: (a) tin deposition, (b) annealing
573 K in atomic o Xx'ynbae (c)aaneainy atB18 & ine
atomic oxygen atmospherd 5 7 r@ibar, (d) annealing at 773 K in atomic oxyg
at mo s p h e’rnar.5or bettet @mparison the spectra are normalized

peaks maximum.

For the oxidation of the S8nQ, system a series of sample annealing were
done. Each annealing was performed for a period of 10 minutes under the pressure 5
I “1rdbar of atomic oxygen at substrate temperature of 5Hdl(e 4.22 a), 673
K (Figure 4.22 c) and 773 K Figure 4.22 d). The results show an increasing value
of Sn*/Sr intensityratio 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 presenc® of Sn
state in the XPS spectra.

Figure 4.23 represents RHEED patterns taken along2T10] and [001]

crystallographic directions after tin deposition. Interpretation of the diffraction

patterns revealed &rmaion of 3di mensi onal (3D) fBanopart
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tetragonal lattice structure with lattice parameters of(a581nm, ¢ =032 nmand

following epitaxial relationships:

Sn (010) || Ti@(110)

S

n [001] || TIQ[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 tophoes nanoparticles

and/ or a thin

a mo r p h-8runsinopawicles. r

on t he

Morphological studies were performég the SEM microscope (seEigure

4.24). SEM image displayed 3D rowsthaped St5nQc nanoparticles homogeneously
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Figure4.24: SEM image of Sn nanoparticles (left), Sn nanopatrticles size
distribution (right)

In this subchapter was shown that using tin deposition in atomic oxygen
are able to prepare S$nQ; nanostructure consisted of epitaxial Sn particles with
tetragonal structure and amorphous tin oxide. Preparation of:» Sm@nted
nanoparticles from this S8nQ, system by oxidation at low pressures, though, is

impossible even if we use reactive flux admic oxygen.

4.2.2.Sn0z nanoparticles characterization

The formation of tin dioxide epitaxial thin films is highly dependent on oxygen
pressuré®*®, For this reason ahconsidering 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 th&®0Q, nanoparticles obtained
in the same way as describdumbae by their further controlled oxidation in NAPS
cell.

In Figure 4.25, we present an evolution of Sds» XPS spectra in dependence
on the oxygerpressure and substrate temperature. Curve a) represents the spectrum
after the preparation of SBnQ. nanostructures using atomic oxygen flux and
corresponds to the first stage of the previous experifagnit the next steps of the
experiment, the sample was treated at enhance oxygen pressure3frotrat (curves
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b-d) at room temperature and gradually increasing teatpes from 400 K to 550 K
at oxygen pressure of 3 mbar (curess).

Intensity [a.u.]

489 488 487 486 485 484 483 482
Binding energy [eV]
Figure4.25: Sn 3d,2 peak spectra taken under different oxygen pressure in I
XPS: (a) deposition of tin, (b) 1 mbar of oxygen at room temperature, (c) 2 m
oxygen at room temperature, (d) 3 mbar of oxygen at room temperature, (i
mbar of oxygen at 400 K, (f) 3 mbdraxygen at 500 K, (g) 3 mbar of oxygen i

550 K. For better comparison the spectra are normalized to peaks maximt

The Sit*/Sr intensity ratio after tin deposition was 6.9. This ratio is higher
comparing with that one for previously describedS0, nanopatrticles. It is probably
due to the slightly different experimental conditions during the preparation procedure.
After preparation the Speak was located at 484.3 eV (cuajeSubsequent oxygen
exposure at room temperature (cupyeaused Stpeakshift 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 ofSpeak remained at a binding energy of
486.6 eV during the whole experiment. Thé Beak &ift can be caused by the size
effect and/or charge transfer between Sn clusters and adsorbed oxygen on their
surfac&®. 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 Beakfraction was oxidized
to SA™ at the oxygen pressure of 3 mbar and temperature of 550 K. Nevertheless,
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complete Shoxidation to SK* was never achieved and presence of small amount of
metallic tin was always detectable by XPS.

Formation of epitaxial tinidxide nanoparticles was confirmed by the RHEED
patterns presented Figure 4.2.6. Interpretation of diffraction patterns shows that tin
dioxide formed epitaxial struates having rutile structure with lattice constants a =
0.471 nm and ¢ = 0.301 nm (lower by @wand 5% comparing to the bulk valug}

and gives the following epitaxial relationgk:

SN (110)|| TiO2(110)
SNQ[1-10]|| TiO2 [1-10]

.
002 001 000 001 002 220 110 000 170 220
Qe @ L L SR ® 4 4 4 * ) 4
: 120 010+ 100 270
= R M
112 111 110 17 112 1130 1020 110 200 10
------------------------------- @@ * I 4 ¢+ *
030 : 1120 210 300
¢ I e . e &
222 221 220 1207 222 040 1130 220 310
---------- O @ @ b ¢ ¢ 4400

® ¢ SnO2 (110)

Figure4.26: RHEED patterns of Sr¥hanoparticles in Sngj1-10] and [001]
directions parallel to the Ti@[1-10] and [001] directions

The round shape of the diffraction spots indicatesdarnsional form of tin
dioxide particles. This morphology was confirmed by SEM observations discussed
later.

Considering the results of RHEED observations and fordP& Sn3d spectra
the Sit* state at binding energy of 486.6 eV can be attributed ttsBite of epitaxial

tin dioxide patrticles.
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Figure4.27: a) SEM image of Snanoparticles, b) particle size didbation,

c) SEMimageof S anoparticles from singl
secondary electron image captured by SEM, e) EDX analysis ofé®aCBn
nanoparticles, f) EDX spectra of measured system (Al peak contributed by

sample holder).

Figure 4.27 represents morphological and chemical studies performed by
SEM and EDX. SEM images revealed two populations of relaped and
mushroordike nanoparticlesKigure 4.27 a, ¢). Average diameter of nanopatrticles,
calculated from particle size histogranFilgure4.27bwas 92. 4 N 16. 8 nr
3.5 times bigger than S8®nQ. nanoparticles described above. The increase of
nanoparticles size can be caused by the coalescence due to the enhanced substrate
temperature (550 K) during annealindh€lsize of bigger particles with low surface
density (20 particles for 20eml20em) var
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(Figure 4.27 e, ) 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 @lsonfirmed with HRTEM technique.

For the HRTEM analysithe sample prepared in the NARPS facility doped with
palladiumwas usedNevertheless, no traces of crystalline or dispersed palladium was
detected either via STEM or EDX measurements.

In Figure 4.28 a, b AFM scan and the crossectional darkield STEM
micrographare presentedlhey confirm that nanoparticles with an average size of
about 25 nmare 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 crossectional dek-field STEM micrograph are presentedRigure
4.28 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 perforragdHRTEM indicates the
nanocrystalline character of particles. As it is visible fréigure 4.28 c, the
nanoparticles are composed of different cryisésl up to several nanometers in size.

A significant part of the recorded interplanar distances can correspond #¢130D

and SnQ(101). However, it is not possible to determine the crystals unambiguously
based on the value of the interplanar distamdthin the measurement error.
Nevertheless, we observed several crystallographic zone axes (one of them is
displayed inFigure 4.2.8 c), whichcould be undeniably indexed as SrjOL1].

Preparation of epitaxial tin dioxide structure in the NAP reaction cell was
successful via exposure of -SmQ system at high oxygen pressure and elevated
temperatures. Obtained oriented Sn@noparticles exhited a rutile structure and 3,5
times bigger diameter in comparison with-SnQ nanoparticles because of cluster
coalescence. The epitaxy of prepared nanoparticles was confirmed through RHEED,
HRTEM, and EDX techniques.
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Figure 4.28: a) AFM image of Sn€TiO,(110), b) STEM image of SpDiO;
(110) with complementary EDX element maps of Sn (green) and Ti (yellow

HRTEM image of Snihanoparticlewith [111] zone axis.
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4.2.3.Thermal stability of the SnOx/TiO2(110) and Pd/Sn@/TiO2(110) systems
in UHV

In this chapter, we investigated stability of the samplespuite angpalladium
doped tin dioxide nanoparticles in UHV. The purpose of these measurements was the
estimation of the thermal effects on thé3e and Sn3d doublets.

First, we investigated the model system in the form of-dislpersed tin oxide
nanoparticles with rutile structure and (110) epitaxial plane. The model system was
prepared as described@inapter4.2.2 This model systefs growth, morphology, and
crystallographic structure were previously studied by RHEED, SEM, EDX%XPS
and HRTEMtechniquegFigure 4.2.8).

For the thermal stability studies of the Sn@anoparticles on Ti©(110)
surface, we heated the sample in the UHV conditionthe temperature range from
300 K to 600 Kata 50 K step. The Sn3ds2 component of the SBd photoemission
spectra taken at each sispresented ifrigure 4.29 a. For thefias preparealsample
(at 300 K), the spectrum is dominated by the main peak located at 487 eV
corresponding to the $hoxidation 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 arnd 484.8 eV can be attributedthe S metallic state. The
SrP metallic phase was also observed in our previous experithafter oxidation in
the NAP cell. The presence of the metallic phasgrobably caused by insufficient
oxidation under the given pressure conditions in the {d@&P However, the
appearance of the Brstate cannot be excluded. The energy difference between the
Sre* and SA* states is within 0.7 €5, but the Sfi peak broadness has not been
changed visibly during heating (1.8311.35 eV). Therefore, it idifficult to make a
precise deconvolution of the Srstate from the SBds2 peak. However, a shouldier
the valence band spectthe BE of 3 eV, approximatelgkenat 600 K was detected
(Figure 4.29 b). It may originate from the $hstaté&>>°
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Figure 4.29: XPS spectra from the Sp@anoparticles on rutile heated ir
the UHV a) Si8ds2 peak heated from 300 K to 600 K, b) valence band for tl
sample heated at 300 and 600 K. The spectra are normalizedpoehe k 6

maximum.

In the next step we investigatadgample doped with palladium. Unfortunately,
experimental time on the NARPS facility is limited, so thermal stability of the Pd
doped sample was measured on the sample prepared in the RMXPEDacility. The
tin oxide naoparticles were prepared by oxidation of theSHi» nanoparticles with
radio frequency (RF) oxygen plasma (afhibar pressure) with its further annealing
at 923 K in UHV.The sample with tin dioxide nanoparticless then doped with a
small amount oPd. The equivalent deposit thickness of Pd was estimated to be about
0.7 ML. The RHEED diffractograms of the prepared Pd/SsyStem are presented in
Figure4.210. They indicatedhe 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 @norphously dispersed on the SAKO, (110)surface The
last statement was also confirmed by the HRTEM and EDX studies.

In Figure 4.211 we present SBds.and Pd3ds/2 photoemissiopeaks after Pd
deposition. A charge shift of the spectra has been estimated fr2m-fieak position
at 458.8 eV. The BE of the Srstate is shifted by 0.2 eV toward lower energy (486.3
eV) comparingto the undoped sample. This decrease occurs due to the Fermi level
shifts caused by the creation of metamiconductor interfaé®®. The peak located
at BE in 484.9 eV corresponds to theifh bimetallic phasé
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Figure 4.210: RHEED patterns in [110] and [001] directions of the Pd/SnO
model system prepared by the heating at 923 K of hte RF exi8rSnQ sample
in UHV.

Deconvolution of the P8dk2 exhibitedthree peaks at 335.3 eV, 336.4 eV, and
337.7 eV. Peaks at 335.3 eV and 336.4cexfespond to the metallic palladium and
Pd-Sn bimetallic phaseespectivelyAccording to literature thegaklocated at 337.7
eV is recognized as Pdstaté®. In our experiment itould be a consequence of

interactionthe sample surfaogith residualadsorbates.

a b

486.5 eV i 3353 eV
Y Pd/SnO,
Pd 3ds,

PdISn0,
Sn 3ds;,
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Intensity [a.u.]

\ Sn0,\TIOL(110)
. system

T T O O I T T T
490 488 486 484 482 339 338 337 336 335 334 333
Binding energy [eV] Binding energy [eV]

Figure4.211: Sn (a) and Pd (b) 3¢ spectra of Snparticles after Pd
deposition. Spectra were acquired at the RHEED facility.

Thermal stability was measuratthe NARXPS facility. Figure 4.212 shovs
Sn 3ds2 spectra in the temperature range from 300 K to 600 K. Spectra can be
deconvolutedisingtwo components at 486.7 eV and 485 eV that belongs“foa8d
SnPd alloy states. The 0.2 eV shift is caused by the difference in measurement sets

and increasing of the oxygen vacancies in the Bi@k while the sample was exposed
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Figure4.212: The Sri3d spectra of the Figure4.213: Pd 3d2spectra of the
sample heated in UHV. sample heated in UHV.

to the atmosphere. With temperature increase, alloy fractionngisasesThisis in
agreement with P8ds/, spectra [Figure 4.2.13), where P8 part shifts to 336 eV that
corresponds to the SRd bimetallic staf¥ ®*. The tail at 337.9 eMvhich belongs to
adsorbates bonddd palladium completelydisappearea@t 550 K.The peak located
at 336.6 eMvas attributedo the Pddisperseghasé.

In summary, undopeith dioxidenanoparticles revealed to be thermally stable
in UHV. On the other handhe tin dioxide model system loaded with palladium
exhibited slightchangesiue to theheading. Elevatedtemperaturenduced important

migrationof metallic palladiumandformationof Pd-Snalloy.
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4.3.Methanol decomposition study on Sn® and Pd/SnQ

nanoparticles on TiG: (110) surfaceat near-ambient pressure

This chapter is dedicated to methanol decomposition studies at NAP
conditions. The chapteontainghree parts: measurementstgfan rutile in methanol
andmeasurements conducted on the pure anddped tin dioxide nanopatrticles on
the rutile surface.

4.3.1.Methanol decomposition on the clean rutile surface

In the frst stageof reactivity experiments aNAP conditionswe measured
methanol decomposition caclean rutile surface. Thigwas doneto obtain a clear
understanding afhe methanol decomposition mechanism on the clean rutile surface
which caninfluence the resultonthe sample witmanoparticles

The clean rutile (110) surface wabtained by cycles of Arsputteringand
annealing at 840 K untiio impurities was detectdry XPS. Surface smoothnessd
structure wereonfirmed byLEED (Figure 4.31). The Ti2p XPS spectrum (higher
spin side of the doublet) taken after the preparation is shofigume 4.321 bottom
curve. Since Ti2pi2 peak is too broad cgparing to Ti2ps2 component, it is
impossible to perform a precise analysis of the whoRBpEpectrumBesides the main
peak at the binding energy (BE) of 458.8 eV corresponding*o &shoulder at the
lower BE (457 eV) indicates a lowoncentration of P staté?®3 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 fromfélce,sur

this peak can be attributed to oxygen vacancies on thg(T10 surface.
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Figure4.31: LEED diffraction patternof Ti9( 11 0) sur f ace
periodicity taken aprimary electronenergyof 107 eV

Extensive studies of methanol adsorption on10) surface in UHV were
made in the last decadé<’. It was shown that methanol adsorbs mainly molecularly
on 5fold titanium atoms and dissociatively as methoxy species that adsorb either on
5-fold titanium atomsr bridged oxygen vacaie<® and hydroxyl& "%

In our experiment, Pf state disappeared after 1 miosdrmethanol exposure.
This observation confirms that the3Tistate indicated after substrate preparation
indeed originates from the oxygen vacandles are oxidizedy direct bonding of
methoxy speciesn the Tf* cations At temperatures higher than BX, the TiO;
surfacewas substantiallyeducedlt can be caused bywb mechanisms: an alternate
protontransfer reaction of two hydroxyl species withQHdesorptionfollowed by
formation of oxygen vacan&’® and via oxidative H abstraction of methoxy with
formaldehyde desorption and dvelectrons injection into Ti©bulk with hydroxyl
formation on the surfaéé

In Figure 4.3.3 we presenO 1s (a) and Cls (b) spectra during methanol
exposureThe Olsspectraare composed dbur components530 eVi bulk oxygen,

531 eVi OH and surface oxygen, 531.9 &methoxy, and 535 eV gasphase.
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Figure4.32: Ti 2pz/2 spectra of Ti@(110)at 1 mbar of methanol exposure.

Spectra are normalized to peaks maximum.

The C1lsspectra taken during methanol exposure and subsequent heating at
temperatures from 300 to 600 K are presentdeigare 4.3.3(b). The deconvolution
of the Clsregion is presented by the methanol gas phase at the BE of-Z&@B3!
eV and five additional components that can be attributed to the different species
present on the sample surface: 289.11elNCOO (formate), 286.8 e\ CHzOHa),

286.0 eVi CHzO (methoxy), 285.3 eV CHy (methyl group), 284.4 eV graphitic
carbor®’,

It was reported that dissociative adsorption of methanol is preferable to
molecular adsorptidft®¢. This agreeswith our results, where methoxy peaks are
higher than methanol peakih literature however,formate specieson the rutile
surface were observed only photocatalytic studiéd’’. Thus, ve suggest that
formate species were induced by ¥eay irradiation Panaytov et al/’ observed the
formation of the formate in photocatalytic studies on the rutile nanoparticles. They
found that when Ti@ nanoparticles are irradiated with Uphotons a longiving
electronhole pairs are created in the Bikulk. These holes are efficiently trapped on
the surface by methoxy species with a further-ehextron degradative process of
methoxy to formate. Though formaldehyde and formyl are probably intermediates in
the dehydrogenatigmathwayto formate, they have nbeen detected in thigork even

in Panaptov work. This can be explained by their low surface concentration due to
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rapiddesorptiorof the speci€s and, thus, short lifetime. Moreover, the formaldehyde
peak may overlapped with the gas phase feak
Also, a small carbon peak is detected at all spectra till 500 K. This indicates

that some methoxy species underg®Gcission with further methyl dehydrogenation
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Figure4.3.3: C 1s(a) and Ols(b) spectra for TiQ(110)at 1 mbar of methanol

exposure. All spectra are normalized to maximum.

to carbon. At 500 kKcarbon peak disappears and methyl peaks dwindles. This can be
explained by the fact that at higher temperatures on thesli@acewith defectsthe
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methoxy groups decompose to methane augbrbedxygerf® which in turn reacts

with carbon.

4.3.2.Methanol decomposition on the Sn@/TiO2(110) system

The model system in form of wellispersed tin oxide nanoparticleaving
rutile structureand(110) epitaxial plangvas prepar@as described i€hapter4.2.2
The growth, morphology, and crystallographic structure of this model system were
previously studied by RHEED, SEM, EDX, XPSandHRTEM techniquesThe
system reveals to be thermally stalildngpter4.2.3.

Further, the Sne&nanoparticles prepared on the rutile surface were heated in
the temperature range from 300 K to 600 K at 50 K steder 1mbar of methanol. A
similar shift pattern for theample heated in the UHV (that points to the size effect)
was observed in the SBok. photoelectron spectreFigure 4.34). However, the
spectra show a more pronounced metallic tin component (484.7 eV). It can be
explainedas a consequence tife surface reduction caused by the interaction with
methanal Particles surface reduction increase substantiilihe higher temperatures
(Figure 4.35).

486.6 eV
SnO, 4869ev . -

Sn 3dg

484.7 eV

Intensity [a.u.]
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Figure 4.34: Sn3ds2 spectra of the Snmanoparticles on the TiKX110) surface

under 1 mbar of methanol. The spectra were normalized to the peaksnium
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The methanol decomposition at the increasing sample temperatures can be
followed from the Olsand Clsspectrgporesentedn Figure 4.3.6. The Olsspectra
are similar to spectra obtained from the rutile surface. Thi&sGpectra were
deconvoluted in agreement with the methanol decomposition on the pure rutile surface
in Figure4.3.3 (a) and literatur&-. 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 alrd@stppear 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 pronounceeOCscission of methoxy groups with a
further decomposition of methyl species to the graphsacbon on the SnO

nanoparticleshan on the pure rutile surface

;] sno, o
1 O URv /
64 —O— 1 mbarof CH;0H /
] /
5 d
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300 350 400 450 500 550 600
Temperature [K]

Figure 4.35: The SA state fraction from the whole Sn 3d doublet area of th
SnQ/TiO2 (110)system under 1 mbar of methanol.

The formate species observed in thel<spectra are originated from their
adsorption on free rutile substrate. With sample heating tHes §pectra shifted
approximately by 0.1 eV towatldwer BE and shifted back at 600 K similarly to Sn
3d spectra. Since Bcomponents moved including the gas phase, this shift is caused

by the change of surface work function and chemical pot&htial
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Figure4.36: O 1s(upper panel) an€ 1s(lower panel)spectra of the
SnQ/TiO2 (110)system under 1 mbar of methanol; The spectra were norme

to the peaks maximum.
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Figure 4.3.7: Evolution of hetotal areaof C 1sspectrunfor SnQ/TiO (110).

The form of the spectra above the temperature of 500 K indicates inhibition of
the methanol € scission reaction and hindered adsorption of the reaction product
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species. The rapid decrease of adsorbed species on the sample surface with increasing
temperatre can also be seen from the temperature dependence of the lstale@
presented ifrigure 4.3.7, This behavior correlates with a significant retilue of the
SnQ nanoparticle surface (up to ~ 22 of the wholeSn 3d doublet areaFigure
4.35). Furthermore, it was reported that on the 3rfilns, the surface reduction
decreaseactive surface ar€a A similar desorptionprocessat higher temperatures
has been observed i f t wtalf® éokthe SnQ thin films under 5 mbar of £at
673 K with the termination of water and hydroxyl species accompanied by the surface
reduction. In the case of our Sn@anoparticles, this effect took place at lower
temperature

In summay, two competitive methanol decomposition pathways on the
SnQ/TiO2 (110) were detected: €1 and GO bond scission reactions. At the
temperature threshottf 500 Kthe adsorption adhemethanol decomposition products
significantly dropsfollowed bynanopaticle surface reduction.

4.3.3.Methanol decomposition on the Pd/Sn@/TiO2(110) system

In the third stage of thexperimentwe have depositeda small amount of
palladium onto the newly prepared SHiDO: (110)system Experiments in methanol
have been conducted on the-situ prepared sammeThe Sn 3ds2 and Pd3ds2
photoemission spectra are presenteéfigure 4.3.8 and Figure 4.39, respectively.
After Pd depositionan intense peak appedrat 4846 eV in the Sn3ds2 spectrum
(Figure 4.3.8), indicating an immediate formation of Sl alloy®°.

The PdSn alloy formation camlso be deducefiom the Pd3ds> spectrum
(Figure 4.39) by the presence of the peak located at 336.2 eV. When sample
temperature increased up to 400tke peak thatorresponds t®dSn phaseshifted
to 336.4 eV, which correlates with h peak shifat Sn3ds2 spectrarom 484.6 eV
to 484.9 eV and intensity drop of 24 (Figure 4.310). This shift is caused by the
deeper diffusion of Pd atoms into the SrsDbsurface layet$®promoted by 1 mbar

of the methanol pressure and elevated temperatures.
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Figure 4.38: Sn3ds,2spectra of Pd/Sngnanoparticles on Tie(110) surface under

1 mlar of methanalSpectra are normalized to peaks maximum

With further temperature incregded 3ds,2 spectra comprigsemetallic state at
335.7 eVandshiftedbackward to 33@ eV Pd-Sn stateAt the same timghe Pd-Sn
peak intensityn the Sn3ds,2 spectrancreagd by 5 %, approximatelyup to550 K,
Figure 4.310). It can be explained by thed aggregatiomto larger clustersin the
vicinity of SnQ nanoparticles surfacguring heating of the samplie the reducing
environment Such aggregation occuise to the high Pd atoms cohe$idh The Pd
clusters are covered with f&h alloyforming a typical coreshell structurewhich
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Pd 3ds,
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Figure 4.39: Pd 3ds/2 peak under 1 mbar of methanol expos@ectra are

normalized to peaks maximum

59



reduce high Pd free surface ey (2.1 J/cn for Pd and 0.71 J/chfor Sif®). The
formation ofthe Pd clusterss also backed by th@etectionof a peak at 335.7 eV
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Figure 4.310: Pd-Sn phase part from the whole Sthpeaks area

Deconvolution of CLsspectra is presentedkigure4.3.11. Seven components
can be distinguished: 289 Iformate, 288 288.3 eVi methanol gas phase, 287.1
287 eVi adsorbed methanol, 286.4286.5 eVi methoxy species, 285i6285.7 eV
-CO, 284.8 eVi carbon and peak at 284 eV that correspond®@ carbide (for
the temperatures above 400 K). Sipeak at 284 eWasnot indicated on the pure
SnQ particles, weassume thathe peak at 284 eV belongs to the Rdthasé’:8
created in the Pdlusters In a previously published study of Pd singtgstals under
nearambient pressure of methanoly(Kaichev et af’), the PdG14 state has been
detected at 284 eV above the temperature of 400 K, which is comparable to our

measurements.
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Figure4.311: C 1sspectra of Pd/Sn&TiO: (110)system under 1 mbar of

methanal Spectra are normalized to peaks maximum

In summary, we have conducted methanol decomposition studies on the clean
TiO2(110) and in sityprepared SnPand Pd/Sn@nanoparticles on the Te{110)
surface at 1 mbar pressupé methanal The methanol decompositiand surface
oxidation statef the prepared systems were studisshgthe NAP-XPStechnique

The results revealed that on ttlean rutile surface, methanol decomposition
occurs mainly through <€l scission reaction with formate yield accompanied with a
rutile surface reduction.

The sample withundopednanoparticles proved to be thermally stable in the
UHV in the temperature rangeom 300 K to 600 K, no traces of reduction was
detected in the S8d doublet. The NAPXPS 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 competitiveethanol decompositions pathways were
detected: €H and GO bond scission reactions. At the temperature threshold at 500 K
methanol decomposition products adsorption drops significantly with following
nanoparticle surface reduction (around%/), which hirders further methanol
decomposition

In the palladium doped sample heated in methanol environmelite the
similarsample heated in UH\fraction of palladiunaggregates to clusters dotdms
acarbide Measurements in the methanol showed that metharelalsalecompose

throughtwo competitive paths: €1 and GO bond scission reaction&lthough the
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adsorption wasevedled to be lower tham the undoped sampléhere is no abrupt
adsorption drop aftes00 K asin the later sampléigure 4.3.12).
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Figure4.312 C 1speals areafor SnQ/TiO2 (110) and Pd/SngTiO> (110)

systers.
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4.4.SRPES studyof methanol adsorption onthe ex situ tin dioxide

nanoparticles onthe rutile surface

In this chapter we discuss omrethanoladsorption studiesy SRPESon the
exsitu preparedsamplesat the MSBbeamline at synchrotron Elettra in Trieste. The
samplesof pure and Pd dopetth dioxide nanoparticlesn rutile surfacénave been
prepared athe NARXPS facility at CharlesUniversityby the procedurdescribed in
Chapter4.2

Methanol was introduced tthe analysis chambefrom the glass tube with
liquid methanol connectet the chamberusinga leakvalve. Prior tothe adsorption
themethanolwascleanedoy several freezpumpthaw cycles.

Beforethe methanobdsorptiorexperimentthe samplewascleanedo remove
carbonspeciesadsorbedn its surfac@lue to air exposure. It is necesstrgliminate
impurity peaksoverlapping wittmethanol decomposition products. Unfortunattig
results showed thate are unable to removall carbonimpurity speciedrom the
surfacewithout substantial changed the original samplés complexstructure and
morphology.

Figure 4.4.1 represens C 1s SRPES spectra througdl cleaning cycles.
Annealing in oxygen at 623 K for 90 minutéisl not lead to a sufficientdecreasef
carbon impuritiegC 1sintensitydecreased by 1.2&ith respect tats initial value.
The mostefficient carbon impurity removal has been achieved by usingd\p
irradiation with further annealing in oxygen at 623(K 4 timeslower intensity
comparing tothe initial state) Although we could@ achieve complete carbon
impurities removal we are able to makea qualitative analysis of methanol
decomposition productsand comparethose results with dataobtained by
measirements in the NAXPS facility.

Another issugthat we encountedhere was inadequate peak positianghe
SRPES spectidwe usedhesamecharge shifestimation procedur&sin the previous
measurements at NARPS (derived from theTi 2ps2 BE position at 458.8 eV).
Charge shift estimation on the rutile crystadliways relative antticky becausef its
insulator nature in the stoichiometricstate Hence,for PES measurementt is
required tobe changed inta semiconductor. This is accgiished by heatingf the

rutile singlecrystalin UHV at temperatures higher #h&870 K Such heating creates a
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sufficient concentration of oxygen vacancies in the rutile bulk and sniake-
conductivé®. However, it is relatively easyto changethis oxygen vacancy
concentrationthe changetrongly depend<n the temperature andxygenpressure
applied toa single crystalas itis well described ithe literaturé® . We used a new
rutile single crystal for nanopartictrowth. After preparaion, the samplevas kept
under the atmosphere for a proledgperiod of timgso oxygervacancyconcentration

in this samplevaslower than for the substrates used our previous experiments

- SnO,/Ti0,(110)
C1s410eV

UV +623 Kin 02 N
for 30 min

623 K in O2
for 90 min

Intensity [a.u.]
l

as received

A NERAANREANN LA RN A Ra AR Ay
290 288 286 284 282
Binding energy [eV]

Figure4.4.1: C 1sSRPES spectra through the cleaning process

In the previous chaptersve confirmed by the RHEED, EDX, and HRTEM
techniques that the particles on the rutile surface are indeed tin dioxide nanoparticles
with atetragonal structure. Thus, &ve estimatedhe charge shift of the spectra from
Sn3ds2 peak position at 486.9 elFigure 4.4.2 a). After applying such a correction,
the Ti2ps/2 for all measurments aligned at 459.21 eV eHce we kept Ti2pz2 BE at

459.21 eVas a benchmartif charge shiffor all further measurements.
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Figure4.42: Sn 3d, peaks for Sne(a) and Pd/Sn@nanopatrticles on th
rutile during SRPES measurements at 650 eV

Deposition of palladiunwasperformedat roomtemperaturef the substrate
TheSn3dks2 peak shifteslightly toward lower BE energig§igure4.4.2 b). This shift
can be caused by tlappearance of the tin dioxidgalladium interfacesimilarly, as
describedn the chapter abovén this casgthereis aweakertin-palladium interaction
comparedo the sample measured in the NXPS. This can be explained either by
palladium depositiomntothe sample at room temperature /andby the presence of
carboncontaminatioron the exsitu preparedsample.

C 1sspectraor both sampletaken atprimary energy o110 eVare depicted
in Figure 4.4.3. Althoughthe maincontaminatiorcarbon pealpartially overlaps with
metanol decomposition products the evolution of spectra with increasing
temperature can be followad a similar wayto the sampls measured in NAIXPS.
For both samplg we foundtwo peakghatcan be attributetb molecular multilayer
of methanolocatedat BE of 287.1 eV and methoxgpecies aBE of 286.3 eV With
further series of flash heatintyvo minor peaksappeaed at 288.2 and 289.1 eV that
correspond tahe formaldehyde and formate spegiascordingly.The formaldehyde
is a product of methoxy dehydrogenation and was detected dimvtsample
temperaturaghat hinderedits desorptionThe formate speciegppearedn the rutile
surface by the mechanism describe@hapter4.3.1

Figure4.4.4 shows howhearea of thenethanol decomposition produétsm
the Clsspectralfigure4.4.3) changes witleachflashheating Areas weraormalized
to the full area ofthe correspondingC 1s spectum. The figure revealsthat the
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adsorption of the methanol and methoxy specidsvier on the palladium doped
sample This tendencywasalsoobservedor the samples measuread the NAP-XPS
facility. Although samples hasggnificantcarbon contamination frotheatmosphere
exposurewe can conclude that methanol decomposition in UHV odaythe same

mechanisnas in NAP conditionsinderthe 1 mbar pressumd methanal

a Sn0,/Ti0,(110) b | Pd/Sn0,/TiO,(110)
1 C1s410 eV c C1s410eV ¢
CH,O0 - CH.O -~
600 K Y
_ SN 500K A
—_ 500 K % -1 500 K v
E 400 K 400 K
2 300K 300K
g
2 250K 250K
c —
- 200K 200K
160 K 160 K
118K 120k
118 K _//_\~ 120 K
[TTT T T T T T T T T TP T prr Ty LN RN R R RN RN R
290 288 286 284 290 288 286 284
Binding energy [eV] Binding energy [eV]

Figure 4.4.3: C1s spectra for Snda) andPd-doped Sn@nanopaticles on the

rutile measured at 410 eV.
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Figure 4.4.4: An evolution of carbon components deconvoluted from Hisgp€ak

through flash heating series is present@tdaphs arenormalized to the full area
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4.5.Methanol decomposition studies ompolycrystalline SnO; films

under near-ambient pressureconditions

In this chapterwe discuss methanoiteractionunder NAP conditionsith tin
dioxide films prepared by the magnetron sputtering and the influence of palladium
doping on such interactiofin dioxide filmswereprepared by magnetron sputtering
The structure of thes@ms is closer to thereallifeo catalytic systemshan model
systems and due tofilm thickness the influence ofthe substrateon the sample
reactivity can bexcluded.

Tin dioxidefilms were prepared otie unpasivate®i (001) substrates ke
DC magnetronsputteringf r o m 2 nj target (99.996 purityl 8afina). The
magnetron head was positionedhata n g | angldabdedistancef 12 cm from the
substrate.The base pressure in the chambsra s % mHda0 Sputtering was
performed in the argoatmosphere (99.9999 %urity, Linde) with a pressure of
51 £ mbar for 30 mintes A DC power source was set3fi W power withananode
self-biasvoltageof 365 V anda current of 82 mATin dioxide film thicknesswas
estimated to babout20 nm.

The NAP-XPS measurements were conducted under 1 mbar of methanol
Beforethe methanol exposuresamples wersputteredusing Ar ionsat pressure of
1T P fbarand primary energy d00 eV ancturrent of3 QA for 7 minutes. After
sputteringno carbon impurities aredetected byhe XPS, andthe sample have been
venting with 1 mbar of oxygen tobtain a stoichiometric surface. Methanol was
introducedfrom a glass tube connected the NAP-cell by a leakvalve and cleaned
with several freezpumpthaw cyclesThe purity of methanol vapors wanfirmed

and monitored during measurements by the quadrupole mass spectrometer.

4.5.1.Methanol decomposition study on Sn@film
During measurements the sampleén methanolt anincreasing temperature
of the samplethe spectranoveddue to the charging effecs there is no suitable

peak for charging correction in the spectra (graphitic carbon or bulk substrate, signal)
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the spectra were shiftedarding to the positionf tin dioxide buk oxygen (Ols

530.7 eV).

Figure 4.5.1 shows Sn3ds2 spectra takenuting measuremesiin 1 mbarof

methanal The spectrumis composed of dominant oxidic Srpeakat 4867 eV and

shoulder a#t85.2 e\ which correspongito metallic Srf state. There wenmgoimportant

changes irthe Srf*/SrP ratio duringmeasurements of the sample undegthanol

exposureand decompositian
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485.2 eV

1imiar CH10H
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Figure4.51: Sn3ds,2 photoelectrorspectra of Snexhin film on Si(001) under

1 mbar of methanol exposure

In Figure 4.5.2, we presenC 1sspectra takeduring the samexperimenin

methanokt increasing sample temperatfEhe nethanol decomposition process

sputtered filmshas similarfeaturesas it was obervedpreviouslyon the tin dioxide

nanoparticle (seesubchapter.3.2) Similar to the samplevith nanoparticleswe

observe five peaksthat correspond to the methanol gas ghadsorbed methanol,

adsorbedCHsO" species methyl group and carbon located d&inding energies of
288.41 288 eV,2871 286.6 eV, 286.4 286, 285.4i 285 eV, 284.9 284.5 eV
Unlike the sampleswith nanoparticlesa peak at ~ 291.77 292.2 eVwasdetectecdat

thetemperaturgangefrom 550 K t0600 K. Figure4.5.3 showshetime evolution of

QMS signals at selected masses in this temperature ri¥gean see the dominant

intensity changes fdrydrogen(m/z=2) and carbon monoxidgn/z = 28). Taking this

into considerationthe peak mentioned abovean belong to the acetate or methyl

formatke species.In the case ohcetate|t is formed at lower temperaturesind its
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formationrequiresa transitionmetal catalyst, HI, and specificcatalyticquantity of
watef!, which wasi@ detectedby QMS Figure 4.5.3). Thus, we can excludethe
possibility of acetate formatio®@n the other side, methyl formate spediage been
detectedfor the methanol decomposition on SnEatalyst at ambient pressutes
From thepronouned increasef CO and H signals (m/z= 28 and 2) athe 5560600
K temperature rangee concludehat methyl formateés formedthrough two possible
reactions:

CHsOH + CO = CHOC(O)H
and/or

2a3[1 = 212
2a= 241t 21
2CHO + 2CHO =2CHOC( O) » +1

where formaldehyde ighe intermediate of methanol deprotonation to carbon

monoxidé?. At 600 K two other reactions take place:

CO + 3H=CHs +H0
CO+RO=CQ+H:

This is indicated by an increase of £180,, and RO signals (m/z 16, 44 and 18).

The desorption and decomposition process of methanaklsarbe followed
from the temperature evolution ofXStotal area presented igure 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
temperatureKigure 4.5.2, Figure 4.54). Because no noticeable tin dioxide surface
reduction has been detectedhigh could reduce sample catalytic acti¥itythis

desorption drop is caused by the sample heating.
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Figure4.52: C 1sphotoemissiospectra of Sn&)Si(001) system under 1 mbar

methanol; Spectra aneormalized to peaks maximum

SnO: system under 1 mbar of CH:OH
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Figure 4.5.3: QMStraces forselectedn/z values in range from nm#z2 to

m/z= 44 taken at 1 mbar of methanol in 5800 Ktemperaturegange
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Figure 4.54: Total Area under Clspeak for Sn@Si(001) system

Figure 4.55 showsthe SEM images dhe sanple after measurements under
methanol at NAP conditions (b) atfte untreatedeference sampl@). Thereference
sampleexhibitswhite flakes on its surfacevhich can be attributed to the bigger tin
dioxide grains. According to the XPSanalysis the silicon surfacas completely
covered by tin dioxide thin filgmand thereare no traces of substrate signal in the
spectraThe sample aftemethanoltreatmentrevealeda considerablyhigher amant
of such flakedavingan area of ~16 % of thetotal surface aregagainst 2% before
methanol treatmentit indicates significant morphology changestai dioxidesurface

while heated in methanol.

Figure 4.55: SEM images of Snurface othereference sample (a) and samg

after 1 mbar of methanol exposure.(b)

We can conclude thati©, and G H scission reactions run concurrently on
this type of tin dioxide surface at NAP conditioiifie GO scission reaction runs in

the whole temperature range and provides enough oxXggemoxidation ofthe SnQ

72



surface and remavg of carbon depositsThus catalytic properties of the surface are
not cut off andthe QMS detects <€l scission reaction spikieom 550 K (hydrogen
and carbon lines on thHegure 4.5.3), as well as, much less intensive reactions with

methane, wateand carboroxide yield
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4.5.2.Methanol oxidation study on Pd/SnQ films

This chapter showesults obtained on treamples prepared by the magnetron
sputtering in the same way as described almmeloped withpalladium. Palladium
dopingwas done by usingnelectron beam evaporator providedtbg TectraGmbH
in theUHV chambeof theRHEED facility. Prior to thesample preparation evaporator
has been calibratdaly depositioron a siliconwafer. Deposition flux was maintained
by the flux controller witranion current of 100 nAThe deposition i@ was estimated
to be 0.065 nrfmin. The tickness of the deposited palladilayerwas determined

from the Si 2p peakintensity attenuatian

Sn 3d
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H _
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4 Pd 3d
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| fazm
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Figure 4.5.6: Sn3dand Pd3d doublets after deposition of Pd onto magnetror
prepared Snefilm (uppel), Pdequivalenthickness was conducted from 0.3 to
monolayers (ML)Proportion of tin to palladiunatoms in the sample surface ar

(lower).
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Before deposition opalladium the sample wascleanedusing argonion
sputtering The palladium was deposited at several stafisthe sampléemperature
maintainedat 528 K during depositiorin Figure 4.5.6 (upperpane) we presentn
andPd3ddoubletdakenafter each deposition stéfye 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 timsan be explained by fflusion of Pd atoms into tin
dioxide bulk at elevated temperature maintained dudegosition. The in to
palladium ratio was calculated from th&d doublet areasakinginto accountheir
crosssecton at incident photorenergyof 1486.6 eV After thelast depositionstep
the tin to palladium ratio within the surface areeas equal to ~10. Before

measurements at NARPS facility thesample wagxposed tdhe atmosphere.
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Figure4.5.7: Pd 3ds;2peak XPS spectra of Pd doped Stitn film on Si (001)

under 1 mbar of methanol exposure; Speat@normalized to maximum

Beforetheexperiment with methangahe sample was cleaned with argon until
no carbon contamination has been detediedestore stoichiometry of tin dioxidlee
clean samplavas thentreated in 1 mbar of oxygefigure 4.5.7 presentsPd 32
spectrumat all stages of thexperiment clean and methanol treated Pd/Ss0Orface
at increasing annealing temperatufbso palladium states at 336.2 eV and 23&V
are indicated in the spectruReak located at 336.2 eNasattributed tothe Pd-Sn
alloy phaseand peak located at 32#&V to Pd* state accordingly®. The presence of
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Pd* state is probably a consequenféhe sample treatment in oxygen. The formation
of Pd-Sn alloy was previously observed during sample heating{sagter4.2.3 and
it is also confirmed by presence of alloy features i3&spectra (see later in this
chapter) ThePd-Sn to Pd* ratio changes from ~ 3.5 to ~ 4.2 with heating from 300 K
to 550 K and tbps to ~ 3.5 at 600 KSincechanges are not significamte can claim
thatboth palladium states are stablEhe stabilityof palladium peaks throughotite
experiment is caused by themogeneoupalladium distributiorand relatively high
temperature ding depositionSatellite peakocated aapproximately2.4 eV higher
BE than Pd* 3ds2 peakand havingntensity equal td 5 %°*%of its intensitywas not
observed because of low intensity of Pstate

Sn 3ds2 spectrataken atall experiment stagesre presentedh Figure 4.5.8.
We distinguiskedtwo states at 486.7 eV and 485.4, eMich belong to SH and Sri
Pd alloy.The BE of the Sit* state isshiftedby 0.2 eVtoward lower energgompaed
to the undoped sampldue tothe creation ofthe metatsemiconductor interfaé>g,
The Srt* to Snuiey ratio decreaseslightly during the experimenfrom 13.4 to 10)
which is caused either by higher alloy concentration within the surfacewdtiea

temperature risandor slightreduction of tinoxide
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Figure 4.5.8: Sn3ds2 photoemissiospectra of Pd doped Sahin film on Si
(001) under 1 mbar of methanol exposure

The Clsspectra of the sample under methanol expoatidifferent sample
temperatureare presented iRigure 4.59. Till 400 K C 1sspectra are similar to the
spectra measured on the films without palladiurhus, GO and CGH scission
reactiongun in paallel. However for temperatures abovb0 K, the CHx andC peak
intensities started to ris8uch intensity increasadicates that € scission reaction
plays a significant roleabove 450 KMethanol molecules split ©©OH andCHs which
dehydrogenatapto C. These carbonaceospeciedblockthe samplé active surface
and hinders further methanol decompositamsiitis indicated bytheC 1sarea increase
more than fourfold in comparison with undoped filrekgwed in thd=igure 4.5.10).
The last statement @soconfirmed by the QMS measureme(fsgure 4.5.11). The
observed mass traces hesénibit dominant methandines®: 31, 32, 29,and15, with
only a slight hydrogenand carbon monoxiddines increase with temperature
enhancemenrds a result of metinal deprotonation on the sample surfatiee same
effective surface blockadg®s been observed on the metallic palladwibundernear
ambent pressures ofmethant’’. Thus, GO scission reaction dnfurther CH

dehydrogenatioareactivated thermallyand caused by Pd incorporated in the film.
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Figure 4.5.9: C 1sspectra of Pd/Sn&6i(001) system under 1 mbar of methan

Spectra are normalized to gakase region

Similar toundoped filmthe peak atBE of 290.71 291.1 eVwasassigned to
themethyl formatealthough, in the case, it appeared% K lower temperature (500
K - 600 K). Additionally, the formate peak was detecé¢db00K. Formae, most
plausibly, originates from methyl format decomposition to CHOGind CH
accordingly.The dehydrogenation of the Ghhay be one of thereasos for the

increase ofH> signalin the QMS spectrat 600 K(see later in this chapter)
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Figure 4.5.10: Total aea under Clspeak for Sn@Si(001) and Pd/Sn&Si(001)

system
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Figure4.511: QMS spectra taken at 1 mbar of methanol in 58D K range

Figure 4.5.12 showsthe SEM imagsof theuntreatedeference sample (a) and
sampleafter methanol exposui@). On koth samplesthere areno flakeson their
surfaceas was previously observed fandoped samples. This is probably, caused
SnPd alloy formation in the surface regiwmich stabilizes the surface morphology
of the sampleThe samplafterthe methanoéxposure is slightly rougher, althouigh

topogramy change is not significant.

Figure4.512 SEM images of Pd/Sn@urface of the reference sample (a)an:

sample after 1 mbar of methanol exposure (b)

This experimentrevealsthat palladiumloading (Sn/Pd ~ 1Q) stabilizes
surface morphology. The methanol decomposition up to 450 K osicoilarly as on
undoped sampte Whenthe temperature reaches 45Q #e G O scission reaction

path became dominant and resulted in a high yield afZ@HC. These deposits cover
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