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Chapter I 

Introduction 

 

 

 

Heterogeneous catalysis plays a central role in many emerging fields such as energy 

storage and conversion, reduction of pollutants, production of chemicals, conversion 

of hydrocarbons and fuels, gas sensing etc… The term catalysis was first introduced 

in 1835 by J. J. Berzelius to describe an enhancement of a chemical reaction rate 

obtained through the use of a substance (or a mix of substances), called catalyst, 

which is not consumed during the reaction. Nowadays catalysts are commonly used 

in many important industrial processes (e.g. oil refinery, organic synthesis and many 

other fields). They are generally composed of several components combined in a 

precise proportion and optimised in order to provide the highest reaction rate and 

selectivity on the basis of an empirical trial and error procedure, i.e. a simple test of 

different formulations and the selection of the most active between them by simply 

evaluating the reaction rate and the overall chemical yield (hereafter called as real 

catalysts). Commonly, the main building blocks of a real catalyst are known through 

the chemical preparative process but it is hard to associate a well-defined role to each 

component in such a multi-component system. Moreover, a complete understanding 

of the elementary steps underlying the catalytic processes at the atomic level is really 

difficult to be achieved studying real catalysts because of the intrinsic complexity of 

most of them, and because of the chemical complexity of the steps involved in the 

whole process.  

It is well known that no real improvement in science can be achieved without a 

knowledge-based approach. Focusing on catalysis a typical surface process, in order 

to avoid a mere trial-and-error approach and the role of the different parameters 

affecting the catalytic performance, should be analyzed in details using a rigorous 

approach based on the concepts and tools developed by Surface Science (SS) applied 



2                                                                                       Chapter I         Introduction 

 

to well-defined systems. In other words,  a multidisciplinary reductionist approach is 

really needed in order to ascertain the role of the several different factors, e.g. the 

electronic and structural effects (e.g. morphological changes, role of defects…).  

Real catalysts are usually composed by metal particles of nanometric size (hereafter, 

nanoparticles, NPs) dispersed on a high surface area inert material used as a substrate 

(usually an oxide). The use of metallic NPs arises from their unique physical 

properties associated with their spatial confinement. As a result, the properties of 

these species are neither those of the bulk material nor those of molecular 

compounds, and are strongly dependent on particle size, surface structure and 

composition of the particle itself. This has generated a new area, called 

Nanocatalysis,1, 2, 3  where in recent years much efforts have focused to understand 

what governs the behaviour of matter within the 1-10 nm range. In this field, the 

results obtained with nano-sized gold are promising, especially because these kind of 

NPs are able to activate the oxygen molecule, making Au based catalyst suitable for 

selective oxidation reactions.4  

However, many open questions concerning nanocatalysis are still pending: what is 

the role of the catalyst particle size, shape and structure? What is the role of the 

substrate, i.e. of the particle support, in terms of structure, morphology, crystallinity? 

What is the role of the substrate-particle interface, and what is the role of phenomena 

like charge exchange?  

To overcome many of the experimental difficulties in applying SS to catalysis and to 

answer the above questions, an approach based on the so-called model catalysts has 

been developed. At the beginning (late 1960s), following the development of Ultra-

High-Vacuum (UHV) equipments, model catalysts were obtained creating well 

ordered extended surfaces of catalytic metals. Hence, their electronic behaviour and, 

above all, their chemical properties (through chemisorption properties) were 

successfully investigated using the common SS techniques.5  Using this approach, 

the mechanism of some important reactions like the CO oxidation6 and the ammonia 

or methanol synthesis7, 8 has been described. However, a metal single crystal surface 

is not a good model to reproduce a real catalyst, since two important features are not 

taken into account: the finite size of the metal particles, affecting both the catalyst 

reactivity and selectivity9 and the presence of the substrate, that is used as a 

mechanical support but in many cases can modify the electronic properties of the 

NPs10,11,12 or migrate over them as a consequence of the Strong Metal Support 
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Interaction effect (SMSI).13 The use of supported model catalysts helped the 

scientists to overcome these limitations, usually referenced as material gap.14 The 

supported model catalysts are obtained depositing, under UHV, metal NPs on a clean 

planar oxidic surface used as a substrate. Metal NPs can be nucleated and grown on 

such samples using several deposition methods: UHV evaporation, Chemical Vapor 

Deposition (in situ decomposition of a metal precursor), wet impregnation etc.. In a 

further improvement of the supported model catalyst, the oxidic substrate has been 

implemented as an ultrathin film on a metal single crystal substrate, so avoiding any 

charging of the substrate itself under the conditions of a typical SS experiment.15 

Another important limitation to the use of model catalyst regards the pressure gap. In 

fact these model systems are usually prepared in situ in UHV (common pressures in 

the 10-10 mbar range) and it is not clear whether they can survive after exposure to 

ambient conditions, maintaining their morphology and allowing us to extend the 

validity of studies performed in UHV to real conditions. As a consequence of this, 

High Pressure (HP) cells, directly connected to UHV chambers where the sample 

preparation is carried on, have been developed so that the sample can be 

characterized with SS techniques before and after the HP treatment.16 Moreover, in 

many systems the reactions taking place during the HP exposure can be monitored 

using infrared spectroscopy coupled with a Quadrupole Mass Spectrometer (QMS) 

for residual gas analysis.17  

Based on the experience built up in the research group, where such thesis has been 

developed, in the field of TiOx ultrathin films grown on Pt(111) (and widely 

described in chapter 3),18 a method to prepare M/TiOx/Pt(111) (where M stands for a 

generic metal) model catalysts in UHV following reproducible preparative strategies 

has been developed in the present thesis work. Metal NPs show different behaviour 

depending on the TiOx phase where they are deposited. Hence, through Low Energy 

Electron Diffraction (LEED), X Ray Photoelectron Spectroscopy and Diffraction 

(XPS-XPD), Scanning Tunneling Microscopy (STM) and Thermal Programmed 

Desorption (TPD) it was possible to establish a connection between the NPs 

morphology, their interaction with the substrate and the overall system reactivity, 

that was investigated using probe molecules (commonly CO and O2). The thermal 

evolution of the systems was also considered, and a complete study regarding the HP 

evolution of Au/TiOx/Pt(111) using Fourier Transform-InfraRed Absorption 



4                                                                                       Chapter I         Introduction 

 

Reflection Spectroscopy (FT-IRAS) will be presented in section 6.4 in order to fill 

the pressure gap.  

In this thesis I will present the results of a three years long PhD research project on 

model catalysts. It will be divided in four different sections. In the first section I will 

present the SS experimental techniques and setups that have been used to 

characterize our samples (chapter II). In section two (chapter III) I will briefly 

focus on the state of the art regarding the TiOx/Pt(111) ultrathin films so far 

characterized in the group and I will present an update on the stoichiometric rect and 

rect’-TiO2 ultrathin films (chapter IV). In the third section, Au based model 

catalysts will be considered: in chapter V I will first summarize the state of the art 

on Au at the nanoscale and in chapter VI I will present the results obtained on the 

Au/TiOx/Pt(111) model catalysts, describing their electronic properties on different 

TiOx substrates, their morphology and reactivity. In the last section I will present the 

results obtained on Fe based model catalysts: in chapter VII I will briefly describe 

the literature data on the model catalysts based on Fe NPs, and discuss the current 

status of understanding of the SMSI effect. Then, in chapter VIII, I will focus on the 

Fe/TiOx/Pt(111) model systems, reporting the analysis of the morphology, the 

electronic properties and the thermal evolution in order to show the differences 

occurring between a reactive metal like Fe, showing SMSI effect, and a noble metal 

like Au. Finally, I will present the conclusion and perspectives in chapter IX.    

When the results have been already published, the corresponding papers have been  

adopted as part of this thesis. On the contrary, the arguments not yet published have 

been reported in details.  

 

 

 

 

 

 

 

 

 

 

 



Chapter I         Introduction                                                                                       5                                                                                 

 

References 

 
1 A. T. Bell, Science 2003, 299, 1688. 
2 R. Schlogl, H. Abd, Angew. Chemie Int. Ed., 2004, 43, 1628. 
3 T. E. Madey, K. Pelhos, Q. Wu, R. Barnes, I. Ermanoski, W. Chen, J.J. Kolodziej, J. E. Rowe, PNAS 

2002, 99, 6503.  
4 M. Haruta, Nature, 2005, 347, 1098.  
5 G. A. Somorjai, Introduction to Surface Chemistry and Catalysis, Wiley, New York, 1994. 
6 T. Engel, G. Ertl, Adv. Catal. 1978, 28, 1. 
7 G. Ertl, in: J.R. Anderson, M. Boudart (Eds.), Catalysis, Science and Technology, vol. 4, Springer, 

Berlin, 1983, p. 209. 
8 T.S. Askgaard, J.K. Norskov, C.V. Ovesen, P.J. Stoltze, J. Catal. 1995, 156, 229. 
9 M. Che, C.O. Bennett, Adv. Catal. 1989, 36, 55. 
10 C.C. Kao, S.C. Tsai, M.K. Bahl, Y.W. Chung, W.J. Lo, Surf. Sci. 1980, 95, 1. 
11 S. Ogawa, S. Ichikawa, Phys. Rev. B 1995, 51, 17231. 
12 G. Pacchioni, N. Rorsch, Surf. Sci. 1994, 306, 169. 
13 Q. Fu, T. Wagner, Surf. Sci. Rep. 2007, 62, 431–498. 
14 D.W. Goodman, Surf. Rev. Lett. 1995, 2, 9. 
15 Q. H. Wu , A. Fortunelli, G. Granozzi, Int. Rev. Phys. Chem. 2009, 28, 517-576.  
16 J. A. Rodriguez, D.W. Goodman, Surf. Sci. Rep. 1991, 14, 1. 
17 Z. Zhao, T. Diemant, T. Haring, H. Rauscher, R. J. Behm, Rev. Sci. Instrum. 2005, 76, 123903. 
18 F. Sedona, G.A. Rizzi, S. Agnoli, F. X. Llabrés i Xamena, A. Papageorgiou, D. Ostermann, M. 

Sambi, P. Finetti, K. Schierbaum and G. Granozzi, J. Phys. Chem. B, 2005, 109, 24411. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6                                                                                       Chapter I         Introduction 

 

 
 
 

 

 

 

 

 

 

 

 

 



Section 1                                                                                                                       7                                                      

 

 

 

 

Section 1 

Methods 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



8                                                                                                                       Section 1                                                         

 

 

 

 

 

 

 

 

 

 

 



Chapter II        Experimental setup and equipments                                            9                                                                                 

 

 

 

 

Chapter II 

Experimental setup and equipments 

 

 

 

In this chapter I will briefly mention the very basic principles of the experimental 

techniques used for the sample characterization during this PhD thesis, i.e. TPD, 

XPS, XPD, STM, LEED and IRAS. For more detailed information regarding both 

the experimental set-up and the rigorous interpretative principles the reader is 

redirected to the Surface Science textbooks.1, 2, 3  In the second part of this chapter, I 

will focus on the experimental setup (UHV chambers and HP cell) used during the 

experiments. 

 

 

II.1 Experimental setup 

 

 

II.1.1 Thermal Programmed Desorption (TPD) 4 

The Thermal Programmed Desorption (TPD) represents an important method for the 

study and determination of thermodynamic and kinetic parameters describing the 

desorption processes. Commonly, the sample is heated following a temperature ramp 

(β (t) = dT /dt) where the temperature (T) vary linearly with the time. The partial 

pressures corresponding to the atoms or molecules desorbing from the sample 

surface are detected by a Quadrupole Mass Spectrometer (QMS) so that the final 

output of the experiment provides a spectrum reporting the partial pressures 

intensities as a function of the temperature.  

The experimental method used in this thesis for all the TPD experiments is the 

following: 
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_ sample exposure to a precise amount (expressed in Langmuirs [L]) of a probe 

molecule/s (usually CO) at room temperature (RT) or low temperature (LT) 

_ sample heating (applying a linear temperature ramp by 1 or 2 K/s) up to a top 

temperature while the QMS monitor the probe molecule/s partial pressure intensities 

_ sample cool-down after the top temperature is reached. 

 

The adsorption process takes place when the interaction energy between an adsorbate 

(probe molecule) in the gas phase and the surface is high enough to exceed the 

thermal disorder due to the temperature. Depending on the strength of such 

interaction both fisisorption (typically Van der Waals interactions, with a ∆Hads < 50 

kJ/mol) or chemisorption (when the interaction strength is comparable to a chemical 

bond and ∆Hads > 50 kJ/mol) are observed. While the former, being a low energy 

interaction, is favoured by low temperatures and is non-specific (each kind of 

molecule can be adsorbed under appropriate experimental conditions), the latter leads 

to the formation of a chemical bond, thus to a specific orientation of the molecules. 

Moreover, the chemisorption interaction can weaken the intra-molecular bonds and 

in some cases leads to a dissociation of the molecule (dissociative chemisorption). 

The kinetic aspects regarding the adsorption/desorption processes are well described 

by the Langmuir isotherm, that relates the surface coverage to the gas pressure on the 

surface. The main assumptions to obtain this equation are the following: 

_ the adsorption process is localized; 

_ the sample surface is saturated so that the degree of coverage is Θ = 1 ML when all 

the active sites are occupied;       

_ the interactions between the adsorbed molecules are negligible. 

It is then possible to obtain the rate (r) both for the adsorption and the desorption 

processes: 

 

n
nad pAr )1( Θ−⋅=  

n
ndes Br Θ⋅=   )2,1.,cos,( == ntBA nn  

 

When the equilibrium is reached rad = rdes and then: 
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For n = 1, the adsorption/desorption kinetic is first order, for n = 2 second order and 

so on.  

The microscopic reversibility principle applied to the adsorption/desorption 

processes states that both the processes can be described by the same kinetic 

equations. Hence the reaction rate for a n order process can be written as: 

 

n
ndes k

dt

d
r Θ⋅=Θ−=    

 

where k is the rate constant that can be described using an Arrhenius equation: 

 








 Θ∆−⋅Θ=
RT

E
k des

nn
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Combining the two it is possible to obtain the Polanyi-Wigner equation: 

 

=desr  ndes
n RT

E

dt

d Θ⋅






 Θ∆−⋅Θ=Θ− )(
exp)(ν   

 
where )(Θnν  is a pre-exponential frequency factor, Θ  is the degree of coverage, n is 

the kinetic order of the process (in this case the desorption) and )(Θ∆ desE  is the 

activation energy for the same process. It is possible to apply the Polanyi-Wigner 

equation to our experimental technique (TPD), reminding that dTdt ⋅= )/1( β  so 

that: 

 

nndes
nn RT

E

dT

d Θ⋅






 Θ∆
−⋅Θ=Θ−

)(
exp)(

1ν
β

 

 

This last equation shows that: 

_ the desorption temperature (T) depends on ∆Edes, β, Θn; 

_ the desorption peaks shape depends on νn, β, n; 
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_ the peaks area depends on Θn. 

If a sequence of desorption spectra is recorded keeping the coverage (Θn) constant 

(both νn and ∆Edes become independent from it) and using different heating rate (β), it 

is possible to obtain the desorption temperature corresponding to the peak maximum 

for each β. Then, it is possible to get a plot reporting the )/ln( 2
max βT  vs )/1( maxT  

allowing us to calculate the ∆Edes value.  

 

 

II.1.2 X-Ray Photoelectron Spectroscopy (XPS) 5 

The X-Ray Photoelectron Spectroscopy (XPS) is based on the photoelectric effect: a 

solid surface is  exposed to an X ray radiation )1010( 812 m−− ≤≤ λ  that cause the 

emission of photoelectrons. The most simple configuration for an XPS setup is 

reported in figure II.1 a and is composed by an X ray primary source, a sample 

holder and an electron analyzer. 

 

 Figure II.1. (a) Schematic representation of an XPS setup; (b) The photoemission process (in the case 

of a 1s photoelectron emission). 

 

The X-rays photon flux, generated by the source (usually through electron 

bombardment of a metal anode, Mg or Al), is directed on the sample and generate a 

flux of photoelectrons, emitted both from the core and the valence shells (figure II.1 

b). The photoelectrons emitted after the interaction between the X-ray photons and 

the sample can have different fates: they can either be excited and emitted without 

any energy loss, giving the characteristic elastic peaks, or some of them can undergo 

a b 
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anelastic diffusion releasing part of their energy as heat and contributing to the 

spectrum baseline. The analyzer can discriminate the kinetic energy associated to the 

photoelectrons, providing an output spectrum where the signal intensity (counts per 

second) is reported as a function of the kinetic energy. The kinetic energy depends on 

the incident photons energy (primary radiation E = hν) and on the electron binding 

energy to the atom (BE) through the equation: 

 

Φ−−= BEhEk ν   

 

where Φ is the analyzer work-function. The BE is strongly influenced by the 

oxidation state of the analyzed element: it is more difficult to extract a photoelectron 

from an oxidized element with respect to its reduced counterpart. Therefore, an XPS 

spectrum can provide important information about the electronic structure of a solid 

sample, through the analysis of its output core and valence peaks (figure II.2).  

   

 

 
Figure II.2 Example of an XPS spectrum. 

 

Another important parameter in XPS is the sampling depth, that depends on the 

emitted electrons kinetic energies. Moreover, the electrons kinetic energy affect the 

anelastic attenuation length (Λe), that is directly related to the electron mean free 

path. Since the variation in the XPS signal intensity is expressed by the following: 
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Λ
−⋅=

θsen

z
II

e

exp0     

 

where –z/senθ is the length covered by the electron, it is possible to demonstrate that 

the 65% signal intensity comes from a <  Λe distance, the 85% comes from a < 2 Λe 

distance and the 95% comes from a < 3 Λe distance. Hence, it is easy to understand 

why this technique is considered “surface sensitive”, being limited to a few nm 

sample thickness. As a direct consequence of this, if the angle between the sample 

surface and the analyzer (θ) is 90° (normal revelation with respect to the surface) the 

sampled thickness is 3 Λe. When the angle θ is reduced (θ < 90°) then the sampled 

thickness becomes  θsene ⋅Λ3 , and the analysis results to be more surface sensitive.  

The conventional notation used in this thesis to indicate the XPS peaks refers to the 

quantum numbers related to the orbital where the photoelectron comes from. It is 

indicated as nlj, where n indicates the principal quantum number representing the 

orbital energy level and l indicates the azimuthal quantum number representing the 

orbital geometry. When 0≠l  the XPS peaks are generally present as doublets 

because the magnetic moment (m) associated to the angular one interacts with the 

spin magnetic moment (ms) associated to the electron. The sum vector of these two 

creates a vector (j), indicated as a subscript in the notation, whose magnitude is given 

by j = l + s. Therefore a p peak can originate 2 values of j: 1/2 (which originates 

from l - s) and 3/2 (which originates from l + s). The peak corresponding to it will be 

a doublet, whose components will be separated by an energy difference 

corresponding to the spin-orbit coupling and an intensity ratio given by (2j + 1).  

During my PhD research experience, I also worked at the Elettra synchrotron facility, 

in Basovizza, Trieste. Through the use of synchrotron radiation it is possible to set, 

by mean of monochromators, a precise photon wavelength to use during High 

Resolution (HR)-XPS experiments. Since the selected radiation derive from a storage 

ring where electrons are accelerated in a magnetic field up to 2.0 GeV energy, the 

photon fluxes are extremely high compared to that produced by a common X-Ray 

source. Therefore, the use of an intense and tunable photon energy allows a 

maximization of the photoionization cross sections of the elements that are useful for 

the analysis. At the same time, it is possible to minimize some contributions coming, 

for example, from the bulk substrates, basing on the photoionization cross sections 
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Cooper’s minimum energy position. The latter procedure is particularly useful in the 

valence band studies, where the presence of a bulk signal affect the overall spectrum 

appearance.  

 

 

II.1.3 Photoelectron Diffraction (PD)6 

Electrons emitted from the core levels of a photon-irradiated crystalline sample 

(either photoelectron or Auger electrons) undergo scattering by atoms close to the 

emitting species. Subsequent interference between the primary electron wave, which 

propagates to the detector without undergoing any elastic scattering, and the 

secondary or scattered electron waves, which are caused by the scattering of the 

primary wavefront at atoms surrounding the emitter, produces strong intensity 

modulations as a function of either the direction of detection or the kinetic energy of 

the emitted electron. PD is a surface structural probe sensitive to short range order, 

with atomic, chemical state and site specificity. The short range order surface 

sensitivity is due to the lack of coherence between photoelectron waves emitted at 

different atomic sites because of the random nature of the emission process, coupled 

with the l/r decay of the outgoing core photoelectron wave and with the relatively 

short electron inelastic mean free paths at the energies typical for a PD experiment. 

On the other hand, to obtain a PD pattern, a long-range ordered sample is needed so 

as to sum up the contributions from many equivalent emitters.  

The experimental procedure in PD implies to select one emission line in the XPS 

spectrum and to measure its integrated intensity either as a function of the emission 

angle (Angle Scanned PD, AS-PD) or as a function of the photon energy, then 

changing the kinetic energy of the outgoing photoelectrons (Energy Scanned PD, ES-

PD, only possible at Synchrotron facilities). 

A typical AS-PD experimental setup is reported in figure II.3 a. The polar angle θ is 

individuated by the surface normal and the direction of the wave vector k, while the 

azimuthal angle φ is defined arbitrarily within the surface plan. By varying θ and φ it 

is possible to acquire the whole photoemission hemisphere above the sample surface 

(the so called 2π plot reported in figure II.3 c). 

PD data are then usually reported as χ value, where χ is defined by: 
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max

min

I

II −=χ     

 

where I is the photoemission intensity in a selected angular direction (or energy 

value), Imax and Imin are the maximum and minimum intensities values over the entire 

measured range.  

When doing AS-PD, Azimuthal (APD) and Polar (PPD) scans of the photoemission 

signal (in an energy range above ca. 400 eV) provide a direct information about the 

directions of the atomic rows. In particular it has been demonstrated both by 

experimental evidences and theoretically that the scattering factor for an electron 

wave presents a maximum along the axis joining the scatterer and the emitter; this 

phenomenon is known as forward scattering (FS) and represents the first order 

approximation of diffracted intensity. When the kinetic energy decreases and is 

lower than a few hundredths eV the scattering amplitude becomes relevant for each 

value of θ. Moreover the scattering probability increases and also multiple scattering 

events are possible.  
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Figure II.3 (a) Schematic AR-PD setup; (b) Schematic example representing the sample-holder 

geometry and how an azimuthal scan can be achieved; (c) Example of a 2π plot, obtained collecting 
the Ti 2p peak both in azimuthal and polar directions 

 
 

 

II.1.4 Low Energy Electron Diffraction (LEED) 

The Low Energy Electron Diffraction is based on the oscillation behaviour of a 

primary electron beam at low energy (20-500 eV), whose corresponding wavelengths 

variation is between 0.5 and 2.0 Å.7 If this beam interacts with a crystal lattice 

having comparable inter-atomic distances, then the electrons are diffracted and the 

images obtained are diffraction spots matching the reciprocal lattice ones. Analyzing 

these spots it is possible to trace back to the real lattice and then to the surface 

geometry. The electrons mean escape depth values are low (as reported previously 

for XPS), usually less than 10 Å, so that electrons are used to analyze the surface 

atoms layers.  

a 

b 
 

c 
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In the usual experimental setup (figure II.4) the sample is illuminated with an 

electron beam, produced through thermoionic effect from a filament placed in the 

back screen side (electron gun). The electrons are then accelerated up to the desired 

energy through a potential gap and collide on the sample.     

 

   

Figure II.4 (a )Example of a rear-view LEED configuration; (b) Schematic representation of the 

diffraction process from atoms separated by a periodic distance a 

 

The diffracted electrons are emitted back in precise directions (with respect to the 

primary beam), until they collide with a suppressor made by a series of grids kept at 

a variable potential, in order to select their energy. The selected electrons, emerging 

from the last grid, are then able to hit the hemispheric fluorescent screen where the 

diffraction spots are revealed.  

The diffraction spots are typical of the sample crystal lattice and are also used to 

obtain important information on the degree of surface order. If they are small, intense 

and well defined (with respect to the screen background), they indicate large and 

ordered domains. On the contrary, an high spots background indicates an electron 

diffusion in many directions and then the presence of a disordered lattice. The 

diffraction spots correspond to the positive interference of the waves. If we consider 

the example reported in figure II.4 b, where an electron beam with λ wavelength 

colliding with a mono-dimensional chain of atoms separated by a distance (a) is 

reported, the positive interference condition is given by the Bragg’s law: 

a b 
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θλ asenn =  

 
where nλ is an entire number of waves (n is the diffraction order) and asenθ is the 

inter-atomic distance projection along the propagation direction. The first diffraction 

order is then obtained when senθ = λa-1. Hence, if the value of θ is known, it’s easy 

to get the inter-atomic distance a. The simplest way to measure θ is to put the sample 

at the centre of the LEED screen, so that the distance between the zero order spot 

(covered by the electron gun) and the first diffraction order a can be easily measured. 

Therefore, knowing the values of both the distance between the screen and the 

sample (R) and the one between the zero and first order diffraction spots (a*) the 

following relation can be obtained: senθ = a*/R, thus allowing us the calculation the 

a value: 

 

*a

R
a

λ⋅=  

 

 

II.1.5 Infrared Reflection Absorption Spectroscopy (IRAS) 

Infrared Reflection Absorption Spectroscopy (IRAS) is an established analytical 

technique for the characterization of adsorbed matter and thin layers on metal 

surfaces. In IRAS experiments, the sample is investigated in reflection geometry 

under grazing incidence (typically 80°). The vibrations are generated by the 

interaction between the electric field held by the IR radiation and the molecules 

dipole moment and are allowed by a selection rule implying that the molecule dipole 

moment must be perpendicular to the sample surface. The IR radiation absorption by 

an adsorbate on a metal surface is also influenced by the metal dielectric behaviour.     

The sensitivity of this method can be significantly enhanced by employing the 

Polarization Modulation technique (PM). PM-IRAS uses the PM of the incident 

infrared light and is based on the predominance of p- over s-polarized light at a metal 

surface. Accordingly, the differential reflectance ∆R/R that is measured with PM-

IRAS provides the surface vibrational spectrum while no bulk (gas phase) species are 

detected.  
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Figure II.4 A typical geometry for a PM-IRAS instrument 

 

 

II.1.6 Scanning Tunneling Microscopy (STM) 

Scanning Tunneling Microscopy (STM) is a powerful technique for imaging surfaces 

at an atomic level. This technique is based on the concept of quantum tunnelling: a 

conductive tip is brought close to the sample surface (ca. 1 nm) and a voltage 

difference (called Bias) is applied between the two, allowing electrons to tunnel 

through the vacuum.   

The measured electron current (tunneling current) is a function of the bias, the tip 

position and the local density of states (LDOS) of the sample.8 The tunnelling current 

is a quantum mechanical effect, with two major properties for STM: it flows between 

two electrodes, and even through a thin insulator or a vacuum gap and it decays on 

the length scale of one atomic radius. Acquiring the measured current as a function 

of the tip scan position it is possible to display a surface image plot. When the tip is 

close to the sample its movements in the three dimensions are controlled by 

piezoelectric devices, maintaining a tip-sample separation that is typically in 

equilibrium between attractive and repulsive interactions. When the tip is moved 

across the sample (in the x-y planes) the changes in the surface morphology and 

LDOS cause changes in the current that is mapped in images. There are two main 

way to operate with STM: either mapping the above mentioned changes in the 

tunneling current (constant height mode) or in the tip height (z) maintaining a 

constant current (constant current mode), then  calibrating the z position by applying 

a voltage to the piezoelectric height control mechanism. In the latter operating mode 

variations in the images contrast are due to variations in the sample charge density. 
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Figure II.5 Resulution limits in a conventional STM instrument. Images of step walls and holes are 

distorted when their size is comparable to that of the tip apex 

 

As already reported above, the basic physical principle of the STM method is the 

interaction between the scanning probe and the sample. If this interaction has a near 

field character, it is possible to overcome the resolution limits of far-fields techniques 

like microscopies (optical and SEM), which are generally in the order of half a 

wavelength of the photons or the electrons. However, the resolution in STM is 

limited by the geometrical shape of the tip. The lateral resolution thus depends on the 

vertical amplitude of the structures on the surface. We can imagine the probing tip as 

a cone with an opening angle and a finite radius at the apex. Hence, images of the 

surface steps with walls steeper than the tip opening angle will be distorted due to the 

convolution of the tip shape with the surface structure. All the holes with a diameter 

smaller than the tip radius will not be imaged at all or with a reduced corrugation, as 

it is possible to observe in figure II.5. On atomically flat surfaces or molecular layers 

the resolution is determined by the atomic structure of the tip apex. 

The most powerful near-field interaction is the tunnelling current across a vacuum 

gap for two main reasons: 

- the decay length is as smaller as an atomic diameter 

- there are no other electrical currents, which could obscure the measurements, 

flowing through the vacuum.   
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II.2 Equipments 

 

The experiments presented in this thesis were performed on three different UHV 

chambers: two are located at the University of Padova, Surface Science Laboratories, 

and one in Ulm, at the Institute of Surface Chemistry and Catalysis (Prof. Dr. R. J. 

Behm).  

In Padova, the TPD experiments were performed in a multi technique UHV chamber 

(figure II.5 a), equipped with a 4 degree of freedom (x, y, z and polar angle θ) 

manipulator and the possibility to heat the sample up to 1000 K and down to 110 K, 

an high sensibility QMS, a four grid rear-view LEED, a double anode (Mg/Al) X ray 

source interfaced with a single channeltron electron hemispherical analyzer (CLAM 

2), two e-beam water cooled evaporators and a cold cathode ion gun. The sample is 

mounted on 2 0.30 mm thick Ta wires and the temperature is measured through a 

welded  K type thermocouple. Moreover, the QMS is covered by a glass cylinder 

with a small aperture facing the sample at ca. 2 mm. This setup is necessary to focus 

the analysis on the desorption from the sample surface, avoiding any other 

contribution.   

The High Resolution XPS and AR-XPD experiments were performed in a multi 

technique UHV chamber (figure II.5 b) equipped with a 5 degree of freedom (x, y, z, 

polar angle θ and azimuthal angle φ) manipulator and the possibility to heat the 

sample up to 1000 K, a four grid rear-LEED, a double anode (Mg/Al) X ray source 

interfaced with a 5 channeltrons electron hemispherical analyzer, an UV radiation 

source (used for UPS, HeI and HeII photon excitation energies), two e-beam water 

cooled evaporators, a QMS for the residual gas analysis and a filament ion gun.  

In Ulm, the Polarization Modulation (PM) FT-IRAS experiments were performed in 

a multi technique UHV chamber equipped with a 4 degree of freedom (x, y, z and 

polar angle θ) manipulator and the possibility to heat the sample up to 1200 K and 

down to 80 K, an high sensibility QMS, a 4 grid rear-LEED, a double anode (Mg/Al) 

X ray source interfaced with a single channeltron hemispherical electron analyzer 

(CLAM 2), an ion gun and two e-beam water cooled evaporators. Moreover, two 

IRAS cells were alternatively connected to the main UHV chamber: one UHV IRAS 

cell, where probe molecules adsorption was monitored in UHV keeping the sample at 

low temperature and an high pressure (HP) IRAS cell, where HP dosing of probe 
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molecules were possible thanks to the presence of O-rings and differential pumping 

separating the cell from the UHV apparatus.    

 

 
Figure II.5 (a) The TPD UHV chamber setup (Padova); (b) The HR-XPS and AR-XPD UHV chamber 

setup (Padova).  

  

Other, hereafter reported, experiments were performed in collaboration with the 

University of Brescia (Brescia NanoLab, Dr. L. Gavioli)9 for the model catalysts 

STM and during measurements beamtimes carried out at the Elettra Synchrotron 

facility in Trieste. In particular our user dedicated measurement times were spent at 

the Material Science10 and at the BACH11 beamlines.  

 

 

 

 
  

 
 

a 

b 
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Chapter III 

State of the art 1: TiOx ultrathin films on Pt (111) 

 

 

 

III.1 Introduction: the TiOx/Pt (111) phase diagram 

 

Titania (TiO2) is one of the most prominent materials for applications in 

technologically important areas like photo-assisted oxidation1, heterogeneous 

catalysis (used both as an active catalysts as well as a support for metal catalysts),2,3 

gas sensors,4 wastewater remediation,5 optical devices (optical filters and optical 

waveguides),6,7 antireflective coatings8 and photovoltaic devices.9 Since most of such 

peculiar properties are surface dependent, a detailed description of the surface 

properties of titania10 is crucial to exploit the full potential of these systems in 

innovative devices. Moreover, a rapidly expanding subset of studies is focusing on 

the innovative properties that can be introduced when nano-dimensional titania 

phases are considered, e.g. nanosheets, nanotubes, nanorods and nanoclusters.11  

Because Ti can be present in several different oxidation states, most common being 

Ti2+, Ti3+ and Ti4+, many different oxides (TiOx) are observed in the nature, ranging 

from fully oxidized (x=2) to reduced ones (1<x<2).12  The basic building block of all 

these oxides is a Ti centred octahedron whose connectivity with adjacent octahedra is 

highly variable. The most common bulk phases are TiO, Ti2O3 and TiO2, which have 

been intensively studied, while other phases like Ti3O5, Ti4O7, Ti5O9, Ti6O11 and 

Ti8O15
13,14 also exist. In addition to phases that have a well defined stoichiometry, 

there is a strong tendency to form non-stoichiometric phases, i.e. phases presenting a 

variable stoichiometry where x can vary in a limited range while maintaining the 

same basic structure. Another peculiarity of the reduced titania phases is the 

formation of the so-called Magnéli phases, formed through the creation of 

crystallographic shear planes.15 However, relatively few studies have been carried 
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out on the investigation of their structural and electronic properties due to the 

difficulty of their preparation. Recently, a report has been published where the 

surface properties of reduced TiOx phases and the corresponding peculiar electronic 

and structural properties have been discussed.16 As in all oxides, the structure and 

dynamics of defects play a relevant role to tailor the properties of the titania and such 

aspects have been recently reviewed.17,18 All these aspects, nanodimensionality, 

reduced stoichiometry and defects can be addressed by studying titania in the form of 

ultrathin (UT) films (the term ultrathin means a thickness in the nm range, i.e. a few 

monolayer). This motivates the intense activity that has been focused on the 

fabrication and characterization of TiOx UT films with a large range of x values. In a 

recent review article, the field of UT TiOx films on metal substrate has been 

discussed.19  

Within this context, UT TiOx films deposited on a Pt single crystal have been widely 

studied; the choice of the Pt substrate was originally stimulated by the promotion 

properties of Pt in photocatalysis20 and by the fact that TiOx/Pt system is a 

prototypical example of the strong metal support interaction (SMSI) effect.21 These 

combined effects provoked a big interest in the scientific community, that tied to 

understand the reasons at the base of this behaviour. The Surface Science group 

where this thesis has been developed has given a strong contribution to the field. In 

the following it will be briefly summarized in order to facilitate the reader of the 

present thesis.   

The TiOx/Pt(111) system was first studied by Boffa et al. in 1995, when they have 

reported on the preparation and characterization (by XPS, LEED, STM and LEIS) of 

UT TiOx films up to 5 ML range.22 However, with respect to the two phases reported 

by Boffa, a more complex situation with plenty of different phases has been 

described: after a long and patient search,23 optimized experimental conditions have 

been found, which revealed as effective recipes for preparing seven different almost 

pure (as judged by LEED and spot STM images) UT phases of TiOx (1.2 ≤ x ≤ 2) on 

Pt(111). In the following discussion we will use the TiOx formula for sub-

stoichiometric phases (1.2<x<2) and the TiO2 formula for the stoichiometric ones.  

All the resulting phases have been characterized by different surface science 

techniques, i.e. photoemission from core and valence levels (including synchrotron 

radiation studies), LEED, PD, STM and models have been obtained by DF 
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calculations (see section 2.2 for the adopted theoretical framework) so that reliable 

stoichiometries were derived.23, 24, 25, 26, 27, 28, 29, 30, 31 

The standard deposition method used to obtain all the titania phases is the following: 

- Pt (111) surface preparation by means of Ar+ sputtering followed by annealing 

cycles up to 1000 K 

- Ti reactive deposition from an e-beam evaporator in a O2 environment (typical 

pressure range from 10-7 to 10-5 mbar) 

- annealing (in O2 pressure or UHV depending on the phase) up to 950 K. 

Depending on the amount of evaporated Ti, the temperature and the O2 partial 

pressure (the guidelines are reported below) it is possible to obtain several different 

phases. For convenience, all the amounts of deposited Ti are expressed in equivalents 

monolayers (ML), where 1 ML corresponds to 1.5 x 1015 atoms/cm2.   

   

Pt(111) + 0.4 ML Ti  →
−= mbarp 8-7

2O ...1010K,823
  k-TiOx/Pt(111) (II.1)  

Pt(111) + 0.8 ML Ti  → = mbarp -8
2O 10K,823

  z-TiOx/Pt(111)  (II.2)  

Pt(111) + 0.8 ML Ti  → = mbarp -10
2O 10K,823

 z´-TiOx/Pt(111)  (II.3)  

Pt(111) + 1.0 ML Ti  → = mbarp -6
2O 10K,973

 rect-TiO2/Pt(111)    (II.4)  

Pt(111) + 1.2 ML Ti  → = mbarp -7
2O 10K,873

 w-TiOx/Pt(111)        (II.5)  

Pt(111)  + 1.2 ML Ti  → = mbarp -10
2O 10K,923

 w -́TiOx/Pt(111)       (II.6)  

Pt(111)  + ≥2 ML Ti  → ⋅= mbarp -6
2O 105K,873

 rect'-TiO2/Pt(111)     (II.7) 

      

Each TiOx phase has a peculiar reconstruction, which is outlined by a specific LEED 

pattern (phase diagram reported in picture III.1) and STM topography (phase 

diagram reported in picture III.2). 
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Figure II.1.  

 
Figure II.2.  

 

Each of the previous figures report a phase diagram where the annealing O2 pressure 

is reported as a function of the amount of deposited Ti (in ML). All the different 

phases have been labelled basing on the structural characteristics put in light by 

atomically resolved STM pictures: the k label stands for kagomè (a Japanese word 
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which means ”bamboo basket”), z stands for zig-zag, w stands for wagon-wheel and 

rect stands for rectangular.  

The Ti 2p3/2 and O 1s XPS line shape and binding energies have been analyzed for 

all the observed phases: the table reported in figure II.3 reports the BE positions of 

the Ti 2p core levels regarding all the possible Ti oxidation states.    

 

 
Figure III.3. Binding energy ranges for all the Ti oxidation states. 

 

The Ti 2p peak energy ranges reported in figure III.3 take into account all the 

literature reports about metallic Ti, the Pt3Ti surface alloy, the reduced Ti2+ states, 

the Ti3+ states and the Ti4+ core level components referring to TiO2 NPs, TiO2 single 

crystals and policrystalline TiO2 films.32,33,34,35,36, 37,38,39,40  The obtained TiOx phases 

can be assembled in two major groups basing on the Ti oxidation state: reduced TiOx 

phases (z, z’, w, w’and k) and stoichiometric TiO2 phases (rect and rect’).  

 
Figure III.4. XPS spectra for all the characterized TiOx UT films 
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The XPS spectra reported in figure III.4 refer to all the titania phases reported before 

and put in evidence the two main peak components contribution: the first one, at a 

lower BE (about 456.5 eV), can be assigned to the reduced, three-fold coordinated Ti 

atoms (Ti3+) and the second one, at higher BE (about 458.5 eV), can be assigned to 

four-fold coordinated Ti atoms (Ti4+). The reduced phases obtained at higher 

coverages (w’ and w-TiOx) and the k-TiOx might also show a higher BE contribution, 

due to the formation of TiO2 clusters during the Ti reactive deposition. Nevertheless 

it is not easy to make a precise determination of the overall phases oxidation state, 

since these TiOx phases are vertical nanostructures supported on the Pt(111) metal 

surface. Hence, the interaction between the metal and the substrate results in not 

negligible final state effects, due to reduced screening and relaxation and perturbing 

the shift of the BE due to chemical effects.41  

All the TiOx phases have also been analyzed by Angle Scanned Photoelectron 

Diffraction (AS-PD), since this technique is very sensitive to the short range order 

and then the vertical arrangement of ultrathin structures. Considering that if an 

ordered grid of scatterers is interposed between the emitter atoms and the detector, an 

intensity modulation in polar (θ) - azimuthal (φ) angles occurs while, if the emitters 

are located on the topmost layer, no modulation is possible, some AS-PD 

experiments were carried on both on the Ti 2p and on the O 1s signals. The scans, 

reported in figure III.5, reveal that all the reduced TiOx/Pt (111) phases (herein we 

report the scans for the w-TiOx phase, figure III.5(a)) are not Ti terminated:  the Ti 

2p azimuthal scan (APD) shows 2 clear features with a 60° periodicity. On the 

contrary, the APD scan based on the O 1s signal shows no modulation, thus 

suggesting that all the reduced TiOx reconstructions are a bilayer, where the Ti atoms 

are at the interface with the Pt while the O atoms form the topmost layer.   
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Figure III.5. APD scans for the (a) reduced w’-TiOx UT film and (b) the stoichiometric rect-TiO2 UT 

film. 

 

If we move to figure III.5(b) it is possible to see that for a stoichimetric phase (herein 

we report a scan taken for the rect-TiO2) both the O 1s and the Ti 2p signals are 

modulated with a 60° periodicity. This implies the presence of 2 oxygen layers, one 

in direct contact with the Pt and the other belonging to the topmost layer (the overall 

layout is then Pt/O-Ti-O). 

The TiOx phases used during my PhD were the reduced sub-stoichiometric z’-TiOx 

and w’-TiOx and the stoichiometric rect-TiO2 and rect’-TiO2. In the next paragraphs 

we will focus on the description of these films.   

 

 

 

 

 

 

 

 

 

a b 
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III.2 Reduced TiOx/Pt (111) phases 

 

 

III.2.1 The z’-TiOx phase 

The z’-TiOx phase is obtained through reactive deposition at room temperature of 

about 0.8 MLeq of Ti in an O2 atmosphere and then annealing the system above 823 

K in UHV. The phase has been characterized in deep both experimentally and 

theoretically.  

The STM and LEED experiments have revealed that it is characterized by a 

commensurate superstructure with a 
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06
 (also labelled as (6 x 3 √3)-rect) LEED 

pattern and with a unit cell of 16.6 x 14.4 Ǻ2.5, 7 The phase grows as a continuous 

film portion completely wetting the Pt substrate surface (hereafter indicated by 

stripes) and parallel dark rows (hereafter indicated as troughs) spaced by 14.4 Ǻ (as 

it is clearly visible in figures III.6 a, b, c, d). This spacing is consistent with the short 

lattice constants extrapolated by LEED (figure II.6 e). The troughs are visible 

independently of the applied bias voltage and its sign. If we look the troughs in more 

detail it is possible to note that they have different sizes, so that wide and thin 

troughs (WT and TT) are present (outlined respectively with dotted rectangles and 

ellipses in figure III.6 a,b). Focusing on figure III.6 c it is possible to note that the 

phase zig-zag motif on the stripes consist of four bright protrusions (named narrow-

stripes, NSs) and W shaped kinks. Moreover, there are some portions in the stripes 

where 5 bright protrusions are present (named as large-stripes, LSs) and where the 

kinks are both W and V shaped. Therefore, if we focus on the WTs, the high 

resolution STM images (III.6 c, d) show a series of elliptical black features with 

alternating orientations, with no long range periodicity, so that the WTs appearance 

is wavy. The circles in fig III.6 c outline some larger round holes inside the WT, 

whose density, together with the other elliptical features, strongly depends on the 

duration of the phase annealing procedure. A longer post-annealing time, as the one 

reported in figure III.6 d, creates a smaller amount of elliptical and round holes, 

converting the WTs in NTs, and at the same time the amount of LSs and alternating 

W and V shaped kinks is strongly increased.  

Theoretical density functional (DF) calculations were performed to obtain a model 

for the z’-TiOx phase in agreement with the previously reported experimental 
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evidences. Assuming that the phase is a Ti-O monolayer where Ti atoms are at the 

interface with the Pt and O atoms form the topmost layer, a natural arrangement for 

the Ti layer might continue the fcc stacking of the Pt(111)  substrate. However, the 

optimal lattice parameter of such titania phase is between 2.9 and 3.3 Ǻ,9 thus larger 

than that of the Pt (111) (2.775 Ǻ). This problem can be solved with the creation of 

denser Ti (stripes) separated by less dense regions (troughs), while the oxygen 

topmost layer forms dislocation lines within the stripes in order to solve the 

crowding problems. The dislocation lines are formed by 4-fold oxygen coordinated 

Ti atoms (Ti4, more positively charged) separating triangles of 3-fold oxygen 

coordinated Ti (Ti3).  

 

 
Figure III.6.(a) Large scale 140 x 100 Ǻ2, V=0.8 V, I=1.5 nA after 30’ annealing at 673 K, (b) 150 x 

100 Ǻ2, V=0.6 V, I=1.6 nA after 110 min annealing at 673 K and (e) LEED pattern  

 

The different charge in Ti4 and Ti3 reflects in their density of empty electronic states 

above the Fermi energy and explains the appearance of the zig-zag like motif in the 

STM images.9 DF calculations were performed in order to provide a model in tune 

with the STM images both for the stripes and the troughs and the final results fits 

e 
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well with the experimental (figure III.7). The best agreement between the simulated 

and the experimental structure has been found using a O:Ti ratio of 1.25 (figure III.7 

a), that has the lowest energy among the several tried models.  

 

         

Figure III.7.Theoretical “ball and sticks” simulations, Thersoff-Hamann approximation and 

experimental STM images for the z’-TiOx UT film. 

 

The structure can be described as a NS/WT alternation where all the kinks of the zig-

zag-like motif are W shaped. The other images (b and c) reported in figure III.7 have 

been calculated to fit the STM pictures taken after prolonged thermal treatments. It 

has been found that the elliptical black features, which are clearly visible in figure 

III.7 b, are true holes (named picoholes) where the underlying Pt substrate is left 

uncovered. The simulated structure for the STM picture taken after the longest 

annealing (III.7 c) has a final stoichiometry of TiO1.2, and reproduces perfeclty the 

observed sequence LSs/TTs. Hence a TiO1.25 � TiO1.2 tranformation occurs after 

heating the system for long periods, in tune with the thermodynamical predictions of 

the ∆G between the two structures.  
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III.2.2 The w’-TiOx phase 

The w’-TiOx phase is obtained after a Ti deposition of ca. 1.2 MLeq in a reactive O2 

pressure of 7101 −⋅  mbar and a subsequent annealing in UHV at about 920 K.24 Its 

distinctive LEED pattern is reported in figure III.8 a and reveal the commensurate 

superstructure 
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38
 or (7 x 7)R 21.8° (in the Wood notation) and an hexagonal 

unit cell with a periodicity of 19.4 Ǻ. The term w’ comes from the distinctive wagon-

wheel motif observed through STM and clearly visible in figure II.8 b. 

 

  
Figure III.8. (a) LEED pattern of the w’-TiOx phase taken at 51 eV, (b) High resolution (126 x 126 Å2; 

V = 0.2 V, I = 1.0 nA)  STM picture of the w’-TiOx phase. 

 

The w’-TiOx give rise to a flat and continuous film wetting the Pt (111) substrate 

surface. In the atomically resolved STM figure (III.8 b) it is possible to note the 

hexagonal unit cell (marked) and the lattice vectors fits well with the calculated 

LEED cell dimensions. Since also this film was found to be formed by a Ti-O layer 

with the Ti at the interface with the Pt, it shows the same apparent height as the one 

observed for the z’-TiOx. The large hexagonal unit cells can be interpreted as 

resulting from a Moirè pattern, arising from the long range coincidence of the 

Pt(111) lattice with the oxide super-lattice. No theoretical calculations have been 

carried out until now, in order to simulate the experimental STM and LEED 

evidences. Nevertheless, the main difference between the z’ and the w’-TiOx is that 

no defect sites (round or elliptical picoholes) are found on the latter.   

 

a b 
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III.3 Stoichiometric TiO2/Pt (111) phases 

 

 

III.3.1 The rect-TiO2 phase 

The rect-TiO2 phase is obtained depositing Ti in the MLeq range in a reactive O2 

pressure of 6105 −⋅  mbar and then annealing it up to 970 K keeping the O2 pressure in 

order to avoid a partial Ti reduction. In this case, as already outlined in section III.1, 

the phase is a O-Ti-O layer. The interfacial oxygen make the rect-TiO2 different from 

the reduced TiOx phases, since a Pt/O interface is present instead of a Pt/Ti, making 

the interaction of the phase with the substrate weaker. The LEED pattern, reported in 

figure III.9 a, can be attributed to an incommensurate overlayer, having a rectangular 

unit cell of 3.8 x 3.0 Ǻ2.8 The unit cell axes are rotated by an angle of 8.3° with 

respect to the principal directions of the Pt (111) substrate. Since the phase is not 

commensurated to the Pt (111) and is weakly interacting, no strain is expected to be 

present on it.    

 Figure III.9. (a) LEED pattern of the rect-TiO2 phase taken at 51 eV, (b) High resolution (125 x 125 

Å2; V = 0.8 V, I = 0.9 nA)  STM picture of the rect-TiOx phase. 

 

The rectangular unit cell is also marked on the HR-STM image, and is in complete 

agreement with the LEED predictions.  

To furnish a complete overview of the phase structure, a complete theoretical 

simulation based on DF theory of it was performed.8 All the previously reported 

experimental results lead to a matching between our rect-TiO2 structure and a TiO2 

overlayer with a lepidocrocite-like structure matched to the size of the Pt (111) 

substrate. The best theoretical simulations and geometry optimizations were made 

 b a 
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using an unstrained TiO2 layer keeping the lepidocrocite-like structure. Since no 

distortions were induced in the oxide layer (all the lattice parameters were kept 

fixed), being the strained one not representative of our experimental data, a strain 

was induced in the Pt (111) metal support (see figure III.10 a).  

 

 
Figure III.10. (a) Top-view  and side-view  calculated structure of the rect-TiO2 nanophase. Case 

where the Pt(111) substrate is strained, corresponding to a supercell with a1 = 7.466A ˚ , a2 = 

7.116A ˚ , and an internal angle of 58.4°. (b) Simulated STM image for the rect-TiO2/Pt(111) 

nanophase taken at a bias of V = +0.8 V. 

 

This setup yields a less distorted structure than the other based on the TiO2 overlayer 

strain, so that the Ti atoms are allowed to maintain the six-fold coordination while 

the O atoms at the interface with Pt are three-fold coordinated (a double coordination 

with Ti atoms and a bond with the Pt substrate). The so calculated interface distance 

is long (3.13 Ǻ), so that the adhesion energy is weak. 

Using the Tersoff-Hamann approximation42 the simulated STM images were 

obtained using the model discussed above at a voltage of 0.8 V, the same used in the 

STM experiment. In figure III.10 b the bright spots correspond to the Ti 3d empty 

states while the dark features are due to the oxygen atoms. The match found between 

the experimental and the simulated images is fine. 

 

 

 

 

a b 
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III.3.2 The rect’-TiO2 phase 

The rect’-TiO2 phase is obtained depositing more than 1 MLeq of Ti in a reactive O2 

pressure of 6105 −⋅  mbar and then annealing the system at 870 K keeping the O2 

pressure in the chamber. The LEED pattern (reported in figure III.11 a) is attributed 

to an incommensurate 








55.295.1

0.037.1
 overlayer and corresponds to a primitive unit 

cell with a a2 = 6.3 Ǻ and a1 = 3.7 Ǻ (or, alternatively a rectangular centred unit cell 

with 3.7 x 12.2 Ǻ2) separated by an angle of 73°.   

 

 

 

Figure III.11. (a) LEED pattern of the rect’-TiO2 taken at 196  and (b) 50 eV corresponding to 2 

different amounts of deposited Ti (resp. 2 and 11 MLeq). (c) Large scale STM image of the rect’-TiO2 

growing on a wetting k-TiOx layer (500 x 500 nm2; V = 1.2 V, I = 1.2 nA)  (d) High resolution STM 

image of the rect’-TiO2 (61 x 6.1 A2; V = 

-0.7 V, I= 0.66 nA). 

 

Increasing the Ti coverage, the LEED pattern changes drastically: as shown in figure 

III.11 b for a coverage of about 11 MLeq. In this pattern, the characteristic phase 

a 

b 

c 

d 



Chapter III         State of the Art 1: TiOx ultrathin films on Pt(111)                   41                                                                                 

 

spots are substituted by concentric circles, indicating that at high coverage the unit 

cell lose any preferential azimuthal orientation with respect to the Pt (111) substrate.  

The large scale STM picture reported in figure III.11 c shows that the rect’-TiO2 

phase is formed by big flat and regularly shaped islands. As long as the deposited Ti 

amount is increased, also the islands increase their thickness. This 3D Vollmer-

Weber growth is certainly a consequence of the weak interaction between the TiO2 

and the substrate, since the overlayer is never able to totally cover the substrate and 

the motif of the k-TiOx phase is visible all around the islands. A high resolution STM 

image is reported in figure III.11 d and both the primitive oblique and rectangular 

cells perfectly match the LEED values. 

As a part of this thesis, a complete re-evaluation of the rect’-TiO2 phase structure has 

been carried out in 2010, which will be reported in Chapter IV.  

 

 

III.4 The templating effect of the z’-TiOx/Pt(111) film 

 

One of the main issues in the modern nanoscience and nanocatalysis is to obtain 

ordered arrays of well-defined and almost uniformly sized nanostructures, whose 

controlled nucleation processes and dimensions might create potentially innovative 

optical,43 magnetic44 and catalytic45 properties. Many strategies have been developed 

during these years, in order to obtain such ordered arrays of nano-aggregates, e.g. by 

nanolithigraphic methods, by atomic manipulation through STM46 or by size selected 

cluster deposition (in this case cluster ordering is more difficult to achieve).47 

Furthermore, another promising method is to obtain such ordered nanostructures by a 

parallel self-assembly fast process. Using long-range self-assembled structures (e.g. 

surface oxides, that are commonly used in many industrial applications) having 

ordered arrays of defects, which can act as templates for the preferential nucleation 

phenomenon, is one of the most simple and promising approach. This approach has 

been widely investigated using reconstructed single crystal metal surfaces48 so that a 

large number of defects (steps, kinks, misfit dislocations, vacancies and different 

stacking) have been found to be templating sites for the metal-based nanostructures 

growth. However, such metal-based templates are far from an hypothetical real world 

application, since in most cases they do not survive outside the UHV conditions. 
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Oxide-based templates are more promising, because in many cases they can maintain 

their properties also in real conditions. For these purposes, metal nanoparticles (NPs) 

growth on templating oxide surfaces is currently an active field of research,49,50 and 

many examples have been reported where oxide-based UT films act as templates for 

NPs51,52,53,54 or even single atoms growth.55 In recent years, many research groups 

have spent their efforts in order to investigate the effect of the NPs size and the role 

of the support on the catalytic activity. In particular, both the development of model 

systems as near as possible to the real working catalysts, and the design of new 

catalysts, tailored for a desired specific reaction, have been taken into 

consideration.56 As an example, nano-sized Au exceptional reactivity, especially 

towards selective oxidation reactions (as will be widely discussed in chapter V) is a 

living topic of great interest in the scientific community. A real improvement in the 

explanation of the step processes that are at the base of such catalytic activity, could 

be achieved using well characterized oxide substrates acting, through the presence of 

ordered defects, as templates for the Au NPs growth.  

Considering these evidences and using the previously reported TiOx UT films 

characterized in my group as a substrate, a study has been carried on about Au NPs 

deposition upon them.57 In particular, two reduced UT films, the z’-TiOx and the w’-

TiOx, have been chosen, since they have many similarities (they are a Ti-O bilayer, 

where the Ti atoms are at the interface with the Pt while the O constitute the topmost 

layer) but, as a consequence of the slightly higher amount of Ti used to grow the w’-

TiOx, a different stoichiometry leading to z’-TiO1.25 and w’-TiO1.20. Thence 

dislocation lines are present on the former, where ordered arrays of defects 

(picoholes where the Pt substrate is left uncovered) are found. Such defects have 

demonstrated to be effective nucleation sites for the Au, leading to the formation of 

NPs with a narrow size dispersion and growing aligned on the phase troughs (figure 

III.12 b). On the contrary, when the Au has been deposited on the w’-TiOx phase, 

being no preferential nucleation sites present, the NPs have grown almost randomly 

(figure III.12 a). This has been the first evidence of the templating effect shown by 

one of our well characterized TiOx UT films. Therefore, the z’-TiOx phase has been 

extensively used during my PhD (see Chapter VI), to determine the electronic and 

morphological differences between the metal NPs growing either on a templating or 

a not-templating substrate.     
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Figure III.12. STM images and corresponding histograms of the distribution of Au NPs for 

the (a) the Au/w’-TiOx system (0.2 ML Au, 100 x 94 nm2, V=1.5 V, I=0.2 nA; (b) the Au/z’-TiOx 

system (0.35 ML Au, 100 x 100 nm2, V=0.6 V, I=0.6 nA).  
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Chapter IV 

Update on the stoichiometric rect and rect’-TiO2 UT films 

 

 

 

In this chapter I will attach a published paper reporting on the structural model of 

two different stoichiometric UT films: the rect and the rect’-TiO2. An in deep 

analysis joining both experimental data (STM and LEED) and theoretical DFT 

simulations will be reported in order to provide a precise model of the UT films and 

an idea of the stability sequence of the TiO2 polymorphs at the bottom of the 

nanoscale. 
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IV.1 Reprint of the paper: Stability of TiO2 Polymorphs: Exploring the Extreme 

Frontier of the Nanoscale 
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Chapter V 

State of the art 2: Au at the nanoscale 

 

 

 

V.1 Introduction 

 

In this chapter I will summarize on the state of the art regarding gold nanoparticles 

(NPs) reactivity and catalysis, especially regarding the CO oxidation. After this brief 

general introduction I will focus on gold surfaces, gold NPs and at the end on model 

catalysts. 

I give first some important information on the elemental, chemical and physical 

properties, since there is a strong relationship between the atomic structure, the 

dimensions and the catalytic activity. Gold atom has a large nucleus (Z = 79) and 

nuclear charge; as a consequence of this, relativistic effects1 play an important role 

so that the s and p orbitals are contracted, while the d and f orbitals are in fact 

expanded. Thereby, the 5d band assumes a great relevance in terms of a large 

participation of the orbitals in the metallic bond and affects the metal behaviour 

(larger cohesion energy than the other transition metals). Moreover, gold has the 

highest Pauling electronegativity value in the group d elements (2.4), so a high 

electron affinity (EA) value of 2.31 eV and ionization potential (9.22 eV). Hence 

gold is the only transition metal that have not a stable oxide (Au2O3 is only 

metastable) and is capable to interact with itself in so an effective way that its bond is 

called aurophilic.2     

Gold has always been considered as a noble element, and it is very difficult to adsorb 

any kind of molecule on its surfaces. In 1987 Masatake Haruta started to report about 

his studies about gold NPs, focusing on the ones with a diameter smaller than 5 nm, 

which showed an intense catalytic activity.3, 4, 5, 6, 7  
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Since 1987 many efforts in the surface science and catalysis research communities 

have been dedicated to gold NPs and the catalytic systems obtained using them.  

Many common reactions demonstrated to be well catalyzed by gold: 

- low temperature (LT) CO oxidation8      

- selective oxidation of propene to propene oxide9 

- water gas shift reaction10 

- NOx reduction11 

- selective hydrogenation of poli-alkenes and alkynes.12 

In particular, LT CO oxidation assumed an important role, as a consequence of the 

catalytic system application in the air purification13 and fuel cells (prevention of CO 

poisoning in protonic exchange membranes).14  

In the last 20 years the chemical properties of gold and gold-based catalysts have 

been extensively studied, so that it is difficult to summarize all the literature. For 

convenience, the reader can find more information in some complete reviews15 and 

books.16   

 

 

V.2 Chemistry of Au surfaces 

 

The study of gold have started from the analysis of its surfaces (single crystals) 

chemical reactivity and then extended to the NPs, following the evolution of the 

nanoscience. 

In 1995 Hammer and Nørskov theoretically analyzed the chemistry of dissociation of 

H2 on Au(111), pointing out on 2 main factors determining the activation barrier 

entity and the interaction between the metal and the adsorbate.17 First, being Au a 

coinage metal, it has a totally filled d band that originates a repulsion during the 

interaction with an adsorbate (such ad H2) as a consequence of the antibonding 

orbital filling. The second factor, always regarding Au chemical nature, is due to the 

large overlap between the s and d orbitals, that leads to a high energy value demand 

for molecules adsorption. Starting from these assumptions, Mavrikakis et al. 

extended the research to other adsorbates, such as CO, O2 and molecular oxygen.18 

DFT calculations show that CO adsorbs preferentially on rich step surfaces, e. g. 

Au(211), instead of more regular ones (e.g. the large terraces on the hexagonal 

Au(111)), binding to under-coordinated sites through a bridge bond. Atomic oxygen 
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was also found to prefer stepped surfaces, while O2 adsorbs on surface steps but with 

a very weak interaction that implies its desorption before any possible dissociation 

reaction. Hence, steps are an important parameter for a surface reactivity, especially 

for NPs, whose step density increases as reported in figure V.1. For convenience, in 

the same figure it is reported the reactivity of the Au NPs vs their dimension found 

by Haruta.   

 

 
Figure V.1. Schematic representation of the step density and reactivity vs. the NPs dimensions 3-6 

 

Nørskov et al. obtained good theoretical results demonstrating how on Au monolayer 

(ML) islands a smaller amount of oxygen atoms is adsorbed than on multilayer 

islands. If Au is deposited on a metal substrate that induces some strain, then the 

reticular parameters are affected by this interaction and theoretical simulations show 

how in this case the interaction with some gases is enhanced (higher reactivity). An 

Au (211) surface with a 10% strain has a doubled binding energy towards O2 with 

respect to the single crystal, causing a decrease in the activation energy (Ea) for the 

dissociation (from 1.12 to 0.63 eV).19  

Mills et al. studied the O2 adsorption on flat Au (111) surfaces and on the same 

islands containing islands of Au adatoms.20 Au islands are used to induce a larger 

roughness on the surface, and the results put in evidence how the presence of a large 

number of under-coordinated Au atoms is able to induce a higher adsorption. 

Theoretical calculation have been used to show that an highly localized HOMO, 

allowing an easy charge transfer to the O2 π
* orbitals, is able to enhance the reactivity 
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of rough Au surfaces. On the contrary, on flat surfaces (or anyway surfaces where 

large terraces are foud), the HOMO results to be de-localized and it is not possible to 

coordinate O2. 

Liu et al. examined the adsorption and reactivity of CO and O2 on Au surfaces and 

their results show a higher reactivity on the steps than on the kinks.21 This seems to 

apparently contradict what was reported before about the high reactivity of under-

coordinated sites. The calculated Ea for O2 dissociation on steps was 0.93 eV, a value 

which is lower than the calculated Ea on a 12 atoms NP. Then the probability to 

obtain O2 dissociation on an Au (211) was calculated, leading to a value of 10-21 (gas 

considered as ideal, room temperature), that demonstrate how on single crystal Au 

(211) surfaces the dissociation does not take place on average. Considering that, as 

already reported by Mavrikakis, also the CO preferentially adsorbs on step rich 

surfaces, the authors finally consider the CO oxidation reaction on Au (221), based 

on the theoretical models already reported in the literature and involving CO and 

molecular oxygen coordinated to the bridge sites along step edges (figure V.2).  

 

 
Figure V.2.Theoretical model for the CO oxidation reaction on Au(221) 34 

 

In the transition state, CO migrates on-top along the step edge while oxygen goes in 

a bridge site placed between a step and a terrace atom. The reaction leading to the 

final product (CO2) has a Ea of 0.25 eV. The suggested overall reaction pathway is 

based on an Eley-Rideal mechanism where O2 in the gas phase reacts with CO 

coordinated on a step edge, leaving on the surface an O atom available for the next 

cycle. The proposed Ea value for this mechanism is 0.59 eV, and reduces to 0.46 if a 

second adsorbed CO molecule is present, showing how the CO coverage is essential 

for the reaction outcome. In this last discussion both the CO adsorption and the O2 
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dissociation were not correlated with the particle dimensions: all the data were based 

on the step density. In real catalysts the support could have a role in making the 

oxygen adsorption easier.  

Other research groups focused their work on gold NPs shape and their interactions 

with different adsorbates. Using DFT calculations and ionic mobility measurements, 

Furche et al. stated that anionic Aun NPs ( 11≥n ) prefer a planar arrangement.22 The 

authors also say that in the case of Au the transition between a planar and a three-

dimensional arrangement is found so late as a consequence of the high relativistic 

nature of the metal (see V.1). Wang et al. report that small neutral Au NPs are planar 

up to 6 atoms, while adding more atoms a three-dimensional structure is favoured.23 

Between 10 and 14 Au atoms the energetically more stable structure is a flat cage 

while for NPs with more than 15 atoms a sphere is favoured. In any case it is really 

difficult to determine the balance structure for small dimensions NPs, especially 

because many transitions happen during the calculations, that are mainly due to the 

substrate.24 Another interesting research topic is related to the electronic nature of bi-

dimensional NPs. Zhao et al. developed some calculations on planar particles in 

order to determine their polarizability.25 They found that along lateral dimensions the 

polarizability values result to be high (comparable to a typical metal value) although 

the NPs show a non-metallic behaviour along the normal direction. For bi-

dimensional NPs the polarizability calculated in the normal direction is similar to a 

semi-conducting (like the Si) one. Theoretical calculations were then developed to 

foresee very large (up to 1000 atoms) NPs behaviour and different results are 

reported, including disordered structures26, 27 and faceted particles.28, 29 Of particular 

interest is the transition between fcc structures, which were seen for very large NPs, 

and decahedral-icosahedral particles, which are typical for very small particles. 

There are many manuscripts in the literature trying to predict the transitions in the 

structure of metal NPs as a function of the Au atoms content, especially because the 

structure seems to have strong implications for NPs reactivity.    
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V.3 Chemistry of Au NPs 

 

In one of the first studies on gold catalytic activity towards CO oxidation, Huber et 

al.30 report about the condensation of single gold atoms on a 1:1 matrix of CO:O2 at 

10 K. They obtain a new species, called carbonylgold(II)peroxyformate, 

decomposing after subsequent heating at 30-40 K developing CO2. Starting from this 

experiment, many others research groups focused their attention on the reactivity of 

free Au NPs. In particular, Cox at al. report about the adsorption of D2, CH4 and O2 

on Au NPs with different sizes.31, 32 They demonstrate that D2 is well adsorbed on 

positively charged NPs and on neutral NPs built with 3 or 7 atoms, while negatively 

charged NPs are inert. CH4 behaviour is similar to the one described for H2, while O2 

adsorbs on cationic NPs with 10 Au atoms, on anionic NPs with an even number of 

Au atoms (no adsorption observed with NPs built with an odd number of Au atoms). 

These evidences suggest a correlation between the NPs EA and their reactivity: NPs 

with a high EA are more reactive towards D2 and CH4 whereas the ones with lower 

EA react with O2. The previously mentioned relativistic effects, which cause a 

decrease in the energy gap between s and d orbitals, are responsible for the 

oscillations (up to 1.0 eV) observed in the EA between NPs with an odd or even 

number of Au atoms.33 A further explanation of the interaction between the O2 and 

the NPs, based on the molecular orbitals (MO) theory, has been proposed: the bond 

takes place between a π* antibonding electron of the O2 and the NP HOMO. This 

hypothesis could explain why O2 adsorbs only on NPs with an odd number of atoms, 

whose HOMO is occupied with an unpaired electron. Salisbury et al., using a flow 

bed reactor, examined the adsorption of O2 on anionic NPs with an even number of 

Au atoms, obtaining a fast reaction validating the MO hypothesis.34 Moreover, the 

Aun
- NPs valence band, studied by UPS, shows a clear evolution after the adsorption 

of O2: the band attributed to the NPs HOMO vanishes, bearing out the charge 

transfer (back bonding) from the NPs to the molecules.35 Stolcic et al. extend the 

study of unsupported Au NPs to aggregates with more than 20 atoms demonstrating 

that such larger NPs are almost inert towards O2, most probably as a consequence of 

the high value of EA, that make impossible the back-bonding from the NPs to the 

molecules.36  

Basing on the MO theory, it is also possible to analyze the CO interaction with Au 

NPs. In this case the bond takes place between the NPs LUMO, through electron 
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donation from the CO σ orbitals, and π back-bonding from the d orbitals of the Au 

NPs. Both of these are weak interaction, that should not depend on the NPs structure 

as previously seen with O2. Wallace and Whetten reports about the adsorption of CO 

on anionic Au NPs obtaining, as a consequence of their interaction, the formation of 

some preferential products: Au5CO, Au11CO, Au15CO and Au15(CO)2.
37, 38 Hence, 

differently from what was predicted by the MO theory, also the CO seems to have a 

sensibility towards the Au NPs structure. The previously indicated complexes remain 

stable also after exposure to higher amounts of CO, thus suggesting that the NPs 

available active sites are already saturated at low exposures.  

Probably considering what we have just reported about O2 and CO adsorption on Au, 

Hagen et al. started some experiments dosing both the gases on 2 or 3 atoms Au 

NPs.39 In this case, since the reaction rate between the Au and the O2 result to be at 

least one order of magnitude larger than the one with CO, no formation of Au 

carbonyls is observed. After the formation of a Au3(CO)(O2) complex a second 

molecule of oxygen adds to form Au3(CO)(O2)2, indicating the presence of a 

cooperative adsorption process, O2 and CO competing for the active bonding site.  

The same authors extended the work to larger NPs, showing evidences of the 

formation of CO2.
40 In fact, exposing Au6

- species to a flux of CO they created a 

wide distribution of complexes [Au6(CO)n]
-, that were then exposed to O2. This 

results in the formation of [Au6(CO)n-1O
-]- like complexes, indirectly indicating the 

oxidation of one CO molecule and the formation of CO2. A catalytic analysis of the 

entire process shows that the overall reaction rate is 100 times lower than the one 

observed with real catalysts and that in one catalytic cycle the NPs lose their activity. 

In a further study, Landman et al, using an octupole mass spectrometer at the end of 

the reactor, report about the formation of different products exposing to CO/O2 

mixture Au2
- NPs: Au2

-, Au2O2
- and Au(CO)O2

-.41 The overall reaction mechanism 

proposed by these authors is the following: 
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This results allowed the first calculation of the turnover frequency (TOF) for Au2
-. 

Density Functional Theory (DFT) based calculations indicated that the most stable 
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reaction intermediate should form as a consequence of a CO Eley-Rideal insertion in 

between the O-O bond in the Au2O2
- complex, originating a carbonate like specie. 

Wallace et al. investigated the role of moisture on the reactivity of Au NPs, 

discovering that the presence of water in the reaction environment leads to the 

formation of AunOH- complexes; the subsequent exposure to oxygen produce 

opposite results to the ones outlined before: anionic NPs with an odd number of 

atoms react well.42 The authors explain this evidence as a consequence of the high    

–OH group EA, that leads to an electron transfer to the Au NPs, so that their HOMO 

has an unpaired electron available for bonding. 

 

 

V.4 Model catalysts 

 

Many real catalysts are based on metal supported on high surface area substrates that 

can be more or less inert. A common method to bypass all the problems related to the 

complexity of such systems is to re-create on a conductive planar surface (a metal 

single crystal) on an oxide thin film and then to deposit the metal onto it. The so 

obtained system is called planar model catalysts and allow the scientist to use 

common surface science techniques (XPS, STM or AFM, LEED, TPD, FT-IRAS) to 

analyze it. Model systems are very useful devices in studying and understanding the 

elemental mechanisms of catalytic processes. Surface Science techniques applied to 

model catalysts allow us to recover important indications about the chemical 

composition, morphology, reactivity and life. Many real systems have been analyzed 

through the creation of the corresponding model catalyst, for convenience we will 

focus on the titania substrate and report the main outcomes.  

 

 

V.4.1 Au NPs on titania 

Amongst all the Au/TiO2 systems, the most studied is the Au deposited on TiO2 

rutile (110). One of the most complete review regarding this system has been written 

by Cosandey and Madey.43 The rutile (110) surface has been deeply analyzed by 

STM and the results show that the (1x1) termination is formed by alternating Ti and 

O atoms rows, where half of the Ti atoms are linked to a bridging oxygen.44 Hence, it 

is possible to find six- (like in the bulk phase) and five-fold coordinated Ti atoms and 
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five- (like in the bulk phase) and three-fold coordinated (bridging) oxygen atoms (see 

figure V.3).  

 

 

Figure V.3.
44 

 

It is now well established that the bridging oxygen, as a consequence of the under-

coordination, are easier to remove and contribute to the creation of either point defect 

or F centres, depending on how the O atom is removed (O-, O+ or O*). Pacchioni, 

through quantum-mechanic simulations, reports that after an O atom is removed 

from TiO2, a charge re-distribution on the Ti ions all around the vacancy takes place, 

so that the five-coordinated Ti electron Binding Energies (BE) shift to more negative 

values with respect to the six coordinated ones.45  

Since there is a direct connection between defects and nucleation, the TiO2 phase 

preparation is fundamental for the Au NPs growth. In fact there is a real evidence 

that F centres act as preferential nucleation sites, making NPs more stable. Lai et al., 

through STM, show how at extremely low Au coverages (about 0.1 ML) the TiO2 

(110) surface appears to be without defects.46 The suggested explanation has been 

associated to a preferential Au nucleation on phase defects. Several studies outlined 

how gold grows in 2D or quasi 2D way at low coverages (<0.15 ML) while at higher 

coverages the growth is three-dimensional.46, 47 Hence, there could be a direct 
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correlation between the defect concentration and the NPs nucleation way. Parker et 

al. show how TiO2 (110) ion bombardment produces defects that are directly related 

to the nucleation of gold.48 On the clean surface, the transition from 2D to 3D growth 

is at ca. 0.09 ML gold coverage, while on the bombarded surface the value raise to 

0.22 ML. The temperature is a second important parameter influencing the 

nucleation: the experiments made at 160 K on the clean surface show a 2D to 3D 

transition at 0.19 ML coverage, a higher value than the one reported before at room 

temperature (0.09 ML). These evidences show that higher temperatures promote 3D 

growth. A more detailed STM investigation of the correlation between Au nucleation 

and O vacancies on TiO2 (110) has been proposed by Wahlström et al..49 The amount 

of vacancies reduces after Au deposition, even if the metal occupies only a small part 

of the surface.  

DFT calculations bear out the experimental evidences, putting in light that Au atoms 

prefer to bond to oxygen vacancies by 0.45 eV with respect to the other titania active 

sites. An oxygen vacancy can adsorb up to 3 metal atoms and a 2D to 3D transition is 

observed. There are many hypothesis regarding the preferential nucleation, and 

Lopez and Nørskov concluded that the coordination site depends on the Au coverage, 

explaining many of the obtained results.50 Au has a weaker interaction with TiO2 

compared to other coinage metals like Cu or Ag, and this probably affect the 

interaction mode. An explanation could arise from the high Au electronegativity and 

ionization potential values, making it a poor electron donor.  

Therefore, Madey et al. examined the growth and nucleation of Au on TiO2 (110) at 

high coverages using high resolution (HR) SEM,51 showing that after the deposition 

of a 1.5 nm (more than 5 ML thick) film of Au a new growth state begins, where the 

NPs form worm-like islands. Continuing the deposition, the Au island density 

decreases as a consequence of their coalescence, until the complete connection, 

which takes place at about 8 nm thickness. A further Au deposition results in a 

granular Au film, whose average thickness is about 12 nm. At the same time the 

researchers performed annealing experiments on the worm-like islands, obtaining a 

steady gold islands density, a parallel increase in the average thickness, a gradual 

islands faceting and  an higher percentage of the exposed TiO2 surface.  

The last reported evidences are clearly in contrast with the annealing of small Au 

NPs. In that case coalescence and Ostwald ripening processes lead to a decrease in 

the average NPs density and an increase in their thickness. HR-SEM images obtained 
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during different growth steps show that many Au NPs nucleate in a semi-epitaxial 

way.52, 53 Au NPs with (111) orientation are observed when Au grows on top of the 

bridging oxygen TiO2 rows. Theoretical calculations demonstrate that along the TiO2 

(100) direction the reticular mismatch with Au is by 2.6%, conversely in the 

perpendicular direction (110) the misfit between two bridging O of a row and four 

deposited Au atoms along it is by 14.3%. The growth of Au (112) rows along the 

(110) direction has then been studied: in this configuration Au atoms lay atop five-

coordinated Ti atoms, decreasing the mismatch to 8.4%. It is also interesting to 

report that, in disagreement with the latter calculations, a very small Au lattice 

distortion has been observed despite of the strain between the Au and the TiO2 

substrate. This is a clear consequence of the small overall interaction between the Au 

and the support, also confirmed by the XPS Ti 2p and O1s peaks that do not show 

any remarkable variation neither in the shape nor in the position.54 A different 

behaviour has been observed growing Au on the TiO2 anatase phase, where HREM 

images stress a strong epitaxial relation between the Au and the substrate, mainly due 

to the small misfit (0.9%) between the Au (111) and TiO2 (112).55 Anyway, even if 

theoretical simulations predicted decahedric or icosahedric shapes for small NPs, the 

structural relationship between the Au and the TiO2 is strong enough to allow the 

NPs epitaxial growth until large dimensions,52 both for rutile and anatase.56 A 

comparison between the  experimental and theoretically simulated images found the 

best result for strained NPs where the Au lattice constants are superimposed to the 

ones of the substrate. In this way, the Au(110) grows along the TiO2(110) facet, so 

that the distances between the atoms are strained by 5.3% along Ti rows and 

expanded by 12.5% between them. This growth way continues as long as Au reaches 

the 4th layer.  

After a brief description of the nucleation and growth of Au on TiO2  it is important 

to examine the thermal evolution of the systems in order to obtain important 

information to shift to the real catalysis world. As a consequence of the temperature 

increase, Au NPs are inclined to agglomeration. Edgell et al., through STM, report 

about a clearly visible Ostwald ripening during the annealing of Au NPs on TiO2 

(110): larger NPs grow including the smaller ones.57 After the deposition of 0.15 ML 

of Au at room temperature a NPs size distribution centred at about 2.7 nm has been 

observed. After 7 hours heating of the surface at 750°C, the size distribution has a 

bimodal behaviour that is typical of a ripening process with a first peak centred at ca. 
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2 nm and a second one at 4 nm. The coalescence process could happen after transport 

or migration of Au atoms from the NPs edges. This can be related to the low melting 

temperature of the Au NPs. It is also very important to evaluate the Au NPs 

behaviour in reactive environments. Once exposed to 10 torr O2, Au NPs deposited 

on TiO2 in UHV, undergo a process similar to the previously reported Ostwald 

ripening.58 After exposure to a reactive environment (10 torr, 2:1 CO/O2), the effect 

is more pronounced, as reported in figure V.4. Au NPs, which at the beginning are 

centred at 2.6 nm with an apparent height of 0.7 nm, after exposure to a reactive 

environment move to 3.6 mean size diameter with an apparent height of 1.4 nm and 

at the same time NPs with a smaller diameter are observed (1.5 nm) giving rise to a 

bimodal size distribution.  

 

 
Figure V.4. STM images and Au NPs sizes profiles before and after HP exposure to CO:O2 mixture58 

 

Exposing larger supported Au NPs (mean diameter 4.2 nm) to 10 torr O2 at RT no 

ripening was observed. This fact indicates that the Ostwald ripening process is 

mainly related to the NPs reactivity, although the real mechanism at the base of it is 

still not clear. Wilneff et al. noted that when Au2O3 is exposed to CO at about 400°C 

some not clearly identified volatile species are formed, that are able to transport the 

Au, since the oxide itself is not volatile.59 If the TiO2 (110) substrate surface is pre-

functionalized with defects (O2 vacancies produced by electron bombardment) before 

Au deposition, the NPs show a higher stability in an oxygen environment, most 

probably as a consequence of the high interaction between Au and the phase defects. 

An in situ measurement of Au NPs supported on TiO2 (110) behaviour in reactive 

environment (1:1 CO/O2) has been performed by Kolmanov and Goodman.60, 61 At 

the beginning the system has a uniform size distribution but after a treatment at 720 
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Pa and 450 K a fast Ostwald ripening is observed. As expected, an increase in the 

temperature corresponds to an acceleration of the overall process. Moreover the 

authors affirm that O2 acts weakening the Au-Au bond, thus promoting the NPs 

coalescence.        

 

V.4.2 Electronic properties of supported Au NPs 

It is noteworthy that nano-sized particles supported on oxides substrates can exhibit 

electronic, magnetic and optical properties different from their bulk counterparts. 

This is really important for gold, and many researchers believe that these changes are 

at the base of the Au exceptional catalytic activity. Although in many cases Au based 

catalysts show weak interactions with the substrate,62 its role influence the Au 

electronic nature through charge transfer. Valden et al., using Scanning Tunneling 

Spectroscopy (STS), demonstrated that the highest activity for the system Au/TiO2 

(110) is found when the transition metal � semiconductor is observed (figure V.5).63  

 

 
Figure V.5. Plot of the reactivity vs. the Au NP dimensions63 

 

A band gap starts to be visible at about 3.2 nm diameter and 1 nm Au NPs and 

increases as the NPs dimensions decrease until a top value is reached at 2 nm 

diameter. Au NPs have a so high activity as a consequence of their small dimensions 

(some authors also speculate a connection with their thickness). Hence, the research 

for the precise point where the metal � non-metal transition is observed is very 

interesting.  

Using XPS, Berry et al. put in light how, supporting size selected Au NPs on 

amorphous carbon, significant binding energy (BE) shift from the core levels value 

are observed for Aun with n<34.64 These shifts are related to the presence of Au 
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atoms with different coordination numbers. Through data extrapolation it was 

possible to find the limit between metallic and non-metallic NPs when the number of 

Au atoms corresponds to about 150. Similar experiments were performed with 

different spectroscopic techniques and allowed the scientists to find the NPs “limit 

dimension” on many substrates. A shift from the core value in the BE can be 

interpreted as a consequence of quantum effects due to the low particles dimensions 

and structure relaxation. Both of these effects are directly related to the nature of the 

oxide support.65, 66 Therefore, it is important to consider that metal NPs have a high 

value of surface atoms that, having a lower coordination number, give raise to a shift 

in the d band with respect to the Fermi level and a parallel decrease in the core 

photoelectron BE. For Au this shift is by about 0.4 eV.67  

Finally, it is necessary to consider the role of the substrate. The metal can have a 

different affinity with the substrate: Chusuei et al. measured the shifts in the BE in 

the Au 4f peak for Au NPs supported on both SiO2 and TiO2 pointing out big 

differences between the 2 systems (0.8 eV shift for Au/TiO2 and 1.6 eV shift for 

Au/SiO2).
68 These evidences suggest that Au NPs interaction with the substrate 

might influence their electronic properties and such BE shifts have been associated 

by Yang and Wu to the interaction between the Au and the O vacancies on the oxide 

surfaces.69 This kind of interaction has also been observed by Howard et al. through 

the creation of defects on a TiO2 (110) surface made by Ar+ ion bombardment.70 

After the Au deposition the Ti 2p XPS peak component relative to Ti3+ (the phase 

defects) disappears, thus suggesting that these centres act as preferential nucleation 

sites. The charge transfer from the substrate to the NPs is then able to cause a shift in 

the BE that is in tune with the one observed by Valden.63  

 

V.4.3 Reactivity of supported Au NPs 

As reported in the previous paragraph, the surface oxide defects play a key role both 

for the nucleation and the electronic properties of the Au NPs. Many literature 

reports, using STM, focused on the surface defects characterization and their 

interaction with the metal particles (figure V.6).71  
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Figure V.6.71 

 

In figure V.6 it is reported an STM picture of a TiO2 (110) single crystal where the 

hot-spots are the five-coordinated (under-coordinated) Ti sites. The additional spots 

between the straight lines have been identified as oxygen vacancies (defects, outlined 

by circles in the right schematic picture). This kind of defects can be created after 

Ar+ sputtering of the surface at low energy and it has been demonstrated that they 

contribute to modify the Au NPs adsorption energy, shape and structure, thence the 

catalytic activity.63,71 Considering that it is very important for a catalyst to be stable, 

especially towards the sinterization process, many experiments focused on the 

achievement of substrates with nucleation sites similar to the just described ones.72, 73  

Highly dispersed Au NPs activity towards the CO oxidation reaction is strongly 

related to their dimensions. Basing our discussion on the data obtained by 

Goodman,63 the highest TurnOver Frequency (TOF, expressed as reaction rate by 

active surface site by second) value for an Au/TiO2(110) system is obtained with a 

NPs average diameter by 3 nm (figure V.5). Moreover, catalytic activity has been 

observed just for Au NPs with a diameter size smaller than 8 nm (changing the 

substrate also these values can vary).  

In order to summarize what was reported in this paragraph and in the previous we 

can speculate that 3 main parameters contribute to the exceptional Au NPs catalytic 

activity. 

1) The presence of Au sites with a low coordination number.  

Since it has been reported that the edges, corners and superficial atoms density 

increase as long as the NPs average sizes decrease and the catalytic activity appears 

only with NPs diameters less than 8 nm we can conclude that edges, corners and 

superficial atoms can act as active sites.74, 75, 76 Also the calculated values for the 

interactions between the CO, O2 and these active sites result to be smaller than the 
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ones with planar surfaces.74, 75 DFT calculations showed that CO and O2 molecules 

are adsorbed only on Au atoms with a coordination number smaller than 8.77 The 

TOF, shown in figure V.5, starts to decrease under 3 nm NPs diameter and this is in 

tune with an increase of the Au under-coordinated exposed and available for 

molecules adsorption. 

2) Charge transfer between Au and the substrate.  

It has been already shown how the interaction with the substrate changes 

dramatically the Au NPs electronic structure, promoting their activity towards the 

CO oxidation reaction at low temperatures. The defects play a fundamental role, 

anchoring the NPs, making them more stable and transferring electron density to the 

Au.63, 72, 73 The NPs electronic state can be analyzed using CO as a chemical probe 

and IRAS as an analysis technique. In this way it has been demonstrated that the CO 

vibrational frequency (νCO) shifts, with respect to its value for bulk Au, to smaller 

values for electron rich NPs and to higher ones for electron poor NPs. Au NPs were 

found to be electron rich in many of the analyzed systems, as a consequence of the 

charge transfer from the substrate to the metal, and always considering the Au 

chemical nature.78, 79 These NPs effectively adsorb O2 and can activate the O-O bond 

through a charge transfer that contributes to the creation of a superoxo specie.80 This 

intermediate is stable for the Au/TiO2 system and reacts directly with the CO to form 

CO2 even if the complete dissociation of O2 has never been observed. 

3) Quantum effects due to the NPs dimensions. 

NPs dimension is a fundamental parameter because it affects the electronic 

properties.63, 81 Through photoemission techniques and DFT calculations, a big 

difference between bulk gold and a 20 atoms (taken as a model) Au NP has been 

outlined. As previously reported, a transition between metallic and non-metallic 

behaviour is observed in a NPs diameter range between 2 and 3 nm.81 The catalytic 

activity is then affected by the Au NPs lateral dimensions, whose values must be 

between 2 and 8 nm.         
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Chapter VI 

Results on the Au/TiOx/Pt(111) model catalysts 

 

 

 

In this chapter I will report on the work done on the Au/TiOx/Pt(111) model catalysts 

during my PhD. Since all the collected results have been already published, I will 

directly attach the paper reprints. In paragraph VI.1 the CO chemisorption properties 

of different Au based model catalysts, studied by TPD, will be taken into 

consideration, while in paragraph VI.2 a STM study of the mobility of Au NPs on 

both reduced and stoichiometric TiOx substrates will be pointed out. In paragraph 

VI.3 I will focus on a HR-XPS and PD study of the Au NPs growth on the 

templating z’-TiOx UT film. In the end, in paragraph VI.4, I will report on a high 

pressure PM-IRAS study, made in collaboration with the University of Ulm, of 

different UT TiOx films and the corresponding model catalysts in different reactive 

atmospheres. 
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VI.1 Reprint of the paper: Chemisorption of CO on Au/TiOx/Pt(111) Model 

Catalysts with Different Stoichiometry and Defectivity 

 

In this paper we present a TPD investigation of model catalysts prepared depositing 

Au on three different well characterized TiOx/Pt(111) ultrathin films. CO is used as a 

probe molecule and its interaction with the metal is followed by thermal desorption 

experiments in order to outline the dependence between the desorption profiles and 

the amount of deposited metal. Moreover, we have investigated three different model 

systems where the Au NPs nucleate and grow differently depending on the TiOx 

phase structure and stoichiometry.  

Our data clearly demonstrate that the desorption profile is modified by both the 

morphology of the metal NPs (so that it is Au coverage dependent) and the TiOx 

phase stoichiometry. In particular, Au NPs growing on reduced TiOx substrates (the 

w and w’-TiOx UT films), having a stronger interaction with the TiOx than the ones 

growing on the stoichiometric TiO2 substrate (the rect’-TiO2 UT film), show both a 

smaller average diameter and apparent heights distribution. These characteristics 

affect the way the Au NPs can interact with the CO, making the larger and higher Au 

NPs more suitable for the gas adsorption.     
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VI.2 Reprint of the paper: Mobility of Au on TiOx Substrates with Different 

Stoichiometry and Defectivity 

 

In this paper we present a STM study of a model catalyst obtained depositing Au on 

a stoichiometric TiO2/Pt(111) UT film. The stoichiometric rect’-TiO2 UT film does 

not grow completely wetting the Pt(111) support. It creates large islands that are 

separated by a wetting layer of a reduced TiOx film (the k-TiOx phase) with a honey-

comb structure. The coexistence of such 2 UT film, whose structure and chemical 

properties are completely different, also reflects on the Au NPs nucleation and 

growth. In fact, as already specified in paragraph VI.1, Au interacts stronger with a 

reduced substrate than with a stoichiometric one. Such a difference in the metal-

oxide interaction leads to the formation of smaller (average diameter of ca. 1.5-2 nm) 

and flatter (average apparent height of ca. 0.2 nm) Au NPs on the k-TiOx phase than 

the ones formed on the rect’-TiO2 (average diameter of ca. 5-6 nm and average 

apparent height of ca. 1.5 nm). Moreover, the weak interaction between the Au and 

the stoichiometric UT film is also outlined by the STM tip scan, which is able to 

manipulate the Au NPs moving them on the rect’-TiO2 islands.  

The experimental results presented in this study are supported by theoretical DFT 

calculations that, based on the structure of the 2 UT films, predict the interaction 

between them and the Au. Also the theoretical evidences put in light how the 

mobility of the Au on the stoichiometric film is higher than the one calculated on the 

reduced k-TiOx.    
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VI.3 Reprint of the paper: Au Nanoparticles on a Templating TiOx/Pt(111) 

Ultrathin Polar Film: a Photoemission and Photoelectron Diffraction Study 

 

In this paper we present a detailed study, by mean of HR-XPS, ES and AS-PD, UPS  

and STM performed on a series of model catalyst obtained depositing Au on the 

reduced templating z’-TiOx/Pt(111) UT film at different metal coverages. The 

spectroscopic and ES-PD data were collected at the Elettra synchrotron facility. The 

STM put in light how the Au NPs grow aligned along straight lines (the z’-TiOx 

phase troughs) where they find preferential nucleation sites. The NPs average height 

population depends on the Au coverage: as long as the metal coverage is increased 

also the 2 and 3 layers thick NPs population increase. The PD data put in light that 

the ordered portion of the NPs grow in a (111) registry with the Pt support, in spite of 

the presence of the TiOx UT film. This is probably due to the fact that the metal 

nucleates and grows in a direct contact with the Pt through the phase active sites 

(picoholes inside the phase troughs). Moreover, the AS-PD modulation observed for 

a 0.7 ML Au/z’-TiOx/Pt(111) model system is in tune with the presence of a 3 layers 

Au NPs population, as observed with STM. The HR-XPS data suggest us the 

presence of 2 components in the Au 4f core peaks: a lower BE one (83.5 eV) due to 

the Au growing in direct contact with the phase oxygen topmost layer (high affinity) 

and a higher BE one (ca. 84.0 eV, a value typical for the bulk Au) due to the Au 

external layers. The higher BE component intensity increases as long as the Au 

coverage is increased and almost totally disappear after a thermal treatment of the 

sample, as a consequence of the NPs flattening.  

The templating effect of the z’-TiOx UT film has also been observed by mean of 

theoretical calculations. Based on the model proposed for the UT film, Au NPs with 

different dimensions were put on the TiOx surface and showed a higher adsorption 

energy for the active sites (picoholes) that are present inside the phase troughs.  
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VI.4 Reprint of the paper: Stability and Chemisorption Properties of Ultrathin 

TiOx/Pt(111) films and Au/TiOx/Pt(111) Model Catalysts in Reactive 

Atmospheres 

 

In the following paper we “fill” the pressure gap for some TiOx/Pt(111) UT films and 

Au/TiOx/Pt(111) model catalysts. Through a collaboration between the Surface 

Science group of the University of Padova and the Institute of Surface Chemistry and 

Catalysis of the University of Ulm (Germany) it was possible to combine a UHV 

chamber for the in-situ preparation of the UT films and the model catalysts to a HP-

cell where PM FT-IRAS experiments were carried on up to 102 mbar range in 

controlled conditions (both pure CO and CO:O2 1:1 atmospheres). 

Three TiOx UT films have been grown, based on their structures and oxidation states: 

2 reduced UT films, the z’ (templating substrate where the metal NPs grow ordered 

along straight lines) and the w’-TiOx (where no ordered defects are present, so that 

the metal NPs are free to nucleate and grow randomly) and a stoichiometric UT film, 

the rect’-TiO2. These systems have been used as substrates for the Au NPs growth at 

different coverages.  

The FT-IRAS outputs, together with the XPS, LEED and STM collected in UHV 

after the HP treatments, show that both the three UT films and the corresponding 

model catalysts are stable in pure CO HP atmospheres. On the contrary, when the 

two reduced UT films are exposed to HP in the presence of oxygen (CO:O2 1:1 

environment) they strongly modify, leading to the Pt support dewetting as a 

consequence of the formation of TiO2 clusters. The stoichiometric rect’-TiO2 UT 

film is stable also in the presence of oxygen HP. The instability of the reduced 

substrates also reflects on the corresponding model catalyst, so that when the Au/z’-

TiOx/Pt(111) and the Au/w’-TiOx/Pt(111) systems are treated in a CO:O2 HP a, 

Au/TiO2 nano-composite is formed. The Au/rect’-TiO2 model catalyst remain stable 

also in CO:O2 HP.  

In the paper, also the UHV thermal evolution (up to 1000 K) of the two reduced UT 

films is presented, as studied by XPS and STM after the HP treatment in a CO:O2 

mixture. The outputs show that while at high temperature the z’-TiOx restores its 

original structure and oxidation state through a progressive oxygen loss, the w’-TiOx 

never restores completely.  
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Chapter VII 

State of the art 3: Fe at the nanoscale and SMSI effect 

 

 

 

In this chapter I will shortly report on the abundant literature on Fe NPs and their 

applications. For convenience of the reader, a full overview on this topic can be 

found in a review article.1 In addition, I will make a complete treatment of the so 

called Strong Metal Support Interaction (SMSI), of relevance to discuss the results 

reported in Chapter VIII.  

 

 

VII.1 Properties of Fe at the nanoscale 

 

In general, metal NPs can exhibit unique optical, chemical and magnetic properties 

due to their finite size. In the Fe case, no interest in the scientific community is 

associated to its optical properties, but the other two are still a living topic. Reducing 

the size from the bulk material to the NPs range cause a huge increase in the exposed 

surface area, even if this effect is not the only one leading to the observed reactivity 

enhancement. A large part of the overall NPs energy is stored as surface free energy, 

thus leading to a significant catalytic activity and enhanced magnetic properties. 

Surface defects are believed to be the responsible for the enhanced catalytic activity 

and NPs have an enormous concentration of these under-coordinated atoms, steps 

and kinks. Moreover, also the nanoscale effects have a big impact on the electronic 

structures of the NPs, leading to magnetic properties that are different from the ones 

of the bulk counterpart. When the NPs dimensions are increased, these peculiar 

properties tend to converge into the bulk ones. In the following, these two properties, 

i.e. magnetic and chemical properties, will be further analysed.  
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In the first half of XX century many studies on iron particles have been reported, 

focused on their macroscopic magnetic properties (e. g. magnetization) and many 

theories have been developed, in order to rationalize them. However, it was difficult 

at that time to have a clear output without a direct correlation with the particles 

dimensions. Starting from the 1950s and using electron microscopy, it was possible 

to investigate the Fe NPs based systems in more details. Hence, putting together the 

theory and the new experimental evidences, a complete theory regarding Fe NPs 

magnetism was proposed.2,3,4,5,6 The research on Fe NPs has experienced a renewed 

interest in the last two decades, as a consequence of their applications in many 

industrial fields.7 In fact, magnetic NPs are of great interest today and iron is the 

most useful and largely available amongst them. Compared to the other, commonly 

used, magnetic elements (e. g. Co, Ni), Fe has the highest room temperature value for 

saturation magnetization (σs) and a low magnetocrystalline anisotropy, allowing Fe 

NPs to show superparamagnetic behaviour in a wide size range.   

 

 

VII.1.1 Magnetic properties 

NPs made by ferro- or ferrimagnetic material, whose dimensions are below a certain 

size (10-20 nm) show a unique form of magnetism, called superparamagnetism.8 In 

the bulk materials, the spins of unpaired electrons undergo spontaneous collective 

interactions, lowering their average energy by aligning the spins with the 

neighbouring atoms. Normally, to mediate the overall energy of the system 

decreasing the magnetic flux leakage, the materials divide into magnetic domains, 

whose size is determined by the competition between the energy increase due to 

external magnetic flux and the energy cost of formation of additional domain walls. 

The walls, dividing the domains, can be modified by the application of an external 

magnetic field, and their movement give rise to the hysteresis curves typical of the 

ferromagnetic materials. The magnetic domains size varies depending on the material 

but usually is in tens of nanometers. Hence, if a NP is smaller than this size, it will 

contain a single magnetic domain. The single domain NPs are stable because the 

energy needed to create a new wall would be higher than the energy decrease 

achieved by the resulting decrease in the magnetic flux.9,10,11 Moreover it is well 

known that there is a certain temperature that marks the transition between the 
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superparamagnetism and ferromagnetism, increasing with the NPs increasing size so 

that its value could be impractically high for large domain NPs.  

Figure VII.1. Idealized magnetization curves. (A) M versus H for a ferromagnetic (or ferrimagnetic) 

material. This curve demonstrates the familiar magnetic hysteresis of these systems, and the coercive 

field (Hc) and remnant magnetization (MR) are labelled; (B) M versus H for a superparamagnetic 

sample. Curie’s law is accurate at low fields, while the Langevin equation fits the magnetization 

behaviour at all fields. Note the lack of hysteresis 

 

The term superparamagnetism has been chosen as a consequence of the similarity to 

the behaviour of paramagnetic samples. Usually, a paramagnetic ion has no magnetic 

moment in a zero field even if a weak moment can be induced by applying an 

external magnetic field. In this case, the particle moment is called induced and its 

intensity increases as the external field increases, until reaching a limit value. At low 

fields there is a linear increase of the magnetization, in tune with the Curie’s law, 

while at higher fields the spins approach to their saturation value, leaving the linear 

correlation with the field: their overall behaviour is predicted by the Langevin 

equation. The magnetization, in the case of paramagnetic samples, also depends on 

the temperature as predicted by the Curie’s law, decreasing as T-1 with the increasing 

temperature. Paramagnetic ions do not have strong interactions with the neighbours 

so that a small activation barrier has to be passed in the processes and no hysteresis is 

observed in figure VII.1 B (a typical hysteresis curve is shown by ferro- and 

ferromagnetic samples (figure VII.1 A). A superparamagnetic sample shares many 
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macroscopic properties with a paramagnetic one: both of them show Curie’s law 

behaviour at low applied fields and Langevin behaviour at all the other  fields, T-1 

dependence of the magnetization on the temperature and no hysteresis. In the case of 

superparamagnetic particles, the magnetization is larger than the one observed for 

paramagnetic samples. In spite of all these similarities, the way superparamagnetic 

NPs are able to show their typical behaviour is different from the paramagnetic ones. 

Superparamagnetic NPs have a fixed magnetic moment that only varies in its 

direction, and their net magnetization at zero field is zero as a consequence of the 

random orientation of the various particle spins. Thence, superparamagnetic NPs 

spins reorientation is already achieved at relatively low fields, thus meaning that the 

initial susceptibility values are very high.  

Another interesting property distinguishing superparamagnetic NPs is that they have 

no coercivity, so that when the external field is removed, the thermal energy allow 

them to freely reorient their spins. This phenomenon can occur only in a limited 

temperature range: hence, below a certain temperature called “blocking temperature” 

(Tb), the NPs behaviour becomes ferromagnetic (even if the NPs are still single-

domain). Thus, the Tb is important since it represent the maximum in the sample 

susceptibility and the lower limit of the superparamagnetic behaviour.  

Studying Fe NPs magnetic properties is very important since they can exhibit the 

lowest (zero) or higher coercivity depending upon size.      

 

 

VII.1.2 Chemical properties and catalytic applications 

The chemistry of Fe NPs is influenced by the extreme high reactivity with oxidizing 

agents, so that it is extremely difficult to use Fe based catalyst in the air. Many 

efforts have been done in order to lower this reactivity, and some strategies are now 

well known. Pre-oxidation of the NPs is a commonly used technique to handle them, 

since the magnetite shell formed during this process is strongly adherent to the metal 

and acts as an oxidation barrier avoiding the direct contact between the Fe and the 

oxygen. Other methods are the alloying, for example with a noble metal such as Pt to 

form stable Fe-Pt NPs12 or the coating, usually done by Au. In any case, all the 

protection methods significantly alter the Fe chemical properties and are not useful 

for catalysis purposes. 
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In spite of its big reactivity towards oxidizing agents, Fe NPs based catalysts can find 

application in some interesting processes taking place in reducing atmospheres. The 

most relevant are: 

- Fischer – Tropsch synthesis, to obtain hydrocarbons from syngas,7 

- coal liquefaction,13 

- hydroformilation of an alkene,14  

- hydrogenation of naphthalene,15 

- growth of gallium nitride nanostructures,16 

- growth of carbon nanotubes.17,18 

It is important to point out our attention on the first process. Coal can be converted 

through steam reforming into syngas, a mixture of CO and H2. The syngas can then 

be converted into hydrocarbons through the Fischer Tropsch synthesis, a catalytic 

process involving syngas in high pressure and temperature conditions.7 The critical 

step in this synthesis is the formation of a new C-C bond on the catalyst surface. For 

this purpose, the group VII metals demonstrated to have the highest activity and Fe 

was chosen amongst them for its low price compared to the Ruthenium.19 The studies 

on the reactivity of Fe NPs based catalysts for the Fischer – Tropsch synthesis are 

promising, and a conventional way to obtain such systems is to deposit Fe3+ species 

from a solution and then reduce them to metallic Fe in a hydrogen flux.20 The 

observed catalytic activity is six times larger than the one measured on other 

conventional materials and the main reaction product is methane. The authors 

explain these evidences considering the small size of Fe NPs, limiting the amount of 

adsorbing CO molecules. On the other side, H2 adsorption is favoured, thus leading 

to the chain termination reaction instead of the C-C chain growth.  
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VII.2 The Strong Metal Support Interaction (SMSI) effect 

 

The SMSI effect has been reported for the first time in 1978 by Tauster et al., to 

justify the dramatic reduction in the CO and H2 chemisorption from metallic NPs 

supported on TiO2 after thermal treatment at high temperatures.21 The authors tried to 

focus on the metal-substrate interactions, using transition metal oxides as supports 

and considering that these oxides could show a higher interaction with the metal NPs 

than the non-transition ones (Al2O3, SiO2, ecc.). In particular, they focused their 

attention on the overlap between the d orbitals of the two transition metals: the 

metallic atoms belonging to the NPs and the cations belonging to the oxide lattice. In 

the first work reported by Tauster et al.,21 the authors show how the chemisorption 

properties of some metals are altered by the interaction with a TiO2 surface: after a 

reducing thermal treatment at 773 K the CO and H2 adsorption vastly decrease. 

Electron microscopy and X ray diffraction experiments show neither metal 

agglomeration nor metal poisoning as a cause of this. Moreover, all the systems 

totally recovered their adsorption properties after oxidation ad 673 K. Hence, the 

authors find the only explanation in the strong interaction between the metal NPs and 

the lattice cations (the term SMSI comes from these first evidences).  

In a second work, Tauster started to consider the possibility that also other oxides 

might show SMSI.22 In particular, if the “strong interaction” is caused by the lattice 

cations d orbitals, this should limit the reactivity to the transition metals. Starting 

from these assumptions, the authors made an empiric analysis of various systems 

formed by metal NPs supported on different oxides (MgO, Sc2O3, Y2O3, TiO2, ZrO2, 

HfO2, V2O3, Nb2O5, Ta2O5) and observed that only a part of them were active 

through SMSI (TiO2,  V2O3, Nb2O5, Ta2O5). The overall conclusions were that, as 

expected, only the transition metal oxides were able to establish a strong interaction 

with the metal NPs, even if not all the analyzed transition metal oxide substrate were 

active. Two of them, the Sc2O3 and the ZrO2 did not show SMSI, and this could be 

justified considering their refractory behaviour, thus establishing a direct relation 

between the SMSI activity and the oxide reducibility.  

In a third work, published in 1987, on the basis of the observations made during the 

previous years, Tauster tried to summarize on the SMSI effect.23 In fact, many 

experiments showed that some systems (metal NPs/reducible oxide) were perturbed 

by the temperature, leading to the diffusion of the oxide on the NPs or to a metal 
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diffusion on the surface in order to increase the oxide coverage. All these events 

reflected different bonding interaction so that many transition metals, included some 

“noble” metals, were found to establish interfacial bonds with the reduced transition 

metal oxides. The fundamental requirement for the SMSI effect resulted to be the 

surface reduction state of the transition oxide, leading to a spontaneous increase of 

the metal-oxide interface. In the case of TiO2, one of the most studied substrates, 

direct interactions between the metal atoms and the reduced oxide lattice Ti ions 

were observed through spectroscopic techniques. In any case, all the examples of 

SMSI involving metal NPs dispersed on an oxide, led to dramatic changes in the 

overall catalyst morphology through NPs coalescence to form metal thin films or 

oxide migration on top of the NPs.  

In recent years, the interpretation of the SMSI effect have achieved further 

improvements, leading to the distinction between two factors: 

- an electronic factor, due to the perturbation of the electronic structure of both the 

metal and the oxide as a consequence of the charge transfer between them 

- a geometric factor (encapsulation), which is predominant when metal NPs are 

covered by a reduced thin oxide layer, coming from the oxide substrate and thus 

blocking all the active sites for catalysis. 

 

 

VII.2.1 Strong interactions between metals and oxides mixed conductors 

The category of oxides that show both electronic and ionic mobility is called “mixed 

conductors”. These materials are able to convert chemical energy in electric energy 

end vice-versa and thus are used in many applications such as catalysis, 

photocatalysis, fuel cells, etc. The chemical interactions taking place at the 

metal/oxide interface can be divided in 4 different groups depending on the products 

yield: 

- redox reactions, involving a charge transfer between the metal and the oxide that 

lead to the NPs oxidation and the oxide partial reduction 

- alloy formation, producing stable inter-metallic compounds at the interface 

- encapsulation, generating a mass transfer from the oxide substrate to the metallic 

NPs surface 

- inter-diffusion, implying the migration of the metal inside the substrate and vice-

versa.24   
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Based on the electronic and geometric factors affecting the SMSI effect, in the 

following paragraph we will focus on both the thermodynamics and the kinetics 

governing the redox reactions and the encapsulation processes.  

 

 

VII.2.2 Thermodynamic aspects of the SMSI effect 

Thermodynamic data regarding reagents and products at the interface are often not 

available so that, making an approximation, it is necessary to use the thermodynamic 

data regarding their bulk counterparts. The values are different from the ones 

representing the phases involved in the SMSI, whose chemical composition is 

frequently unknown. In spite of all these aspects, it is possible to define the 

fundamental thermodynamic aspects for the redox reactions and the encapsulation 

processes involving metal NPs supported on an oxide. We will consider TiO2 as the 

prototype for these examples, since this oxide is widely used as a substrate in many 

applications and has been used during our experiments.  

 

- Redox reaction: M + TiO2 � MOx + TiO2-x 

To test if the reaction takes place (∆G < 0) it is enough to consider the heat of 

formation (∆Hf
o) of the involved oxides, since the entropy changes in a solid sample 

are negligible. U. Diebold reports, as a general conclusion, that the redox reactions 

are favoured when ∆Hf
o < -250 kJ/mol.25 

 

- Encapsulation reaction: this reaction can take place mainly through the system 

surface energy minimization. The general condition to respect is that: 

 

SubMeMeOxOxSubOxOMeMe x −−−− ++>++ γγγγγγ  

 

It has been demonstrated that metals with γ > 2 J/m are prone to encapsulation 

reactions.26  
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VII.2.3 Kinetic aspects of the SMSI effect 

The kinetics of the interface reactions between a metal and the TiO2 is determined by 

mass transfer processes in the oxide surface region. In the TiO2, the mass transfer 

processes involve the diffusion of interfacial defects (Tin+) and oxygen vacancies 

(VO
x+). The metal oxidation on TiO2 is controlled by the diffusion of O2- species 

through the interface while the encapsulation is limited by the diffusion of interstitial 

Tin+ cations from the bulk to the interface. Many experimental results have shown 

that the Tin+ species have a large diffusivity in the TiO2 at high temperatures but, at 

the same time, metal/TiO2 reactions at the interface are thermally limited to low 

temperatures.26 Hence it is important to consider the kinetics of both the redox 

reactions and the encapsulation process.     

 

        Figure VII.2 

 

- Redox reaction. 

When the electronic configuration at the metal/TiO2 interface is )()( 2TiOFmetalF EE >  

(figure VII.2 a), the metal/oxide contact causes a charge transfer from the metal to 

the TiO2  thus leading to the formation of an overall negative TiO2 surface charging 

and a downward band bending of it. This event favour the O2- ions diffusion to the 

surface, thus leading to a metal oxidation and the consequent oxide partial 

reduction.26      

    

- Encapsulation reaction. 

When the electronic configuration at the metal/TiO2 interface is )()( 2TiOFmetalF EE <  

(figure VII.2 b), the metal/oxide contact cause a charge transfer from the TiO2 to the 
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metal, thus leading to the formation of positive charges at the TiO2 surface and an 

upward band bending of it. This event favour the Tin+ cations diffusion and then the 

metal encapsulation.26  

Considering that the work-function (φ) is the measured energy difference between an 

electron in the Fermi level and the same one immediately outside the solid, it is easy 

to understand that the interaction between a metal deposited on an oxide substrate is 

influenced by their φ. It is then possible to classify the metal in different group 

depending on their φ value and thus reactivity (figure VII.3), always considering that 

eVTiO 2.5
2

≅ϕ . 

 

        Figure VI.3 

 

- First and second group metals, with a φ < 3.0 eV (Cs, K, Na, Ca and Ba). These 

metals show the highest reactivity towards TiO2 surfaces, in tune with their high 

affinity with oxygen and grow forming multilayers of oxidized metals. 

 

-Metals with a  3.75 eV < φ < 5.0 eV (Mo, Fe, Cr, V, Ti. Nb, Hf and Al). The redox 

reaction result to be favoured for this group, as reported by various experimental 

tests.26 In particular, Fe has to be considered apart since, as it is possible to note in 

figure VII.3, its work-function is borderline between the region I and II 

(encapsulation and redox). In the literature many cases regarding a direct reaction 

between the Fe and the TiO2 are reported, even if some cases of encapsulation were 

found. In fact, if we consider the general inequality regarding the Fe/TiO2 surface 

energies: 
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SubMeMeOxOxSubOxOxMeMe −−−− ++>++ γγγγγγ  

 

and assuming that SubOxMeOxOxMe −−− ≈≈ γγγ  (these are all metal/oxide interfaces) and 

SubMeOxMe −− ≥ γγ  (considering Fe electropositivity), the most important terms are Meγ  

and Oxγ  and the inequality becomes: 

 

SubMeOxOxMeMe −− +>+ γγγγ  

 

Since, as a general trend, the oxide surfaces free energy is considerably smaller than 

that of the metal surfaces it is possible that, in the case of Fe, after encapsulation the 

system reaches an higher stability. These considerations could explain why the 

Fe/TiO2 system show both a redox reaction and encapsulation at the interface with 

TiO2.  

 

- Metals with a 4.6 eV < φ < 5.4 eV (Ag, Au and Cu). The ∆Hf
o of these metals are 

above the -250 kJ/mol and, as a consequence of this, neither metal oxidation nor 

TiO2 reduction is observed at the metal/TiO2 interface in a wide temperature range.26  

 

- Metals with φ > 5.4 eV (Pt, Pd, Rh, Ir and Ni). The metals belonging to this group 

do not react with the TiO2 substrate, even at high temperatures. A prolonged heating 

of the systems metal/TiO2 leads to metal encapsulation.26  

 

 

VII.2.4 The SMSI effect in the Fe/TiO2 system 

In the previous paragraph, we reported about the double nature of the Fe deposited 

on a reducible oxide like TiO2. This interaction has been studied by different groups 

and we will briefly report the main outcomes. 

Pan and Madey report a study about the growth and the reactivity of ultrathin Fe 

films on TiO2 (110) surface, and, through LEIS and XPS, show how at RT the metal 

form fully wetting islands on the oxide, even after a few monolayer (ML) 

deposition.27 This behaviour is explained as a consequence of the high affinity 

between the metal and the oxide. For instance, other 3d metal having a lower affinity 
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for oxygen than Fe (like Cu), grow on TiO2 forming smaller islands.28 The same 

authors also examined the reactivity of this system, observing an oxidation of the Fe 

adatoms at the interface as a consequence of the large charge transfer from the Fe to 

the TiO2. XPS spectra show how, even after the first Fe deposition step, an oxidation 

reaction takes place, leading to the appearance of a Fe 2p3/2 peak centred at about 709 

eV. If the amount of deposited Fe is increased, a lower BE peak (about 706.5 eV) 

starts to develop, and is representative of the Fe metallic state (figure VI.4).  

 

      

Figure VII.4 27 

 

Considering the position of the “high BE” peak and the separation between it and the 

other component (∆ = 3.0 eV) it is possible to identify the Fe oxidation state (Fe2+).27 

This could be the evidence for the formation of FeO at the interface between the Fe 

and the TiO2 after deposition at RT, although no encapsulation is observed. Also 

Diebold et al. came to the same conclusion in an XPS study of a Fe/TiO2(110) 

ultrathin  film.29 Moreover, their analysis shows how a charge transfer between the 

Fe atoms and the surface O atoms takes place, leading to a reduction of the Ti and an 

oxidation of the Fe: in particular, the observed Ti oxidation state is comparable to the 

one obtained after electron bombardment of the TiO2. Hence, the authors conclude 

that most probably, during the Fe nucleation, a change in the position of the O atoms 

from the Ti to the Fe takes place. Nakajima et al. continued and deepened the XPS 

study analyzing the Fe/TiO2 system at different coverages.30 They observed a Fe NPs 

non-metallic behaviour in the 1.0 to 3.2 ML range coverage and an increasing 
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metallic component when the amount of Fe is increased and the NPs start to coalesce 

to form large aggregates and then a film. Focusing on the interaction between the 

metal and the oxide substrate, Mostèfa-Sba et al. observed an higher redox reactivity 

(Fe oxidation and, at the same time, TiO2 reduction) in the 1.0 to 3.0 ML range, 

when the Fe NPs are still not covering all the TiO2 surface.31 When the 3.0 ML 

coverage is exceeded and a Fe film starts to develop, the interaction between the 

deposited metallic Fe and the substrate is lower, so that a decrease in the overall 

reactivity takes place.  

The thermal evolution of a Fe/TiO2 system has then been taken into consideration by 

Pan and Madey.32 The collected XPS spectra show how, after an annealing at 773 K, 

the Fe 2p peak intensity is lower than the one registered at RT and the same peak is 

also narrowed, as a consequence of an higher metallic component content. Thence, 

the main difference between the thermal treated sample and the ones analyzed at RT 

is that the NPs maintain their metallic behaviour, and at the same time a titania sub-

oxides migration on top of them is observed (encapsulation). Santos et al. come to 

the same conclusion considering the CO chemisorption on such a system, observing 

a progressive decrease of it after the thermal treatment.33 They interpret this evidence 

as a consequence of the Fe NPs progressive encapsulation by the TiOx patches 

migrating from the oxide substrate and blocking the metal active sites for the CO 

adsorption. Another interesting study is reported by Petsy et al., as a comparison 

between the Fe/TiO2 (110) and the Pt/TiO2 (110) systems.34 On the latter, the 

encapsulation process takes place at relatively low temperatures (450 K), a lower 

temperature value if compared to the one observed for the Fe/TiO2 system (800 K). 

The authors suggest that this event can be interpreted considering the tuning between 

the wetting properties of the two metals towards the substrate and their tendency to 

the encapsulation. In fact, if the metal-metal interaction is stronger than the metal-

oxide one, then the metal atoms mobility is increased and the wetting tendency is 

reduced. On the contrary, if the metal-oxide interaction predominates, then the 

formation of a MeOx oxide becomes possible, thus disturbing the TiOx migration on 

top of the NPs. Therefore, in the case of Pt, the oxidation state of the metal after the 

annealing is lower than the one of Fe, thus suggesting the preferential formation of 

Pt-Ti and Fe-O bonds. This different evolution can explain why the Pt encapsulation 

occurs before the Fe one.        
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Chapter VIII 

Results on the Fe/TiOx/Pt(111) model catalysts 

  

 

 
In this chapter, the entire set of  data collected on the Fe/TiOx/Pt(111) systems will 

be presented and discussed in order to provide a full overview about their structural 

and chemical properties and their evolution as a function of the temperature. Two 

different Fe/TiOx/Pt(111) systems will be examined: the Fe/z’-TiOx/Pt(111) and the 

Fe/w’-TiOx/Pt(111)  model catalysts. The former is characterized by a defective and 

templating UT TiOx film (see Chapter III), while the latter does not present any 

periodical defectivity and, therefore, templating effect.  

Only a small part of the data is already published (see at the end of the chapter the 

corresponding reprint) while the unpublished data are the argument of three different 

manuscripts under development. 

 

 

VIII.1 The  Fe/z’-TiOx/Pt(111) system 

 

In this section I will first report on the data obtained by different surface tools on the 

Fe/z’-TiOx system, and at the end the current status of understanding emerging from 

their comparison will be discussed.  

 

 

VIII.1.1 HR-XPS data for the Fe/z’-TiOx/Pt(111) system 

The high resolution XPS data herein presented were obtained at the Beamline for 

Advanced diCHroism (BACH) of the Elettra Synchrotron (Trieste), using a photon 

energy of 550 eV to acquire the Ti 2p peaks and of 830 eV to acquire the Fe 2p 

peaks. The pass energies used were 20 and 50 eV respectively, allowing a total 

resolution of 0.229 and 0.509 eV, respectively. The experiments at Elettra were 
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successive to preliminary experiments done at the Surface Science Laboratory in 

Padova in a standard XPS apparatus (see Chapter II), where the preparation 

procedure was optimized.   

Different amounts of Fe deposited on the ultrathin reduced z’-TiOx phase were taken 

into consideration, starting from a low coverage (0.1 ML) and then increasing to 0.3, 

0.5 and 0.8 ML, where 1 ML (monolayer equivalent) corresponds to 

215105.1 −⋅⋅ cmatoms . Each system was analyzed at room temperature (RT) and after 

several thermal treatments up to 900 K, maintaining the sample at the desired 

temperature for 2’. In figure VIII.1 the spectra taken at RT and after thermal 

treatments at 700 and 900 K, are reported. The whole set of data at intermediate 

temperatures for the case of Fe(0.5 ML)/z’-TiOx/Pt(111) is reported in the figure 1 of 

the  reprint attached at the end of this chapter.  

For convenience, in figure VIII.1a I report only once the Ti 2p spectrum 

corresponding to the clean TiOx ultrathin (UT) film, collected before the Fe 

deposition and used as a reference. Such UT film, behaving as a templating support 

for the Fe-related nanoparticles (NPs) (see Chapter III), was prepared using the same 

recipe for each set of experiments.  
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Figure VIII.1 Ti 2p (a) and Fe 2p (b) HR-XPS spectra of the clean z’-TiOx/Pt(111) phase and of the 

Fe/z’-TiOx/Pt(111) system at 4 different Fe coverages   

 

Focusing on the Ti 2p dataset (figure VIII.1a), it is possible to note that, with respect 

to the clean z’-TiOx substrate, after the Fe deposition at RT a peak shift is observed. 

The shift increases with the amount of deposited metal, so that in the case of 0.1 ML 

of Fe it is difficult to appreciate it but at 0.5 and 0.8 ML is rather evident the  

presence of a new component at lower binding energy (BE) (blue line reported in 

figure VIII.1a). Moreover, it is possible to note that, as long as the amount of 

deposited Fe increases, a high BE shoulder starts to develop in the spectra after the 

thermal treatment at 700 K (red line reported in figure VIII.1a). This feature almost 

disappears when the temperature is raised to 900 K and an overall peak shape similar 

to that of the clean substrate is recovered (900 K spectra). The last evidence is 

directly related to the Ti 2p intensity: at RT an intensity decrease is observed, whose 

entity depends on the amount of Fe. When the temperature is raised a progressive 

increase in the Ti 2p overall intensity is obtained, even if the starting (clean z’-TiOx 

phase) value is obtained only for the first reported system (0.1 ML Fe). In the other 

a b 
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three cases, the peaks intensity is lower than the one corresponding to the clean 

phase. 

The clean z’-TiOx phase Ti 2p peaks deconvolution (not reported), in line with some 

previous results,1 can be properly fitted with two components corresponding to the 

phase Ti3+, centred at 456.5 eV, and a shoulder (at 458.5 eV) associated to the 

presence of tetra-coordinated Ti ions contained in some residual TiO2 particles that 

are present on the surface after the phase preparation. 

The Ti 2p multipeak analysis  (figure VIII.2), herein reported after the highest Fe 

deposition (0.8 ML), clearly shows that immediately after the metal deposition three 

components are needed to properly fit the spectrum. The lowest BE component 

(outlined in black), is centred at about 455 eV, a BE value that is in the typical range 

of a Pt-Ti alloy, while the other two (outlined in blue and green) are centred at about 

456.5 (whose BE value corresponds to the one of the Ti3+ in the clean z’ phase, see 

figure VIII.1 and reference1) and 458.1 eV (a BE value typical of Ti4+), respectively. 

A nice fitting of the spectra collected after thermal treatments of the system at 700 

and 900 K is obtained using only the two latter components. Moreover, a 0.5 eV shift 

in the Ti4+ component (from 458.1 to 458.6 eV) is observed when the system 

undergo the first thermal treatment.       

Let us now turn to the Fe 2p HR-XPS dataset reported in figure VIII.1b. Looking at 

all the examined  Fe coverages some common trends can be observed:  

i) the peaks have a broad shape, suggesting the presence of several 

components; 

ii)  independently from the amount of deposited Fe, a decrease in the overall 

intensity when the temperature is raised; 

iii)  focusing on the data taken at RT, the position is slightly shifted to lower 

BE as long as the amount of Fe is increased.  
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Figure VIII.2 Ti 2p peaks deconvolution for the system Fe(0.8 ML)/z’-TiOx/Pt(111) at room 

temperature (RT), and thermally treated at 700 and 900 K for 2’. 

 

The Fe 2p multipeak analysis for the Fe(0.5 ML)/TiOx/Pt(111) system at RT is 

reported in figure VIII.3: it puts in light how complex is the deconvolution procedure 

since several components are needed to properly fit the experimental data. In 

particular, the component,(black in the figure) centred at about 707.5 eV (Fe 2p3/2), 

refers to the zero-valent (metallic) Fe, the blue one, centred at about 709.5 eV, is 

typical of the Fe2+ ions, the green one, centred at about 711.5 eV, refers to the Fe3+ 

ions and the brown and grey are the shake-up satellites belonging to the Fe2+ and the 

Fe3+ states, respectively.2 A red, more broad peak, is also present at about 724 eV, 

and refers to Pt 4s signal, coming out from the Pt(111) single crystal support. After 

the thermal treatment at 700 K and then at 900 K, a progressive simplification of the 

spectrum (less components are needed to fit the profile) is observed, together with 

the overall peaks intensity decrease. It is noteworthy that the metallic component 

(black) undergo the highest relative decrease: at 900 K it is almost vanished. Also the 

Fe3+ (green) suffers from a considerable reduction, that is clearly visible at 900 K, 

when its shake-up counterpart (grey) is almost vanished. The Fe2+ peak (blue) has the 

smaller relative decrease so that it becomes predominant  at 900 K.   
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Figure VIII.3 Fe 2p peaks deconvolution for the system Fe(0.5 ML)/z’-TiOx/Pt(111) at room 

temperature (RT), and thermally treated at 700 and 900 K for 2’. 

 

From the above reported XPS data we can conclude that a quite peculiar redox 

behaviour of the TiOx UT film and of the Fe-related NPs is occurring at different 

temperatures. In addition, the Fe 2p data clearly demonstrate that the Fe-related NPs 

have a complex and variable stoichiometry, i.e. they are not simple metallic NPs, but 

are partially oxidized. In order to better study the chemistry of the deposited Fe-

related NPs we have undertaken a TPD study, whose main outcomes are reported in 

the following section. 

 

 

VIII.1.2 TPD data for the Fe/z’-TiOx/Pt(111) system 

The TPD data shown below (figure VIII.4a and b) were acquired in the Surface 

Science Laboratory of Padova, using a Hiden QMS, cooling down the sample to ca. 

120 K, dosing 1.0 L of CO (used as a probe molecule) and then heating up to 500 K 

with a 2 K/s rate. The z’-TiOx phase was prepared and then cooled down, in order to 

use its CO desorption profile as a background for the following experiments. No 
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specific CO desorption peak is observed apart from a broad tail due to the 

physisorbed CO. Thence, after the Fe deposition at RT, it was possible to acquire the 

CO TPD spectra for the model catalyst with the same procedure (120-500 K range) 

and, after background subtraction, it was possible to single out the Fe contribution to 

the desorption profile. The model catalyst was then heated at different temperatures 

(up to 960 K with 50 K steps; not all the acquired spectra are reported in the figures 

below) for 2’ and cooled down to 120 K in order to dose the CO and perform again 

the desorption experiment. 

Figure VIII.4 a shows that for the system at RT, immediately after the Fe deposition, 

four contributions (labelled as a,b,c and d in figure) to the CO desorption profile are 

present: a and b (at ca. 142 and 156 K, respectively) are typical of the CO desorption 

from Fe2+ sites, c (at ca. 190 K) is assigned to CO desorption from Fe3+ sites and d (a 

broad peak centred at 340 K) is typical of CO desorption from metallic Fe sites.3,4,5    

 

 
Figure VIII.4 CO-TPD spectra for a Fe(0.5 ML)/z’-TiOx/Pt(111) system collected from RT to 960 K 

(a) raw data; (b) raw data normalized to the LT peak maximum. 

 

After the first two reported thermal treatments (460 and 560 K) the CO desorption 

profile outlines strong modifications of the system: all the peaks listed above are 

reduced. In particular peaks c and d, corresponding to the CO desorption from the 

Fe3+ and Fe0 sites, almost disappear, while peaks a and b are less intense but still 

present. Peaks a and b intensities continue to lightly decrease as long as the 

a b 
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temperature is raised, and after the last thermal treatment (960 K) they behave like a 

broad and low intensity feature. Starting from 810 K, a new feature develops (for 

convenience see the normalized spectra in figure VIII.4b), whose shape is clearly 

distinguishable at both 910 and 960 K. This peak, referenced as e, after the 860 K 

thermal treatment, is centred at about 370 K and shifts to higher T as long as the 

annealing temperature is increased, so that at 960 K it moves to ca. 405 K. The 

temperature range is in tune with a CO desorption from Pt on-top sites.14 In Figure 

VIII.4 b the above discussed data have been re-normalized to the peak a of all the 

desorption profiles, in order to better outline all the other contributions (in particular 

peaks d and e). This process is useful to remark the positive shift in peak e when the 

annealing temperature is raised.  

In figure VIII.5 a it is reported the CO desorption profiles corresponding to the 

system described above (0.5 ML of Fe deposited on the z’-TiOx phase) immediately 

after Fe deposition (lower profile) and after a 120 L O2 treatment of the same sample 

(oxidizing treatment) at RT. These spectra are useful to properly understand the 

nature of the desorption peaks: in fact, after the oxidation treatment the broad 

desorption peak centred at about 340 K totally disappears, thus supporting our 

previous assignment of the peak e to Fe0 adsorption sites, that are no more available 

after the oxidation. Concurrently, an absolute intensity decrease of the a and b peaks 

(Fe2+) is observed, while peak c (Fe3+) completely disappears.    

 

  
Figure VIII.5 (a) CO TPD spectra of a Fe(0.5 ML)/z’-TiOx/Pt(111) system collected before and after 

exposure to 120 L O2; (b) trend of the Pt, Fen+ and Fe0 CO TPD desorption peaks areas as a function 

of the temperature.  

a b 
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The desorption peaks area (figure VIII.4a) was then evaluated and reported as a 

function of the temperature in order to follow the evolution of the system adsorption 

sites (figure VIII.5b). Three main groups of peaks were plotted: a first containing all 

the CO desorption contribution coming from the oxidized Fe sites (labelled Fen+), a 

second containing the contribution from the metallic Fe sites (labelled Fe0) and a 

third containing the contribution from the uncovered Pt (labelled Pt). The plot shows 

us that both the Fen+ and Fe0 intensities decrease as long as the temperature is raised. 

At the same time, starting from 810-860 K, a sudden increase in the Pt intensity is 

observed.    

 

 

VIII.1.3 STM data for the Fe/z’-TiOx/Pt(111) system 

The STM images were acquired in the Nanoscience Lab of the ”Università Cattolica 

del Sacro Cuore” of Brescia (Dr. L. Gavioli), using an Omicron multiscan system 

and collecting the data in constant current mode at RT, with tip to sample bias 

ranging from 0.3 to 1.6 V and tunneling current ranging from 0.1 to 1.3 nA.  

In figure VIII.6 the STM images of the clean z’-TiOx phase and the Fe(0.5 ML)/z’-

TiOx/Pt(111) system after five thermal treatments at increasing temperatures (from 

410 K to 1000 K) are reported. In figure VIII.6 a the zigzag-like pattern of the stripes 

and the troughs of the clean z’-TiOx film (see Chapter III) is clearly observed, but 

completely disappears after the metal deposition at RT. The STM picture taken at 

410 K (figure VIII.6b) shows that around some Fe-related NPs (indicated in red-

yellow) a partially disordered hexagonal arrangement of the UT TiOx film is present. 

Such hexagonal UT film arrangement becomes progressively more visible at higher 

temperatures (figures VIII.6c,d): at 800 K, also the NPs shape is modified into a 

more crystalline structure, as shown by the atomic contrast on the largest ones (figure 

VIII.6d). At 900 K, the UT TiOx layer clearly reveals the copresence of the new 

hexagonal phase and the troughs typical of z'-TiOx, which eventually at the highest 

explored temperature (1000 K) is completely recovered, except for the presence of 

large nanoislands (see figure VIII.6f), whose metallic Pt nature has already been 

demonstrated by TPD (figure VIII.4a,b).6  
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Figure VIII.6 STM images of the clean z'-TiOx/Pt(111) UT film and (a) of the Fe(0.5 ML)/z'-

TiOx/Pt(111) system for different annealing temperatures (b-f). The color scale has been chosen to 

highlight both the oxide layer (green) and the Fe-related nanoparticles (red-yellow). 

 

The Fe/z’-TiOx/Pt(111) systems have also been investigated at different Fe 

coverages: in figure VIII.7 three different Fe coverages are imaged at RT and after 

thermal treatment at 900 K. This figure clearly demonstrate that at RT the Fe-related 

NPs tend to grow aligned on the z’-TiOx troughs, i.e. the UT film acts as a template 

for the NP growth (see Chapter III), even if the long range order is not as good as the 

one previously reported on the Au/z’-TiOx/Pt(111) systems.7 This is a direct 

consequence of the affinity between the Fe and the phase oxygen topmost layer: Fe 

tends to nucleate on the most active nucleation sites (the picoholes inside the phase 

troughs) but also partially grow on the surrounding stripes. After a thermal treatment 

at 900 K for 2’, the NPs almost disappear and larger nanoislands are present.  

Both the apparent height and the density of such NPs increase as long as the Fe 

initial coverage is increased. In the case of the 0.3 and 0.5 ML coverages, it is also 

possible to observe a motif of the UT TiOx film all around the islands. While in the 

case of 0.3 ML Fe deposition, the z’ phase distinctive features (troughs and stripes) 

are present on nearly all the uncovered TiOx surface (some hexagonal patches are 
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anyway distinguishable), when the Fe coverage is increased to 0.5 ML a mixture of 

an hexagonal and the z’ motif is present (as already observed in figure VIII.6).  

In figure VIII.7b the histograms relative to the NPs apparent heights are reported. 

They have been obtained directly from the STM images reported in figure VIII.7 a 

after thermal treatment at 900 K. The zero of the horizontal scale corresponds to the 

main peak due to the TiOx substrate. At 0.3 ML it is possible to observe a NPs 

apparent height distribution centred at 0.18 nm (black peak) while at 0.5 ML the NPs 

apparent height has a bimodal distribution centred at 0.18 and 0.36 nm (red peaks). 

At the highest Fe coverage the NPs apparent height distribution shows again the 

presence of two peaks centred at the same values reported before, but with an higher 

percentage of 0.36 nm thick NPs.   

   

 
Figure VIII.7 (a) STM images of the Fe/z’-TiOx/Pt(111) systems reported for three different coverages 

(0.2, 0.5 and 0.8 ML) at RT and after thermal treatment at 900 K for 2’; (b) histograms of the NPs 

apparent heights (frequency of each height in the corresponding STM image) after the 900 K thermal 

treatment.  

0.3 ML 0.5 ML 0.8 ML 
a 

b 
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The large scale image reported in figure VIII.8 (left) shows a Fe(0.5 ML)/z’-

TiOx/Pt(111) system after thermal treatment at 100 K. Large islands with triangular 

or hexagonal shape are clearly visible, and the z’-TiOx motif is observed all around 

them. The zoom-in reported in Figure VIII.8 (right, bottom) shows the magnification 

of one island, putting in light a big difference in the contrast between the island top, 

whose surface can not be clearly resolved, and the z’-TiOx motif, whose stripes and 

troughs are very well distinguished. A further magnification of the island allows us 

to obtain  the atomic resolution, whose behaviour is typical of the Pt(111) fcc lattice. 

The zoom-in reported in Figure VIII.8 (right, top) shows the magnification of 

another, partially covered, Pt island. The most interesting feature is that the thin 

oxide layer partially covering such island shows the z’-TiOx motif, thus suggesting a 

partial re-organization of the pristine film both all around the Pt islands and on top of 

them.    

 

 

Figure VIII.8 STM images of the Fe(0.5 ML)/z'-TiOx/Pt(111) system thermally treated at 1000 K  
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VIII.1.4 Discussion of the data on the Fe/z’-TiOx/Pt(111) system 

A preliminary report on the thermal evolution of the Fe(0.5 ML)/z’-TiOx/Pt(111) 

system has been already published (see the reprint at the end of this chapter).6   

The data reported in the previous paragraphs, together with some new theoretical 

DFT calculations performed at the “Istituto per i Processi Chimico-Fisici (IPCF)” of  

CNR, Pisa (Dr. A. Fortunelli), all are concord in giving a consistent and detailed  

understanding of the processes occurring during the Fe deposition (especially in the 

first temperature range) and the thermal evolution of the system.  

To rationalize the data, three different temperature ranges can be conveniently 

selected, where some important leading phenomena can be outlined: 

 

1) RT < T < 460 K: in this temperature range a preferential diffusion of the Fe from 

the Fe-related NPs towards the most favourable sites, i.e. the defect (picoholes), 

occurs and, correspondingly, a partial rearrangement of the z’-TiOx film is observed; 

2) 460 < T < 800 K: a reorganization of the z’-TiOx UT film into a new hexagonal-

TiOx phase (hereafter h-TiOx) is completed, while some Fe-related NPs are pinned at 

the apex of the h-TiOx hexagons. Based on the HR-XPS data, showing the 

appearance of an shoulder associated to an oxidized Ti 2p component, such Fe-

related NPs can be associated to a  TiO2/FeOx mixed oxide.  

3) 800 < T < 1000 K: at this high T the Fe is mostly dissolved into the Pt bulk, flat 

nano-islands of Pt (possibly alloyed with Fe) are extracted at the surface and the very 

stable z’-TiOx phase is formed again (beside and on top of such nano-islands). 

 

In section VIII.1.1 the BE shifts in the Ti 2p peak position occurring upon Fe 

deposition has been described: the shift becomes larger as long as the deposited Fe 

amount increases, and is due to the presence of a low BE component centred at about 

455 eV (deconvolution in figure VIII.2), a value that falls in the typical range of a Pt-

Ti alloy. At the same time, the analysis of the Fe 2p peak puts in light the co-

presence of different Fe oxidation states (Fe0, Fe2+, Fe3+), even immediately after the 

metal deposition at RT. The presence of oxidized Fen+ can be rationalized in term of 

a local redox reaction already occurring at RT between the TiOx phase and the 

deposited Fe. This leads to the formation of FeOx and the reduction of some Ti atoms 

of TiOx to Ti, being the latter able to bind to the Pt substrate, thus creating a Pt-Ti 

surface alloy. When the Fe coverage is raised, the Fe-related NPs cover a larger TiOx 
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area (as it is possible to note in figure VIII.7), so that a larger portion of the film 

undergoes this reaction. This is in tune with the increase of both the intensity of the 

Fen+ components in the Fe 2p peak and the Pt-Ti component in the Ti 2p peaks. 

Considering the chemical nature of the so-called Fe-related NPs, the XPS data 

suggest that both metallic, and oxidised (Fen+) Fe is present. These data are 

confirmed by the TPD data reported in figure VIII.4a, showing that after 0.5 ML Fe 

deposition (RT) the NPs contain both metallic (d) and oxidised (a, b, c) Fe adsorption 

sites. The metallic peak is predominant at RT and has a broad shape if compared 

with the literature data reported for CO adsorption of Fe single crystals.8 This is 

probably a consequence of a high heterogeneity of the Fe-related NPs, thus having 

different CO adsorption energies. The peaks a, b and c, corresponding to CO 

desorption from the Fen+ sites, most probably derive from CO chemisorption sites at 

the edges of the FeOx NPs, whereas at RT a large portion of the NPs has a zero-

valent metallic nature. To demonstrate further evidence of the metallic nature of peak 

d, a Fe(0.5 ML)/z’-TiOx/Pt(111) sample has been treated in an oxidizing atmosphere 

(120 L O2) at RT and then, after CO exposure, the desorption experiment has been 

repeated: no peak d was detected, while the ones corresponding to the CO desorption 

from Fen+ sites remained, even if slightly quenched. Another interesting evidence is 

about Fe3+ sites: after the oxidizing treatment the corresponding c peak almost 

disappears. It is possible to explain both the intensity reduction of the Fe2+ and the 

disappearance of the Fe3+ contribution as a consequence of the Fe oxidation: it is 

well established from the literature that oxygen terminated FeOx layers are not able 

to adsorb CO.5 Hence, it is possible to suggest a complete Fe NPs oxidation as a 

consequence of O2 exposure, that produces oxygen-terminated FeO NPs whose 

active sites for CO adsorption are only located along their edges. 

After the thermal treatments in the low temperature range, the Fe/z’-TiOx/Pt(111) 

systems show an evident modification both in the electronic properties and in the 

morphology. These effects are mainly visible at the highest explored Fe coverages 

(0.5 and 0.8 ML). Focusing on the HR-XPS plots reported in figure 1 of the reprint 

reported at the end of this chapter, a modification of the Ti 2p peak shape takes place 

already after the first annealing at 410 K: the low BE component (455 eV, see also 

figure VIII.2), associated to the reduced Ti atoms that are surface-alloyed with the Pt 

substrate is somewhat reduced while the Ti4+ peak intensity (458.0 eV) increases and 

its position shifts to 458.6 eV, a BE value that is typical of the Ti4+. This process 
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takes place up to 760 K, where the Ti-Pt contribution disappears while the Ti4+ one 

reaches its maximum intensity (peaks fitting in figure VIII.2). It is also important to 

note that the Fe 2p peak deconvolution in this temperature range (herein reported at 

700 K, figure VIII.3) suggests that Fe remains in both a metallic (Fe0) and an 

oxidised state (Fe2+ and Fe3+), even if the overall peaks intensity decreases. Hence, in 

the 410-760 K temperature range a new counterintuitive phenomenon shows up: both 

the Ti and the Fe are in an oxidized state. The only way to conciliate such 

phenomenon, together with the Fe 2p peaks overall intensity decrease, is to take into 

account the assistance of thermal activated diffusion of Fe into the Pt substrate, with 

the consequent increase in the O/(Ti+Fe) ratio. In fact, during all the experiments, 

neither oxygen has been dosed nor the UHV chamber base pressure was higher than 

10105 −⋅ mbar. The migration of the Fe into the Pt substrate could lead to the 

formation of  FeOx/TiO2 mixed oxide nanoislands, as a consequence of a new, 

thermal activated, competition between Fe and Ti for binding to the oxygen. This 

event can justify the increase in the 458.6 eV component in the Ti 2p signal and the 

presence of the corresponding Fen+ components in the Fe 2p spectra. 

The just mentioned thermal-induced electronic modifications correspond to a 

substantial structural change of the system, as clearly observed by STM for a Fe(0.5 

ML)/z’-TiOx/Pt(111) (figure VIII.6). The zigzag-like pattern showing the stripes and 

the troughs of the clean UT TiOx film (figure VIII.6 a), completely disappears after 

the Fe deposition at RT (reported in figure VIII.7). The STM picture taken after 

annealing the system for 2’ at 410 K (figure VIII.6 b) shows that around the NPs a 

partially ordered hexagonal arrangement of the UT TiOx film is built (h-TiOx), that 

becomes progressively more visible at higher temperatures (see figures VIII.6 c-d) 

and  NPs pinned at the apex of the hexagons are present. In the same temperature 

range the TPD (figure VIII.4) put in evidence that almost all the metallic Fe sites 

(Fe0) are no more accessible by the probe molecules (see also figure VIII.5 b, where 

the decrease in the Fe0 peak area as a function of the temperature is reported), thus in 

line with a temperature driven Fe diffusion towards the Pt, also justified by a 

decrease in the overall Fen+ peaks area (figure VIII.5 b). In fact, as a consequence of 

the Fe diffusion towards the Pt and the Ti oxidation, less Fen+ active sites for the CO 

adsorption are available at the NPs edges.  

To rationalize the photoemission evidences and establish a connection between them 

and the transition from the z’-TiOx to the h-TiOx UT film evidenced by STM, a 
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theoretical approach based on Density Functional Theory (DFT) was performed in 

Pisa. Actually, as reported in Chapter III, the structure of the z’-TiOx/Pt(111) UT 

film is completely understood and also the picoholes described into details. In 

particular, the stoichiometry has been demonstrated to be  z’-TiO1.25.
9  

 

 
Figure VIII.9 (a) DFT structural model and STM simulated image (at a bias of +1.0 eV) of the z’-TiOx 

film; (b) structural model of the transformation from the rectangular z’-TiOx to the hexagonal h-TiOx 

film (L=6); (c) structural model and (d) STM simulated image (at a bias of +1.0 eV) of h-TiOx (L=9). 

Blue (larger) balls correspond to Oxygen atoms; grey (smaller) balls to Ti atoms. (e) STM image 

taken at RT of the h-TiOx film. 

 

 

Previous DFT studies have been also reported on the system composed by a few Fe 

atoms on the z’-TiO1.25 film.7,10 They have already demonstrated that Fe is already 

oxidized by simple adsorption on an almost not-restructured z’-TiO1.25 film. This 

supports the evidences emerging from the XPS data shown before and regarding the 

system immediately after the Fe deposition and during the initial stages of the 

thermal processes. At higher temperatures, in the 410-760 range discussed above, 

complex diffusion and transformation mechanisms are activated. First of all there is a 

strong tendency to migration of the Fe atoms into the Pt bulk, which is mainly 

carried out through the picoholes. This phenomenon favours the restructuration of 

the z’-TiO1.25 film, and leads to the formation of a new UT TiOx film having an 

hexagonal arrangement, i.e. the h-TiOx phase.  

A thermodynamic analysis of the free energies is helpful to understand the factors at 

play and rationalize the observed behaviour. Assuming that the Fe deposition 



Chapter VIII         Results on the Fe/TiOx/Pt(111) model catalysts                    151                                   

 

determines the simultaneous formation of a mixed FeOx/TiO2 oxide with a supposed 

stoichiometry similar to that of FeTiO3 (ilmenite) and the release of Ti atoms to the 

Pt support, a Gibbs free energy of –0.48 eV is calculated for the following process 

 

TiFeTiOPtTiOhFePtTiOz 15.015.0/70.015.0/' 314.125.1 ++−−→+−  

 

where the energy of an hypothetical TiO1.14 phase was estimated from a linear 

extrapolation of known values of analogous TiOx phases. The quantity of Fe 

involved in this reaction corresponds to a nominal coverage of 0.22 ML. The 

formation of a composite phase (h-TiO1.14) made by a TiOx film (further reduced 

with respect to z’-TiO1.25) and FeOx/TiO2 nanoislands is thus thermodynamically 

favoured. As the number of oxygens is fixed under the present experimental 

conditions, this process entails a corresponding reduction of the TiOx film from the 

1:1.25 Ti/O ratio characteristic of the z’-TiOx phase to a lower value.  

The important point, now, is to theoretically support the formation of an hexagonal 

UT TiOx film. To this end, making reference to the already published analysis of the 

building principles of reduced TiOx/Pt(111) films is essential:11 the reduced 

TiOx/Pt(111) films are characterized by triangular pseudo-epitaxial regions of tri-

coordinated Ti ions separated by dislocation lines of tetra-coordinated Ti (see Fig. 

VIII.9a for z’-TiOx). A TiOx stoichiometry with x < 1.25 can be achieved by 

enlarging the side length (L) of the triangles (which for z’-TiOx is composed of 6 Ti 

atoms), thus increasing the ratio between tri-coordinated and tetra-coordinated Ti 

atoms. However, at this more reduced stoichiometry, a structural transformation is 

energetically favoured where the rectangular arrangements, typical of  z’-TiOx, gives 

way to hexagonal ones (h-TiOx). Such a type of transformation has been already 

described:12 it can be derived by a shift of ½ period of the rectangular unit cell 

together with a merging of the defective holes into a single larger one (as shown for 

z’-TiO1.25 in Fig. VIII.9b). A complete set of DFT calculations allows us to predict 

that with a TiO1.14 stoichiometry a very stable h-TiOx configuration is formed (see 

Fig. VIII.9c), where the side length of the characteristic triangular pseudo-epitaxial 

regions is now composed by 7 Ti atoms. Even though the boundary between this h-

TiOx film and the mixed oxide islands have not been simulated, the merging of the 

defects into a single hole has been shown to be beneficial also for (and triggered by) 
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the presence of species adsorbed in the hole.12 The simulated STM images of the h-

TiOx film are also shown in Fig. VIII.9d, and compare very well with the 

experimental STM images of Fig. VIII.9e.  

It can be noted that at p = 10-13 atm and T = 673 K the formation of the h-TiOx phase 

is not thermodynamically favoured, since the reduction process: 

 

214.125.1 05357.0//' OPtTiOhPtTiOz +−→−  

 

has a ∆G of +0.25 eV. However, the h-TiO1.14 phase, exhibiting Ti in a more reduced 

oxidation state, is expected to become more stable than z’-TiO1.25 (at the same 

amount of deposited Ti) at higher temperatures (around 1500 K). Indeed, this phase 

has actually been obtained by annealing the z’-TiOx at 1000 K for two hours and its 

STM image is also shown in Fig. VIII.9e.  

In the highest explored temperature range (800–1000 K) the system undergo another 

deep modification that is immediately visible by STM. After thermal treatment at 

810 K the NPs shape (in figure VIII.6 d clearly visible pinned at the centre of an 

hexagon) is modified into a more crystalline structure, as shown by the atomic 

contrast. At 900 K the STM image reported in figure VIII.6 d reveals the presence of 

both the h-TiOx hexagonal features and the troughs, typical of the z’-TiOx UT film.  

At the same time the HR-XPS spectra reported in section VIII.1.1 show that the 

458.5 eV shoulder in the Ti 2p peaks starts to decrease (at 910 K it is almost 

vanished and the peaks shape comes back to the one of the pristine TiOx UT film), 

while the Fe 2p multipeak analysis (after thermal treatment at 900 K) put in light that 

a strong decrease both in the Fe0 and Fe3+ components takes place, while the Fe2+ 

peaks intensity is just affected by a small decrease in its intensity. These evidences 

are in tune with a progressive temperature activated Fe diffusion from the NPs to the 

Pt substrate, and the consequent reduction of the FeOx/TiO2 mixed oxide. This means 

that at 810 K the NPs start to release oxygen to the h-TiOx film (no oxygen loss was 

observed with TPD), whose stoichiometry (and then structure) comes back to the 

1:1.25 value typical of the z’-TiOx. The more crystalline structure observed on top of 

the islands by STM could be explained as a consequence of residual FeO layers 

(oxygen terminated) segregation, whose structure has already been reported in the 

literature.13  
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Focusing our attention on figure VIII.7 it is possible to observe the thermal evolution 

at 900 K of three different Fe coverages (0.3, 0.5 and 0.8 ML) Fe/z’-TiOx/Pt(111) 

systems, and is quite clear that, as long as the Fe coverage is increased from 0.3 to 

0.5 ML, also the island density at 900 K is increased. At the same time, almost no 

increase in the island density is observed after the Fe coverage is further increased 

from 0.5 to 0.8 ML. This probably happens because the highest is the amount of Fe, 

the highest is the z’-TiOx UT film reduction reaction taking place; this leads to a 

more complete phase transformation to the h-TiOx and to the formation of a larger 

quantity of FeOx/TiO2 mixed oxide NPs during the thermal evolution. Considering 

the apparent height histograms reported in figure VIII.7 b and referring to the 

analysis of the three coverages after the thermal treatment at 900 K, it is possible to 

realize that while at 0.3 ML Fe coverage only flat islands (0.18 nm thick) are present, 

when the Fe coverage is increased to 0.5 and 0.8 ML the NPs start to extend their 

size, forming a second layer (bimodal apparent height distribution, with a 

contribution from 0.36 nm high NPs). This means that an increase in the deposited 

amount of Fe leads first to an increase in the NPs density (passing from 0.3 to 0.5 

ML), due to the higher z’-TiOx � h-TiOx conversion, and then to the formation of 

defects acting as NPs nucleation sites. At the same time, no increase in the NPs 

density is observed passing from 0.5 to 0.8 ML Fe coverage, but an increase in their 

size takes place (outlined by the histograms). This means that already at 0.5 ML Fe 

coverage a total conversion to the h-TiOx has taken place, and the excess of 

deposited Fe can only contribute to increase the NPs size. Our TiOx film acts as a 

sort of membrane, having a limited number of pores where the NPs can nucleate. 

When the temperature is increased on the higher coverage systems (0.5 and 0.8 ML 

of Fe), the FeOx/TiO2 reduction and thus the Fe diffusion processes are slower than 

in the case of  0.3 ML of deposited Fe, since the NPs size (and thus the amount of 

Fe) is larger. This leads to the presence of a larger number of islands that can be 

imaged at 900 K. 

Finally, let us focus on the nanoislands observed in the highest investigated 

temperature range by STM (1000 K figure VIII.8). The large scale STM image 

shows that only a part of the residual islands is covered by the z’-TiOx phase motif, 

while the rest show a typical metallic contrast, to be associated to the Pt substrate. At 

the same time, the TPD results reported in figure VIII.4 and relative to the 810-960 K 

temperature range, show the development of a peak centred at about 400 K, 
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corresponding to the CO desorption from the Pt metal, thus in agreement with the 

STM evidences. It is interesting to note that the peak shifts from 370 to 405 K when 

the annealing temperature is increased from 810 to 960 K. Comparing these values 

with some examples reported in the literature and regarding similar model systems,14 

it is possible to give an explanation for such a temperature shift. In fact when CO is 

adsorbed on PtxTi alloys, the desorption peaks temperature decrease to ca. 370 K, a 

value that is in line with the one observed in our experimental data collected at 810 

and 860 K. On the contrary, the typical CO desorption temperature from a Pt(111) 

substrate is ca. 410 K, in tune with the values observed in our experiment at the 

highest explored temperature (960 K). Therefore, it is possible to conclude that when 

the temperature is raised over 810 K the great part of Fe diffuses from the NPs into 

the Pt substrate, together with a small part of the Ti atoms. This might result in the 

formation of partially alloyed Pt-Ti islands. When the temperature reaches 960 – 

1000 K also the diffusion of the alloyed Ti into the Pt bulk is activated, so that 

metallic Pt islands could be “extracted” from the substrate. Also this process is “Fe 

amount dependent”: a larger amount of Fe leads to the dissolution of a larger amount 

of Ti in the bulk (as it is possible to observe from the HR-XPS spectra reported in 

figure VIII.1 a by simply comparing the intensity of the Ti 2p peaks corresponding to 

the clean z’-TiOx phase and the ones of the 900 K treated samples at the highest Fe 

coverages) and then to the formation of a larger amount of Pt islands.  
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VIII.2 The  Fe(0.5 ML)/w’-TiOx/Pt(111) system 

 

Some experiments have also been carried on to explore another model system, 

obtained depositing 0.5 ML of Fe on the ultrathin polar w’-TiOx phase. As already 

discussed in chapter III, the z’ and the w’-TiOx UT film are obtained depositing 

different amounts of Ti on the Pt(111) and post-annealing them at different 

temperatures. However, even if in presence of different temperature preparation and 

Ti coverages the two films have similar stoichiometry (x≈1.2-1.25)11 and are both 

made by a Ti-O bilayer where Ti is at the interface with Pt and O forms the topmost 

layer, the former shows an ordered array of defects (picoholes inside the phase 

troughs) exposing the bare Pt, while the latter does not present long-range ordered 

defects. Our aim is to verify whether such morphological differences have an effect 

also on the electronic and structural properties of the Fe/TiOx model systems. The 

data and their analysis is not as developed as the previous case, and the following 

considerations must be considered as preliminary. 

 

 

VIII.2.1 The  Fe(0.5 ML)/w’-TiOx/Pt(111) system: XPS, TPD and STM 

The XPS data shown below were acquired in the Surface Science Laboratory in 

Padova, using a conventional X ray source (Al Kα excitation photons) coupled with a 

single channeltron hemispherical electron analyzer (CLAM 2). The resolution is not 

comparable to that shown in figure VIII.1, hence further experiments are 

programmed at the Elettra synchrotron. The TPD and STM were acquired in Padova 

and Brescia, respectively,  with the same procedures described previously. 

The XPS spectra reported in figure VIII.10 show the thermal evolution of Fe(0.5 

ML)/w’-TiOx/Pt(111). In agreement with the data reported in figure VIII.1a, when Fe 

is deposited on the clean w’-TiOx phase (figure VIII.10a) a shift to lower BE in the 

Ti 2p peaks is observed. Starting from the data acquired after the first thermal 

treatment (460 K) a shoulder in the main peak (2p3/2), centred at about 458.5 eV and 

associated to Ti+4  is observed, whose intensity increases as long as the temperature 

reaches a value between 660 and 710 K. At the same time the peaks shifted to lower 

BE progressively disappear, and at 710 K it vanishes. After thermal treatment at 960 

K, the original Ti 2p peaks shape is recovered even if the overall intensity is lower 

than the one corresponding to the clean phase. It is to be outlined that this final 
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intensity decrease is much higher than in the previous model catalyst based on the z’-

TiOx film.  

 
Figure VIII.10 Ti 2p (a) and Fe 2p (b) XPS spectra of the clean w’-TiOx/Pt(111) phase and of the 

Fe(0.5 ML)/w’-TiOx/Pt(111) system after thermal treatments at increasing temperature..  

 

The Fe 2p peaks reported in figure VIII.10 b show the same broad feature already 

observed in the case of the Fe/z’-TiOx system (figure VIII.1 b). This fact is in 

agreement with the presence of many components, corresponding to the Fe0, Fe2+ 

and Fe3+ oxidation states as already observed before (figure VIII.3). What clearly 

emerges from these spectra is that, after the first annealing steps (in the RT-660 K 

range), the peaks intensity strongly decrease, and after thermal treatment at 960 K all 

the Fe is almost vanished.  

 

b a 
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Figure VIII.11 TPD spectra for a Fe(0.5 ML)/w’-TiOx/Pt(111) system collected from RT to 960 K. 

 

Figure VIII.11 shows the CO TPD profiles, acquired with the same parameters 

specified in section VIII.1.2: after the Fe deposition (at RT) a major contribution to 

the CO desorption is observed and named d (in agreement with the peaks 

classification made in section VIII.1.2). This peak is centred at about 360 K and has 

been attributed to CO desorption from metallic Fe sites (Fe0). Moreover, some broad 

and low intense features are present in the low temperatures range (140 – 200 K). 

Immediately after the first system annealing at 460 K for 2’, the desorption profile 

changes dramatically: the broad peak d totally vanishes and three intense and well 

resolved peaks are present: a and b, centred at ca. 142 and 155 K respectively and 

typical of CO desorption from Fe2+ sites, and c, centred at about 175 K and referred 

to CO desorption from Fe3+ sites. After 510 K heating the peak a intensity still 

increases, while the other peaks remain almost unchanged. After the 560 K thermal 

treatment a, b and c peaks intensities progressively decrease and at the highest 

investigated temperature only one contribution is present, centred at about 140 K and 

corresponding to the feature a. After the last 2 annealing processes (910 and 960 K) a 

new broad peak centred at about 370 K and shifting to 390 K, starts to develop, 

whose characteristics are in line with peak e presented in section VIII.1.2 and 

attributed to CO desorption from metallic Pt on-top sites.    

In figure VIII.12 the STM images corresponding to the clean w’-TiOx UT film and to 

the thermal treatment of a Fe(0.5 ML)/w’-TiOx/Pt(111) are reported. The wagon 
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wheel motif of the UT film, which is clearly visible in figure VIII.12a, is no more 

observed after Fe deposition, in line with the previously reported results about the 

Fe/z’-TiOx system (figure VIII.12b). It is also clear that in this case the Fe NPs 

nucleation is completely random, so that larger aggregates are visible both on the 

terraces and on the steps. After the first thermal treatment at 460 K (VIII.12c) the 

system seems to be  heterogeneous and quite disordered.  

A further thermal treatment at 610 K (VIII.12d) leads to more layered and faceted 

NPs, and also the substrate shows a more clear contrast, as emphasized also in the 

magnification (figure VIII.12e), where some kind of triangular and hexagonal motif 

(quite similar to the one observed for the Fe/z’-TiOx system) of the titania layer 

appears. The next annealing step to 810 K (VIII,12f) shows no substantial 

modification from the 610 K observed morphology. The last investigated thermal 

treatment (to 910 K) put in light a partial substrate reconstruction towards the pristine 

UT film (the w’-TiOx, figure VIII.12 g-h), while the NP structures show 

only ‘granular’ contrast.  
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Figure VIII.12 STM images of the clean w'-TiOx/Pt(111) UT film (a) and of the Fe(0.5 ML)/w'-

TiOx/Pt(111) system for different annealing temperatures (b-h).  

 

Clean w’  (a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

After Fe deposition  

460 K 610 K 

610 K – zoom -in  810 K 

910 K 910 K – zoom -in  
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VIII.2.2 Preliminary discussion on the  Fe(0.5 ML)/w’-TiOx/Pt(111) system  

Let us start the discussion considering the XPS data collected after the Fe deposition. 

When Fe is deposited on the clean w’-TiOx UT film, a shift by ca. 0.5 eV in the Ti 2p 

XPS peak (VIII.10a) is observed. Moreover the Fe 2p peak (VIII.10b) has a broad 

shape, in tune with the presence of more than one component as already observed in 

figure VIII.3. These evidences are in line with the results discussed in section 

VIII.1.4, and could be explained as a consequence of a TiOx reduction taking place 

after the metal deposition. On the contrary, the CO desorption profile (figure 

VIII.11), collected immediately after Fe deposition, shows a predominant metallic 

component, and almost no other contribution is present. This is in contrast with the 

results collected on the Fe/z’-TiOx (figure VIII.4), where CO desorption from both 

metallic (d) and oxidic sites (a, b and c) was observed. Hence, the XPS and TPD 

data suggest that when Fe is deposited on the w’-TiOx phase an oxidation of the 

metal and the consequent reduction of the TiOx substrate takes place, but only a few 

oxidic sites remain available for CO adsorption. An hypothesis that could explain 

this difference takes into consideration the different nucleation and growth modes of 

the Fe-related NPs on the two examined TiOx substrates. In fact, the ordered arrays 

of defects (picoholes where Pt is left uncovered) of the z’-TiOx act as preferential 

nucleation sites, allowing a direct contact between Fe and Pt, so establishing a 

preferential Fe diffusion paths into the Pt bulk. On the other side, when Fe is 

deposited on the w’-TiOx, no preferential site is found, so that (as shown in figure 

VIII.12a) the NPs nucleation and growth is random. Since it can be supposed that the 

Fe has the same tendency to reduce both the TiOx film  (the stoichiometry is almost 

the same),11  in the case of the Fe/w’-TiOx system the path to diffuse into the Pt bulk 

implies a local disruption of the film, which requires an extra of energy. It can be 

then speculated that, while a similar interface reaction between the Fe and the TiOx 

film is occurring, leading to the Fe oxidation and Ti reduction and thus to the 

formation of Fen+ sites, in this case the result of such interaction is different because 

the Fen+ sites  are not accessible by CO molecules, and that the FeOx NPs are  most 

probably terminated by a Fe shell. 

When the system is heated to 460 K, a new transformation takes place: the CO 

desorption profile shows no more metallic Fe sites contribution (the peak centred at 

360 K almost vanishes) while three intense and well resolved peaks, corresponding 

to the presence of Fen+ sites, develop at lower temperatures (ca. 140, 155 and 175 K). 
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At the same time, the Ti 2p peaks XPS shows an evident shoulder at ca. 458.5 eV, 

and STM images report an heterogeneous and quite disordered system, thus 

suggesting a NPs structure modification and leading to the formation of an 

heterogeneous system composed by FeOx/TiO2 mixed oxide NPs and the residual 

TiOx UT film all around (whose motif is however not clearly discernible, probably 

because of an higher degree of disorder induced by the destructive redox reaction).  

A further increase in the temperature cause a progressive re-ordering of the system, 

as it is possible to see in figure VIII.12 d, where more regularly shaped and faceted 

NPs are present. At the same time it is now possible to obtain the STM resolution of 

the surrounding UT TiOx film (VIII.12 e), that gives us an output similar to the one 

observed in figure VIII.6 b,c and d. In fact some kind of triangular-hexagonal 

patches are observed, that could be in tune with the h-TiOx phase structure discussed 

in section VIII.1.4. Since in the case of the Fe/z’-TiOx system this Fe-mediated phase 

transition (z’-TiOx � h-TiOx) was observed at a lower temperature (410 K) it might 

be guessed that the ordered defects (picoholes) present in the z’-TiOx phase are 

capable of promoting the Fe diffusion process into the Pt substrate, thus allowing the 

analogous reaction  

TiFeTiOPthTiOFePtTiOz 15.015.0/70.015.0/' 314.125.1 ++−→+−  

to take place at lower temperatures. On the contrary, when Fe is deposited on a flat, 

oxygen terminated layer (the w’-TiOx UT film) a higher activation energy is required 

to Fe to locally disrupt the TiOx layer and then to diffuse through it to reach the Pt. 

Probably a sharp w’-TiOx � h-TiOx phase transformation is not observed because of 

the intrinsic higher disorder due to the disruption of the UT film. 

After thermal treatment at 810 K (VIII.12 f), STM images do not show any 

substantial change. In the 660 – 810 K temperature range the XPS Ti 2p (VIII.10a) 

spectra show a progressive decrease in the intensity of the 458.5 eV component, the 

overall Fe 2p peaks intensity (VIII.10b) decrease and, at the same time, the 

desorption profiles (VIII.11) put in light a quenching of the a, b and c peaks. All 

these evidences are in tune with a gradual FeOx reduction in the NPs and then the 

diffusion of metallic Fe into the bulk Pt. This process is almost terminated at the 

highest investigated temperature (910 K), where nearly all the Fe 2p XPS signal is 

quenched, the Ti 2p restores its original shape and the STM image (VIII.12 h) shows 

the pristine phase wagon-wheel motif. Hence I can conclude that, as long as FeOx 



162                    Chapter VIII         Results on the Fe/TiOx/Pt(111) model catalysts                     

 

reduces and Fe diffuses into the Pt, it is able to give its oxygen back to the TiOx film. 

When the correct stoichiometry is achieved, then a h-TiOx � w’-TiOx phase 

transformation takes place, leading to the pristine UT film, in line with the evidences 

reported about the Fe/z’-TiOx system.  

It is important to precise that both the LEED pattern (figure VIII.13) and the STM 

images (not reported) obtained after the thermal treatment of the Fe(0.5 ML)/w’-

TiOx/Pt(111) system to higher temperature (960-1000 K) do not show only the w’-

TiOx phase presence.    

 

Figure VIII.13. LEED pattern of the Fe(0.5 ML)/w’-TiOx/Pt(111) system after thermal treatment to 

960 K  

 

The LEED pattern reported in figure VIII.13 shows the superimposition of both the 

w’ and the z’-TiOx diffraction spots. This evidence has also been confirmed by STM 

and can be explained as a consequence of a partial, temperature mediated, Ti 

diffusion into the Pt substrate. As a consequence of this, some patches of a UT film 

that is usually grown at lower Ti coverages (the z’-TiOx) are formed. Also the TPD is 

in tune with this last evidence, since the peak named e, which is already 

distinguishable at 910 K, shifts to higher temperature (from 370 to 390 K) after the 

system is heated at 960 K. A 370 K CO desorption temperature is somehow typical 

of a Pt-Ti alloy, while a positive increase in the temperature is in tune with a 

progressive diffusion of the Ti in the Pt bulk.   

 



Chapter VIII         Results on the Fe/TiOx/Pt(111) model catalysts                    163                                   

 

VIII.3 Conclusion 

 

In this chapter I presented the results obtained on the Fe/TiOx/Pt(111) model 

catalysts. Two TiOx UT film grown on Pt(111) have been chosen as a support for the 

NPs growth: a templating substrate, the z’-TiOx, whose defects are able to act as 

preferential nucleation sites, and the w’-TiOx, whose stoichiometry and structure is 

similar to that of the z’-TiOx but is free from defects.  

The systems have shown a quite complex behaviour, both at RT (after the Fe 

deposition on the TiOx UT films) and during a thermal evolution carried on from RT 

to 1000 K. Both the model catalysts have shown a TiOx phase reduction occurring 

after the Fe deposition, that determine a re-organization of the UT film into an 

hexagonal motif (h-TiOx). In the case of the z’-TiOx phase, the reaction already starts 

at RT, while in the case of the w’-TiOx a higher temperature is needed because an 

extra-amount of energy is required for the Fe to destroy the UT film and start to 

diffuse towards the Pt. This effect is most probably due to the presence of defects on 

the z’-TiOx, where the NPs nucleates and grow in direct contact with the Pt and that 

can act as a preferential path for the Fe diffusion, so that already at RT the redox 

reaction between the Fe and the TiOx can take place.  

The thermal evolution of both the systems is similar, in the 460-810 K temperature 

range a clear evolution to a templating hexagonal phase, the h-TiOx, is observed, and 

a progressive Fe diffusion through the TiOx phase takes place to form FeOx/TiO2 

mixed oxide NPs pinned at the apex of the hexagons. In the case of the Fe/z’-TiOx 

system the phase transition is more clear, probably as a consequence of the higher 

degree of disorder induced by the disruption of the w’-TiOx film. .  

In the highest explored temperature range (810-1000 K) the Fe continues to diffuse 

through the UT film into the Pt substrate, thus giving back its oxygen to the TiOx. In 

the end, the pristine UT films are almost recovered, although some Pt islands emerge 

from them, as a consequence of Ti diffusion into the single crystal bulk.  

The most important and attractive issues coming out from these results are: 

- the possibility to monitor in “real time” the transformations taking place on a model 

catalyst, at the interface between a metal and the oxide substrate 

- the catalytic behaviour shown by the Fe, that is able to promote multiple solid state 

redox reactions 
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- the creation of a metastable h-TiOx phase as a consequence of TiOx reduction after 

the Fe deposition 

- the role of phase defects, that are able to enhance the Fe catalytic activity towards 

the TiOx UT films reduction and phase transformation. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter VIII         Results on the Fe/TiOx/Pt(111) model catalysts                    165                                   

 

VIII.4 Reprint of the paper: Probing Transformations of Relevance in Catalysis 

on a Single Oxide Layer: Fe on TiOx/Pt(111) 
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Chapter IX 

General conclusion and perspectives 

 

 

 

During the three years of PhD I have focused my research efforts in the study of the 

model catalysts obtained by depositing a metal on TiOx ultrathin (UT) films grown 

on Pt(111). The high degree of characterization of such supports, which had already 

been studied in my research group, has allowed a detailed study of both the 

electronic properties and the morphology of all the samples analyzed by means of the 

typical Surface Science techniques. Moreover, during my PhD experience, the 

strategies used to obtain and reproduce all the UT films were refined and the correct 

model for a stoichiometric phase, the rect’-TiO2, was obtained by comparing new 

experimental results and theoretically Density Functional (DF) simulations. For the 

first time in the literature, an ultrathin film having the TiO2 (B) structure has been 

deposited and characterized.  

Concerning the model catalysts, I have been focusing on two different metals (Au 

and Fe). The Au was chosen considering its high reactivity at the nanoscale, 

especially towards the selective oxidation reactions (e.g. CO oxidation at low 

temperatures). In this thesis, the deposition of Au nanoparticles (NPs) has been 

monitored on both the reduced TiOx and the oxidized TiO2 UT films. The NPs have 

shown different growth modes, depending either on the TiOx UT film oxidation state 

or the presence of preferential nucleation sites. In particular, one of the reduced UT 

films, the z’-TiOx one, having an ordered array of defects (picoholes where the Pt 

support is left uncovered) has demonstrated to act as a templating substrate, allowing 

the Au NPs to grow along straight lines. Moreover, the NPs have shown different 

interactions with the TiOx, mainly depending on the  actual UT film stoichiometry:  

Au has a stronger interaction with the reduced substrates than with the stoichiometric 

ones, leading to the growth of flatter and smaller (1 to 4 nm diameter) NPs on the 
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former and three-dimensional and larger (6 to 8 nm diameter) NPs on the latter. 

Some interesting results have been also derived from the analysis of the properties of 

the model catalysts under realistic conditions, i.e.  bridging the “pressure gap” (from 

the UHV 10-10 mbar pressures ranges to the quasi-atmospheric pressure of 102 mbar). 

These experiments have been carried on thanks to an important collaboration with 

the Institute of Surface Chemistry and Catalysis of the University of Ulm, in the 

group of Prof. Dr. R. J. Behm. Through the use of a high pressure (HP) cell directly 

connected to a UHV chamber used for the in-situ preparation of the samples, it was 

possible to demonstrate the instability of the reduced model catalysts after 100 mbar 

CO:O2 (1:1) dosing, , while the stoichiometric Au/rect’-TiO2 model catalyst showed 

almost no modifications. In the case of the reduced Au/TiOx model catalysts at HP, a 

Au/TiO2 nano-composite was eventually obtained.  

The other metal, Fe, has been chosen as an example of a much different metal with 

respect to Au, i.e. a reactive metal.  I have studied the Fe deposition on two reduced 

TiOx UT film, the templating z’-TiOx and the w’-TiOx, in order to understand the 

stability in UHV of the template itself when interacting with a reactive metal.  Also 

the transformations of the Fe/TiOx model catalysts after a thermal treatment at 

temperatures up to 1000 K have been thoroughly investigated. Thanks to the 

collaboration with the “Università del Sacro Cuore” of Brescia (Dr. L. Gavioli’s 

research group), the “Istituto per i Processi Chimico-Fisici (IPCF)” of  CNR, Pisa 

(Dr. A. Fortunelli’s research group) and the use of synchrotron radiation at the 

BACH (Beamline for Advanced DiChroism) beamline of the Elettra synchrotron in 

Trieste, it was possible to find a consistent interpretation of the quite unusual 

thermally driven transformations. In particular, it has been shown that competitive 

solid-state redox processes and chemical/structural transformations of both the NPs 

and the oxide film can take place as a function of the temperature. This give rise to 

new distinctive phases: the system evolves from a NPs assembly on the pristine UT 

film at RT through an intermediate state, formed by a bi-component oxide material, 

i.e. mixed oxide FeO/TiO2 nanoislands on a new reduced TiOx UT film, to the 

thermodynamically stable phase at high temperature where Fe is dissolved into the 

substrate and the pristine UT film is rebuilt. To my best knowledge, this is the first 

example where atomic resolved STM images on the background UT oxide films are 

achieved in the presence of NPs, allowing a rather unique level of detail in the 

description of the observed chemical transformations that might be operating in real 
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nanostructured catalysts. The results have also evidenced the role of the defects of 

the templating z’-TiOx UT film, which act as preferential diffusion paths for the Fe to 

reach the Pt support, thus leading to a higher reactivity of this phase towards the Fe 

with respect to the w’-TiOx.  

As a partial outline of the perspectives, I can mention the potentiality of the Au/TiO2 

nano-composite obtained exposing to “high pressures” environment the Au/reduced-

TiOx model catalysts. As a consequence of the finite Au/TiO2 NPs sizes (outlined 

with STM to be in the 1-2 nm range) such a system could have interesting 

applications as a sensor or catalyst to use in real conditions.  

Also the applications of the stoichiometric TiO2 UT films grown on Pt(111) is an 

interesting research field where to invest, in particular the case of the nanoislands of 

Titania(B). The perspectives in such a case are associated to their potentially 

interesting photocatalytic properties, in particular, in the field of the photoassisted 

water-splitting reaction. H2O adsorption on stoichiometric TiO2/Pt(111) UT films of 

thicknesses up to 10 nm  with different structure (lepidocrocite, Titania B and rutile) 

is currently under investigation..       
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