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Chapter |

I ntroduction

Heterogeneous catalysis plays a central role inyneamerging fields such as energy
storage and conversion, reduction of pollutantsgdpction of chemicals, conversion
of hydrocarbons and fuels, gas sensing etc... Time tatalysis was first introduced
in 1835 by J. J. Berzelius to describe an enhancewfea chemical reaction rate
obtained through the use of a substance (or a rsubstances), called catalyst,
which is not consumed during the reaction. Nowad=atalysts are commonly used
in many important industrial processes (e.g. dihexy, organic synthesis and many
other fields). They are generally composed of sdveomponents combined in a
precise proportion and optimised in order to previtle highest reaction rate and
selectivity on the basis of an empiri¢ahl and error procedurei.e.a simple test of
different formulations and the selection of the tradive between them by simply
evaluating the reaction rate and the overall chahyld (hereafter called agal
catalysty3. Commonly, the maibuilding blocksof areal catalystare known through
the chemical preparative process but it is ha@sgwnciate a well-defined role to each
component in such a multi-component system. Moneaveomplete understanding
of the elementary steps underlying the catalytacpsses at the atomic level is really
difficult to be achieved studyingpal catalystsecause of the intrinsic complexity of
most of them, and because of the chemical compl@tithe steps involved in the
whole process.

It is well known that no real improvement in sciencan be achieved without a
knowledge-based approach. Focusing on catalysipieat surface process, in order

to avoid a mere trial-and-error approach and tHe ob the different parameters

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

approach based on the concepts and tools develyp8drface Science (SS) applied
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to well-defined systemsn other words,a multidisciplinary reductionist approach is

really needed in order to ascertain the role ofdéeeral different factors, e.g. the
electronic and structural effects (e.g. morpholaggghanges, role of defects...).

Real catalystare usually composed by metal particles of nanomeize (hereatter,
nanoparticles, NPs) dispersed on a high surfaceiaeet material used as a substrate
(usually an oxide). The use of metallic NPs arié@sn their unique physical
properties associated with their spatial confinemés a result, the properties of
these species are neither those of the bulk mhkteoa those of molecular
compounds, and are strongly dependent on partizke, surface structure and
composition of the particle itself. This has getedlaa new area, called
Nanocatalysis; > 2 where in recent years much efforts have focuseahtierstand
what governs the behaviour of matter within theOlAn range. In this field, the
results obtained with nano-sized gold are promjsasgecially because these kind of
NPs are able to activate the oxygen molecule, ngakin based catalyst suitable for
selective oxidation reactioris.

However, many open questions concerning nanoc@adye still pending: what is
the role of the catalyst particle size, shape andctmire? What is the role of the
substrate, i.e. of the particle support, in terfstaucture, morphology, crystallinity?
What is the role of the substrate-particle intezfaand what is the role of phenomena
like charge exchange?

To overcome many of the experimental difficultiesapplying SS to catalysis and to
answer the above questions, an approach based @oitallednodel catalysthas
been developed. At the beginning (late 1960s)pWalg the development of Ultra-
High-Vacuum (UHV) equipmentsmodel catalystswere obtained creating well
ordered extended surfaces of catalytic metals. elatheir electronic behaviour and,
above all, their chemical properties (through clsemption properties) were
successfully investigated using the common SS tques® Using this approach,
the mechanism of some important reactions likeGBeoxidatio and the ammonia
or methanol synthesi€ has been described. However, a metal single ¢rystiace

Is not a good model to reproduceeal catalyst since two important features are not
taken into account: the finite size of the metatipkes, affecting both the catalyst
reactivity and selectiviffy and the presence of the substrate, that is used as
mechanical support but in many cases can modifyetbetronic properties of the

NPs12 or migrate over them as a consequence of the @Gthdetal Support
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Interaction effect (SMSP? The use ofsupported model catalysthelped the
scientists to overcome these limitations, usuadfgnenced asnaterial gap'* The
supported model catalysése obtained depositing, under UHV, metal NPs olean
planar oxidic surface used as a substrate. Metal ddlA be nucleated and grown on
such samples using several deposition methods: B¥poration, Chemical Vapor
Deposition {n situ decomposition of a metal precursor), wet impreigmagtc.. In a
further improvement of theupported model catalyshe oxidic substrate has been
implemented as an ultrathin film on a metal singlgstal substrate, so avoiding any
charging of the substrate itself under the conditiof a typical SS experimeft.
Another important limitation to the use wiodel catalystegards th@ressure gapin
fact these model systems are usually prepeareitu in UHV (common pressures in
the 10'° mbar range) and it is not clear whether they eawige after exposure to
ambient conditions, maintaining their morphologyd amlowing us to extend the
validity of studies performed in UHV to real condiis. As a consequence of this,
High Pressure (HP) cells, directly connected to Uehambers where the sample
preparation is carried on, have been developed hst the sample can be
characterized with SS techniques before and dieeHP treatmerit Moreover, in
many systems the reactions taking place duringH#Reexposure can be monitored
using infrared spectroscopy coupled with a Quadeuptass Spectrometer (QMS)
for residual gas analysté.

Based on the experience built up in the researchpgrwhere such thesis has been
developed, in the field of TiQultrathin films grown on Pt(111) (and widely
described in chapter 3j,a method to prepare M/TigPt(111) (where M stands for a
generic metaljnodel catalystsn UHV following reproducible preparative strategi
has been developed in the present thesis work.INMé&ta show different behaviour
depending on the Tiphase where they are deposited. Hence, throughHrmugy
Electron Diffraction (LEED), X Ray Photoelectron egfroscopy and Diffraction
(XPS-XPD), Scanning Tunneling Microscopy (STM) amtlermal Programmed
Desorption (TPD) it was possible to establish aneation between the NPs
morphology, their interaction with the substratel dhe overall system reactivity,
that was investigated using probe molecules (conynG@ and Q). The thermal
evolution of the systems was also considered, arairgplete study regarding the HP

evolution of Au/TiQ/Pt(111) using Fourier Transform-InfraRed Absorptio
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Reflection Spectroscopy (FT-IRAS) will be presentedsection 6.4 in order to fill
thepressure gap

In this thesis | will present the results of a thgears long PhD research project on
model catalystslt will be divided in four different sections. the first section | will
present the SS experimental techniques and setugis tave been used to
characterize our sampleshépter 11). In section two ¢hapter 111) | will briefly
focus on the state of the art regarding the ,R@111) ultrathin films so far
characterized in the group and | will present adatg on the stoichiometrrect and
rect’-TiO, ultrathin films ¢hapter 1V). In the third section, Au based model
catalysts will be considered: shapter V | will first summarize the state of the art
on Au at the nanoscale anddhapter VI | will present the results obtained on the
AU/TIO/Pt(111)model catalystsdescribing their electronic properties on différe
TiOy substrates, their morphology and reactivity. la ldst section | will present the
results obtained on Fe based model catalystshapter VII | will briefly describe
the literature data on thmodel catalystbased on Fe NPs, and discuss the current
status of understanding of the SMSI effect. Thewhepter VIII, | will focus on the
Fe/TiO/Pt(111) model systemsreporting the analysis of the morphology, the
electronic properties and the thermal evolutionomder to show the differences
occurring between a reactive metal like Fe, shovBMfS| effect, and a noble metal
like Au. Finally, I will present the conclusion apédrspectives ichapter | X.

When the results have been already published, dhesponding papers have been
adopted as part of this thesis. On the contras/atiguments not yet published have

been reported in details.
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Chapter |11
Experimental setup and equipments

In this chapter | will briefly mention the very bagrinciples of the experimental
techniques used for the sample characterizatiomgluhis PhD thesis, i.e. TPD,
XPS, XPD, STM, LEED and IRAS. For more detailedommfiation regarding both
the experimental set-up and the rigorous interpuetaprinciples the reader is
redirected to the Surface Science textbdoks' In the second part of this chapter, |
will focus on the experimental setup (UHV chambansl HP cell) used during the

experiments.

[1.1 Experimental setup

11.1.1 Thermal Programmed Desor ption (TPD) *

The Thermal Programmed Desorption (TPD) represamisnportant method for the
study and determination of thermodynamic and kinetirameters describing the
desorption processes. Commonly, the sample is ¢héaltewing a temperature ramp
(B (t) =dT /dt) where the temperature (T) vary linearly with tivae. The partial
pressures corresponding to the atoms or molecudserbing from the sample
surface are detected by a Quadrupole Mass Specdapif@MS) so that the final
output of the experiment provides a spectrum rapprthe partial pressures
intensities as a function of the temperature.

The experimental method used in this thesis fortlal TPD experiments is the

following:



10 Chapter I1 Experimental setup and equipments

__ sample exposure to a precise amount (expressedngmuirs [L]) of aprobe
molecule/s (usually CO) at room temperature (RTipartemperature (LT)

__ sample heating (applying a linear temperaturepréayn 1 or 2 K/s) up to a top
temperature while the QMS monitor thebemolecule/s partial pressure intensities

__sample cool-down after the top temperature ished.

The adsorption process takes place when the itiemaenergy between an adsorbate
(probe molecule) in the gas phase and the surfadegh enough to exceed the
thermal disorder due to the temperature. Dependingthe strength of such
interaction both fisisorption (typically Van der \Ala interactions, with AHaq4s< 50
kJ/mol) or chemisorption (when the interaction rsit@ is comparable to a chemical
bond andAHag4s > 50 kJ/mol) are observed. While the former, beanpw energy
interaction, is favoured by low temperatures andnas-specific (each kind of
molecule can be adsorbed under appropriate expetaneonditions), the latter leads
to the formation of a chemical bond, thus to a HBjearientation of the molecules.
Moreover, the chemisorption interaction can weatkenintra-molecular bonds and
in some cases leads to a dissociation of the mielddissociative chemisorption).
The kinetic aspects regarding the adsorption/déisorprocesses are well described
by the Langmuir isotherm, that relates the surfamesrage to the gas pressure on the
surface. The main assumptions to obtain this eguaiie the following:

_ the adsorption process is localized;

_ the sample surface is saturated so that the elefieoverage i® = 1 ML when all
the active sites are occupied;

_ the interactions between the adsorbed molecutesegligible.

It is then possible to obtain the ratg both for the adsorption and the desorption

processes:

Fa = A [hA-0O)"
Fges = B, [O©" (A,,B, =cos.,n=12)

When the equilibrium is reachegl = rgesand then:
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_ (bn p)lln
1+ (b,p)""

(b,=A,/B,=cod.,n=12)

Forn = 1, the adsorption/desorption kinetic is firstl@r, forn = 2 second order and
S0 on.

The microscopic reversibility principle applied tthe adsorption/desorption
processes states that both the processes can bebedsby the same kinetic

equations. Hence the reaction rate forader process can be written as:

rdes = _C:j_? = kn BD”

wherek is the rate constant that can be described usidgrhenius equation:

k, =V, (©) @xp{——AEdes(e)j

RT

Combining the two it is possible to obtain the PRglaWigner equation:

f = _‘i'j_? =v,(©) @x;{——AEgsT(@)j [®"

wherev, (O )is a pre-exponential frequency fact@, is the degree of coverageis
the kinetic order of the process (in this case dhsorption) andAE,.(© )s the

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

equation to our experimental technique (TPD), relmg that dt=(1/£)[dT so
that:

—d—ezivn(@n)@x —AEL(GH) "
dT RT

This last equation shows that:
_ the desorption temperatur® depends odEges f, On;
__the desorption peaks shape depends,gf n;
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_ the peaks area depends@mn

If a sequence of desorption spectra is recorde@ikgehe coveraged|,) constant
(bothv, and4Egesbecome independent from it) and using differentingaate f), it

is possible to obtain the desorption temperatureesponding to the peak maximum

for eachp. Then, it is possible to get a plot reporting thé€T> /5) vs W/ T, ., )

allowing us to calculate th#Egesvalue.

11.1.2 X-Ray Photoelectron Spectroscopy (XPS) °

The X-Ray Photoelectron Spectroscopy (XPS) is basetthe photoelectric effect: a
solid surface is exposed to an X ray radiati@0™* <A<10®°m that cause the
emission of photoelectrons. The most simple comfiton for an XPS setup is
reported in figure 1.1 a and is composed by anaX¥ primary source, a sample

holder and an electron analyzer.

Electron energy | Principle of XPS]
analyser X-ray .
: @ cjected photoelectron,
S / kinetic energy E,,,
\ Free

Level

/ Electron | \work funkiton,

Fami Wf
Level
chamber binding energy,
»r
Eb

by

I
Is o

Figure 11.1. (a) Schematic representation of an Xd@8ip; (b) The photoemission process (in the case

of a 1s photoelectron emission).

The X-rays photon flux, generated by the sourceudlig through electron
bombardment of a metal anode, Mg or Al), is dirdate the sample and generate a
flux of photoelectrons, emitted both from the carsl the valence shells (figure 11.1
b). The photoelectrons emitted after the interacbetween the X-ray photons and
the sample can have different fates: they can reltkeexcited and emitted without

any energy loss, giving the characteristic elgstiaks, or some of them can undergo
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anelastic diffusion releasing part of their eneag heat and contributing to the
spectrum baseline. The analyzer can discriminaeitietic energy associated to the
photoelectrons, providing an output spectrum wthieeesignal intensity (counts per

second) is reported as a function of the kinetergy. The kinetic energy depends on
the incident photons energy (primary radiater= hv) and on the electron binding

energy to the atom (BE) through the equation:

E. =hv-BE-®

where @ is the analyzer work-function. The BE is stronghfluenced by the

oxidation state of the analyzed element: it is nobfecult to extract a photoelectron
from an oxidized element with respect to its reduceunterpart. Therefore, an XPS
spectrum can provide important information abowt étectronic structure of a solid

sample, through the analysis of its output core\aience peaks (figure I1.2).

4t

Figure 11.2 Example of an XPS spectrum.

Another important parameter in XPS is the sampliegth, that depends on the
emitted electrons kinetic energies. Moreover, teeteons kinetic energy affect the
anelastic attenuation lengtiAd), that is directly related to the electron meagefr

path. Since the variation in the XPS signal intgnisiexpressed by the following:
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where-z/se# is the length covered by the electron, it is pdedib demonstrate that
the 65% signal intensity comes from aAs distance, the 85% comes from a 4
distance and the 95% comes from a Ad3listance. Hence, it is easy to understand
why this technique is considered “surface sensitibeing limited to a few nm
sample thickness. As a direct consequence of ithise angle between the sample
surface and the analyzéf) (s 90° (normal revelation with respect to theface) the
sampled thickness is 8.. When the anglé is reduced 4 < 90°) then the sampled

thickness become8A _ [$erd, and the analysis results to be more surfacetsens

The conventional notation used in this thesis thcate the XPS peaks refers to the
quantum numbers related to the orbital where thatqatectron comes from. It is
indicated asnl;, wheren indicates the principal quantum number represgntive
orbital energy level antlindicates the azimuthal quantum number represgihia
orbital geometry. Wher #0 the XPS peaks are generally present as doublets
because the magnetic momend) @ssociated to the angular one interacts with the
spin magnetic momentrg) associated to the electron. The sum vector cfethieo
creates a vectoy)( indicated as a subscript in the notation, whosgnitude is given
byj =1+ s. Therefore g peak can originate 2 values jof1/2 (which originates
from | - s) and 3/2 (which originates froim+ s). The peak corresponding to it will be
a doublet, whose components will be separated by eaerrgy difference
corresponding to the spin-orbit coupling and aenstty ratio given byZj + 1).

During my PhD research experience, | also worketl@Elettra synchrotron facility,
in Basovizza, Trieste. Through the use of syncbrotadiation it is possible to set,
by mean of monochromators, a precise photon wagtieto use during High
Resolution (HR)-XPS experiments. Since the selexaddtion derive from a storage
ring where electrons are accelerated in a magfietadt up to 2.0 GeV energy, the
photon fluxes are extremely high compared to thiatipced by a common X-Ray
source. Therefore, the use of an intense and tenphbton energy allows a
maximization of the photoionization cross sectiohthe elements that are useful for
the analysis. At the same time, it is possible toimize some contributions coming,

for example, from the bulk substrates, basing @nphotoionization cross sections
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Cooper’'s minimum energy position. The latter prageds particularly useful in the
valence band studies, where the presence of asigrkl affect the overall spectrum

appearance.

11.1.3 Photoelectron Diffraction (PD)°

Electrons emitted from the core levels of a phateediated crystalline sample
(either photoelectron or Auger electrons) undergaitering by atoms close to the
emitting species. Subsequent interference betweeprimary electron wayevhich
propagates to the detector without undergoing alagtie scattering, and the
secondary or scattered electron wawekich are caused by the scattering of the
primary wavefront at atoms surrounding the emitigroduces strong intensity
modulations as a function of either the directidbrnletection or the kinetic energy of
the emitted electron. PD is a surface structurab@rsensitive to short range order,
with atomic, chemical state and site specificittheTshort range order surface
sensitivity is due to the lack of coherence betwpkatoelectron waves emitted at
different atomic sites because of the random naifitke emission process, coupled
with the I/r decay of the outgoing core photoelectwave and with the relatively
short electron inelastic mean free paths at thege®etypical for a PD experiment.
On the other hand, to obtain a PD pattern, a lemge ordered sample is needed so
as to sum up the contributions from many equivadenitters.

The experimental procedure in PD implies to setew emission line in the XPS
spectrum and to measure its integrated intensibeeas a function of the emission
angle (Angle Scanned PD, AS-PD) or as a functiorthef photon energy, then
changing the kinetic energy of the outgoing phaoebns (Energy Scanned PD, ES-
PD, only possible at Synchrotron facilities).

A typical AS-PD experimental setup is reportedigufe I1.3 a. The polar angkeis
individuated by the surface normal and the direcbbthe wave vectdk, while the
azimuthal angle® is defined arbitrarily within the surface plan. Bgrying6 ande it

Is possible to acquire the whole photoemission Bphere above the sample surface
(the so called2plot reported in figure 11.3 c).

PD data are then usually reportediamlue, wherg is defined by:
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where | is the photoemission intensity in a sekkaegular direction (or energy
value), hax and hin are the maximum and minimum intensities values twe entire
measured range.

When doing AS-PD, Azimuthal (APD) and Polar (PPBarss of the photoemission
signal (in an energy range above ca. 400 eV) peosidlirect information about the
directions of the atomic rows. In particular it hbsen demonstrated both by
experimental evidences and theoretically that ttetering factor for an electron
wave presents a maximum along the axis joiningstteterer and the emitter; this
phenomenon is known as forward scattering (FS) mmlesents the first order
approximation of diffracted intensity. When the ddilc energy decreases and is
lower than a few hundredths eV the scattering aogei becomes relevant for each
value of6. Moreover the scattering probability increases alsd multiple scattering

events are possible.
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Figure 11.3 (a) Schematic AR-PD setup; (b) Schemetiample representing the sample-holder
geometry and how an azimuthal scan can be achidegdExample of a2plot, obtained collecting
the Ti 2p peak both in azimuthal and polar diregto

[1.1.4 Low Energy Electron Diffraction (LEED)

The Low Energy Electron Diffraction is based on theillation behaviour of a
primary electron beam at low energy (20-500 eV)pséhcorresponding wavelengths
variation is between 0.5 and 2.0’Af this beam interacts with a crystal lattice
having comparable inter-atomic distances, thenetketrons are diffracted and the
images obtained are diffraction spots matchingdlegorocal lattice ones. Analyzing
these spots it is possible to trace back to thé letice and then to the surface
geometry. The electrons mean escape depth valeelswar(as reported previously
for XPS), usually less than 10 A, so that electrares used to analyze the surface

atoms layers.
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In the usual experimental setup (figure 11.4) themple is illuminated with an
electron beam, produced through thermoionic effemn a filament placed in the
back screen side (electron gun). The electronshare accelerated up to the desired

energy through a potential gap and collide on #mee.

flourescent
screen

crystal

electron
gun

4 retarding
& orids

Figure 11.4 (a )Example of a rear-view LEED configtion; (b) Schematic representation of the

diffraction process from atoms separated by a phcidistance a

The diffracted electrons are emitted back in peecisections (with respect to the
primary beam), until they collide with a suppress@de by a series of grids kept at
a variable potential, in order to select their ggeiThe selected electrons, emerging
from the last grid, are then able to hit the heimésr fluorescent screen where the
diffraction spots are revealed.

The diffraction spots are typical of the samplestay lattice and are also used to
obtain important information on the degree of stefarder. If they are small, intense
and well defined (with respect to the screen bamkgd), they indicate large and
ordered domains. On the contrary, an high spotkdsaand indicates an electron
diffusion in many directions and then the presentea disordered lattice. The
diffraction spots correspond to the positive irgezhce of the waves. If we consider
the example reported in figure 1.4 b, where arcteten beam withh wavelength
colliding with a mono-dimensional chain of atomga@ated by a distance (a) is
reported, the positive interference condition igegiby the Bragg's law:
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nA =aserd

whereni is an entire number of waves i§ the diffraction order) andserd is the
inter-atomic distance projection along the propagadiirection. The first diffraction
order is then obtained wheserd = ia™. Hence, if the value df is known, it's easy
to get the inter-atomic distanee The simplest way to measutés to put the sample
at the centre of the LEED screen, so that the ristdoetween the zero order spot
(covered by the electron gun) and the first diffi@t ordera can be easily measured.
Therefore, knowing the values of both the distabeéween the screen and the
sample (R) and the one between the zero and fidgr aliffraction spots&) the
following relation can be obtainedery = a'/R, thus allowing us the calculation the

a value:
RIA

a=—;—
a

[1.1.5 Infrared Reflection Absor ption Spectroscopy (IRAYS)

Infrared Reflection Absorption Spectroscopy (IRAS)an established analytical
technique for the characterization of adsorbed enadind thin layers on metal
surfaces. In IRAS experiments, the sample is inyastd in reflection geometry
under grazing incidence (typically 80°). The vilwas are generated by the
interaction between the electric field held by tReradiation and the molecules
dipole moment and are allowed by a selection milglying that the molecule dipole
moment must be perpendicutarthe sample surface. The IR radiation absorgiipn
an adsorbate on a metal surface is also influebgetie metal dielectric behaviour.
The sensitivity of this method can be significandghanced by employing the
Polarization Modulation technique (PM). PM-IRAS sisine PM of the incident
infrared light and is based on the predominange @ver s-polarized light at a metal
surface. Accordingly, the differential reflectana®/R that is measured with PM-
IRAS provides the surface vibrational spectrum w/nib bulk (gas phase) species are

detected.
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Figure 11.4 A typical geometry for a PM-IRAS instrant

To detector

[1.1.6 Scanning Tunneling Microscopy (STM)

Scanning Tunneling Microscopy (STM) is a powergghnique for imaging surfaces
at an atomic level. This technique is based onctimeept of quantum tunnelling: a
conductive tip is brought close to the sample s@rféca. 1 nm) and a voltage
difference (called Bias) is applied between the,talbowing electrons to tunnel
through the vacuum.

The measured electron current (tunneling curreng function of the bias, the tip
position and the local density of states (LDOS}hef samplé. The tunnelling current
Is a quantum mechanical effect, with two major grtips for STM: it flows between
two electrodes, and even through a thin insulata wacuum gap and it decays on
the length scale of one atomic radius. Acquiring theasured current as a function
of the tip scan position it is possible to disptagurface image plot. When the tip is
close to the sample its movements in the three mboas are controlled by
piezoelectric devices, maintaining a tip-sample asggioon that is typically in
equilibrium between attractive and repulsive intéoms. When the tip is moved
across the sample (in the x-y planes) the chanydbke surface morphology and
LDOS cause changes in the current that is mappachages. There are two main
way to operate with STM: either mapping the aboventioned changes in the
tunneling current (constant height mode) or in tipe height (z) maintaining a
constant current (constant current mode), therbreding the z position by applying
a voltage to the piezoelectric height control mectra. In the latter operating mode
variations in the images contrast are due to vanatin the sample charge density.
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Figure 11.5 Resulution limits in a conventional STidtrument. Images of step walls and holes are

distorted when their size is comparable to thatheftip apex

As already reported above, the basic physical plieof the STM method is the
interaction between the scanning probe and the Igaifighis interaction has a near
field character, it is possible to overcome thehgson limits of far-fields techniques
like microscopies (optical and SEM), which are gaftg in the order of half a
wavelength of the photons or the electrons. Howetlez resolution in STM is
limited by the geometrical shape of the tip. Theral resolution thus depends on the
vertical amplitude of the structures on the surfafe can imagine the probing tip as
a cone with an opening angle and a finite radiuthatapex. Hence, images of the
surface steps with walls steeper than the tip omgeangle will be distorted due to the
convolution of the tip shape with the surface dtritee All the holes with a diameter
smaller than the tip radius will not be imagedlabawith a reduced corrugation, as
it is possible to observe in figure I1.5. On atoatig flat surfaces or molecular layers
the resolution is determined by the atomic striectifrthe tip apex.

The most powerful near-field interaction is thertaliing current across a vacuum
gap for two main reasons:

- the decay length is as smaller as an atomic dexme

- there are no other electrical currents, whichld¢oabscure the measurements,

flowing through the vacuum.
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[1.2 Equipments

The experiments presented in this thesis were peed on three different UHV
chambers: two are located at the University of Rad8urface Science Laboratories,
and one in Ulm, at the Institute of Surface Cheryiand Catalysis (Prof. Dr. R. J.
Behm).

In Padova, the TPD experiments were performednubii technique UHV chamber
(figure 11.5 a), equipped with a 4 degree of fremd@x, y, z and polar angle)
manipulator and the possibility to heat the sanypléo 1000 K and down to 110 K,
an high sensibility QMS, a four grid rear-view LEE®Ddouble anode (Mg/Al) X ray
source interfaced with a single channeltron electremispherical analyzer (CLAM
2), two e-beam water cooled evaporators and aaailibde ion gun. The sample is
mounted on 2 0.30 mm thick Ta wires and the temperas measured through a
welded K type thermocouple. Moreover, the QMSaseted by a glass cylinder
with a small aperture facing the sample at ca. 2 ifims setup is necessary to focus
the analysis on the desorption from the sampleasarf avoiding any other
contribution.

The High Resolution XPS and AR-XPD experiments weegformed in a multi
techniqgue UHV chamber (figure 1.5 b) equipped vatb degree of freedom (X, v, z,
polar angle6 and azimuthal angle) manipulator and the possibility to heat the
sample up to 1000 K, a four grid rear-LEED, a deunhode (Mg/Al) X ray source
interfaced with a 5 channeltrons electron hemigphkeranalyzer, an UV radiation
source (used for UPS, Hel and Hell photon excitagoergies), two e-beam water
cooled evaporators, a QMS for the residual gasyaisahnd a filament ion gun.

In Ulm, the Polarization Modulation (PM) FT-IRAS mariments were performed in
a multi technique UHV chamber equipped with a 4rdegf freedom (x, y, z and
polar angled) manipulator and the possibility to heat the samy to 1200 K and
down to 80 K, an high sensibility QMS, a 4 gridrre&ED, a double anode (Mg/Al)
X ray source interfaced with a single channeltremlispherical electron analyzer
(CLAM 2), an ion gun and two e-beam water cooledpevators. Moreover, two
IRAS cells were alternatively connected to the mdifv chamber: one UHV IRAS
cell, where probe molecules adsorption was mordtoréJHV keeping the sample at

low temperature and an high pressure (HP) IRAS wdiere HP dosing of probe
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molecules were possible thanks to the presenceraigd and differential pumping

separating the cell from the UHV apparatus.

Figure 1.5 (a) The TPD UHV chamber setup (Padoyh); The HR-XPS and AR-XPD UHV chamber
setup (Padova).

Other, hereafter reported, experiments were peddrim collaboration with the
University of Brescia (Brescia NanoLab, Dr. L. Galij)P for the model catalysts
STM and during measurements beamtimes carried totheaElettra Synchrotron
facility in Trieste. In particular our user dediedtmeasurement times were spent at

the Material Sciend8 and at the BACH beamlines.



24 Chapter I1 Experimental setup and equipments

References

1 P. W. Woodruff, T. A. DelchaModern Techniques in Surface Scien@ambridge University press,
New York, 1986.

L. C. Feldman, J. W. Mayemtroduction of Surface Science and Thin Films Asial Elsevier
Science publishing, 1986.

% G. A. Somorjai)ntroduction to Surface Chemistry and Cataly$iéley, New York, 1994,
*S.L.M.Schroeder, M.Gottfried,ecture NotesFU Berlin, 2002.

® C.S.Fadley, Basic Concepts of X-Ray photoelectBpectroscopy, in Electron Spectroscopy,
Theory, Techniques and Applications, Ed C.R.Brundl®.Baker, Pergamon Press, 1978.

® G. Granozzi and M. SamiAdv. Mat, 1996,8, 315.

" C.Davisson, L.H.GermeNature1927,119, 558;Phys. Rev.1927,29, 908.

8 C. J. Chenlntroduction to Scanning Tunneling Microsco@xford University Press, 1993.

® http://www.dmf.unicatt.it/~gavioli/nano/

19 http://www.elettra. trieste.it/experiments/beaméifies/index.html.

% hitp://www.tasc.infm.it/research/bach/scheda.php.



Section 2

25

Section 2
TiO4 Ultrathin filmson Pt (111)



26

Section 2




Chapter 11 State of the Art 1: TiO ultrathin filmson Pt(111) 27

Chapter 111
Stateof theart 1: TiOy ultrathin filmson Pt (111)

[11.1 Introduction: the TiO,/Pt (111) phase diagram

Titania (TiQy) is one of the most prominent materials for amtlans in
technologically important areas like photo-assistexidatiorf, heterogeneous
catalysis (used both as an active catalysts asasedl support for metal catalysts),
gas sensorswastewater remediationpptical devices (optical filters and optical
waveguides§;’ antireflective coatindsand photovoltaic devicésSince most of such
peculiar properties are surface dependent, a ddtailescription of the surface
properties of titani& is crucial to exploit the full potential of thesystems in
innovative devices. Moreover, a rapidly expandinbgset of studies is focusing on
the innovative properties that can be introducecerwimano-dimensional titania
phases are considered, e.g. nanosheets, nanatabesods and nanoclustéfs.
Because Ti can be present in several differentadiid states, most common being
Ti%, Ti*" and T*, many different oxides (Tig) are observed in the nature, ranging
from fully oxidized (x=2) to reduced ones (1<x<2)The basic building block of all
these oxides is a Ti centred octahedron whose ctimitg with adjacent octahedra is
highly variable. The most common bulk phases a€& Ti,O3; and TiQ, which have
been intensively studied, while other phases likgd TisO; TisOg, TigO11 and
TigO1s>** also exist. In addition to phases that have a defined stoichiometry,
there is a strong tendency to form non-stoichioimgtnases, i.e. phases presenting a
variable stoichiometry where x can vary in a liditnge while maintaining the
same basic structure. Another peculiarity of thduoed titania phases is the
formation of the so-called Magnéli phases, forméaough the creation of

crystallographic shear planEsHowever, relatively few studies have been carried
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out on the investigation of their structural an@célonic properties due to the
difficulty of their preparation. Recently, a repdras been published where the
surface properties of reduced Tifhases and the corresponding peculiar electronic
and structural properties have been discusséd. in all oxides, the structure and
dynamics of defects play a relevant role to taih@ properties of the titania and such
aspects have been recently revieweld. All these aspects, nanodimensionality,
reduced stoichiometry and defects can be addrdsssuidying titania in the form of
ultrathin (UT) films (the term ultrathin means actmess in the nm range, i.e. a few
monolayer). This motivates the intense activityttiws been focused on the
fabrication and characterization of TiOT films with a large range of x values. In a
recent review article, the field of UT TiOfilms on metal substrate has been
discussed?

Within this context, UT TiQfilms deposited on a Pt single crystal have beielely
studied; the choice of the Pt substrate was ofligirsimulated by the promotion
properties of Pt in photocataly®isand by the fact that TiZPt system is a
prototypical example of the strong metal suppoteériaction (SMSI) effect! These
combined effects provoked a big interest in therstdic community, that tied to
understand the reasons at the base of this bemavibe Surface Science group
where this thesis has been developed has givemrgstontribution to the field. In
the following it will be briefly summarized in ordéo facilitate the reader of the
present thesis.

The TiO/Pt(111) system was first studied by Bo#faal. in 1995, when they have
reported on the preparation and characterizatigrX@S, LEED, STM and LEIS) of
UT TiOx films up to 5 ML rangé? However, with respect to the two phases reported
by Boffa, a more complex situation with plenty oiffefent phases has been
described: after a long and patient sedrabptimized experimental conditions have
been found, which revealed as effective recipegpfeparing seven different almost
pure (as judged by LEED and spot STM images) UTsebaf TiQ (1.2< x < 2) on
Pt(111). In the following discussion we will useethliQ, formula for sub-
stoichiometric phases (1.2<x<2) and the Ji@mula for the stoichiometric ones.

All the resulting phases have been characterizeddiffgrent surface science
techniques, i.e. photoemission from core and valdecels (including synchrotron
radiation studies), LEED, PD, STM and models hawenb obtained by DF
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calculations (see section 2.2 for the adopted #imal framework) so that reliable
stoichiometries were derivéd.?* 2% 26,27, 28, 29,30, 31

The standard deposition method used to obtaimaltitania phases is the following:
- Pt (111) surface preparation by means of #puttering followed by annealing
cycles up to 1000 K

- Ti reactive deposition from an e-beam evaporatoa &, environment (typical
pressure range from 1@o 10° mbar)

- annealing (in @pressure or UHV depending on the phase) up tdk950
Depending on the amount of evaporated Ti, the teatpee and the ©Opartial
pressure (the guidelines are reported below) piossible to obtain several different
phases. For convenience, all the amounts of deyabsitare expressed in equivalents

monolayers (ML), where 1 ML corresponds to 1.5 X Homs/cr.

Pt(111) + 0.4 ML Ti [ i e k-TiOW/Pt(111) (I1.1)

Pt(111) + 0.8 ML Ti L e Ty 2TiO,/Pt(111) (I1.2)
Pt(111) + 0.8 ML Ti L i i 7' TiO/PY(111) (11.3)

Pt(111) + 1.0 ML Ti L i s rect-TiO./Pt(111) (11.4)
Pt(111) + 1.2 ML Ti PP Y w-TiO/Pt(111) (1.5)
Pt(111) + 1.2 ML Ti L] e w'-TiO/Pt(111) (11.6)

Pt(111) +2 ML Ti U e T rect-TiO,/Pt(111) (I1.7)

Each TiQ phase has a peculiar reconstruction, which israatlby a specific LEED
pattern (phase diagram reported in picture lll.hd &STM topography (phase
diagram reported in picture 111.2).
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Each of the previous figures report a phase diagvaere the annealing (pressure
is reported as a function of the amount of depdsite(in ML). All the different
phases have been labelled basing on the struatbeahcteristics put in light by

atomically resolved STM pictures: thkelabel stands fokagomé(a Japanese word
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which means "bamboo basket?) stands forzig-zag w stands fowagon-wheebnd
rect stands forectangular

The Ti 2p;, and O 1s XPS line shape and binding energies bage analyzed for
all the observed phases: the table reported indi¢iu3 reports the BE positions of

the Ti 2p core levels regarding all the possibl@Xidation states.

433.0 454.0 435.0 456.0 457.0 458.0 458.0

Tit [kl bt
T i ——
Tie- [
% o] I I |

4353.0 454.0 455.0 456.0 457.0 458.0 459.0
binding energy (eV)

Figure 111.3. Binding energy ranges for all the @xidation states.

The Ti 2p peak energy ranges reported in figure8 lthke into account all the
literature reports about metallic Ti, the;Rtsurface alloy, the reduced “Tistates,
the TF" states and the ¥icore level components referring to TiPs, TiQ single
crystals and policrystalline TiCfilms 3233343236, 37.38.3940rha ghtained TiQphases
can be assembled in two major groups basing oiffitbeidation state: reduced T{O

phases z', w, w'andk) and stoichiometric Ti@phasesréctandrect’).
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Figure 111.4. XPS spectra for all the characteriz€D, UT films
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The XPS spectra reported in figure 111.4 refer liclze titania phases reported before
and put in evidence the two main peak componengibation: the first one, at a
lower BE (about 456.5 eV), can be assigned to¢kdeaged, three-fold coordinated Ti
atoms (T?") and the second one, at higher BE (about 458.5 &f) be assigned to
four-fold coordinated Ti atoms (7). The reduced phases obtained at higher
coveragesw’ andw-TiOy) and thek-TiOx might also show a higher BE contribution,
due to the formation of Ti©clusters during the Ti reactive deposition. Neveldss

it is not easy to make a precise determinatiorhefdverall phases oxidation state,
since these TiQphases are vertical nanostructures supported oRt(id1) metal
surface. Hence, the interaction between the metdlthe substrate results in not
negligible final state effects, due to reduced exsiieg and relaxation and perturbing
the shift of the BE due to chemical effetts.

All the TiOx phases have also been analyzed by Angle ScannetbdRittron
Diffraction (AS-PD), since this technique is vemnsitive to the short range order
and then the vertical arrangement of ultrathin cdtmes. Considering that if an
ordered grid of scatterers is interposed betweerthitter atoms and the detector, an
intensity modulation in pola®] - azimuthal ¢) angles occurs while, if the emitters
are located on the topmost layer, no modulationpassible, some AS-PD
experiments were carried on both on the Ti 2p amdhe O 1s signals. The scans,
reported in figure II.5, reveal that all the reddcTiQ/Pt (111) phases (herein we
report the scans for theTiOx phase, figure 111.5(a)) are not Ti terminated:e th

2p azimuthal scan (APD) shows 2 clear features aitB0° periodicity. On the
contrary, the APD scan based on the O 1s signavshwo modulation, thus
suggesting that all the reduced Yi@constructions are a bilayer, where the Ti atoms

are at the interface with the Pt while the O atéonsh the topmost layer.
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Figure 111.5. APD scans for the (a) reduced w'-TiOT film and (b) the stoichiometric rect-TiQT

film.

If we move to figure 111.5(b) it is possible to st for a stoichimetric phase (herein
we report a scan taken for tihectTiO,) both the O 1s and the Ti 2p signals are
modulated with a 60° periodicity. This implies thesence of 2 oxygen layers, one
in direct contact with the Pt and the other belaggo the topmost layer (the overall
layout is then Pt/O-Ti-O).

The TiQ phases used during my PhD were the reduced sidhistmetric z’-TiOy
andw’-TiOy and the stoichiometrieectTiO, andrect’-TiO,. In the next paragraphs

we will focus on the description of these films.
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111.2 Reduced TiO,/Pt (111) phases

[11.2.1 The z’-TiOx phase

The z’-TiO4 phase is obtained through reactive depositioroainrtemperature of
about 0.8 Ml of Ti in an Q atmosphere and then annealing the system above 823
K in UHV. The phase has been characterized in desph experimentally and
theoretically.

The STM and LEED experiments have revealed thas itharacterized by a

/6 0
commensurate superstructure wmﬁsa 6} (also labelled as (6 x #3)-rect) LEED

pattern and with a unit cell of 16.6 x 14A.> 7 The phase grows as a continuous
film portion completely wetting the Pt substrateface (hereafter indicated by
stripe9 and parallel dark rows (hereafter indicatedraaghg spaced by 14.A (as

it is clearly visible in figures 111.6 a, b, c, dJhis spacing is consistent with the short
lattice constants extrapolated by LEED (figure Ieh Thetroughs are visible
independently of the applied bias voltage andigs.df we look thetroughsin more
detail it is possible to note that they have dédfersizes, so that wide and thin
troughs(WT and TT) are present (outlined respectivelyhwibtted rectangles and
ellipses in figure I11.6 a,b). Focusing on figuié@ c it is possible to note that the
phasezig-zagmotif on thestripesconsist of four bright protrusions (named narrow-
stripes NSs) and W shaped kinks. Moreover, there are quon#ons in thestripes
where 5 bright protrusions are present (named rge-$dripes LSs) and where the
kinks are both W and V shaped. Therefore, if weusoon the WTs, the high
resolution STM images (I1l.6 ¢, d) show a seriesebiptical black features with
alternating orientations, with no long range peicidy, so that the WTs appearance
is wavy. The circles in fig Ill.6 ¢ outline somerdar round holes inside the WT,
whose density, together with the other ellipticadtlires, strongly depends on the
duration of the phase annealing procedure. A lopgst-annealing time, as the one
reported in figure 111.6 d, creates a smaller antoohelliptical and round holes,
converting the WTs in NTs, and at the same timeatheunt of LSs and alternating
W and V shaped kinks is strongly increased.

Theoretical density functional (DF) calculationsrevgperformed to obtain a model
for the z’-TiOx phase in agreement with the previously reportedegmental
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evidences. Assuming that the phase is a Ti-O mgaolhere Ti atoms are at the
interface with the Pt and O atoms form the topntegtr, a natural arrangement for
the Ti layer might continue the fcc stacking of ®Pig111) substrate. However, the
optimal lattice parameter of such titania phadeeisveen 2.9 and 348° thus larger
than that of the Pt (111) (2.7755. This problem can be solved with the creation of
denser Ti gtripe9 separated by less dense regiottsughg, while the oxygen
topmost layer forms dislocation lines within tlséripes in order to solve the
crowding problems. The dislocation lines are fornbgd4-fold oxygen coordinated
Ti atoms (Ti, more positively charged) separating triangles3ebld oxygen
coordinated Ti (TJ).

Figure 111.6.(a) Large scale 140 x 108, v=0.8 V, 1=1.5 nA after 30’ annealing at 673 K) (150 x
10042, V=0.6 V, I1=1.6 nA after 110 min annealing at 88&nd (e) LEED pattern

The different charge in Tiand T reflects in their density of empty electronic etat
above the Fermi energy and explains the appea@nite zig-zaglike motif in the

STM images. DF calculations were performed in order to provédeodel in tune
with the STM images both for tharipesand thetroughsand the final results fits
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well with the experimental (figure 111.7). The bemgreement between the simulated
and the experimental structure has been found w@sidri ratio of 1.25 (figure I11.7
a), that has the lowest energy among the sevéezdinrodels.

Figure 111.7.Theoretical “ball and sticks” simulatins, Thersoff-Hamann approximation and

experimental STM images for the z'-Ti@T film.

The structure can be described as a NS/WT altemathere all the kinks of thag-
zaglike motif are W shaped. The other images (b gnepgorted in figure 111.7 have
been calculated to fit the STM pictures taken ghieionged thermal treatments. It
has been found that the elliptical black featuwasich are clearly visible in figure
1.7 b, are true holes (namaucohole$ where the underlying Pt substrate is left
uncovered. The simulated structure for the STMupecttaken after the longest
annealing (lll.7 c) has a final stoichiometry ofOLk, and reproduces perfeclty the
observed sequence LSs/TTs. Hence a; 34 TiO;, tranformation occurs after
heating the system for long periods, in tune with thermodynamical predictions of
the AG between the two structures.



Chapter 11 State of the Art 1: TiO ultrathin filmson Pt(111) 37

111.2.2 Thew'-TiOy phase
Thew’'-TiOy phase is obtained after a Ti deposition of ca.ML2 in a reactive @

pressure ofl[10”7 mbar and a subsequent annealing in UHV at aboditk@? Its

distinctive LEED pattern is reported in figure 8la and reveal the commensurate

8 3
superstructur{ 3 5} or (7 x 7)R 21.8° (in the Wood notation) and andgonal

unit cell with a periodicity of 19.4. The termw’ comes from the distinctinvgagon-
wheelmotif observed througBTM and clearly visible in figure 11.8 b.

Figure 111.8. (a) LEED pattern of the w'-Tiphase taken at 51 eV, (b) High resolution (12&& &;
V=0.2V,1=1.0nA) STM picture of the w-TiPhase.

The w'-TiOy give rise to a flat and continuous film wettingetRt (111) substrate
surface. In the atomically resolved STM figure .@lb) it is possible to note the
hexagonal unit cell (marked) and the lattice vectits well with the calculated
LEED cell dimensions. Since also this film was fdun be formed by a Ti-O layer
with the Ti at the interface with the Pt, it shothie same apparent height as the one
observed for thez’-TiO«. The large hexagonal unit cells can be interpredasd
resulting from a Moiré pattern, arising from thendorange coincidence of the
Pt(111) lattice with the oxide super-lattice. Nadhetical calculations have been
carried out until now, in order to simulate the esmental STM and LEED
evidences. Nevertheless, the main difference betweez’ and thew’-TiOy is that

no defect sites (round or elliptigailcohole$ are found on the latter.
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[11.3 Stoichiometric TiO,/Pt (111) phases

[11.3.1 TherectTiO, phase

The rect-TiO, phase is obtained depositing Ti in the dkange in a reactive O
pressure 0610 mbar and then annealing it up to 970 K keepingdhgressure in
order to avoid a partial Ti reduction. In this caae already outlined in section Ill.1,
the phase is a O-Ti-O layer. The interfacial oxygeake thaect-TiO, different from
the reduced TiQphases, since a Pt/O interface is present ingteadPt/Ti, making
the interaction of the phase with the substratekeled he LEED pattern, reported in
figure 111.9 a, can be attributed to an incommenseioverlayer, having a rectangular
unit cell of 3.8 x 3.0A28 The unit cell axes are rotated by an angle of @R
respect to the principal directions of the Pt (1&apstrate. Since the phase is not
commensurated to the Pt (111) and is weakly intexgcno strain is expected to be

present on it.

Figure 111.9. (a) LEED pattern of the rect-Tihase taken at 51 eV, (b) High resolution (122% 1
A%V =08V, 1=0.9nA) STM picture of the redO] phase.

The rectangular unit cell is also marked on the $IR4 image, and is in complete
agreement with the LEED predictions.

To furnish a complete overview of the phase stmactia complete theoretical
simulation based on DF theory of it was perforfieall the previously reported
experimental results lead to a matching betweerreatTiO, structure and a Ti©
overlayer with alepidocrocitelike structure matched to the size of the Pt (111)

substrate. The best theoretical simulations andngéy optimizations were made
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using an unstrained TyOayer keeping thdepidocrocitelike structure. Since no
distortions were induced in the oxide layer (ak tlattice parameters were kept
fixed), being the strained one not representativeur experimental data, a strain

was induced in the Pt (111) metal support (seedidiit10 a).

Figure 111.10. (a)Top-view and side-view calculated structure efbct-TiQ nanophase. Case
where the Pt(111) substrate is strained, correspugntb a supercell with al = 7.466A ° , a2 =
7.116A ° , and an internal angle of 58.4°. (b) Sated STM image for the rect-TiPt(111)

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

This setup yields a less distorted structure tharother based on the TiOverlayer
strain, so that the Ti atoms are allowed to mamnthe six-fold coordination while
the O atoms at the interface with Pt are three-¢olordinated (a double coordination
with Ti atoms and a bond with the Pt substratep 3t calculated interface distance
is long (3.13/@), so that the adhesion energy is weak.

Using the Tersoff-Hamann approximatfénthe simulated STM images were
obtained using the model discussed above at ageotif0.8 V, the same used in the
STM experiment. In figure 111.10 b the bright spatsrrespond to the Ti 3d empty
states while the dark features are due to the oxgtfgms. The match found between

the experimental and the simulated images is fine.



40 Chapter 111 State of the Art 1: TiOy ultrathin filmson Pt(111)

[11.3.2 Therect'-TiO, phase

Therect’-TiO, phase is obtained depositing more than 1.J\if Ti in a reactive @
pressure of510° mbar and then annealing the system at 870 K kgethiea Q
pressure in the chamber. The LEED pattern (repontdigiure 111.11 a) is attributed

0.0 - .
} overlayer and corresponds to a primitive unit

to an incommensurat
%1.95 255

cell with a a= 6.3A and a= 3.7A (or, alternatively a rectangular centred unit cell

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

Figure 111.11. (a) LEED pattern of the rect’-TiQaken at 196 and (b) 50 eV corresponding to 2
different amounts of deposited Ti (resp. 2 and 11JM(c) Large scale STM image of the rect’-JiO
growing on a wetting k-TiQayer (500 x 500 nm2; V = 1.2V, | =1.2 nA) iph resolution STM

image of the rect-TiQ(61 x 6.1 & V =
-0.7 V, 1= 0.66 nA).

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

[1.11 b for a coverage of about 11 M In this pattern, the characteristic phase
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spots are substituted by concentric circles, irtdigathat at high coverage the unit
cell lose any preferential azimuthal orientatiothwespect to the Pt (111) substrate.
The large scale STM picture reported in figurellll.c shows that theect’-TiO,
phase is formed by big flat and regularly shap&hds. As long as the deposited Ti
amount is increased, also the islands increase thiekness. This 3D Vollmer-
Weber growth is certainly a consequence of the wetgkaction between the T;O
and the substrate, since the overlayer is never tablotally cover the substrate and
the motif of thek-TiOx phase is visible all around the islands. A higiohaetion STM
image is reported in figure Ill.11 d and both thenitive oblique and rectangular
cells perfectly match the LEED values.

As a part of this thesis, a complete re-evaluatibtherect’-TiO, phase structure has

been carried out in 2010, which will be reporteimapter V.

I11.4 Thetemplating effect of the z’-Ti10O,/Pt(111) film

One of the main issues in the modern nanosciendenanocatalysis is to obtain
ordered arrays of well-defined and almost uniforreiged nanostructures, whose
controlled nucleation processes and dimensions tntigdate potentially innovative
optical** magnetié* and catalyti®’ properties. Many strategies have been developed
during these years, in order to obtain such orderess of nano-aggregates, e.g. by
nanolithigraphic methods, by atomic manipulatiorotiygh STM?® or by size selected
cluster deposition (in this case cluster orderisgniore difficult to achievey.
Furthermore, another promising method is to oldairth ordered nanostructures by a
parallel self-assembly fast process. Using longyeaself-assembled structures (e.g.
surface oxides, that are commonly used in many sinddi applications) having
ordered arrays of defects, which can act as teswglfar the preferential nucleation
phenomenon, is one of the most simple and promigppyoach. This approach has
been widely investigated using reconstructed siogjstal metal surfac&so that a
large number of defects (steps, kinks, misfit diateons, vacancies and different
stacking) have been found to be templating siteshfe metal-based nanostructures
growth. However, such metal-based templates aredar an hypothetical real world

application, since in most cases they do not senautside the UHV conditions.
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Oxide-based templates are more promising, becausamny cases they can maintain
their properties also in real conditions. For thegsgoses, metal nanoparticles (NPs)
growth on templating oxide surfaces is currentlyaative field of researct:*° and
many examples have been reported where oxide-h#Bdidims act as templates for
NPs1°2°3%%0r even single atoms growth.n recent years, many research groups
have spent their efforts in order to investigate ¢fffect of the NPs size and the role
of the support on the catalytic activity. In pautar, both the development of model
systems as near as possible to the real workinglystt, and the design of new
catalysts, tailored for a desired specific reactidmve been taken into
consideration® As an example, nano-sized Au exceptional reagtivispecially
towards selective oxidation reactions (as will bdely discussed in chapter V) is a
living topic of great interest in the scientificrmmunity. A real improvement in the
explanation of the step processes that are atabe &f such catalytic activity, could
be achieved using well characterized oxide sulestratting, through the presence of
ordered defects, as templates for the Au NPs growth

Considering these evidences and using the preyioteported TiQ UT films
characterized in my group as a substrate, a stadybben carried on about Au NPs
deposition upon thertf.In particular, two reduced UT films, tz&-TiO, and thew’-
TiOy, have been chosen, since they have many simgsirithey are a Ti-O bilayer,
where the Ti atoms are at the interface with thevlitke the O constitute the topmost
layer) but, as a consequence of the slightly higimeount of Ti used to grow thve-
TiOy, a different stoichiometry leading ta’-TiO;25 and w'-TiO;,, Thence
dislocation lines are present on the former, wherdered arrays of defects
(picoholeswhere the Pt substrate is left uncovered) are foswth defects have
demonstrated to be effective nucleation sitesHerAu, leading to the formation of
NPs with a narrow size dispersion and growing &dyon the phaseoughs(figure
[11.12 b). On the contrary, when the Au has beepodéed on thev'-TiOy phase,
being no preferential nucleation sites presentNRs have grown almost randomly
(figure I1l.12 a). This has been the first evideméehe templating effect shown by
one of our well characterized TJQT films. Therefore, the'-TiO4 phase has been
extensively used during my PhD (see Chapter Vi}dtermine the electronic and
morphological differences between the metal NPsvono either on a templating or

a not-templating substrate.
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Figure 111.12. STM images and corresponding histogs of the distribution of Au NPs for
the (a) the Au/w'-TiQsystem (0.2 ML Au, 100 x 94 hid=1.5 V, 1=0.2 nA; (b) the Au/z'-TiQ
system (0.35 ML Au, 100 x 1005=0.6 V, 1=0.6 nA).
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Chapter 1V

Update on the stoichiometric rectand rect’-TiO, UT films

In this chapter | will attach a published paper reporting on the structural model of
two different stoichiometric UT films: the rect and the rect’-TiO,. 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 TiO, polymorphs at the bottom of the
nanoscale.
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V.1 Reprint of the paper: Stability of TiO, Polymorphs: Exploring the Extreme
Frontier of the Nanoscale
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Stability of TiO, Polymorphs: Exploring the Extreme

Frontier of the Nanoscale
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Gian Andrea Rizzi,” Mauro Sambi,” and Gaetano Granozzi*”

Dedicated to Prof. Dr. R. Jiirgen Behm on the occasion of his 60th birthday

The structure of two ordered stoichiometric TiO, nanophases
supported on Pt(111) and (1x2)-Pt(110) substrates, prepared
by reactive evaporation of Ti in a high-oxygen background, is
compared by discussing experimental data (i.e. low-energy
electron diffraction, scanning tunneling microscopy) and densi-
ty functional theory calculations. Two rectangular phases,
called rect-TiO, and rect'-TiO, were obtained on both the hex-
agonal Pt(111) and the rectangular (1x2)-Pt(110) substrates,
generally suggesting that they are weakly interacting with the
substrates. The rect-TiO, phase is actually confined to a TiO,
double layer, while the rect’-TiO, can extend up to a thickness
of several layers and is obtained when higher Ti doses are
evaporated. While the rect-TiO, is best described as a thick-

1. Introduction

Titanium dioxide is a highly strategic multi-functional material
of interest in areas including photocatalysis, photovoltaic cells,
electronic devices, and sensors.” The semiconducting proper-
ties of TiO, are essential to accomplish these functions and
several approaches have been proposed to enhance its prom-
ise by controlling its size and/or shape down to the nanometer
range."! Actually, increasing the surface area and changing the
photochemical or photophysical properties (e.g. the electron-
hole recombination rate) can have a strong influence on the
applications.

Titania and titanate 2D nanosheets (NSs) have recently
gained great attention because they are likely to be intermedi-
ates during transformation among different titania poly-
morphs/? In addition, NSs are also interesting because they
can be considered as precursors®® of another important
group of materials such as titania nanotubes (NTs), which in
turn can be used for further assembling of nanostructured ma-
terials with different morphologies, such as boat-like, comb-
like, sheet-like, leaf-like, quadrate, rhombic, and wire-like."”!

One of the key factors for the success of NSs as building
blocks in titania-based nanotechnology relies on the possibility
to easily prepare large quantities of NSs by simple exfoliation
of titanate in alkaline solutions.” However, from the point of
view of the comprehension of the chemistry involved, this rep-

ness-limited lepidocrocite-like nanosheet, growing as a single-
domain-commensurate (14x4) phase on (1x2)-Pt(110) and as
a six-domains-incommensurate phase on Pt(111), the thicker
rect’-TiO, phase can be best described as a TiO,(B) supported
nanolayer (NL). This represents the first example of the TiO,(B)
phase in the form of a supported NL, whose properties are still
largely unexplored. The important point is that, because of the
weak interaction between the oxide NLs and the Pt surfaces,
the substrate does not play a role in stabilizing the 2D nano-
structures. Rather, it acts as a sort of lab bench where sub-
nanosized titania crystallites self-assemble, so that the final NLs
are representative of 2D confined titania at the bottom of the
nanoscale.

debate in the scientific community.®”" In addition, successful
application of NSs also requires detailed information on their
electronic, mechanical, and electric properties. All these consid-
erations strongly motivate a basic study of the structure and
properties of single NSs. In this context, it is of particular inter-
est to clarify how and to what extent the 2D structures are re-
lated to standard 3D titania polymorphs (i.e. anatase, rutile and
brookite).

We have recently demonstrated that a bottom-up prepara-
tive route of supported NSs, alternative to the top-down exfoli-
ation of layered titanates, is possible by self-assembly of the
constituent elements on metallic substrates, such as single-
crystal Pt(111) and (1 x2)-Pt(110) surfaces (for a recent overview
see ref. [8]). This route offers clear advantages when a detailed
characterization is the final goal, since it allows the in-situ ap-
plication of highly advanced and informative surface science
tools. In particular, we have demonstrated that under strictly
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controlled experimental conditions with a low oxygen back-
ground, several interface-stabilized understoichiometric TiO,
(2 >x>1.2) monolayers (MLs) can be prepared, which com-
pletely wet the substrate as a consequence of the presence of
a direct Pt-Ti interface.”'™ On the other hand, when a higher
oxygen background is used, fully stoichiometric NSs of differ-
ent thickness can be prepared, where oxygen atoms are locat-
ed at the interface with the Pt substrate.l'"'™"

In particular, we have already shown that a lepidocrocite-
like" fully stoichiometric NS (named rect-TiO, according to the
previously reported nomenclature) can be formed under
strongly oxidative conditions (Po;=1x 107" Pa) on both Pt(111)
and (1x2)-Pt(110) surfaces:""™ On the former it has been
found that the NS is characterized by a rectangular unit cell
and that the film is incommensurate with respect to the sub-
strate.'” The same lepidocrocite-like structure with an almost
identical unit cell has also been found in the early stages of
epitaxy on (1x2)-Pt(110) under the same preparative condi-
tions; however, in this case, the NS forms a 14 x4 commensu-
rate superstructure with respect to the substrate.!'*"

Herein we extend the previous work to a thicker nanolayer
(NL) [hereafter referred to as rect’-TiO,] obtained by longer re-
active deposition of Ti in an O, background both on the
Pt(111) and (1 x2)-Pt(110) surfaces, and we discuss its structure
and morphology in detail, on the basis of low-energy electron
diffraction (LEED), scanning tunneling microscopy (STM) experi-
mental data and theoretical density functional theory (DFT)
simulations. Moreover, the observed experimental data have
been directly compared with the predictions of theoretical cal-
culations on the self-standing NLs."*'® Although some photo-
emission spectroscopic datal'’! and a short report on STM data
and DFT calculations of the rect’-TiO, on Pt(111) were already
reported in a preliminary letter focusing on the mobility of Au
nanoparticles on rect-Ti0,,"® the complete set of LEED and
STM data on the rect’-TiO, on both Pt(111) and (1x2)-Pt(110)
substrates and the structural details of rect'-TiO, are reported
here for the first time.

In addition, herein we also draw several general conclusions
on the different NLs on Pt substrates, which lead us to discuss
the stability of titania phases at the nanoscale down to the ex-
treme region of 2D confinement. This connection between the
data on supported NLs and those on unsupported titania is ul-
timately allowed by the weak interaction between the Pt sub-
strate and the fully oxidized NLs, which makes the Pt substrate
play the role of an almost inert physical support where titania
nanostructures self-assemble.

Experimental and Computational Section

The experiments were performed in a UHV custom-designed
system with a base pressure of 5x 1077 Pa, dedicated to STM. The
substrates used were Pt(111) and Pt(110) single crystals. The Pt(111)
surface was prepared by several Art-sputtering (KE=2 keV) and
annealing cycles at 870 K until the C1s signal was below the detec-
tion limit of XPS. The subsequent inspection with LEED showed a
clear (1x1) diffraction pattern. The (1 x2)-Pt(110) surface was pre-
pared by repeated cycles of Ar* sputtering and annealing at T=

www.chemphyschem.org
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970 K with subsequent cooling down in oxygen (p(O;)=5x
107° Pa) to 700 K. The cleaning cycles were repeated until a clean
and well-ordered (1x2) reconstructed surface was obtained as
judged by the LEED pattern. The mesoscopic morphalogy of (1 x
2)-Pt(110) surface consists of islands elongated in the [11_0} direc-
tion and characterized by varying degrees of the typical fish-scale
reconstruction."?

The rect-TiO, and rect’-TiO, overlayers were grown in the same con-
ditions, that is, by depositing Ti at room temperature (RT) by
means of an electron beam evaporator in an oxygen partial pres-
sure of 1x107Pa, followed by a post-annealing treatment in the
temperature range of 800-900 K and cooling down in oxygen
(p(0,) =1%107* Pa) to improve the long-range order of the depos-
ited layer, and to allow the complete oxidation of Ti. The estimated
deposition rate resulting from this treatment was ~0.075 nmmin™'
of Ti, as determined by quartz microbalance calibrations. In order
to maintain a unique coverage unit for both substrates and over-
layers, we have adopted the definition of one monolayer equiva-
lent (ML,;) assuming the growth of an anatase TiO, (001) bilayer
with a distance between adjacent planes of 0.24 nm (1/4 of the
unit-cell dimension in the [001] direction, equal to 0.951 nm). By
adopting such an assumption, the growth of a full bilayer (i.e. the
one representing the rect-TiO, film) is achieved when a coverage
of 2 ML,, is reached. The complete oxidation of the overlayers was
checked by core level photoemission.

STM images were obtained by means of an Omicron variable-tem-
perature STM, operating in constant-current mode at RT using elec-
trochemically etched Pt-Ir tips. The scanner was calibrated in the
z-direction with respect to the step edge of a clean Pt(111) surface.
For the lateral calibration the (1x2)-Pt(110) reconstructed surface
was used.

DFT calculations were performed with the Quantum-ESPRESSO
code (QE)?” using the generalized-gradient approximation (GGA),
adopting the Perdew-Burke-Ernzerhof exchange-correlation func-
tional.?"" One-electron wavefunctions were expanded in plane
waves, using Vanderbilt ultrasoft pseudopotentials,*? and explicitly
treating the semi-core 3s and 3p Ti electrons. For a better compari-
son, we took care of using a computational setup as close as possi-
ble to those already used (and tested) in previous calculations on
titania bulk and surface systems.m‘ Thus, we used a set of pseudo-
potentials developed by P. Giannozzi and M. Lazzeri, which are not
part of the QE database. Furthermore, the KE cutoff for the smooth
and for the augmented electron density was 25 Ry and 200 Ry, re-
spectively, while surface Brillouin zones (SBZs) were sampled at
points distributed by the Monkhorst-Pack (MP) scheme.”*® In detail,
this translates into a (4x2) MP grid for the SBZ of (001)-oriented
TiO,(B) slabs. Doubling the density of sample points yielded differ-
ences of the order of 0.1% in the surface energies. On the other
hand, due to the large size of the maodels, SBZs of metal-supported
systems were sampled only at the I'-point, also adopting a cold
smearing to populate the one-electron levels. In all the calcula-
tions, the convergence thresholds of the residual atomic forces in
the optimized structures was 0.03 eV/A.

The equilibrium shapes of TiO, crystals were computed, in the
spirit of the Wulff construction'® as the interior envelope of planes
normal to the vectors of the low-index stoichiometric surfaces and
passing at a distance from the origin taken to be proportional to
the appropriate surface energy. In the case of lepidocrocite-like
TiO,, which has an intrinsically 2D structure (one of the surfaces
has practically zero energy) the equilibrium shape was determined
by using only two surfaces. All the slab models of the metal-sup-
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ported layers were built by assum-
ing the theoretical (a=0.3957 nm)
Pt lattice constant, and by includ-
ing five Pt atomic layers. Only the
upper part of the slab was used to
simulate the surface, while Pt
atoms belonging to the two
bottom layers were kept fixed in
their bulk positions. The structure
and the surface energies of the
clean (1x1)- and (1x2)-recon-
structed Pt(110) surfaces were
found to be in good agreement
with  previous DFT  calcula-
tions.?*?! Simulated STM images
were obtained within the Tersoff-
Hamann approach.”

PH(111)

2. Results and
Discussion

At low Ti coverages (<2 ML,,)
we obtain flat nanoislands of
rect-Ti0, which progressively
enlarge their lateral sizes, while
maintaining the same thickness
up to a coverage of 2ML,,
where an almost full NS is cover-
ing the substrate. When the
total coverage goes beyond
2 MLeq, thicker nanoislands with
a different structure (the rect'-
TiO, phase) start to grow, which
are not thickness-limited. As al-
ready mentioned in the Intro-
duction, herein we concentrate
on new data on the rect-TiO,
phase. However, as one of our
main goals is also to discuss the
structural evolution of the differ-
ent overlayers, in order to allow
the reader to follow such
changes, we first briefly summa-
rize what is already known
about thickness-limited rect-TiO,
NS.

2.1. A Thickness-Limited Nano-
phase: The rect-TiO, Case

Figure 1 contains the most relevant structural data (LEED, STM
and DFT) so far published on the rect-TiO, system on the two
Pt(111) and (1 x2)-Pt(110) substrates, to be compared with the
rect’-TiO, phase whose properties are described in Section 2.2.
The rect-TiO, phase is observed with almost identical cell pa-
rameters (see Figure 1) both on the Pt(111)™ and (1x2)-
Pt(110)"23 sybstrates, and tends to grow as flat ad-islands on
the substrate. On Pt(111), an incommensurate structure (with

ChemPhysChem 0000, 00, 1-9

incommensurate
rectangular unit cell:
3.0+0.1%38+0.1A2

Figure 1. Summary of the most significant literature structural data
[left] and (1 x2)-Pt(110) [right] substrates. The size of the unit cells derived by LEED are reported and compared
with the corresponding high-resolution STM images. A lateral view of the lepidocrocite-like structural model de-
rived by DFT calculations'® is reported (oxygen: red, titanium: blue). The experimental high-resolution STM

images are compared with the DFT derived simulations obtained adopting the Tersoff~Hamann mode!

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ARTICLES

rect-TiO,

(1%2)-Pt(110)

commensurate
rectangular unit cell:
3.0+01%39+01A2

111-13)

on the rect-TiO; ultrathin film on Pt(111)

11281

six different domains) is formed which can be described by the

1.16 0.18
{o.ss 1.56
domain (14x4) commensurate ad-islands are formed which
almost completely cover the metallic substrates when the total
coverage of 2 ML, is reached. The commensurate overlayer on
the (1x2)-Pt(110) substrate is due to the compatibility of the
two rectangular meshes (the substrate and the oxide), and it
has been interpreted as the result of a specific Ti-Pt interaction
occurring at the anticoincidence sites of the oxide overlayer
with the substrate.”® A detailed angle-scanned photoelectron

j| matrix. On the (1x2)-Pt(110) substrate, single-
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diffraction (XPD) study on the single-domain NS obtained on
the (1x2)-Pt(110) substrate has provided a definitive assess-
ment of the structural details of the NS, demonstrating a lepi-
docrocite-like structure " DFT calculations have validated such
an assignment: in Figure 1 we report the DFT-refined structural
model and the comparison between the experimental and
DFT-simulated STM data (for details, see the caption to
Figure 1 and the references reported therein)."® It is also inter-
esting to compare the shape of the TiO; islands experimentally
observed on the (1x2)-Pt(110) substrate at low coverage
(1 ML) [Figure 2] with the theoretical equilibrium shape of a

Figure 2. STM image of the rect-TiO, ultrathin film (1 ML) on (1 x2)-Pt(110)
[1100% 1100 A% V=19 V, | = 1.5 nA]."* Rectangular islands of lepidocrocite-
TiO, are observed whose shape is in agreement with the equilibrium shape
predicted by DFT calculations (insert).

self-standing lepidocrocite-TiO, NS, obtained by computing by
DFT its 2D-Wulff shape (Figure 2, insert). The observed corre-
spondence lends support to the hypothesis that the substrate
is weakly perturbing the oxide overlayer.

2.2. A Multilayer Nanophase:
The rect'-TiO, Case

When the Ti coverage is well
beyond 2 ML,, that is, above
the coverage needed to prepare
an almost complete lepidocro-
cite-TiO, NS, a new rectangular
phase (hamed rect’-TiO,) starts
to appear, which can be ob-
tained in a large interval of cov-
erages on both Pt(111) and (1x
2)-Pt(110) substrates. This phase
can be described as a multilayer
NS. For this reason it should be
rather considered as a NL. As al-
ready mentioned in the Intro-
duction, only preliminary data
on this phase on Pt(111) have
been reported so far. In the fol-
lowing we report and discuss
the whole set of LEED and STM
data relative to the rect’-TiO, NL
on both the Pt(111) and (1x2)-
Pt(110) substrates.

Figure 3. a) LEED pattern (E,

www.chemphyschem.org
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2.2.1. LEED Data

The LEED pattern (E, =196 eV) of the rect’-TiO, NL supported
on Pt(111) is reported in Figure 3 for a coverage of 3.5 ML.,. A
sharp and contrasted pattern is observed, indicating the for-
mation of sufficiently large (see STM data in Section 2.2.2) and
azimuthally aligned incommensurate islands (Figure 3a). It is
important to outline that in the several preparation attempts
of the rect’-TiO, NL, we never observed spots to be assigned to
the rect-TiO, NS. This is a strong indication for a phase transfor-
mation of the rect-TiO, NS into the new higher coverage rect’-
TiO; NL under the chosen experimental conditions (800-900 K).
DFT calculations are in progress in order to clarify the mecha-
nism for this peculiar phase transition. The observed pattern
can be interpreted in terms of a centred rectangular unit cell
(see the real-space drawing in Figure 3 b). The best fit with the
experimental data is obtained using a centred unit cell with di-
mensions: 3.74+0.1 Ax1221+0.1 A. Three different domains
are observed on Pt (111). However, we have found that, chang-
ing the deposition conditions, the LEED pattern of rect'-TiO,
can also be obtained with a full set of rotationally equivalent
domains, as indicated by the formation of characteristic bright
circles (Figure 3c). In Figure 3¢ some spots to be assigned to a
wetting layer of reduced TiO, with a kagomé-like structure (k-
Ti0,)"® are also observed. This is in agreement with some pre-
liminary STM data"® (for further discussion, see Section 2.2.2).

Also in the case of the (1 x2)-Pt(110) substrate we observe
the formation of a distinct LEED pattern (E,=138 eV) [Fig-
ure 3d]. This can be explained by considering an incommensu-
rate rectangular centred unit cell having almost the same size
(3.64+0.1x1204+04 A% of the one found on Pt(111) [Fig-
ure 3e]. In the present case, however, because of the twofold
symmetry of the substrate, only two equivalent rotated do-

196 eV) of the rect’-TiO, ultrathin film (3.5 ML.,) on Pt(111). The unit cell of the sub-
strate (white) and of one domain of the centred rectangular supercell (black) are shown. b) Real-space superstruc-
ture of the incommensurate unit cell. ¢) LEED pattern (£, = 50 eV) of the rect'-TiO, ultrathin film (10 MLm) on
Pt(111) showing an azimuthal relaxation of the domains. d) LEED pattern (E, =138 eV) of the rect’-TiO, ultrathin
film (3.5 ML,,) on (1 x2)-Pt(110). The unit cell of the substrate (white) and of one domain of the centred rectangu-
lar supercell (black) are shown. f) Real-space superstructure of the incommensurate unit cell.
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mains are observed (see one in Figure 3d), that is, the sides of
the rectangular unit cell are rotated by +45" with respect to
the [001] direction of the Pt(110) substrate. At variance with
the Pt(111) substrate, on Pt(110) we have not observed the for-
mation of azimuthally relaxed domains. Some streaking along
the [001] surface is also observed, which is probably due to an-
other low-order phase (see Section 2.2.2).

2.2.2, STM Data

Under the conditions reported in the experimental section, the
formation of the rect’-TiO, NL is observed on Pt(111) for cover-
ages >2 ML In Figure 4 large-scale STM images taken at

Figure 4. Large-scale STM constant-current image of the rect’-TiO, ultrathin
films for a nominal coverage of a) 3.5 ML, (4700 %4700 A%, v=045V,
[=0.56 nA), b) 10 ML, (47004700 A% V=12V, I=1.5nA), c) 18 ML,
(4700 4700 A%, V=11V, I=1.4 nA).

three different nominal coverages are reported. They indicate
that rect’-TiO, NL is formed by flat and regularly shaped is-
lands, which progressively increase their lateral size and thick-
ness as a function of the Ti coverage. This is typical Vollmer—
Weber 3D growth that can be interpreted as the result of a
weak interaction between the overlayer and the substrate. In
agreement with the LEED pattern, it is evident that, for high Ti
coverage as well, the overlayer does not completely cover the
Pt(111) surface.

At low coverage (3.5 ML, in Figure 4a), the islands have an
apparent step height of about 5 A with respect to the sur-
roundings, while for the highest coverage (18 ML,, in Figur-
e 4c) they reach an apparent height in the range of 20-25 A.
We point out here that the apparent height seen in the STM
images can be associated with a real physical step only in the
absence of electronic factors (typically when the step is occur-
ring between two surfaces with the same electronic nature).
This is not the case for the rect’-TiO, islands, which are seen
amid a wetting layer of TiO, (Section 2.2.1). However, it is inter-
esting to note that, as shown in Figure 4b, the surface of the
islands sometime shows ledges ca. 51 A deep. One can also
easily observe that some islands assume an almost hexagonal
shape.

As already pointed out"® these rect'-TiO, islands grow di-
rectly on top of the bare platinum surface and amid a reduced
TiO, wetting layer. This is a rather unexpected behaviour which
is most probably due to the important role that kinetic factors
can play. Very recently, Agnoli et al.”” have reported a study
where the combined use of low-energy electron microscopy
(LEEM) and p-LEED allowed the in situ monitoring of dynamic
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processes at the TiO,/Pt(111) interface. The transformations be-
tween different phases were investigated and a general out-
come of this study was that kinetic factors have a relevant role
in the preparation of such ultrathin films and must be taken
into account in order to explain the observed transformations.
In particular, heat-induced mass transport of Ti atoms in and
out of the substrate bulk has to be hypothesized to clarify
some observed coverage-dependent phenomena.

In Figure 5 we report two high-resolution STM pictures,
taken at opposite bias values with respect to the Fermi edge
on the top of a rect’-TiO, island (3.5 ML) having an apparent

B LA A A A A

B o'f. » -‘C.'i

. ' |
L2440 8.

Figure 5. High-resolution STM images taken at the top of a rect-TiO, island
on Pt(111) with an apparent height of ca. 5 A (3.5 ML,,) [27 x60 A%] with op-
posite bias : a) V=—0.7 V, |=0.66 nA; b) V=0.7 V, | = 0.66 nA. The centred
rectangular unit cell is outlined. The two insets show the projection of the
surface atoms of the adopted TiO4(B) slab model and the Tersoff-Hamann®®
computed STM maps at the two chosen bias values (oxygen: red, titanium:
blue).

height of ca 5 A. For both biases a centred rectangular motif
can be observed, which nicely fits with the unit cell dimensions
determined by LEED. Bias dependent features are seen in the
two images, which points to the role of electronic effects in
determining the overall STM contrast (Section 2.2.3).

Passing now to the (1 x2)-Pt(110) substrate, once the cover-
age of 2 ML, is exceeded, some strand-like structures, running
parallel to the [1TO] direction, are formed and some new regu-
larly shaped islands can be evidenced at the same time (see
Figure 6). Atomic resolution on the strand-like structure was
impossible as well as the individuation of a characteristic LEED
pattern (apart from streaks running parallel to the [001] direc-
tion which are spaced x1 along the [170] direction). At the
moment we have no well-defined model for these strongly
anisotropic features. However, on the bigger islands atomic
resolution has been achieved (Figure 6, inset), evidencing the
distinctive motif of the rect'-TiO, phase already seen on the
Pt(111) substrate and in good agreement with the unit cell and
orientation determined by means of LEED. In general, these is-
lands are 10-30 nm wide and adopt an approximately hexago-
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Figure 6. 5TM image of a 6 ML, deposit on (1x2)-Pt(110). Some randomly
spaced titania strands run parallel to the [ﬁo] direction. Several large hex-
agonal islands are visible (640 x640 A%; V=0.48 V, | =1 nA). The low right
corner inset shows a high-resolution image of one of the hexagonal islands
(76 x18 A*; V=0.7 V, | = 1.5 nA); the high left corner inset shows the theoret-
ical equilibrium shape of a TiO(B) crystal oriented as indicated by the STM
image.

nal shape. Moreover, they present a corrugation very similar to
that observed along the surrounding titania strands. This sug-
gests that by increasing the titania dose, some strands merge
and form a first nucleus of a rect’-TiO, island, which grows in
due course. It is worth mentioning, however, that it is not pos-
sible to obtain a full layer of rect’-TiO, phase on (1 x2)-Pt(110).
Rather, some titania strands always remain on the surface.

2.2.3. DFT Data and Structural Description

In a previous letter,"® where the mobility of Au nanoparticles
on rect'-TiO, nanoislands on Pt(111) was investigated, we pre-
liminarily described the structure of the rect’-TiO, NL on the
basis of a “pentacoordinated phase” (PP) model, uniquely
made of five-fold coordinated Ti ions arranged in two Ti,O,
layers, where the “top” Ti ions are connected to the “bottom”
ones by two-fold coordinated interlayer oxygen ions (i.e.
Ti,0,—0,—Ti,0;). Though the PP model successfully reproduces
the main features of the STM images (unit cell size and sym-
metry, position of the spots), it fails in describing some details:
for instance, STM images taken at positive bias show spots
with two distinct intensities (Figure 5b), whereas the spots of
the PP-based simulations are all identical.”™

A careful re-examination of the PP structure revealed that it
is nothing but a (001)-oriented slice of TiO,(B), a polymorph
whose bulk and surface properties have recently been investi-
gated with DFT calculations.®" Interestingly, the stability of
TiO,(B) is comparable to that of rutile and anatase, while its
(001) surface is computed to have a low surface energy
(0.40 Jm™) 3" These features make the (001)-oriented TiO,(B)
slabs natural candidates to explain the multilayer growth of
the rect’-TiO, phase. The slabs can be obtained by stacking the
Ti,0,—0,—Ti,O; PP tri-layer units described above. It should be
noted, however, that whereas in the PP model the Ti ions are
all equivalent, in TiO,(B)-(001) slabs two sets of Ti ions are pres-
ent (see Figure 7 for the labelling): a set of six-fold coordinated
(Th and a set of five-fold coordinated cations (Ti*) interconnect-
ed by an oxygen bridge. This makes the surface Ti cations (s-Ti)
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Figure 7. Model of the DFT-derived model of a relaxed (001) surface of
TiO,(B). Left: perspective view; right: top view.

non-equivalent, as some of them (s-Ti) are connected through
a second layer of oxygen to a third layer of five-fold coordinat-
ed ion (Ti*), whereas the others (s-Ti*) are connected to a third
layer of six-fold coordinated ion (Ti. Consistently, three differ-
ent types of O ions are also exposed at the surface (Figure 7,
right): two of them are three-fold coordinated, and bridge two
s-Ti ions (3c-0), and two s-Ti* ions (3c-O*), respectively. The
third O surface species is two-fold coordinated, and bridges s-
Ti and s-Ti* cations. It should be emphasized that though both
s-Ti and s-Ti* cations are five-fold coordinated, only the former,
strictly speaking, carry dangling bonds, as s-Ti* species derive
from cations (Ti*) that are already five-fold coordinated in the
bulk. This non-equivalence is reflected in the final relaxed
structure (s-Ti ions are 0.01 A deeper than s-Ti* ones) and in
their electronic properties, giving rise to differences in the STM
brightness of the spots which nicely match the experimental
ones (Figure 5). Because the experimental STM images were
found to be unaffected by the film thickness, in order to com-
pare the experimental STM contrast with the theoretical one,
the simulations were performed on an unsupported film model
made of three Ti,0,—0,—Ti,0; tri-layer units, which gave a con-
verged surface energy for the (001) surface of TiO,(B).°" The
agreement between theoretical and experimental images is re-
markable (Figure 5), for both positive and negative bias. In par-
ticular, it is found that the brightest spots observed for positive
bias are associated to the (slightly) deeper s-Ti surface cations.
Even stronger electronic effects are found at negative bias. In
fact, spots localized at the 3c-O* species are even brighter
than those at the 2c-O anions. In contrast to that, 3c-O anions
are rather faint. This effect can be ascribed to the different hy-
bridization occurring between the anions and the s-Ti/s-Ti*
ions. In conclusion, both at positive and at negative bias, the
STM contrast largely arises from electronic rather than geomet-
ric effects.

A further point to be addressed concerns the presence of
the 51 A deep ledges in Figure 4. In fact these structures can
hardly derive from (001) steps, as in this case they should be
6.376 A high. However, we point out that two stoichiometric
terminations are possible for the (001) surface of TiO,(B):*"" the
most stable one [type (001)-1], which has been considered so
far, and a titanyl-terminated one [type (001)-ll], obtained by
cutting the solid along a plane passing through the two-fold
coordinated oxygen. The Az between the exposed Ti cations
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in a hypothetical structure where (001)-ll ledges are introduced
in a (001)-1 terrace is 4.4 A if relative to the bulk structure. This
would be compatible with the experimental depth of the
ledges, keeping also into account that whereas the cations at
the (001)-1 surface remain practically unrelaxed, those at the
(001)-1l one are instead predicted to relax inward by 0.2 AR
Ultimately, the ledges could thus be described as regions
where only the bottom half of the topmost PP layer has been
formed.

Finally, it is also interesting to compare the shape of the
large island reported in Figure 6 with the projection of the the-
oretically computed thermodynamic Wulff shape (note that
the alignment between the crystallographic axes of the experi-
mental and theoretical shapes is allowed by the information
provided by the high-resolution STM image reported in the
low-right corner inset). The agreement between the two
shapes is only partial. In particular, it should be noted that the
borders running parallel to the strands correspond to {010}
planes are absent in the Wulff shape, and are possibly stabi-
lized by specific interactions between the surface and the
edge atoms of the overlayer island. However, weak interactions
may be sufficient to achieve this result, as the energy differ-
ence between the (110) and the (010) surfaces of TiO,(B) is
rather small (0.61 vs 0.69 Jm~2).B5"

2.2.4. Implications for the Energetics of TiO, Nanocrystals

We now discuss the relevance of the results described above,
which refer to 2D Pt-supported phases, for the comprehension
of the properties of 3D unsupported nanostructured TiO,.

Three main bulk polymorphs (i.e. anatase, rutile and broo-
kite) have been thoroughly investigated in the literature, and
their relative energies and shapes have been demonstrated to
be strongly dependent on the actual crystallite sizes. Ranade
et al®? suggested that this can be related to the increasing
weight of surface energy in determining the crystallite stability
when the size is reduced. Actually, DFT calculations confirm
this picture,??*3 as the average surface energy of TiO, crys-
tallites are predicted to decrease in the order: rutile >broo-
kite > anatase.

Conventional studies based on the synthesis and characteri-
zation of nanocrystals in massive quantities can be difficult
however, due, for example, to the effect of impurities and to
the formation of multiple species. These difficulties obviously
increase when we approach the extreme region of the nano-
scale. On the other hand, accuracies granted by currently avail-
able density functionals do not allow one to reach clear con-
clusions when bulk energies and average surface energies are
similar for the compared polymorphs. This is the case of TiO,-
(anatase) and TiO,(B), which were computed to have practically
identical surface energies.”"

Results obtained from UHV investigations on supported
nanocrystals are on the other hand affected by the interfacial
energy term introduced by the interaction between the nano-
crystals and the support, which in principle affects the results.
However, herein this seems not to be the case. In fact we ob-
serve that:
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1) the formation of nanocrystals of both lepidocrocite and
TiO,(B) phases occur in the same conditions on two sub-
strate with rather different structures;

2) the shape of the nanocrystals is the same as the equilibri-
um one as predicted by DFT calculations (Figures 2 and 6),
which also explicitly predict a weak (~0.01 eVA~?) overlay-
er-substrate interaction;

3) recent LEEM data, where the growth of the rect-TiO; NS on
Pt(111) has been monitored in situ, indicate that the over-
layer is rapidly expanding over the substrate by floating
over its step bunches.™

Such evidence indicates that the Pt surface actually plays
the role of a nanolab bench, where the intrinsic properties of
nanocrystals can be studied. In other words, the overlayer-sub-
strate interactions are just capable to order the overlayer do-
mains azimuthally, but do not play a fundamental role in stabi-
lizing the 2D nanophases. Under these fortunate circumstances
we have the opportunity to monitor the growth and to deter-
mine the structure of the titania phases down to the extreme
2D nanoscale level by using the powerful tools provided by
modern surface science.

The emerging picture suggests that TiO,(B) layers are actual-
ly more stable than anatase when the thickness regime up to
few layers is considered, while at the bottom a lepidocrocite-
like NS is preferred. On the basis of our results, we therefore
propose that the complete sequence of stability to be expect-
ed on decreasing the crystal size is the one reported in
Figure 8.

brookite

Crystal size

rutile reduction

Figure 8. Stability trend of unsupported titania phases with crystal size re-
duction that can be inferred by comparing the results herein study with lit-
erature data.

As a closing remark, we point out that both the structures
observed herein are in close relation with the anatase poly-
morph. As suggested on the basis of DFT calculations,*'® lepi-
docrocite-like TiO, NSs can be obtained from the spontaneous
rearrangement of (001)-oriented anatase slabs, whereas (001)-
oriented TiO,(B) layers can be formed from the rearrangement
of (101)-oriented anatase slabs. This lends further support to
our conjecture.

3. Conclusions

In conclusion, we have performed an integrated theoretical
and experimental study on the formation of 2D TiO, phases
supported on two different Pt surfaces. The combined use of
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DFT calculations and experiments shows that, irrespective of
the surface used as the support, the same TiO, phases are
formed. In particular, nanosheets with a lepidocrocite-like
structure are obtained at the beginning of the deposition pro-
cess, whereas, at higher coverages, multilayer flat islands are
formed, which have been identified as (001)-oriented TiO.(B)
nanocrystals. The similarity of the results obtained for both Pt
substrates indicates that the support plays the role of an
(almost) inert observer, where the TiO, structures self-assemble
on the basis of their intrinsic stability. On this ground, we pro-
pose that on reducing the size of TiO, crystallites the stability
sequence of the TiO, polymorphs, is rutile—brookite
tase —TiO,(B)—lepidocrocite.
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Chapter V
State of theart 2: Au at the nanoscale

V.1 Introduction

In this chapter | will summarize on the state af Hrt regarding gold nanopatrticles
(NPs) reactivity and catalysis, especially regagdime CO oxidation. After this brief
general introduction | will focus on gold surfacgs)d NPs and at the end on model
catalysts.

| give first some important information on the ebtal, chemical and physical
properties, since there is a strong relationshipivéen the atomic structure, the
dimensions and the catalytic activity. Gold atons lalarge nucleus (Z = 79) and
nuclear charge; as a consequence of this, relétieffects play an important role
so that thes and p orbitals are contracted, while tlieandf orbitals are in fact
expanded. Thereby, thed band assumes a great relevance in terms of a large
participation of the orbitals in the metallic boadd affects the metal behaviour
(larger cohesion energy than the other transiticgrtaie). Moreover, gold has the
highest Pauling electronegativity value in the grali elements (2.4), so a high
electron affinity (EA) value of 2.31 eV and ionizat potential (9.22 eV). Hence
gold is the only transition metal that have nottabke oxide Au,Osz is only
metastable) and is capable to interact with itigeffo an effective way that its bond is
calledaurophilic.?

Gold has always been considered as a noble elearahtt is very difficult to adsorb
any kind of molecule on its surfaces. In 1987 MalsatHaruta started to report about
his studies about gold NPs, focusing on the onéls avdiameter smaller than 5 nm,

which showed an intense catalytic activity.> ®’
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Since 1987 many efforts in the surface sciencecatalysis research communities
have been dedicated to gold NPs and the cataldtems obtained using them.
Many common reactions demonstrated to be well gzddl by gold:

- low temperature (LT) CO oxidatidn

- selective oxidation of propene to propene oXide

- water gas shift reactioh

- NO reductiort*

- selective hydrogenation of poli-alkenes and adiif

In particular, LT CO oxidation assumed an importat¢, as a consequence of the
catalytic system application in the air purificatidand fuel cells (prevention of CO
poisoning in protonic exchange membrariés).

In the last 20 years the chemical properties ofl goid gold-based catalysts have
been extensively studied, so that it is difficdtdummarize all the literature. For
convenience, the reader can find more informatioedme complete reviewsand

books!®

V.2 Chemistry of Au surfaces

The study of gold have started from the analysistofsurfaces (single crystals)
chemical reactivity and then extended to the NBBopwing the evolution of the
nanoscience.

In 1995 Hammer and Ngrskov theoretically analyreddhemistry of dissociation of
H, on Au(111), pointing out on 2 main factors deterimg the activation barrier
entity and the interaction between the metal amdatisorbaté’ First, being Au a
coinage metal, it has a totally filledl band that originates a repulsion during the
interaction with an adsorbate (such ag) lds a consequence of the antibonding
orbital filling. The second factor, always regagliiu chemical nature, is due to the
large overlap between tlseandd orbitals, that leads to a high energy value demand
for molecules adsorption. Starting from these agdioms, Mavrikakis et al.
extended the research to other adsorbates, sucDa&» and molecular oxygeff.
DFT calculations show that CO adsorbs preferegtiafi rich step surfaces, e. g.
Au(211), instead of more regular ones (e.g. thgelaierraces on the hexagonal

Au(111)), binding to under-coordinated sites thioagbridge bond. Atomic oxygen
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was also found to prefer stepped surfaces, whilad3orbs on surface steps but with
a very weak interaction that implies its desorpti@iore any possible dissociation
reaction. Hence, steps are an important parametex $urface reactivity, especially

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

the same figure it is reported the reactivity af #u NPs vs their dimension found

by Haruta.

=
-
T

=
L]
T

{Edge Au atome)i| Tolsl A gioms|
2
=
- T - -

[+ 1

Clugter-gize {nm)

Figure V.1. Schematic representation of the step density and reactivity vs. the NPs dimensions *°

Ngrskov et al. obtained good theoretical resultaalestrating how on Au monolayer
(ML) islands a smaller amount of oxygen atoms iscaslded than on multilayer
islands. If Au is deposited on a metal substratg thduces some strain, then the
reticular parameters are affected by this inteoactind theoretical simulations show
how in this case the interaction with some gasesisanced (higher reactivity). An
Au (211) surface with a 10% strain has a doublediibg energy towards Qwith
respect to the single crystal, causing a decreadeei activation energy fEfor the
dissociation (from 1.12 to 0.63 eVA.

Mills et al. studied the ©adsorption on flat Au (111) surfaces and on thaesa
islands containing islands of Au adatoffishu islands are used to induce a larger
roughness on the surface, and the results putideese how the presence of a large
number of under-coordinated Au atoms is able toudeda higher adsorption.
Theoretical calculation have been used to show dhahighly localized HOMO,

allowing an easy charge transfer to therOorbitals, is able to enhance the reactivity
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of rough Au surfaces. On the contrary, on flat acek (or anyway surfaces where
large terraces are foud), the HOMO results to bedaized and it is not possible to
coordinate @

Liu et al. examined the adsorption and reactivityC® and Q on Au surfaces and
their results show a higher reactivity on the stiéya® on the kink&' This seems to
apparently contradict what was reported before tbwal high reactivity of under-
coordinated sites. The calculateglf&r O, dissociation on steps was 0.93 eV, a value
which is lower than the calculated, & a 12 atoms NP. Then the probability to
obtain Q dissociation on an Au (211) was calculated, legdina value of 18" (gas
considered as ideal, room temperature), that detrad@show on single crystal Au
(211) surfaces the dissociation does not take pdacaverage. Considering that, as
already reported by Mavrikakis, also the CO prefgadly adsorbs on step rich
surfaces, the authors finally consider the CO diodareaction on Au (221), based
on the theoretical models already reported in itegature and involving CO and

molecular oxygen coordinated to the bridge sitea@gbktep edges (figure V.2).

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

In the transition state, CO migrates on-top aldregdtep edge while oxygen goes in
a bridge site placed between a step and a tertaoe d&he reaction leading to the
final product (CQ) has a Eof 0.25 eV. The suggested overall reaction pathisay
based on an Eley-Rideal mechanism whepeirOthe gas phase reacts with CO
coordinated on a step edge, leaving on the sudad® atom available for the next
cycle. The proposed,Eralue for this mechanism is 0.59 eV, and reducdx46 if a
second adsorbed CO molecule is present, showingthewO coverage is essential
for the reaction outcome. In this last discussiothithe CO adsorption and the O
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dissociation were not correlated with the partailmensions: all the data were based
on the step density. In real catalysts the suppould have a role in making the
oxygen adsorption easier.

Other research groups focused their work on gold Biape and their interactions
with different adsorbates. Using DFT calculationsl @nic mobility measurements,
Furche et al. stated that anionic,APs (0 >11) prefer a planar arrangeméhtThe
authors also say that in the case of Au the translietween a planar and a three-
dimensional arrangement is found so late as a coesee of the high relativistic
nature of the metal (see V.1). Wang et al. reg@t small neutral Au NPs are planar
up to 6 atoms, while adding more atoms a three-d$io@al structure is favouréd.
Between 10 and 14 Au atoms the energetically mtables structure is a flat cage
while for NPs with more than 15 atoms a spherav®dred. In any case it is really
difficult to determine the balance structure foradindimensions NPs, especially
because many transitions happen during the cailonftthat are mainly due to the
substraté? Another interesting research topic is relatechielectronic nature of bi-
dimensional NPs. Zhao et al. developed some cdiontaon planar particles in
order to determine their polarizabilityThey found that along lateral dimensions the
polarizability values result to be high (comparatade typical metal value) although
the NPs show a non-metallic behaviour along themabrdirection. For bi-
dimensional NPs the polarizability calculated ie thormal direction is similar to a
semi-conducting (like the Si) one. Theoretical aldtions were then developed to
foresee very large (up to 1000 atoms) NPs behavamgt different results are
reported, including disordered structdfe$’ and faceted particlé. %° Of particular
interest is the transition between fcc structuvdsch were seen for very large NPs,
and decahedral-icosahedral particles, which arécaygor very small particles.
There are many manuscripts in the literature tryimgpredict the transitions in the
structure of metal NPs as a function of the Au at@ontent, especially because the
structure seems to have strong implications for N@stivity.
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V.3 Chemistry of Au NPs

In one of the first studies on gold catalytic aityivowards CO oxidation, Huber et
al*° report about the condensation of single gold atoma 1:1 matrix of CO:Qat
10 K. They obtain a new species, -calledhrbonylgold(ll)peroxyformate,
decomposing after subsequent heating at 30-40 Kldewg CQ. Starting from this
experiment, many others research groups focusedattiention on the reactivity of
free Au NPs. In particular, Cox at al. report abth& adsorption of  CH, and Q

on Au NPs with different sizes: * They demonstrate that,ls well adsorbed on
positively charged NPs and on neutral NPs builh\8itor 7 atoms, while negatively
charged NPs are inert. GlHehaviour is similar to the one described for While O,
adsorbs on cationic NPs with 10 Au atoms, on anidi*s with an even number of
Au atoms (no adsorption observed with NPs builhvaih odd number of Au atoms).
These evidences suggest a correlation betweenPlseBA and their reactivity: NPs
with a high EA are more reactive towards &hd CH whereas the ones with lower
EA react with Q. The previously mentioned relativistic effects, ig¥h cause a
decrease in the energy gap betweemnd d orbitals, are responsible for the
oscillations (up to 1.0 eV) observed in the EA bedw NPs with an odd or even
number of Au atom&® A further explanation of the interaction betwebr © and
the NPs, based on the molecular orbitals (MO) thelaais been proposed: the bond
takes place betweenma antibonding electron of the,Gnd the NP HOMO. This
hypothesis could explain why,@dsorbs only on NPs with an odd number of atoms,
whose HOMO is occupied with an unpaired electraaisBury et al., using a flow
bed reactor, examined the adsorption gfo@ anionic NPs with an even number of
Au atoms, obtaining a fast reaction validating @ hypothesis® Moreover, the
Aun NPs valence band, studied by UPS, shows a clednten after the adsorption
of O, the band attributed to the NPs HOMO vanishesyihgaout the charge
transfer (back bonding) from the NPs to the molesifl Stolcic et al. extend the
study of unsupported Au NPs to aggregates with rtitae 20 atoms demonstrating
that such larger NPs are almost inert towargsn@st probably as a consequence of
the high value of EA, that make impossible the blagkding from the NPs to the
molecules?®

Basing on the MO theory, it is also possible tolgeathe CO interaction with Au
NPs. In this case the bond takes place betweeiNBEeLUMO, through electron
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donation from the C®@ orbitals, andt back-bonding from thd orbitals of the Au
NPs. Both of these are weak interaction, that shaat depend on the NPs structure
as previously seen with,OWallace and Whetten reports about the adsortid®O

on anionic Au NPs obtaining, as a consequencesi iifiteraction, the formation of
some preferential products: &8O, Aw;CO, AusCO and Ays(CO).3" *® Hence,
differently from what was predicted by the MO thgaalso the CO seems to have a
sensibility towards the Au NPs structure. The poasly indicated complexes remain
stable also after exposure to higher amounts of (s suggesting that the NPs
available active sites are already saturated aelkposures.

Probably considering what we have just reportedib®» and CO adsorption on Au,
Hagen et al. started some experiments dosing lha&thgases on 2 or 3 atoms Au
NPs In this case, since the reaction rate betweer\thand the @result to be at
least one order of magnitude larger than the ortd WO, no formation of Au
carbonyls is observed. After the formation of az(@0)(0G;) complex a second
molecule of oxygen adds to form &CO)(0,),, indicating the presence of a
cooperative adsorption process; &d CO competing for the active bonding site.
The same authors extended the work to larger NRswiag evidences of the
formation of CQ.”° In fact, exposing Agi species to a flux of CO they created a
wide distribution of complexes [A(CO),]’, that were then exposed to,.Orhis
results in the formation of [ANCO)..1O7] like complexes, indirectly indicating the
oxidation of one CO molecule and the formation @»CA catalytic analysis of the
entire process shows that the overall reaction igattD0 times lower than the one
observed with real catalysts and that in one cttatycle the NPs lose their activity.
In a further study, Landman et al, using an octepolss spectrometer at the end of
the reactor, report about the formation of différ@noducts exposing to CO4O
mixture Aw’ NPs: Ay, Au,0O, and Au(CO)@.* The overall reaction mechanism
proposed by these authors is the following:

Au, +0O, - Au,0O,
Au,0, +CO - Au,(CO)O,
Au,(CO)O, +CO - Au, +2CO,

This results allowed the first calculation of thenover frequency (TOF) for Au

Density Functional Theory (DFT) based calculatiomdicated that the most stable
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reaction intermediate should form as a consequehaeCO Eley-Rideal insertion in
between the O-O bond in the A complex, originating a carbonate like specie.
Wallace et al. investigated the role of moisture the reactivity of Au NPs,
discovering that the presence of water in the r@aceénvironment leads to the
formation of AWOH complexes; the subsequent exposure to oxygen @eodu
opposite results to the ones outlined before: anidiPs with an odd number of
atoms react well? The authors explain this evidence as a consequeitte high
—OH group EA, that leads to an electron transféh&Au NPs, so that their HOMO

has an unpaired electron available for bonding.

V.4 Model catalysts

Many real catalysts are based on metal supportédgbnsurface area substrates that
can be more or less inert. A common method to s/pHghe problems related to the
complexity of such systems is to re-create on agotive planar surface (a metal
single crystal) on an oxide thin film and then &pdsit the metal onto it. The so
obtained system is called planar model catalyst$ @iow the scientist to use
common surface science techniques (XPS, STM or AEBED, TPD, FT-IRAS) to
analyze it. Model systems are very useful devioestudying and understanding the
elemental mechanisms of catalytic processes. Suaence techniques applied to
model catalysts allow us to recover important iatdans about the chemical
composition, morphology, reactivity and life. Margal systems have been analyzed
through the creation of the corresponding modedlgst, for convenience we will

focus on the titania substrate and report the rmaioomes.

V.4.1 Au NPson titania

Amongst all the Au/TiQ systems, the most studied is the Au deposited i@y T

rutile (110). One of the most complete review relgag this system has been written
by Cosandey and Madéy.The rutile (110) surface has been deeply analymed

STM and the results show that the (1x1) terminatsoformed by alternating Ti and

O atoms rows, where half of the Ti atoms are linteed bridging oxygefi* Hence, it

is possible to find six- (like in the bulk phasagddive-fold coordinated Ti atoms and
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five- (like in the bulk phase) and three-fold cdoated (bridging) oxygen atoms (see
figure V.3).

Freefold coordinated Thanuim
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Figure v.3

It is now well established that the bridging oxygas a consequence of the under-
coordination, are easier to remove and contributbe creation of either point defect
or F centres, depending on how the O atom is reth¢@ O" or O). Pacchioni,
through quantum-mechanic simulations, reports #isdr an O atom is removed
from TiO,, a charge re-distribution on the Ti ions all arddine vacancy takes place,
so that the five-coordinated Ti electron BindingeEgies (BE) shift to more negative
values with respect to the six coordinated dfies.

Since there is a direct connection between defawts nucleation, the TiOphase
preparation is fundamental for the Au NPs growthfdct there is a real evidence
that F centres act as preferential nucleation,sieking NPs more stable. Lai et al.,
through STM, show how at extremely low Au covera@@sout 0.1 ML) the TiQ
(110) surface appears to be without defétfEhe suggested explanation has been
associated to a preferential Au nucleation on plog$ects. Several studies outlined
how gold grows in 2D or quasi 2D way at low cove®¢<0.15 ML) while at higher
coverages the growth is three-dimensidfiaf’ Hence, there could be a direct
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correlation between the defect concentration aed\NRs nucleation way. Parker et
al. show how TiQ (110) ion bombardment produces defects that aestty related
to the nucleation of gol®f On the clean surface, the transition from 2D tog8®wth

is at ca. 0.09 ML gold coverage, while on the borded surface the value raise to
0.22 ML. The temperature is a second important mpatar influencing the
nucleation: the experiments made at 160 K on tearckurface show a 2D to 3D
transition at 0.19 ML coverage, a higher value tti@none reported before at room
temperature (0.09 ML). These evidences show tlgiienitemperatures promote 3D
growth. A more detailed STM investigation of theretation between Au nucleation
and O vacancies on Ti®110) has been proposed by Wahlstrom efalhe amount
of vacancies reduces after Au deposition, evemeifmhetal occupies only a small part
of the surface.

DFT calculations bear out the experimental evidenpatting in light that Au atoms
prefer to bond to oxygen vacancies by 0.45 eV wa#pect to the other titania active
sites. An oxygen vacancy can adsorb up to 3 maaisgand a 2D to 3D transition is
observed. There are many hypothesis regarding th&erpntial nucleation, and
Lopez and Ngrskov concluded that the coordinatiendepends on the Au coverage,
explaining many of the obtained resiflsAu has a weaker interaction with %O
compared to other coinage metals like Cu or Ag, #md probably affect the
interaction mode. An explanation could arise frdva high Au electronegativity and
ionization potential values, making it a poor alestdonor.

Therefore, Madey et al. examined the growth andeation of Au on TiQ (110) at
high coverages using high resolution (HR) SEMhowing that after the deposition
of a 1.5 nm (more than 5 ML thick) film of Au a negrowth state begins, where the
NPs form worm-like islands. Continuing the depasiti the Au island density
decreases as a consequence of their coalescertdethancomplete connection,
which takes place at about 8 nm thickness. A furthe deposition results in a
granular Au film, whose average thickness is alddutnm. At the same time the
researchers performed annealing experiments owadhne-like islands, obtaining a
steady gold islands density, a parallel increasthénaverage thickness, a gradual
islands faceting and an higher percentage ofxpesed TiQ surface.

The last reported evidences are clearly in contraitt the annealing of small Au
NPs. In that case coalescence and Ostwald ripgrimgesses lead to a decrease in

the average NPs density and an increase in theknisss. HR-SEM images obtained
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during different growth steps show that many Au Nigsleate in a semi-epitaxial
way>% >* Au NPs with (111) orientation are observed whenghows on top of the
bridging oxygen Ti@ rows. Theoretical calculations demonstrate thaglthe TiQ
(100) direction the reticular mismatch with Au iy .6%, conversely in the
perpendicular direction (110) the misfit betweero taridging O of a row and four
deposited Au atoms along it is by 14.3%. The growitiAu (112) rows along the
(110) direction has then been studied: in this igomition Au atoms lay atop five-
coordinated Ti atoms, decreasing the mismatch 4668.lt is also interesting to
report that, in disagreement with the latter caltiohs, a very small Au lattice
distortion has been observed despite of the straiween the Au and the TiO
substrate. This is a clear consequence of the sivathll interaction between the Au
and the support, also confirmed by the XPS Ti 2¢p @is peaks that do not show
any remarkable variation neither in the shape mothie position? A different
behaviour has been observed growing Au on the a@ifatase phase, where HREM
images stress a strong epitaxial relation betwieertl and the substrate, mainly due
to the small misfit (0.9%) between the Au (111) &W@, (112)>° Anyway, even if
theoretical simulations predicted decahedric osat@dric shapes for small NPs, the
structural relationship between the Au and the;Ti®©strong enough to allow the
NPs epitaxial growth until large dimensiofisboth for rutile and anatasé.A
comparison between the experimental and theoligtsianulated images found the
best result for strained NPs where the Au lattioestants are superimposed to the
ones of the substrate. In this way, the Au(110wgralong the TiQ(110) facet, so
that the distances between the atoms are straige8.3% along Ti rows and
expanded by 12.5% between them. This growth wagiraogs as long as Au reaches
the 4" layer.

After a brief description of the nucleation andwgtio of Au on TiQ it is important

to examine the thermal evolution of the systemsoider to obtain important
information to shift to the real catalysis worlds A consequence of the temperature
increase, Au NPs are inclined to agglomeration.efidgf al., through STM, report
about a clearly visible Ostwald ripening during @renealing of Au NPs on TiO
(110): larger NPs grow including the smaller orfefter the deposition of 0.15 ML
of Au at room temperature a NPs size distributientied at about 2.7 nm has been
observed. After 7 hours heating of the surface5&°C, the size distribution has a

bimodal behaviour that is typical of a ripening g&ss with a first peak centred at ca.
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2 nm and a second one at 4 nm. The coalescencesgroould happen after transport
or migration of Au atoms from the NPs edges. This be related to the low melting
temperature of the Au NPs. It is also very impdrtém evaluate the Au NPs
behaviour in reactive environments. Once exposetDtoorr Q, Au NPs deposited
on TiO, in UHV, undergo a process similar to the previgusported Ostwald
ripening>® After exposure to a reactive environment (10 t2rt, CO/Q), the effect

is more pronounced, as reported in figure V.4. ARsNwhich at the beginning are
centred at 2.6 nm with an apparent height of 0.7 after exposure to a reactive
environment move to 3.6 mean size diameter witlagrarent height of 1.4 nm and
at the same time NPs with a smaller diameter aserobd (1.5 nm) giving rise to a

bimodal size distribution.
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Figure V.4. STM images and Au NPs sizes profiles before and after HP exposure to CO: O, mixture™

Exposing larger supported Au NPs (mean diametenmPto 10 torr @ at RT no
ripening was observed. This fact indicates that @swald ripening process is
mainly related to the NPs reactivity, although teal mechanism at the base of it is
still not clear. Wilneff et al. noted that when A is exposed to CO at about 400°C
some not clearly identified volatile species ararfed, that are able to transport the
Au, since the oxide itself is not volati@lf the TiO, (110) substrate surface is pre-
functionalized with defects (Qvacancies produced by electron bombardment) before
Au deposition, the NPs show a higher stability m axygen environment, most
probably as a consequence of the high interactiwden Au and the phase defects.
An in situ measurement of Au NPs supported on ;I{{DL0) behaviour in reactive
environment (1:1 CO/§) has been performed by Kolmanov and Goodffiatt.At

the beginning the system has a uniform size digiob but after a treatment at 720
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Pa and 450 K a fast Ostwald ripening is observede®pected, an increase in the
temperature corresponds to an acceleration of ttegath process. Moreover the
authors affirm that @ acts weakening the Au-Au bond, thus promoting s

coalescence.

V.4.2 Electronic properties of supported Au NPs

It is noteworthy that nano-sized particles supmbiia oxides substrates can exhibit
electronic, magnetic and optical properties différérom their bulk counterparts.
This is really important for gold, and many reséars believe that these changes are
at the base of the Au exceptional catalytic agtivitithough in many cases Au based
catalysts show weak interactions with the subsffaies role influence the Au
electronic nature through charge transfer. Valdeal.e using Scanning Tunneling
Spectroscopy (STS), demonstrated that the higludisita for the system Au/Ti@
(110) is found when the transition mefalsemiconductor is observed (figure V°8).
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Figure V.5. Plot of the reactivity vs. the Au NP dimensions™

A band gap starts to be visible at about 3.2 nnmdtar and 1 nm Au NPs and
increases as the NPs dimensions decrease untip aaloe is reached at 2 nm
diameter. Au NPs have a so high activity as a apnesace of their small dimensions
(some authors also speculate a connection with thiekness). 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, suppogtisize selected Au NPs on
amorphous carbon, significant binding energy (Biijt $rom the core levels value

are observed for Auwith n<34%* These shifts are related to the presence of Au
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atoms with different coordination numbers. Throudghta extrapolation it was
possible to find the limit between metallic and +roatallic NPs when the number of
Au atoms corresponds to about 150. Similar experimmevere performed with
different spectroscopic techniques and allowedsttientists to find the NPs “limit
dimension” on many substrates. A shift from theeceonlue in the BE can be
interpreted as a consequence of quantum effectsodine low particles dimensions
and structure relaxation. Both of these effectsdaectly related to the nature of the
oxide support> ®®Therefore, it is important to consider that met&shhave a high
value of surface atoms that, having a lower co@titbm number, give raise to a shift
in the d band with respect to the Fermi level and a pdraizrease in the core
photoelectron BE. For Au this shift is by about 8\°’

Finally, it is necessary to consider the role af substrate. The metal can have a
different affinity with the substrate: Chusuei &traeasured the shifts in the BE in
the Au 4f peak for Au NPs supported on both S&d TiQ pointing out big
differences between the 2 systems (0.8 eV shiftAfTiO, and 1.6 eV shift for
AU/SiO,).°® These evidences suggest that Au NPs interactidh thie substrate
might influence their electronic properties andrsBE shifts have been associated
by Yang and Wu to the interaction between the Ad thie O vacancies on the oxide
surfaces? This kind of interaction has also been observedibward et al. through
the creation of defects on a Hi@QL10) surface made by Aion bombardmerf®
After the Au deposition the Ti 2p XPS peak compdmetative to Ti* (the phase
defects) disappears, thus suggesting that theseeseact as preferential nucleation
sites. The charge transfer from the substrateadPs is then able to cause a shift in
the BE that is in tune with the one observed bydeaf*

V.4.3 Reactivity of supported Au NPs

As reported in the previous paragraph, the surfxge defects play a key role both
for the nucleation and the electronic propertiesttdd Au NPs. Many literature
reports, using STM, focused on the surface defebisracterization and their

interaction with the metal particles (figure V8).
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Sidle-view

FigureV.6.™

In figure V.6 it is reported an STM picture of aOpi(110) single crystal where the
hot-spots are the five-coordinated (under-cooréiapi sites. The additional spots
between the straight lines have been identifiedxggen vacancies (defects, outlined
by circles in the right schematic picture). Thisikiof defects can be created after
Ar* sputtering of the surface at low energy and it hesn demonstrated that they
contribute to modify the Au NPs adsorption eneshape and structure, thence the
catalytic activity’®’* Considering that it is very important for a casilio be stable,
especially towards the sinterization process, margeriments focused on the
achievement of substrates with nucleation sitegiaino the just described on&s’?
Highly dispersed Au NPs activity towards the COdation reaction is strongly
related to their dimensions. Basing our discussmmn the data obtained by
Goodmart? the highest TurnOver Frequency (TOF, expresserbastion rate by
active surface site by second) value for an AufTi®0) system is obtained with a
NPs average diameter by 3 nm (figure V.5). Morepeatalytic activity has been
observed just for Au NPs with a diameter size senathan 8 nm (changing the
substrate also these values can vary).

In order to summarize what was reported in thisgaph and in the previous we
can speculate that 3 main parameters contributieet@xceptional Au NPs catalytic
activity.

1) The presence of Au sites with a low coordination number.

Since it has been reported that the edges, coarassuperficial atoms density
increase as long as the NPs average sizes deeamedbe catalytic activity appears
only with NPs diameters less than 8 nm we can caeckhat edges, corners and
superficial atoms can act as active sffe$> "®Also the calculated values for the

interactions between the CO, @nd these active sites result to be smaller than t
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ones with planar surfacé$.”DFT calculations showed that CO and @olecules
are adsorbed only on Au atoms with a coordinatiomimer smaller than 8. The
TOF, shown in figure V.5, starts to decrease uidem NPs diameter and this is in
tune with an increase of the Au under-coordinat@gosed and available for
molecules adsorption.

2) Charge transfer between Au and the substrate.

It has been already shown how the interaction wile substrate changes
dramatically the Au NPs electronic structure, prang their activity towards the
CO oxidation reaction at low temperatures. The defelay a fundamental role,
anchoring the NPs, making them more stable andfeaing electron density to the
Au.®® "2 3The NPs electronic state can be analyzed using€® chemical probe
and IRAS as an analysis technique. In this way# been demonstrated that the CO
vibrational frequencyw) shifts, with respect to its value for bulk Au, saaller
values for electron rich NPs and to higher onesefectron poor NPs. Au NPs were
found to be electron rich in many of the analyzgstems, as a consequence of the
charge transfer from the substrate to the metal, @ways considering the Au
chemical naturé® "°These NPs effectively adsorb @nd can activate the O-O bond
through a charge transfer that contributes to teation of asuperoxo specie® This
intermediate is stable for the Au/Ti®ystem and reacts directly with the CO to form
CO; even if the complete dissociation of @as never been observed.

3) Quantum effects due to the NPs dimensions.

NPs dimension is a fundamental parameter becausaffects the electronic
propertie® # Through photoemission techniques and DFT calanati a big
difference between bulk gold and a 20 atoms (tad®m@ model) Au NP has been
outlined. As previously reported, a transition betw metallic and non-metallic
behaviour is observed in a NPs diameter range leet@eand 3 nrfit The catalytic
activity is then affected by the Au NPs lateral dimaions, whose values must be

between 2 and 8 nm.
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Chapter VI
Results on the Au/TiO,/Pt(111) model catalysts

In this chapter | will report on the work done tve tAu/TiQ/Pt(111) model catalysts
during my PhD. Since all the collected results hbgen already published, | will
directly attach the paper reprints. In paragrapti ¥he CO chemisorption properties
of different Au based model catalysts, studied byDT will be taken into
consideration, while in paragraph V1.2 a STM stadythe mobility of Au NPs on
both reduced and stoichiometric Ti®ubstrates will be pointed out. In paragraph
VI.3 | will focus on a HR-XPS and PD study of theu ANPs growth on the
templatingz’-TiOx UT film. In the end, in paragraph V1.4, | will reg on a high
pressure PM-IRAS study, made in collaboration whke University of Ulm, of
different UT TiQ, films and the corresponding model catalysts ifed#nt reactive
atmospheres.
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V1.1 Reprint of the paper: Chemisorption of CO on Au/TiO,/Pt(111) Model
Catalystswith Different Stoichiometry and Defectivity

In this paper we present a TPD investigation of eh@dtalysts prepared depositing
Au on three different well characterized TiPt(111) ultrathin films. CO is used as a
probe molecule and its interaction with the mesalollowed by thermal desorption
experiments in order to outline the dependence dmtvihe desorption profiles and
the amount of deposited metal. Moreover, we havestigated three different model
systems where the Au NPs nucleate and grow diffigrelepending on the TiO
phase structure and stoichiometry.

Our data clearly demonstrate that the desorptiaiilpris modified by both the
morphology of the metal NPs (so that it is Au ceggr dependent) and the TiO
phase stoichiometry. In particular, Au NPs growargreduced TiQsubstrates (the
w andw’-TiOx UT films), having a stronger interaction with th&, than the ones
growing on the stoichiometric TgGsubstrate (theect’-TiO, UT film), show both a
smaller average diameter and apparent heightsibdistm. These characteristics
affect the way the Au NPs can interact with the @@king the larger and higher Au

NPs more suitable for the gas adsorption.
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Chemisorption of CO on Au/TiO,/Pt(111) Model Catalysts
with Different Stoichiometry and Defectivity
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Dipartimento di Scienze Chimiche, Unita df Ricerca CNR-INFM and INSTM, Universita di Padova, Via Marzolo 1, 1-35131 Padova, Italy

AuU/TiO,/Pt(111) model catalysts were prepared starting from well characterized TiO,/Pt(111) ultra-
thin films, according to an established procedure consisting in a reactive evaporation of Ti, subse-
quent thermal treatment in O, or in UHV, and final deposition of submonolayer quantities of Au.
Temperature Programmed Desorption measurements were performed to compare the interaction of
CO in the case of two reduced TiO,/Pt(111) substrates (indicated as w-TiO, and w’-TiO,, being
the former characterized by an ordered. array of. defects. that-can act as template for the depo-
sition of a stable array of Au nanopartlcles) with. the” case: of. a stoichiometric rect-TiO,/Pt(111)
substrate. It was found that in all cases CO.is molecularly adsorbed and two different desorption
peaks are detected: one at ~140 K corresp‘ondmg to CO des_orptlon from less active adsorption
sites (terraces) of the Au nanoparticles and one at ~200 K corresponding to CO desorption from
Au nanoparticles step sites. After annealing at 770 K the high temperature CO desorption peak is
still present in the case of the defective reduced phase, supporting the good templating and
stabilizing effect of such phase. On the rect=Ti lometric phase, the CO uptake decreases
after annealing but only to a minor exten '

Keywords: CO Chemisorption, Au

 Templates, Ultrathin Films, TPD, Model
Catalyst. ; '

1. INTRODUCTION

approach has been widely studied in the case of
onstructed metallic surfaces presenting nanopatterns.?

However, these systems are far from the real world
&)ecause, in most cases, the template itself is stable only
¢ Tnjultrathigh vacuum (UHV) conditions. To this regard,
templates. based on oxide structures seem to be more

One of the main problems to be addressed in nanoscience
is related to the instability of matter when dimensiofis) dfe
1n the nanometric range. Nanopartlcles (NPs) are intri

i

ratio enhances the surface energy contribution; ﬁ'xey At
in principle, be kinetically stabilized if a sufficiently high
kinetic barrier turns them into meta-stable systems. There-
fore, development of strategies to stabilize NPs against
agglomeration is a strategic issue to turn to reality the
expectations from nanoscience and nanocatalysis.!

‘When dealing with supported NPs, the support-NP inter-
action is a very important parameter to play with in order
to avoid NPs agglomeration. It is well known that point
(vacancies) and extended defects (steps, dislocations etc.)
are capable of pinning NPs, so that a possible strategy
to stabilize them is to use a substrate presenting an array
of defects. On such surfaces, a bottom-up self-assembling
process takes place, since each defect acts as a preferential
nucleation site for the NP growth. If the defect array is
spatially ordered (often called a templating substrate), the
resulting NP collection will result ordered as well.

*Author te whom correspondence should be addressed.

J. Nanosci. Nanotechnol. 2008, Vol. 8, No. 7
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’ "prormsmg because in many cases they are stable even at

ambient condition (i.e., atmospheric pressure), and exam-
ples of oxides ultrathin films acting as effective template
for the growth of ordered metal NPs (MNPs) or even sin-
gle metal atoms have been recently reported.> It turns out
that an ordered array of defects can narrow the size distri-
bution of the MNPs down to less than 10% with respect
to 25-40% expected for random nucleation.

Our research group has focused recently on nano-
structured ultrathin films of TiO, (1.2 < x < 2) grown
on a Pt(111) surface: several different nanophases have
been obtained, which are characterized by different sto-
ichiometries and defects distribution.® The preparation
procedure consists in a reactive evaporation of Ti on
a Pi(111) surface in an O, pressure of 10~ Pa, fol-
lowed by thermal treatments at different temperatures
and O, pressures (5 x 107* < P, < 10~* Pa). All these
phases have been characterized by different surface sci-
ence techniques, like X-ray photoemission spectroscopy

doi:10.1166/jnn.2008.386 3595
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(XPS),!% ultraviolet photoemission spectroscopy (UPS),'%
low energy electron diffraction (LEED),'®= photoelec-
tron diffraction (PED),'® scanning tunneling microscopy
(STM),'® and models have been obtained by Density Func-
tional Theory (DFT) calculations. %

In Figure 1 we report a summary of the different TiO,
nanophases so far characterized: the reported STM images
furnish a rationale for the labels used to identify each
one of them (k stays for kagome, i.e., in Japanese bam-
boo basket, z and 7’ stay for zig-zag, w and w’ stays for
wagon-wheel, rect and rect’ stay for rectangular).

These TiO, phases can be divided into two groups
depending on the oxidation state of Ti. The w, w’, z and
7z’ phases are reduced phases, characterized by a Ti2p XPS
binding energy (BE) at 456.4 eV, while the rect and rect
phases correspond to a fully oxidized Ti with a BE at
458.6 eV. The reduced phases consist in a Ti-O dou-
ble layer, where Ti is at the interface with Pt. The oxi-
dized phases have, on the contrary, an O-Pt interface and -

are formed by, at least, 3 atomic layers (O—Tl—-O) ‘Some. .

of these phases (w an z') are characterized by, ordered

arrays of defects, as can be easily guessed from the, STM‘~ .

images (Fig. 1), where the dark spots or troughs form a
regular pattern. These dark features, as proven by DFT
calculations,!® !! correspond to Ti vacancies, so that:in

case of w and z’ phases an effective template effect for
MNP growth has been anticipated and demonstrated. 2

The ideal metal to test the possibility to obtain stabi-
lized MNP arrays is gold. In fact, since 1987, after the
historical report of Haruta,'* supported Au NPs have been
extensively studied because of their outstanding catalytic
performances induced by their nanosize.'* !5 Among the
many reactions that can be effectively catalyzed by Au
NPs, the low temperature oxidation of CO to CO, if the
most studied one.'® Thence, in order to study in detail the
size-dependent catalytic properties of Au NPs, the most
obvious test to start with is the adsorption of CO with Au
NPs of different sizes.

This paper reports about the adsorption of CO, studied
by Thermal Programmed Desorption (TPD), on Au NPs
deposited on different TiO, ultrathin films, that are exam-
ples of oxidized and reduced phases with or without point
defects (w, w’ and rect’). The TPD results are related with

NP sizes and shapes obtained by previous STM images.
“The. rnam value of this study is associated to the degree

of structural knowledge of the investigated systems which
allows a-detailed interpretation of the TPD data. As it will

be Sdeh, the dimensions and temperature stability of Au

NPs depend not only on the interaction with the defects,
ut also on the oxidation state of Ti. On the other hand,
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Fig. 1. Summary of the STM constant-current images of the TiO,/Pt(111) nanophases so far characterized:'® the different phases are categorized
according to the oxygen pressure of the annealing procedure and to the nominal coverage in MLE (see text). k = kagomé; z = zigzag-like; w = wagon-
wheel-like; rect = rectangular.
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the ability to adsorb CO does not depend only on the size
of the Au NPs, but especially on their morphology.

2. EXPERIMENTAL PROCEDURES

All the experiments have been carried on using an UHV
chamber with a base pressure of 3.0- 10~ Pa, equipped
with a sputter gun, an electron beam evaporator, a four-
grid LEED optics (Omicron Spectaview), a hemispherical
energy analyzer (VG CLAM2), an X-ray double anode
source (Omicron Dar400) and a TPD (Hyden Quadrupole
Mass Spectrometer) facility.

The Pt(111) substrate has been cleaned by cycles of
Art sputtering and UHV annealing at 920 K (until the
C 1s signal was below the detection limit of XPS) and
finally exposing it to a O, pressure of 5.0-10~° Pa for
30 seconds before the cool-down. The subsequent inspec-
tion with LEED shows a well defined (1 x 1) diffraction

pattern. The preparation and structural characterization.of .
the different TiO,/Pt(111) phases have been reported in.

details elsewhere.!®

They are basically obtained in two steps:

—the formation at room temperature (RT) of an ~
intermediate film on the Pt(111) single crystal by electron-

beam evaporation from a Ti wire in an oxygen backgrou
(Po, = 107 Pa). The different TiO, phases are pre
by varying the amount of the deposned Ti, given i

responds to the surface density of Pt atoms per unit:
of Pt(111) 1 x 1 (cm? units); E
—the annealing of this intermediate ﬁlm at 900 X in
ferent conditions reported in Table I. The presence of

particular phase has been checked by comparlson @wlgbyt%xp ¥

LEED literature data.’® s

Gold has been evaporated from a Omicron“EFM3/4 M

evaporator using a filament basket directly'dn the
TiO,/Pt(111) film held at RT in UHV. The amount of gold
deposited has been determined by using a TPD calibration
procedure reported by Somorjai et al.!”

The TPD spectra were taken in the UHV chamber
exposing the sample at low temperature (140 K) to CO
introduced by a leak valve. In order to analyze all the prod-
ucts desorbed from the sample, it was then heated, close
to a QMS, with a rate of 1 K/s to reach a final temperature
of 373 K.

The STM images have been obtained in constant cur-
rent mode at RT in two different systems operating at

Table I.  Experimental condition adopted to obtain the TiO, phases used
in the present study.

TiO, phase Annealing conditions Thickness (MLE)
w 900 K, po, =1.0-10~ Pa 12
w 900 X in UHV 1.2
rect 900 K, py, =1.0-10"* Pa 2.0

J. Nanosci. Nanotechnol. 8, 3595-3602, 2008
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' Au 0.3 ML
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a base pressure of 5x 107 Pa. Tunneling: voltages are
given with respect to the sample. The tunneling param-
eters are reported in the corresponding captions of the
reported STM images. Experimental details are reported
in Refs. [3,21].

3. RESULTS

The TPD curves were obtained monitoring the m/e =
28 amu (CO) signal in the temperature interval 140-370 K
range. Unfortunately, the lowest temperature reachable by
the used equipment is not enough to completely include
the lowest desorption peak, whose maximum is usually
found around 130-140 K.'® For this reason in many of the
reported cases we will only see a declining background in
the lowest temperature range.

The CO TPD data for the system Au/w-TiO,/Pt(111)
after a CO exposure of 2 L are shown in Figure 2.
Onthe clean w-TiO, phase there is only one broad and

’wcak feature in the low temperature region (at about

I I | l 1
150 200 280 300 340
Temperature (K)

Fig. 2. CO TPD data of Aw/w-TiO,/Pt(111) at different Au coverages
for a CO exposure of 2 L. The dotted curve (at a Au coverage of 0.9 ML)
corresponds to an exposure of 0.1 L of CO.
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140-150 K). After Au deposition (in the Au coverage

range of 0.2-0.9 ML), two desorption peaks are observed
whose intensity increases with the amount of deposited
Au: the first one is in the same region of the feature seen
on the clean substrate, while the second, very wide, is
found at higher temperature. For the low coverages it is
difficult to clearly detect a peak maximum, which progres-
sively shift toward lower T with the Au coverage, reaching
the value of about 190 K for 0.9 ML (see dotted vertical
line in Fig. 2). In the Figure 2, the same high T peak can
be singled out (see dotted curve) during a measurement
obtained after sample exposure to only 0.1 L of CO in
order to saturate only the higher temperature sites (190 K).
The same peak is observed also in a TPD experiment car-
ried out on the Aw/w-TiO,/Pt(111) system after annealing
it at 770 K for 20 minutes (see upper curve in Fig. 2).
Using a Redhead approximation,'® an approximate value
of the desorption energy (AE, = 54.4+4 KJ/mol) has

been obtained assuming for the pre-cxponennal factor ag i

value of ¥, = 1.0-107* s~1,

The CO TPD data collected for the Au/w'-TiO /Pt(lll) S
system are shown in Figure 3. Also in this case the . ..
curve obtained for the clean support prcsents only a

u 1.0 ML Annealing 770 K|
30x10°
25—
— Au1.0 ML
[y | h
= 1
o 20— I
o |
py ]
X
8
o 5 Au0.9 ML
a -
© Au0.7 ML
10
Au 03 ML
Au 0.2 ML
& I
clean phase
[}
T T | T
150 200 250 300 350
Temperature (K)

Fig. 3. CO TPD data of Auw/w'-TiO,/Pt(111) at different Au coverages
for a CO exposure of 2 L. The dotted curve (at a Au coverage of 1.0 ML)
corresponds to an exposure of 0.2 L of CO.
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declining background in the lowest temperature region. As
in the previous system, Figure 3 shows that, when Au
is deposited, two different desorption peaks are observed
whose intensity increases with the Au coverage (from
0.2 ML to 1.0 ML): one centred at about 140 K, similar to
the one described above and a second one (rather broad)
centred at ca. 200 K when the highest Au coverage is
examined. An exposure to 0.2 L of CO was sufficient to
saturate only desorption sites corresponding to the peak
centred at ca. 200 K (dotted curve in Fig. 3). Differently
from the case of the Auw/w-TiO, system, this peak almost
disappears in a TPD experiment carried out after anneal-
ing at 770 K for 20 minutes. The Redhead equation, with
the same approximation used in the previous example, fur-
nishes a value of the desorption energy of AEy,, =56.4=%
4 KJ/mol.

The CO TPD curves collected for the system Au/rect-
TiO,/Pt(111) are shown in Figure 4. The curve correspond-
ing to the clean support shows an increasing background

- m the low temperature region, very similar to the one

Au 0.9 ML Annealing 770 K

Au09 ML

20+ Au0.7 ML

! clean phase

I I [ I 1
150 200 250 300 350

Temperature (K)

Fig. 4. CO TPD data of Au/rec/-TiO,/Pt{111) at different Au coverages
for a CO exposure of 6 L. The dotted curve (at a Au coverage of 0.9 ML)
corresponds to an exposure of 0.5 L of CO.
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Fig. 5. Comparison between the dotted curves reported in Figur
and 4 for the three analyzed Auw/TiO,/Py(111) systems. :

seen in the w'-TiO, phase (see Fig. 3). After
sition, there are two different desorption peaks
described before and a second wide peak at higher ter
ature (centred at about 196 K for the highest Au coves
whose intensity increases with the amount of deposite
gold (0.2-0.9 ML). Differently from the previots Bdsds,

the NP size effect and the role of the substrate. The
present study can be considered as a follow up of such
study to model catalysts having a better defined structural
characterization. Actually, for two of the herein investi-
gated substrates, detailed structural models (w-Ti0, %= !!
and rect-Ti0,) and electronic structure data'® have
been already discussed, whereas their interaction with Au
has been examined in details.>*! Before discussing the
reported data, we will summarize the principal structural
results of relevance for the herein reported TPD data of
the Auw/TiO,/Pt(111) systems.

As well evident in Figure 1, the w-TiO, substrate has
an ordered array of black spots that have been interpreted
as Ti vacancies,'® !! which can actually work as prefer-
ential nucleation sites for the Au NPs. According to the
theoretical model, the w-TiO, phase is associated to a
reduced oxide (x ~ 1.2)."" Recently, a system based on
an alumina ultrathin phase on Ni;Al(111) has been found

.- to, exhibit:a similar pattern of defective holes that act as
smucleation: centers.”®> An ordered hexagonal array of size
- “selected and stabilized Au NPs (Au islands with size dis-
"¢ tribution -peaked at ca. 1.3 nm with a narrow dispersion

and with a maximum height of 0.4 nm, i.e., 2 MLs) was

recently observed after annealing at 600 K a linear array of
s grown on the 7-TiO, phase (see Fig. 6(a)).® This
al ordered array has been interpreted as deriving
u and temperature induced transformation of the
se into the w-TiO, one.

other hand, the w'-TiO, and rec-TiO, substrates
ples of reduced and stoichiometric substrates,
vely, where there is no long-range ordered defec-
arger Au NP sizes were obtained at RT (mean
w-TiO, &~ 3.5 nm,? rect-TiO, =~ 5-6 nm>?! with

.Q\ ’
izes:

¥4 larger dispersions, see Figs. 6(b, c)), which can be inter-

the low temperature peak shifts to higher temperature, as by pretediasta consequence of a change of Au mobility on

the amount of Au increases and for a coverage of 0.9 ML

is centred at about 144 K. An exposure to 0.5 L of Cofwas.t &

necessary to saturate the peak centred at 196 K (shown
in Fig. 5 by a dotted line). This peak is found also in a
CO TPD experiment carried out after annealing the system
at 770 K for 20 minutes, although shifted to lower tem-
perature. The desorption energy obtained by the Redhead
approximation is AE,., = 55.4+4 KJ/mol.

In order to evaluate the relative CO uptake of the three
different systems, in Figure 5 the three dotted curves
reported in Figures 2, 3 and 4 are compared. Their relative
areas have been evaluated: on the rec?-TiO,/Pt(111) sys-
tem, a CO uptake 700% greater than on w-TiO/Pt(111)
and 300% greater than on w'-TiO,/Pt(111) is observed.

- 4. DISCUSSION

An interesting study on the interaction of CO with
Au/TiO,/Ru(0001) model catalysts has been already
reported,'® where a similar approach was used to discuss

J. Nanosci. Nanotechnol. 8, 3595-3602, 2008

lated substrates along the sequence:?' reduced

titani

¥ fgéﬁ\'/e& reduced defect-free®® < stoichiometric defect-
free. The Au NP nucleation on the w'-TiO, phase is ran-
dom, occurring on both terraces and steps (Fig. 6(b)).
On the rect-TiO, phase larger 3D NPs are clearly seen
(Fig. 6(c), where the NP have a 1.5 nm mean height?!)
almost independent on the Au coverage. It is quite plau-
sible that annealing the w'-TiO, and rect-TiO, systems
at high temperatures would provide a coarsening of the
Au NPs, as a consequence of the higher NP mobility. So
the three investigated systems, namely w-TiO,, w'-TiO,
and rect-TiO,, are examples of NP arrays of different
sizes with a different dynamics with respect to temperature
raise.

Let us start from these considerations to discuss the CO
TPD curves for the different Au/TiO,/Pt(111) phases.

We first discuss the lowest explored temperature range
before Au deposition: for the clean w'-TiO, and rect’-TiO,
phases, the TPD curves (bottom of Figs. 3 and 4) show
a declining background, probably due to a peak centred
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Fig. 6. STM images of: (a) an hexagonal array of Au NPs on the z-TiO, monolayer phase on Pt(111) annealed at 600 K after deposition of 0.35 MLE
of Au (80 nm x 80 nm, V =1.0 V, I = 0.4 nA) (see text for discussion), (b) a w'-TiO, wetting monolayer on Pt(111) after deposition of 0.2 MLE of

Au (82 nmx 82 nm, V = 1.5V, I =0.2 nA).?

between 130 and 140 K (just below the probed temperature
region), while in the w-TiO, clean phase (see Fig. 2) the

curve appears to be slightly shifted to highér temperaties. |
In all three cases, such low intensity feature ¢dn-be:safely

assigned to CO desorbed from defective sitesiof the c‘:léar‘l
TiO, substrate, as already observed in sitnilar systerns:!8
These defects could therefore be potential adsorption sites
for CO where a stronger interaction could be infer

allow to draw any definite conclusion.
When Au is progressively deposited on
substrates low temperature TPD features arg

is clear that they contain a contribution of
tion from the Au NPs. Similar features ?
been observed assigned to CO desorption from
terraces.'3: 2425 The intensity increase, observed at higher

Au coverages, can be explained with the expedtedﬂirﬁréﬁisef i

of both the size and number of Au NPs (and;thet
terraces) deposited on the oxidic substrate. S

the NP size and its intensity is strongly dependent on the
number of step sites in the NPs.?® It is not completely

rclear whether the sites at the interface between the oxide
- filmand the NPs contribute to this high temperature CO

esotption peak.?’
‘Refefring to Figure 5, both the Au/w-TiO, and Auv/w'-

TiO, systems show a definitely smaller CO uptake with

respect to the Au/rect’-TiO, system. This behaviour can be
plained by considering the different Au NP morphology
dimension on the three phases, as emerging from the
sed STM data.*2! For the fully developed 3D NPs
d in the Au/rect’-TiO, system, a higher number of
ve stepped sites can be inferred; thence, the CO
tion peak at about 200 K is expected to be more
nse than in the case of the other two systems.

The STM data are also useful to explain the TPD spectra

_collected after annealing the Au/oxide systems at 770 K
. (Sec'top of Figs. 2, 3 and 4). In the case of the Au/w-TiO,
: gre}gf"‘ { fsygpm the CO high temperature desorption peak at 200 K

hough of low intensity) is unchanged after annealing

of these features in the different systems can gbe&elatedg is I”( 1g‘**‘2) this is in tune with the templating/stabilizing

the different interaction and morphologies of Au NPs with
the supporting phases. For example, our TPD data sug-
gest that in the case of the Au/rect-TiO,/Pt(111) system,
the low temperature peak is shifted to higher temperatures
(ca. 140-150 K, Fig. 4) with respect to the other two cases
(Figs. 2 and 3). Our STM data?! show clearly that, for
the same Au coverage, the NPs deposited on the rect'-
TiO,/Pt(111) have a larger size with respect to the other
two systems (see Fig. 6 and Refs. [3, 21]). Thus, the shift
of the TPD curve to higher temperatures could be a con-
sequence of larger Au terraces.

Similar considerations can be used to explain the nature
of the CO desorption peak which is present at higher
temperature, whose intensity increases with the amount of
deposited Au. This peak has already been observed in sim-
ilar systems!®26:?7 and assigned, by means of IRAS mea-
surements, to CO chemisorption on Au NP defective sites.
It is also reported that this peak is strongly influenced by

3600

effect of the w-TiO, phase towards Au NPs which avoids
a temperature induced agglomeration. On the contrary, the
Au/w'-TiO, system shows (Fig. 3) that the CO desorp-
tion peak almost vanishes after annealing, in agreement
with the hypothesis that temperature induced NPs agglom-
eration is occurring (larger NP mobility on w'-TiO, than
in w-TiO,).? The TPD data of the Au/recf-TiO, system
behaves differently: the larger Au NPs (5-6 nm average
size) have a full 3D shape (with a 1.5 nm mean height)
at Jow temperature and it is expected that such 3D shape
would be maintained also after annealing, even if the tem-
perature treatment would partially flatten the NPs. Con-
sequently, the high temperature CO desorption peak from
Avu/rect-TiO, is still present after annealing, although less
intense and shifted to lower temperature.

If we consider the interaction between Au NPs and the
oxidic support, it is quite clear from the data reported in
the literature, that it is stronger in the case of reduced

J. Nanosci. Nanotechnol. 8, 3595-3602, 2008



Chapter VI

Results on the Au/TiO,/Pt(111) model catalysts 87

Artiglia et al.

Chemisorption of CO on AwTiO,/Pt(111) Model Catalysts with Different Stoichiometry and Defectivity

phases.? 3! According to our data (see the Redhead
approximation derived AEg, values and the higher tem-
perature peak maxima), there is no clear and distinct trend
in the examined systems,

One further effect to be mentioned is the observed shift
at lower temperature of the peak centred at ~200 K when
the Au coverage is increased (see curves in Figs. 2, 3,
and 4). There are two hypotheses that may explain this
effect: the first one associates this shift to the increasing of
the Au NPs dimensions.'® 2 The second one considers that
on larger NPs there is a larger number of adsorbed CO so
that there is a inter-adsorbate repulsion effect. The AE,
values reported in the Section 3 have been calculated at
the maximum Au coverage (which means maximum NPs
dimensions) and they are in good agreement with the ones
reported for a similar Au(1.5 ML)/TiO,/Ru(0001) sample
investigated by Zhao et al.'®

Finally, we want to mention some XPS data col-

lected at low temperature (140 K) for the three systems ...

(data not reported). There is no visible dlfference in-the::

'-Mmlstry of Instruction, University and Research (MIUR)
~-through . the- fund “Programs of national relevance”
'(PRIN-2003, PRIN-2005).

peak shape between the Audf and Ti2p spectra collected
before and after exposure to 6 L of CO. However the
Audf/Ti2p intensity ratio, before and after CO exposure,

shows some variations. For Au NPs supported on the

two reduced phases (w-TiO, and w'-TiO,) there i
appreciable change in the ratio value (less than 2
both systems). On the contrary, for the oxidized r :
one, we observe an increase in the Au4f/Ti2
ratio of about 20%. This variation may indica
chemisorption on Au NPs causes a change in their
face energy, and that the high Au mobility on
TiO, phase?! may induce some flattening of the 3D
On the contrary, on the reduced supports this shape mod-

ification could be inhibited by the higher NP-snbstrate &

interaction.

5. CONCLUSIONS

Au NPs deposited on well characterized TiO, ultrathin
grown on Pt(111) have been examined by low tempera-
ture CO TPD and XPS to study the effect of the NP sizes
and morphologies on the CO chemisorption. We found that
CO is molecularly adsorbed and two different desorption
peaks are detected. The low temperature one (%140 K)
corresponds to CO desorption from less active adsorption
sites (terraces) of the Au NPs, while the high tempera-
ture one (200 K) corresponds to CO desorption from Au
NPs step sites. We also found that Au NPs deposited on
reduced substrates (w-TiO, and w'-TiO,) present a lower
CO uptake than the one deposited on the oxidized stoichio-
metric phase (rect-Ti0,). On the basis of previous STM
investigations, we associate such differences to the differ-
ent sizes of Au NPs. The increase in the XPS peaks inten-
sity ratio Audf/Ti2p observed after CO dosing in the case
of Au/rect-TiO, system suggests that some CO-induced

J. Nanosci. Nanotechnol. 8, 3595-3602, 2008

flattening of the Au 3D NPs is occurring. Experiments are
in progress to substantiate such hypothesis.

The annealing of the samples at 770 K for 20 minutes
has been used to test the NP stability towards agglomera-
tion processes. The high temperature CO desorption peak
(assigned to desorption from steps and defects) is still
present, after thermal treatment, in the case of the w-TiO,
reduced phase, demonstrating the very good templating
and stabilizing effect of such phase. To our knowledge
this is the first example of Au NP stabilization obtained
by a self-assembling process of the metal NPs on an
ordered nanoarray of defects. On the rect’-TiO, stoichio-
metric phase, the CO uptake decreases after annealing but
only to a minor extent.
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V1.2 Reprint of the paper: Mobility of Au on TiOyx Substrates with Different
Stoichiometry and Defectivity

In this paper we present a STM study of a modellgsit obtained depositing Au on
a stoichiometric Ti@Pt(111) UT film. The stoichiometrieect’-TiO, UT film does
not grow completely wetting the Pt(111) supportcrieates large islands that are
separated by a wetting layer of a reduced,Tilth (the k-TiOx phase) with a honey-
comb structure. The coexistence of such 2 UT fivhpse structure and chemical
properties are completely different, also refleots the Au NPs nucleation and
growth. In fact, as already specified in paragr&ph, Au interacts stronger with a
reduced substrate than with a stoichiometric oneehS& difference in the metal-
oxide interaction leads to the formation of smafkererage diameter of ca. 1.5-2 nm)
and flatter (average apparent height of ca. 0.2 AmNPs on th&-TiO, phase than
the ones formed on theect-TiO, (average diameter of ca. 5-6 nm and average
apparent height of ca. 1.5 nm). Moreover, the watdraction between the Au and
the stoichiometric UT film is also outlined by ti8s¥M tip scan, which is able to
manipulate the Au NPs moving them on thet’-TiO; islands.

The experimental results presented in this stueysapported by theoretical DFT
calculations that, based on the structure of tHéT2films, predict the interaction
between them and the Au. Also the theoretical exdds put in light how the
mobility of the Au on the stoichiometric film isdhier than the one calculated on the
reducedk-TiOsy.
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Au nanoparticles deposited on titania films, where two nanophases of different stoichiometry and defectivity
are co-present, were imaged on the same spot by scanning tunneling microscopy. The observed sizes are
rather dissimilar as a consequence of the different mobility of Au on the two surfaces. The role of the
stoichiometry, which can influence the Au—substrate interaction, and of the defects, which can trap the metal
atoms, is discussed on the basis of theoretical calculations of diffusion energy barriers on the two surfaces.

One important issue in surface chemistry and catalysis is to
clearly identify the effect of dimensionality on the chemical
reactivity of heterogeneous systems, and this has produced the
new field of nanocatalysis.! It is well-known that new, or
improved, chemical and catalytic properties are obtained when
metallic nanoparticles (NPs) in the range of 1—5 nm are
supported on a dispersing support, typically a metal oxide. A
major general problem that needs to be overcome is related to
the intrinsic instability of the NPs: due to their high surface/
volume ratio, NPs tend to decrease their energy by coalescing
into larger particles (Ostwald ripening and sintering processes).
This makes their characterization difficult and the exploitation
of their innovative properties on a long time scale or under
realistic reaction conditions uncertain. Being intrinsically un-
stable, NPs can only survive in the presence of kinetic barriers
which avoid mass transfer and agglomeration processes or when
stabilized by specific NP—substrate interactions. As defects in
oxides have been demonstrated to be effective in stabilizing
NPs, ultrathin films containing ordered arrays of defects have
been used as templates for the growth of size-selected and
ordered NPs arrays.>~8

In this context, Au NPs supported on reducible metal oxides
represent a case of particular relevance because they are very
active catalysts for a variety of reactions. A paradigmatic
example in this sense is the catalytic activity toward CO
oxidation at low temperature discovered for Au grown on
reduced titania surfaces, whose explanation, however, is still
the object of debate.®~1* Controlling the Au mobility on titania
surfaces is particularly important in relation to the goal of
stabilizing the Au NPs. Indirect evidence has been reported
according to which Au NPs are less mobile on reduced titania
surfaces with respect to stoichiometric ones, based on the NP
size observation by scanning tunneling microscopy (STM) on

*To whom correspondence should be addressed. E-mail:
gaetano.granozzi@unipd.it.

T Unita di Ricerca CNR-INFM and INSTM, Universita di Padova.

#ISTM-CNR and INSTM, Universita di Padova.

SIPCF-CNR.

10.1021/jp711801w CCC: $40.75

surfaces of different stoichiometry,15 but a direct and simulta-
neous observation of differently sized NPs on different TiO,
substrates having a well-defined stoichiometry is still lacking.
In the present Letter, we report such a STM study, where Au
NPs were deposited and observed on two ultrathin TiO, films
on Pt(111) which have well-defined and different stoichiometries
and defect structures.'® What is most interesting is that the two
different oxide nanophases are co-present in the same STM
images, thus allowing a direct comparison of both the Au NP
size and mobility at different temperatures free from errors due
to tip and scanning parameter differences.

In recent years, some of us have managed to prepare and
characterize several nanophases of TiO, on Pt(111) having rather
different STM topographies and stoichiometries and distinct low
energy electron diffraction (LEED) patterns.!® For some of them,
we have recently demonstrated that they are good templates
for metal-cluster growth.?2 The two nanophases used in the
present study have been termed as k-TiO, (k stands for kagome!”
and x ~ 1.5)16 and rec’/-TiO, (rect stays for rectangular),!6?
respectively.

The preparation and the structural characterization of the
different TiO, nanophases on Pt(111) have been reported in
detail elsewhere.!® Ti was evaporated at room temperature (RT)
onto the clean Pt(111) surface, in an oxygen background
pressure (Pp,) of 1 x 1074 Pa. In order to obtain a well-defined
and ordered TiO, nanophase, the amount of deposited Ti, the
substrate temperature, and the oxygen pressure during the
postannealing have to be optimized. However, if the preparation
is carried out under nonoptimized conditions (in the present case
950 K Py, = 1075 Pa for 10°), different phases can be co-present
and the LEED pattern may result in the superimposition of
different patterns typical of each phase. In these cases, looking
at the surface by STM, regions where the different nanophases
are adjacent can be imaged.

Au has been evaporated from a filament basket on the
substrate held at RT under UHV conditions (without further
annealing), with a typical deposition rate of about 0.3 ML/min.
The STM images have been obtained in constant-current mode

© 2008 American Chemical Society
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Figure 1. STM constant-current image of (a) rect-TiO; islands grown on the k-TiO, monolayer (500 x 500 nm? V= 1.2V, I= 1.2 nA). In the
inset, a close-up of an island is shown (80 x 80 nm? V= 2.0V, I= 1.0 nA). (b) The wetting monolayer of k-TiO, (30 x 30 nm* V=1V, [=
1 nA) and (inset) its atomically resolved image (3 x 3 nm?, V= —0.4 V, [= 1.06 nA). (c) The top of a rec/-TiO; island (6.1 x 6.1 nm? V=
—0.7 V, I=10.66 nA). (d) The comparison between a close-up of a STM image and a simulation obtained from a “pentacoordinated nanosheet”
model where Ti atoms are reported as light blue spheres and O atoms as red spheres.

at RT in an Omicron VT-STM system operating at a base
pressure of 5 x 107° Pa. Tunneling voltages are given with
respect to the sample. The tunneling parameters are reported in
the corresponding captions of the reported STM images.
Experimental details were similar to those in ref 16a.

In Figure 1a, we report the STM image of a spot of the sample
where rec/-TiO; large islands are evident on a substrate covered
by a wetting monolayer (ML) of the kagomé-Iike k-TiOy phase.
The rect-TiO; islands have sizes in the range 50—100 nm and
an apparent height in the order of 0.5 nm. If one looks carefully
at the inset in Figure la, the typical pattern of the 4-TiO,
nanophase can be easily recognized.! For comparison, in
Figure 1b, we report the STM image of the k-TiO, phase, taken
in a different experiment on a single k-TiO, nanophase sample:
162 3 patched but clearly two-dimensional hexagonal overlayer
with a long-range Moire-like modulation is observed, where
the surface mesh has a periodicity of approximately 6.0 A, in
good agreement with the hexagonal 2.15 x 2.15 mesh seen by
LEED.!6 Atomically resolved images (see the inset in Figure
1b) allowed us to demonstrate that a kagomeé-like ML is present,
based on hexagons which are interconnected through their

vertices. A structural model implying a Ti;O3 stoichiometry for
the &TiO, nanophases has been suggested, which has been
recently corroborated by density functional theory (DFT)
calculations. '8

In Figure 1c, we report a close-up of the rect-TiO; island,
where the outlined centered rectangular unit cell (3.7 x 12.2
A?2) is in good agreement with the LEED pattern of a single
rect-TiO; phase.!™ A model of this phase has been recently
proposed, which consists of a 2-ML-thick nanosheet com-
posed of 5-fold coordinated cations connected by an inter-
mediate layer of 2-fold coordinated oxygens. In spite of the
low ion coordination number, this structure is remarkably
stable (only 0.18 eV/TiO, above bulk anatase), and is
readily obtained starting from a 4 ML (101)-oriented anatase
slab.19

In Figure 1d, we report a comparison between the simulated
and experimental STM map for the top of the rect-TiO; island.
We point out that the theoretical map was obtained from an
unsupported film. To correct for the absence of the support—
overlayer charge transfer, the empty states closest to the Fermi
level were excluded from the Tersoff—Hamann procedure.
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Figure 2. STM constant-current image of the rect-TiO»/k-TiO, system
after the deposition of Au NPs: (a) 0.2 ML of Au (82 x 82 nm? V=
1.5V, I=15nA); (b) 0.8 ML of Au (82 x 82 nm?* V=15V, =
1.5 nA); (c and d) the same as part a in successive scans, demonstrating
a tip-induced mobility.

As to the relevance to the present report, the important point
is that we have the co-presence of two adjacent, well-
characterized phases having rather different stoichiometry (i.e.,
Ti,03 and TiO;) and topography (a kagome-Iike defective and
a completely oxygen terminated surface, respectively). The STM
image reported in Figure 2a shows the rect-TiOy/k-TiO, system
after the deposition of 0.2 ML of Au.20 As it can be easily
observed, there is a striking difference between the dimensions
of the Au NPs imaged on the stoichiometric rec/-TiO; surface
and those covering the reduced k-TiO, surface. The particles
deposited on the rect-TiO; phase show an apparent height of
ca. 1.5 nm and a diameter of ca. 5—6 nm. In contrast, on the
reduced k-TiO, phase, the Au NPs are characterized by a
definitely smaller mean apparent height (0.2 nm) (with a larger
spread in the height distribution) and diameter (1.5—2 nm).
Since the flux of Au particles impinging on the sample surface
is statistically the same (the k- and rect-phases are co-present
on the same spot of the Pt(111) surface), the fact that on the
stoichiometric rect phase the Au NPs are characterized by a

J. Phys. Chem. C, Vol. 112, No. 9, 2008 3189

larger mean cluster size than on &-TiO, strongly suggests a larger
mobility of Au on the rec/-TiO; phase with respect to the
k-phase, which favors the agglomeration and formation of larger
Au NPs. When the Au coverage is increased to 0.8 ML, one
observes an increase in the particle density of the NPs on the
rect-phase, even though their shape and dimensions are similar
to those obtained at lower coverage (see Figure 2b). Considering
the NPs on &TiOj, their mean apparent height (0.25 nm) and
diameter (2.5 nm) are somewhat larger in the 0.8 ML system,
even if the actual sizes are difficult to be precisely measured
because many NPs are barely resolved.

To corroborate this analysis, adsorption energies and diffusion
pathways and activation energy barriers for a single Au atom
on both the k- and rec?-TiO; surfaces have been calculated via
a DFT approach.?1-?? First, the optimal adsorption sites of Au
atoms on the two titania surfaces have been found, and—starting
from these sites—the diffusion mechanisms and the correspond-
ing energy barriers have been calculated using a nudged elastic
band (NEB) approach.?* A striking difference was found for
the two phases. A gold atom interacts very weakly with the
rect’-phase, with a maximum adsorption energy on top of an
oxygen atom of 0.30 eV. Correspondingly, the barriers for the
two possible diffusion mechanisms by which the Au atom can
jump from an oxygen site to the two neighboring ones are
extremely small: 0.05 and 0.06 eV, respectively (see Figure
3a). It can be concluded that diffusion of Au single atoms (and
presumably small clusters?!?) is extremely fast on this phase,
and that even medium-sized clusters can be mobile if subjected
to sufficiently strong forces.

In contrast, a gold atom easily penetrates into the “holes”
exposing the bare Pt(111) surface which characterize the k-phase
and is strongly adsorbed there (with adsorption energies of 2.96
eV in the center of the hole), and the jump out of a hole into
the nearest neighbor is energetically costly, with an activation
energy barrier of about 2.4 eV (see Figure 3b). It is thus to be
expected that significant diffusion of Au atoms on the k-phase
can only occur at RT if they are not trapped into the holes but
are kinetically hopping on top of the oxygen atoms in a
metastable state (the corresponding adsorption energies and
energy barriers were also calculated, finding values similar to
those on the rec/-phase). Our results of a substantial influence
of mobility on the growth of metal clusters are consistent with
recent experimental data of MBE experiments of Au on the
TiO,(110) surface.?* Note that the presence of some small and

()

(b)

Figure 3. Diffusion mechanisms of a Au atom on the (a) rect-TiO; and (b) k-TiO, phases. Ti atoms are reported as light blue spheres, O atoms
as red spheres, and Au atoms as golden spheres. On the rec?-phase, diffusion occurs through two different nearest-neighbor jumps, highlighted as
full and dotted arrows in part a. On the k-phase, the initial, saddle-point, and final positions of a Au atom hopping from a hole into the next

neighbor are shown in part b.
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a few large Au NPs at the borders of the rect islands in Figure
2 suggests that a step-edge (Ehrlich—Schwoebel) barrier is
effective, which is consistent with the large mean size of the
NPs and with a constant NP size as a function of coverage.?’

Another interesting feature concerning the Au NP mobility
on top of the rect-TiOy surface is shown in Figure 2c and d,
where we report the image of the same island taken after some
tip passages: a tip-induced extraction of the NPs from the
surface is clearly evident. This cannot be due to a simple
movement out of the picture frame but is probably due to the
fact that Au NPs can get attached to the STM tip.2

The present experimental data clearly show to what extent
the different stoichiometry and defect structure of an oxide
surface can influence the interaction with a metal.’” In the case
of Au on titania, a very weak interaction with TiO; stoichio-
metric surfaces is documented, with cluster nucleation occurring
only in the presence of undercoordinated Ti atoms (e.g., step-
edge decoration). It is quite clear from our data that underco-
ordinated Ti atoms are rare on the oxygen terminated surface
of the stoichiometric rect-TiO; islands. On the contrary, the
peculiar kagomeé-like structure of the wetting ML offers potential
nucleation sites in the center of each hexagon. In this connection,
we recall that an example of Au NPs deposited on a reduced
w-TiO, (x~ 1.2) ML phase has recently been published,? where
the outermost layer is also a complete oxygen layer exhibiting
a close-packed structure with virtually no defects. In that case,
the mean diameter of the Au NPs was ~3.5 nm, a value lower
than that found on the recf-TiO; island. The smaller size of
the Au NP is to be attributed either to confinement effects?® or
to a lower Au mobility on the defect-free reduced w-TiOy phase
with respect to the defect-free oxidized rect’-TiO, phase, a fact
that can be rationalized by assuming a larger Au—substrate
interaction in the reduced surface. A way to rationalize this
larger interaction could be related to charging of the Au atoms
on the w-TiO, phase, similar to what was proposed for
analogous ultrathin systems.?
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V1.3 Reprint of the paper: Au Nanoparticles on a Templating TiO,/Pt(111)
Ultrathin Polar Film: a Photoemission and Photoelectron Diffraction Study

In this paper we present a detailed study, by noéatR-XPS, ES and AS-PD, UPS
and STM performed on a series of model catalysainbtl depositing Au on the
reduced templating’-TiO,/Pt(111) UT film at different metal coverages. The
spectroscopic and ES-PD data were collected dEligtéra synchrotron facility. The
STM put in light how the Au NPs grow aligned alosigaight lines (thez’-TiOy
phasetroughg where they find preferential nucleation sitese ™Ps average height
population depends on the Au coverage: as longpesnietal coverage is increased
also the 2 and 3 layers thick NPs population iregedhe PD data put in light that
the ordered portion of the NPs grow in a (111)stygiwith the Pt support, in spite of
the presence of the T{QJT film. This is probably due to the fact that theetal
nucleates and grows in a direct contact with theéhRiugh the phase active sites
(picoholesinside the phasgoughg. Moreover, the AS-PD modulation observed for
a 0.7 ML Auz’-TiO,/Pt(111) model system is in tune with the presasice 3 layers
Au NPs population, as observed with STM. The HR-X&8a suggest us the
presence of 2 components in the Au 4f core pealaver BE one (83.5 eV) due to
the Au growing in direct contact with the phase gety topmost layer (high affinity)
and a higher BE one (ca. 84.0 eV, a value typioaltlie bulk Au) due to the Au
external layers. The higher BE component intensityeases as long as the Au
coverage is increased and almost totally disappiar a thermal treatment of the
sample, as a consequence of the NPs flattening.

The templating effect of the-TiOx UT film has also been observed by mean of
theoretical calculations. Based on the model pregdsr the UT film, Au NPs with
different dimensions were put on the Ti€urface and showed a higher adsorption

energy for the active sitepi¢ohole$ that are present inside the phaseighs
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We present an in-depth investigation of Au nanoparticles self-assembled on a zigzag-like
TiO,/Pt(111) ultrathin polar film, whose structure is known in great detail. The peculiar pattern
of defects (picoholes) templates a linear array of size-selected (ca. 1 nm) Au nanoparticles without
disruption of the titania layer, as observed by scanning tunneling microscopy. Their structure

and electronic properties have been investigated by several large-area spectroscopic tools,

i.e. high-resolution core and valence level photoemission and angle-scanned and energy-scanned
photoelectron diffraction. The comparison between experimental data and density functional
theoretical calculations indicates that the Au atoms landing on the oxide film are rather mobile,
and that the picoholes can act as effective trapping and nucleation centers for the growth of the

Au nanoparticles. All the experimental results are in concord in indicating that the Au NPs are

flat islands with a maximum thickness of 2-3 layers exposing the (111) surface.

1. Introduction

Metal nanoparticles (NPs) present many interesting and
innovative properties that can find applications in fields such
as photonics,! sensors and biosensors,>® magnetism* and
catalysis.” These properties strongly depend on the structure
of the NPs at the atomic level. In order to take advantage of
these properties for technical applications it is mandatory to
find easy and reproducible synthesis routes and characterization
techniques to accurately control the size and shape of the NPs.

With respect to the typical top-down sequential nano-
fabrication approaches, a simpler and more efficient method
to obtain arrays of NPs relies on the bottom-up self-assembling
approach.® When a templating substrate is adopted, usually a
film with an ordered array of defects acting as preferential
nucleation sites, an ordered array of NPs with reproducible
size and structure over macroscopic sample areas could be
obtained.” In this respect, oxide-based templates are more
promising than metallic substrates because in many cases they
are stable systems which survive at ambient conditions. For
these reasons metal NP growth on nanostructured oxide
surfaces is currently a very active field of research,®” and
several examples have been reported where oxide-based
ultrathin films act as templates for NP'*'® or even single
metal atom growth.'”'®

¢ Dipartimento di Scienze Chimiche and ISTM-CNR, CNR-INFM
and INSTM Research Units, Universita di Padova, Padova.
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We have recently focused our attention on the growth and
characterization of several understoichiometric TiO/Pt(111)
ultrathin films:" the structure of such reduced TiO, phases
consists of a Ti/O double layer, with the Ti atoms at the
interface with Pt (hence a polar film), presenting different
defect motifs. Using STM we have demonstrated that a
zigzag-like phase, having a unit cell of 1.66 x 1.44 nm?
(hereafter z/-TiO./Pt(111)),'*** can effectively act as a
template for Au NPs in a self-assembling process.]4 The
STM data of the ultrathin film clearly reveal the presence of
dark rows (troughs), spaced by 1.44 nm, whose structure and
origin has been described in great detail:* it has been
proposed that the picoholes present within the troughs could
act as nucleation sites, driving the formation of Au NPs which
are ordered along straight lines with the same periodicity of
the troughs. However, the local information deduced by STM
limits the possibility of understanding the epitaxial relation-
ship of the NPs with the substrate, their growth mechanism
and crystallinity.

In the present study we extend our previous STM investigation
on the Au/z'-TiO,/Pt(111) system14 by using several large-area
spectroscopic techniques, such as high-resolution core (HR-XPS)
and valence level (VB-UPS) photoemission and angle-scanned
(AS) and energy-scanned (ES) photoelectron diffraction (PD).
The added value of the present study consists of using a range of
structural probes applied to Au deposition on a substrate whose
structure is known in great detail.'>?* The PD technique?' can
provide information on the epitaxial relationship between the Au
NPs and the substrate and some indication about the onset of 3D
NP formation. The HR-XPS and VB-UPS measurements,
carried out with synchrotron radiation, were used to characterize
the electronic properties of the Au NPs deposited on the z/-TiO,/
Pt(111) substrate. Actually, peculiar electronic properties of Au
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NPs (if compared with Au deposited on a TiO, substrate) are
expected due to the low (between +2 and + 3) oxidation state of
Ti in the substrate and the presence of a metallic surface just a
few A below the oxide surface. The discussion of the present
results will take advantage of density functional (DF) calcula-
tions which allowed us to derive some hints on the mobility of Au
atoms and the preferential nucleation sites on such a strongly
anisotropic system.32

II. Experimental and computational details

The Pt(111) substrate (MaTecK disk of 8 mm diameter and
3 mm thickness cut and mechanically polished with accuracy
better than 0.1° with respect to (111) surface plane) was
cleaned by several cycles of Ar" sputtering, ultra high vacuum
(UHV) annealing at 900 K and then exposed to a pressure of
5% 107* Pa of oxygen before cooling down. The subsequent
low energy electron diffraction (LEED) inspection revealed a
well defined (1 x 1) diffraction pattern.

The preparation and structural
Z/-TiO,/Pt(111) have been reported in detail elsewhere.
The prepared ultrathin films were completely wetting the
substrate surface as checked by using CO as chemisorption
probe. Au has been evaporated from an e-beam evaporator
directly on the TiO,/Pt(111) films held at room temperature
(RT). The amount of Au deposited was determined using
angle resolved XPS, based on the layer by layer growth of
Au on Pt(111). Coverage values expressed in monolayer
equivalents (MLeq) are calculated assuming the growth of
Au(111) and an interlayer distance between adjacent plane of
0.235 nm.

All the AS-PD spectra were collected in a UHV VG
ESCALAB MK II (Vacuum generators, Hastings, England)
system (base pressure of 5 x 10°® Pa) consisting of two
separate chambers: an analysis and a preparation chamber.
The system is equipped with a four grids rear view LEED, an
electron beam evaporator with an integrated flux monitor, a
mass quadrupole, a twin (Mg/Al) anode X-ray source with
hemispherical electrostatic analyzer with a five channeltrons
detector. The binding energy (BE) calibration was carried out
using the 4f peaks of the Pt(111) sample. The angular accep-
tance of the analyzer can be varied between 1.5° and 8° (for the
current AS-PD experiments a value of 3.5° has been used). The
sample was mounted on a two-axis goniometer which allowed
the sweeping of the electron emission direction with an angular
resolution of £1° both in polar angle (0, defined with respect
to the surface) and in azimuthal angle ¢.

All the HR-XPS, VB-UPS and ES-PD measurements were
carried out at the Materials Science Beamline, Synchrotron
Elettra in Trieste, Italy, operated by the Charles University of
Prague, Academy of the Sciences of the Czech Republic and
Sincrotrone Trieste S.p.A. The UHV analysis chamber had a
base pressure of 1 x 10~® Pa. The temperature was measured
with a K-type thermocouple attached to the rear surface of the
crystal. The system was equipped with an hemispherical
electron analyzer Phoibos 150 (Specs, Berlin) which operated
in fixed analyzer transmission mode. For photoemission
measurements the adopted geometry implies 6 = 30° for
photon incidence and 6 = 90° for electron emission angles

characterization of
19,20

and the monochromator, designed according to the SX 700
concept, permitted to select the photon energy in the range of 22
to 1000 eV from the bending magnet. In our experiment we
used the following photon energies, representing the best
compromise to maximize both photon flux and photoemission
cross sections: 40 eV (VB-UPS) and 130 eV (Au 4f, Pt 4f), with
the total resolution of 0.06 and 0.1 eV, respectively. ES-PD
measurements were performed on the Au 4f line by collecting
photoelectron energy distribution curves (EDCs) approximately
9.0 eV wide and covering the photon energy range between
120 eV and 270 eV in steps of 0.05 eV. Measurements were
made at normal emission, with p-polarised photons incident
onto the sample at an angle of 0 = 30°. Integrated areas were
calculated after a fitting procedure and plotted as a function of
electron kinetic energy to produce PD curves with modulations
characteristic of the local structural environment of the Au
emitters. Non-diffraction contributions to these modulations
due to parameters such as the variation in the transmission of
the beamline, atomic photoemission cross-sections, analyser
transmission and decay in photon flux with time were removed
by fitting the raw data with third order polynomial splines, thus
obtaining /, curves for each scan. Final results are displayed as
7(E) modulation curves, where y(E) = (I(E) — ILy)/l. Al
photoemission data were acquired at RT.

The STM data were acquired in an Omicron Multiscan Lab
system (University of Brescia), operating in UHV conditions
(with a base pressure <5 x 107 Pa) and equipped with
surface preparation facilities. The STM images were obtained
in constant current mode at RT, with tip to sample bias
ranging from 0.4 to 1.5 V and tunnelling current ranging from
0.2 to 0.8 nA.

DF calculations were performed using the same approach
previously reported in detail:*®* the PWscf (plane-wave
self-consistent field) computational code®® was adopted,
employing ultrasoft pseudopotentials® and the PW91 exchange—
correlation functional.?® A value of 30 Ryd for the energy
cutoff on the wave function, a value of 150 Ryd for the energy
cutoff on the electronic density, about 8-10 A of empty space
between replicated cells, a metal support described using 2
layers of Pt, and a (2,4,1) kpesn grid for the sampling of the
first Brillouin zone were used. All the calculations were
performed spin-unrestricted. The z/-TiO./Pt(111) phase has
a commensurate rectangular unit cell aligned along a <110>
direction of the Pt(111) surface and Ti»4O3, stoichiometry.
The Car—Parrinello (CP) simulations of the diffusion of a
single Au atom were performed using the ESPRESSO
software.”” The time step was set to 25 au, the electron mass
to 3500 au, a CP run consisted of: 500 minimization steps,
200 MD steps starting with null velocities at 300 K, and a
variable number of production MD steps at the chosen tempera-
ture for a total simulation time of 5 ps using a Nosé thermostat
for the kinetic energy of the electronic wave function.

III. Results
III.1 Photoemission data

In Fig. 1 we report the HR-XPS Au 4f spectra at different
coverage (0.1-0.9 MLeq) of Au/z’-TiO,/Pt(111), collected

2178 | Phys. Chem. Chem. Phys., 2009, 11, 2177-2185

This journal is © the Owner Societies 2009



Chapter VI

Results on the Au/TiO,/Pt(111) model catalysts 97

Au/Z'-TIiO,/Pt(111)
Au4f HR-XPS
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Fig. 1 Au4f HR-XPS data of Au/z'-TiO/Pt(111) v = (130eV) asa
function of the Au coverage. The spectrum of the 0.9 MLeq sample
after a UHV annealing at 800 K is also reported.

with a photon energy of 130 eV, together with the results of a
fitting analysis. The Au 4f peaks can be fitted with two
components: the first one centered at a BE of 83.5 eV and a
second one at 83.9-84.0 eV. We do not observe any energy
variation in the two components up to a coverage of
0.7 MLeq. At the maximum coverage (0.9 MLeq) the high
BE component is slightly shifted towards lower BE. In Fig. 1
we also show for comparison the Au 4f peak at the highest
coverage (0.9 MLeq) after a thermal treatment at 800 K in
UHYV. After the annealing, the Au 4f peak can be fitted with a
single component at BE = 83.6 eV.

The VB-UPS data at different coverage (0.1-0.9 MLeq) of
Au/z'-TiO,/Pt(111) are reported in Fig. 2a, as well as the data
of the clean ultrathin film (dotted line). In order to outline the
contribution from the Au NPs, the VB-UPS data obtained by
subtracting the VB-UPS profiles of the clean z/-TiO,/Pt(111)
film for each spectrum are also reported in Fig. 2b. The
subtracted contribution has been attenuated by a progressively
decreasing factor, obtained by measuring the intensity
decrease of the Pt 4f7, photoelectrons (taken with a photon
energy of 130 eV so that their kinetic energy is ca. 55 eV), as
the Au coverage was increased. It is important to note that the
error introduced by the attenuation factor (we have tested
changes of the attenuation factor by +20%) modifies only to a
negligible extent the shape of the VB-UPS profile in the region
of interest, i.e. beyond 2 eV of BE. As explained in the
Discussion section, the analysis of the 5d Au electronic levels
allow us to obtain some insight into the Au NPs physical state.
The profile obtained at a Au coverage of ca. 0.9 MLeq is
characterized by two strong features centered at about 3.3 (A)
and 5.5 eV (A,) (Fig. 2). With increasing the Au coverage, the

VB-UPS AWZ-TIO/Pt(111)

—01-00Meqay V=A0EV
hv=40 eV

= Z-TIO/PY(111) A2

Intensity (A.U.)
Intensity (A.U.)

binding energy (eV) binding energy (eV)

Fig. 2 VB-UPS data of Au/z'-TiO,/Pt(111) (i = 40 eV) as a
function of the Au coverage (0.1, 0.2, 0.3, 0.5, 0.7 and 0.9 MLeq):
(a) raw data together with the data of the clean z/-TiO,/Pt(111) film
(bottom, dotted line). (b) the VB-UPS profiles after subtracting the
VB-UPS data of the corresponding z/-TiO,/Pt(111) film (see the text
for the subtraction procedure).

A, peak stays almost unshifted, while the A, peak shifts from
4.9-5.0 eV to 5.5 eV. A third component, well resolved at low
coverage at about 6.5 eV, merges in the A2 peak at higher
coverage.

111.2  Photoelectron diffraction data

A simple way to obtain crystallographic information on the
Au NPs and to detect any possible epitaxial ordering is to
perform AS-PD experiments where both the substrate Pt 4f
and the NPs Au 4f signals are acquired during the same run. In
Fig. 3 we report the 2 angular intensity plots for the Au 4f
peak at a Au coverage of (0.7 MLeq and the corresponding Pt
4f plot.® In this type of presentation the centre of the plot
corresponds to the surface normal, the radial section displays a
polar scan and the circular section an azimuthal scan. The
photoelectron intensity is given by the corresponding value of
the color scale. After having acquired single azimuthal scans
for an angle range of about 150° and verified the existence of a
symmetry plane every 120°, which implies the existence of a (3
axis, the data were acquired in a 126° range in ¢, and for 0
spanning from 66° to 26° (to reduce the total acquisition time)
and finally were averaged through the symmetry plane. The
final plot, where the whole 2n range is shown, was obtained by
simply repeating three identical set of data covering a 120°
range in ¢. It is immediately evident (Fig. 3) that the Pt 4f and
Au 4f plots presents only minor differences. It is important to
remind that in the case of Au 4f and Pt 4f the diffraction
pattern can be directly compared without the aid of

Au/z-TiO,/Pt(111)

Au/z'-TiO/Pt(111)

[M21]
—

Audf Ptaf

Fig. 3 AS-PD 2r plots of the intensity of the Au 4f peak of
Au/z'-TiO,/Pt(111) at a coverage of 0.7 MLeq. The analogous plot
for the Pt 4f peak is reported for comparison.
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calculations since the kinetic energies of the photoelectrons
differ only by 13 eV. The three intense peaks due to M-M
forward-scattering (FS)*' along (121) directions (at an ideal
polar angle of 0 = 557) due to atoms in adjacent layers are
found also in the Au 4f 2r plots so that it is straightforward to
take for granted that Au NPs having a double layer (see
Discussion section) and exposing the (111) plane represent a
statistically significant subset of the NPs array at a coverage of
0.7 MLeq. In addition, a preferential azimuthal alignment of
the Au NPs with respect to the Pt(111) substrate can be
observed within the experimental error (£1.5%), with the
simple epitaxial relation (111) [121]//(111) [121].

Further information comes from the detailed analysis of the
single polar curves (not reported). The actual position of the
FS peak is observed at a polar angle close to 55° and this can
be taken as an indication that the Au NP grow with a bulk-like
structure without any in-plane strain.?!

Interestingly, the AS-PD curves recorded for the O s peak
do not show any measurable intensity oscillation, and con-
sidering the fact that the oxygen layer is the top-layer this
would imply either that the oxygen emitters are spatially
disordered after Au NPs nucleation or that they are intrinsi-
cally unequivalent emitters so averaging to zero the resulting
diffraction. This fact might be in relation with the observed
fading of the LEED pattern after the Au deposition, even in
the low coverage range.

In Fig. 4 we report a series of ES-PD Au 4f y(E) curves on
Au/z'-TiO,/Pt(111) for the coverage range analysed in this
paper. These data can provide further information on the
onset of 3D growth of the Au NPs. The data are characterized
by two intense features at about 190 and 245 eV, that increase
as the growth proceeds. Both features start to be evident at
coverage higher than 0.2 MLeq. In Fig. 4 we also report for
comparison the corresponding Pt 4f y(E) curve taken in the
identical experimental conditions on the Pt(111) substrate,
showing that the peaks at 190 and 245 eV are representative
of a 3D bulk-like structure of an fcc metal. Therefore our
experimental data suggest that the onset of the 2nd Au layer
occurs at a coverage between 0.2-0.3 MLeq.

IV. Discussion

Before discussing the data reported in the previous section, it is
useful to summarize what is known on the structure of the
Z/-TiO,/Pt(111) ultrathin polar film. The starting point is the
experimental demonstration by AS-PD data'® that such polar
reduced films can be described as a bilayer, where the Ti atoms
are at the interface with the Pt(111) surface, while the O atoms
form the topmost layer. According to the model structure
derived by DF calculations,” the Ti atoms are not allowed to
continue the fcc stacking of the Pt(111) surface due to mis-
match considerations. Hence the Ti layer grows creating
denser stripes separated by less dense regions (the dark
troughs in the STM image), while the O atoms solve the
overcrowding problem with the formation of dislocation lines
within the stripes. In the end, the z/-TiO,/Pt(111) film has been
described as constituted by TiOj 5, stripes, aligned with the
[110] direction of the Pt substrate, coupled by 2 Ti>Os units per
unit cells, so that a final stoichiometry of TiO) »5is obtained.*

Au/z-TiOPt(111)
Pt(111)
0.9MLeq
)
=
=
2
? 0.7MLeg
c
o
s
32
é 0.5MLeq
0.3MLeq
0.2MLeq
m
T+ T T~ T T T 7
120 160 200 240

photon energy (eV)

Fig. 4 Plot of the ES-PD Au 4f y(E) curves of Au/z'-TiO,/Pt(111)
where the Au coverage was varied from about 0.1 to 0.9 MLeq. The
corresponding Pt 4f y(E) curve of the clean Pt(111) substrate is also
reported for comparison (upper curve).

The zigzag-like pattern seen in the STM images has been
explained by the presence of two different Ti atoms, i.e. 4-fold
oxygen-coordinated Ti atoms and 3-fold oxygen-coordinated
Ti atoms. The former Ti atoms are more oxidized (more
positively charged) than the latter ones, thus having a greater
density of empty electronic states above the Fermi energy,
which explains why they appear as brighter spots in the
experimental STM images at positive bias. High-resolution
STM images clearly show that a series of elliptical black
features with alternating orientation can be resolved along
the troughs: such black features do not have a long range
periodicity and they have been described as picoholes, where
the TiO, layer is left with uncovered Pt areas of different size,
depending on the annealing temperature.’

A theoretical study of the interaction of a single Au atom
with the z/-TiO,/Pt(111) film has been already reported.22
There, it was shown that Au has a higher affinity for the
defective sites (basically, Ti vacancies or picoholes inside
the troughs and exposing the bare Pt(111) substrate) than for
the zigzag-like stripe regions. With the latter regions, Au was
found to interact according to two different regimes: (1) a
weak interaction regime on top of the overlayer oxygens, in
which the Au atom remains essentially neutral and exhibits a
rather low adsorption energy (less than 0.2 eV); (2) a strongly
interacting regime on top of the Ti atoms, in which Au extracts
a Ti atom from the interface, with a strong perturbation of the
TiO, bilayer and a correspondingly much larger (around
0.8 eV) final adsorption energy. This phenomenon bears
similarity with other examples in the literature.>>** It should

2180 | Phys. Chem. Chem. Phys., 2009, 11, 2177-2185

This journal is © the Owner Societies 2009



Chapter VI

Results on the Au/Ti0O,/Pt(111) model catalysts 99

be noted, however, that Au atoms are mobile even in the
strongly interacting regime. We performed in fact short runs
(typically, few ps) of CP simulations at 600, 900 and 1200 K on
a single Au atom adsorbed on the center of the stripe of the
Z/-TiO/Pt(111) phase and estimated that the corresponding
diffusion energy barrier is about 0.4-0.5 eV, and is thus
compatible with finite mobility at RT. More complicated
effects, such as a step-edge (Ehrlich—-Schwoebel) barrier at
the border of the stripes as found in an analogous system,!
have not been investigated. From these numerical results it is
suggested that Au atoms landing on the oxide stripes are
rather mobile and that the picoholes along the troughs can
act as effective trapping and nucleation centers for the growth
of Au NPs. This is confirmed by the fact that DF calculations
on Au dimers and trimers adsorbed on the compact, stripe
regions of z- and Z/-TiO,/Pt(111) films do NOT present a
disruption of the TiO, structure with the formation of Au-Ti
bonds typical of the strongly interacting regime: the strong
Au—Au bonding competes with the Au-Ti bond and weakens
the metal-surface interaction (at least in such small clusters).

The first point we want to address is the size and morpho-
logy of the Au NPs, by cross checking the AS-PD and ES-PD
data with the STM data. In Fig. 5 we report two STM color
images taken on the Au/z’-TiO,/Pt(111) system at two diffe-
rent Au coverage (0.35 MLeq (a) and 0.70 MLeq (b), as
derived from the analysis of the STM images).> Comparing
Fig. 5a and b it can be deduced that the coverage increase does
not substantially affect the Au NP size, while the NP density is
almost doubled. The apparent NP mean size is ca. 1.3 nm,
even though a precise size determination is hampered by tip
convolution factors. Taking into consideration that the lateral
size inferred from the STM data is an upper limit, a rule of
thumb evaluation tells us that the Auy clusters observed in our
experiments are expected to be in the range of 10 < N < 40. In
any case, the STM data are compatible with an ordering effect
along the troughs which is maintained even at the higher
coverage (0.7 MLeq). The image color scale of Fig. 5 has been
chosen to highlight the height distribution of the NPs: in fact

o
©

©  Apparent height (nm)

o

o
©

O Apparent height (nm)

o

Fig. 5 Color STM pictures of Au/z'-TiO,/Pt(111) at different
coverage: (a) 0.35 MLeq (50 x 28 nm, V' = 0.6 V I = 0.6 nA),
(b) 0.70 MLeq (48 x 31 nm, V' = 1 VI = 0.5 nA).

the observed apparent heights are compatible with NPs one
and two monolayer high, while three monolayer high NPs are
only rarely observed at 0.3 MLeq coverage. This is consistent
with the appearance in the PD spatial integrated measure-
ments (Fig. 3 and 4) of features attributable to 3D Au NPs
starting from 0.2-0.3 MLeq coverage. Moreover, the intensity
increase of such PD features as a function of increasing Au
coverage is reflected in the evolution of the NP distribution
observed by STM. In fact the NPs do not grow laterally but
increase in density, with the presence of three monolayer thick
NPs statistically more abundant at higher coverage (Fig. Sb).
As far as the shape of the NP is concerned, despite
tip-convolution effects, one can observe that the smallest
NPs in Fig. 5a also appear slightly elongated in the direction
of the troughs, whereas the larger NPs in Fig. 5a and b exhibit
a more rounded shape. This would suggest that a shape
transition is occurring for Au NPs, presumably when the N
value of Auy passes from the lower limit (N ~ 10) to the
higher one (see considerations reported in the following).

As a whole, the comparison of the PD and STM data
indicates that the Au NPs are at least two monolayers thick
and grow exposing a (111) stacking. In addition, the Au NPs
keeps the in-plane lattice constant very close to the value of
bulk Au. In fact, there is no evidence of any measurable
trigonal distortion of the cell as proven by the position of
the Au—Au FS peak found at 0 = 557 from the surface.

Further information on the NP morphology can be deduced
by comparing the experimental data of Fig. 3 with the results
of a theoretical simulation of the PD pattern, carried out
within the frame of the multiple scattering cluster (MSC)
theory.* In Fig. 6 we report a comparison between the 27
plot AS-PD data of the Au(0.7 MLeq)/z’-TiO,/Pt(111) system
(Fig. 6b) and two different simulations carried out on a cluster
having either two (Fig. 6a) or three (Fig. 6¢c) Au atomic layers.
The MSC simulations were obtained from the EDAC software
package,* using a 60 atoms cluster with a 13 A diameter. It is
well evident that the three atomic layers thick model better
reproduces the experimental fine structure. This is a strong
evidence for the presence at the 0.7 MLeq coverage of truly 3D
Au NPs with a not negligible contribution from a 3rd layer.

The second point we want to address is the epitaxial
ordering of the Au NPs. The AS-PD data reported in the
previous section (Fig. 3) clearly show that the Au NPs are
exposing the Au(111) surface with a preferential azimuthal

(@ (b) (c)

MSC Simulation
3 layers

MSC Simulation AS-PD Experimental
2 layers data

Fig. 6 Comparison between the experimental AS-PD 2r plot of the
intensity of the Au 4f peak of Au(0.7 MLeq)/z’-TiO,/Pt(111) system
(b) and two MSC simulations obtained with a Au cluster having 2 (a)
or 3 (c) Au layers. The arrows indicate the features associated to the
presence of the 3rd layer.
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alignment along the low index direction of the underlying
Pt(111) substrate, i.e. implying the epitaxial relation (111)
[121]//(111) [121].% We remind here that PD technique
provides structural information on the ordered portions of a
system, summing up coherently their contributions.?' For this
reason we cannot exclude that part of the Au NPs are
randomly oriented in the azimuthal direction. The question
to be answered is the origin of such epitaxial ordering. A naive
interpretation would suggest that the Au islands are in direct
contact with the Pt(111) substrate, after having partially or
completely disrupted the TiO, ultrathin film. This mecha-
nism has been invoked to explain the behavior of more
reactive metals deposited on oxide ultrathin films, i.e. Fe on
TiO\,/Pt(lll)"(’ and Co on VO,/Rh(111),%” where the higher
reactivity of the adsorbed metals gives rise to a competition for
the oxygen atoms with the metal of the oxide film (Ti, V).
According to existing STM and photoemission data, the
ultrathin films is either restructured®® or displaced®’ and the
deposited metal goes directly in contact to the interface with
the substrate. Similarly, in the case of Ag/c(4 x 2)NiO,/Pd(100)
system, a (100)[001]//(100)[001] epitaxial relation of the Ag
NPs with the Pd(100) substrate has been demonstrated,*®
but evidence from XPS and AS-PD data suggested the possi-
bility that the c(4 x 2)-NiO, phase was altered after the Ag
deposition.

However, according to our STM data, this is not the case
when the noble Au metal is deposited on the z/-TiO,/Pt(111)
substrate (Fig. 5):' at the very early stage of deposition Au
islands are nucleated within the troughs of the layer, their
shape appears elongated along them, and no evidence is seen
of any disruption of the template itself around the Au islands
and/or encapsulation of the Au islands. In addition, as already
pointed out above, the Au NPs have a rather uniform size even
ata coverage up to 0.7 MLeq (i.e. increasing the Au coverage a
higher density of almost identical Au NPs is observed) and
they keep growing along the troughs even though their shape
is no more elongated along them. Again, this is in keeping with
the fact that—according to DF calculations—Au dimers and
trimers adsorbed on the stripe regions of the z/-TiO,/Pt(111)
film do not present a strongly interacting regime (see above).
The upholding of the Au/oxide/Pt stacking is also in
agreement with previous studies for Au NPs deposited on
TiO,/Ru(0001) films, where the authors exclude any evidence
of Au encapsulation by TiO, suboxides.” Incidentally,
adsorption of CO, studied by thermal programmed desorption
(TPD),*® on Au NPs deposited on different TiO, ultrathin
films is in agreement with the hypothesis that the Au NPs are
not directly bound to the Pt(111) substrate. So. the preferential
alignment of the Au(111) islands along the Pt(111) directions
must be motivated by more subtle factors than the direct
contact with the Pt(111) substrate.

Some speculation on the origin of the azimuthal alignment
of the Au NPs can be done on the basis of theoretical
simulations, i.e. DF ones on the preferred Auy cluster struc-
tural arrangements and MSC ones for the AS-PD patterns. If
we take into consideration the suggestions coming from the
DF simulations on the interaction of single Au atoms with the
Z-TiO/Pt(111) phase.22 and the previously reported calcula-
tions on single-atom diffusion and Au, and Au; adsorption on

the z/-TiO, stripes, there is little doubt about the hypothesis
that the preferential attachment sites for single Au atoms are
the picoholes within the troughs. The open question is the
actual shape of the NPs and their epitaxial relationships to the
substrate. Even if rigorous DF predictions on this system are
complicated by the large size of the unit cell and the intrinsic
difficulties of structure predictions for supported metal
clusters, some indications can be drawn from exploratory
DF calculations. In principle, a first-principles systematic
search would be in order, similar to the one recently reported
for the first time for supported metal clusters.*' Preliminary
calculations using this protocol have been conducted on the
smallest sizes of Auy clusters by supposing that the oxide
substrate can locally relax but is not disrupted by the inter-
action with Au atoms.* Two typical configurations obtained
for Au; and Aug clusters are shown in Fig. 7. It can be noted
that the clusters grow around the oxide picohole and have a
basically planar structure oriented along the troughs. Note
that the height of these clusters is about 4 A. This might be
consistent with the experimental STM images at the lowest
coverage,'* and also with the fact that gas-phase Au clusters
are planar up to size Au;s.* It is known, however, that even in
the gas-phase a structural transition occur for N > 13, from
planar to cage configurations. A similar transition can be
hypothesized to occur also for supported clusters, and we
would expect that this transition would cause an increase in
the apparent height and a transition toward more rounded
NPs similar to the one discussed above and reported in Fig. 5.
It can be noted in this connection that an analysis of the
electronic density and the density of states of adsorbed
Au,—Aug clusters similar to that conducted in ref. 29 for a
single adsorbed Au atom shows that no charging of Au atoms
in clusters bound to the defective hole of the z/-TiO,/Pt(111)
film seems to occur in this system, i.e., the Au charge state
seems to be essentially neutral.** This is in keeping with
expectations based on the polar nature of the oxide layer
and the high work function of the underlying Pt support:>>*
at variance with non-polar ultrathin films, metallization of the
oxide layer is the actual depolarization mechanism for these
phases, which in turn entails a constancy of the high work
function and scarce polarizability of the Pt support and thus a
minor role of charging/image-charge-stabilization effects. It
can also be added that CO binds to the least-coordinated sites
of the Au clusters with binding energies very similar to those
found for gas-phase clusters.

Al.ls

Fig. 7 DF optimized structures for the adsorption of Auy clusters on
the z/-TiO,/Pt(111) phase: platinum atoms are grey, oxygen atoms are
light blue, titanium atoms are red, gold atoms are yellow.
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On the other hand, MSC simulations of the AS-PD pattern
carried out with model systems implying Auy planar struc-
tures oriented along the troughs (and summed up for the three
equivalent domains rotated by 120°) have furnished an AS-PD
pattern which is not far the experimental one observed at
higher coverage (0.7 MLeq). So we could speculate that the
transition from elongated NPs toward more round shaped
NPs observed by STM might reflect such intrinsic shape
transformation from a planar structure oriented along the
troughs (see Fig. 7) toward more isotropic 3D NPs.

This type of scenario can be checked against the HR-XPS
and VB-PES data reported in Fig. 1 and 2. Our HR-XPS Au 4f
data (Fig. 1) clearly show the coexistence of two types of Au
states, shifted by a value of ca. 0.3-0.5 eV: one centred at
84.0 eV and a second one, more intense, at about 83.5 eV. In
literature there are several studies that relate BE shifts of the
Au 4f peak to size and substrate effects.*” Summarizing the
literature data, we can say that Au NPs have a shift toward
higher BE with respect to bulk Au due to final state effects
(reduced intra-atomic relaxation due to spatial confinement).
Such a shift seem to be reduced in the case of interacting
substrates (e.g. TiO,) with respect to inert ones (e.g. Si0,).* In
addition, charge transfer effects (e.g. Au NPs on reduced
substrates like TiO,, the ones of this study) can partially
cancel out the shift toward higher BE.*>* According to the
mentioned literature data it would be plausible to assign the
lower BE component at 84.0 eV to Au NPs of smaller size,
while the component centered at 83.5 eV should correspond to
larger Au NPs. The rather low energy shift value assigned to
larger Au NPs is compatible with the value measured by other
authors for Au deposited on TiO, and TiO, films grown on
Ru(0001)."7 Such interpretation would be consistent with the
STM results discussed above, since a minority of smaller NPs
can be easily seen in Fig. 5.

The HR-XPS data obtained after the annealing treatment at
800 K are reported on top of Fig. I: interestingly, the position
and shape of the lower BE component at 83.5 eV is perfectly
coincident with the position and shape of the Au 4f peak after
annealing at 800 K. On the other hand, we know from STM
that after the annealing at 800 K. single layer Au islands
wetting the TiO, surface are actually imaged.”'48 This
evidence leads us to propose an alternative interpretation of
the HR-XPS data which relates the Au 4f component at
83.5 eV to Au atoms at the interface with the TiO, substrate,
while the component at 83.9-84.0 eV could be assigned to
undercoordinated Au atoms of the external layers. Such an
interpretation is in tune with the data recently reported for Au
NPs on a templating h-BN nanomesh on Rh:** the BE values
of the two components are coincident with those reported in
literature and the intensity ratio between them were inter-
preted by the authors as indicative of Au islands presenting
one or two atomic layers. In addition, at the highest coverage
herein studied (0.9 MLeq) the component at 84.0 eV slightly
shifts to lower BE and increases its intensity with respect to the
lower coverage data; this probably reflects the presence of a
3rd layer of Au atoms, in agreement with the discussed STM
and PD diffraction data reported in Fig. 5 and 6. A further
evidence which supports this interpretation comes from the
analysis of the HR-XPS Au 4f peak after dosing CO (10 L at

140 K) (Fig. 8): the appearance of a higher BE peak
(ca. 84.5 eV) is observed after CO dosing which is in tune
with a shift of the component due to undercoordinated Au
sites as a consequence of the charge flow from Au — CO. The
preferential binding of CO with undercoordinated Au atoms is
very well documented.’™' On the other hand, the same
experiment carried out after the annealing treatment at
800 K does not show any evidence of adsorbed CO, as
expected for a 2D Au NP.32

Finally we discuss the VB-UPS data reported in Fig. 2. It
has been demonstrated that the actual VB profile due to Au 5d
states contains information on the size of the Au system.53
Since the VB features of the Au NPs overlap with the features
from the TiO,/Pt(111) substrate, the Au 5d states in our
investigated systems at different coverage have been put in
evidence by the subtraction procedure described in the
previous section 3 (Fig. 2b). One simple interpretation (usually
applied in the XPS regime) correlates the profile with a simple
valence bonding theory assuming that the Au 5d shell, even if
contributing to the VB, shows a residual atom-like spin orbit
splitting into 5ds, and 5d;, components. An alternative
interpretation, based on a delocalized molecular orbital
(MO) like elementary theory, associates the lower BE com-
ponent to antibonding MOs and the higher BE one to their
bonding counterpart. It has been proposed that the splitting
between the two 5ds/» and 5ds3,» components correlates rather
well with the number of Au NN:> in the case of a free atom
the value of the splitting is about 1.4 eV and this value
increases almost linearly with the numbers of Au NN, up to
2.8 eV for bulk Au. In terms of the MO theory, this can be
related to the fact that the low BE antibonding MOs shift
more than their bonding counterpart MOs when increasing the
number of NN.

Our results show a different behaviour since the component
at low BE (Al in Fig. 2b) does not present any shift by
increasing the Au coverage, while the component A2 does.
However a comparison of our data with the VB spectra
obtained from a Au(l11) bulk surface with a similar photon
energy>* shows a rather good agreement although it is difficult
to distinguish all the features reported in the case of the

0.9MLeq Aw/z'-TiO,/Pt(111) + 10L CO 140K

Intensity (A.U.)

T T T T TI
90

82 84 86 88
binding energy (eV)

Fig. 8 Au 4f HR-XPS data (v = (130 eV) of Au(0.9 MLeq/z'-TiO,
Pt(111) before and after dosing of 10 L of CO at 140 K.
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Au(111) bulk surface, probably because of the background
subtraction procedure. The Al and A2 bands (at 3.3 and
5.5eV ata coverage of 0.9 MLeq) are found at 3.5 and 5.9 eV
in the case of bulk Au(111), respectively.* As described in
section III.1, the A2 component progressively shifts from 4.9
to 5.5 eV as long as the growth proceeds and this trend could
be explained with the developement of 3D Au NPs.

V. Conclusions

By capitalizing on the in depth knowledge built on the
structure of the z/-TiO,/Pt(111) ultrathin film,'>® in the
present paper we were able to discuss in great detail the growth
and the morphology of an ordered array of Au NPs in the
range size of one nm.

The first Au atoms arriving on the highly anisotropic oxide
layer find a landscape (the oxygen terminated surface) where
they can easily move (see the DFT computed diffusion barriers
of about 0.4-0.5 eV, compatible with finite mobility even at
RT) and eventually be trapped on the existing picoholes,
which can then be considered as preferential nucleation sites
where the successive arrival of Au atoms produces size-
selected and linearly arranged Au NP arrays. The large-area
PD tools used in the present study have further shaped our
knowledge: in the coverage range herein explored the Au NPs
are effectively almost flat islands exposing the (111) surface
with a thickness up to 3 ML. High resolution photoemission
data (both from core and valence level) taken with syn-
chrotron radiation have been interpreted in the light of the
previously reported STM and of the herein reported structural
data. They provide a picture where the tiny Au islands are
strongly interacting with the oxidic substrate (which is actually
in a reduced TiO, state where the original film has a TiO/ »s
stoichiometry). The high BE component observed in the
HR-XPS Au 4f spectra was interpreted as the fingerprint of
the presence of undercoordinated Au atoms.
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V1.4 Reprint of the paper: Stability and Chemisor ption Properties of Ultrathin
TiO,/Pt(111) films and Au/TiO,/Pt(111) Mode Catalysts in Reactive
Atmospheres

In the following paper we “fill” the pressure gagr some TiGQ/Pt(111) UT films and
AU/TIO\/Pt(111) model catalysts. Through a collaboratieiween the Surface
Science group of the University of Padova and tistitute of Surface Chemistry and
Catalysis of the University of UIm (Germany) it wpessible to combine a UHV
chamber for thén-situ preparation of the UT films and the model catalysta HP-
cell where PM FT-IRAS experiments were carried gnta 1¢ mbar range in
controlled conditions (both pure CO and CQI101L atmospheres).

Three TiQ UT films have been grown, based on their strustared oxidation states:
2 reduced UT films, the’ (templating substrate where the metal NPs groverexd
along straight lines) and the'-TiOy (where no ordered defects are present, so that
the metal NPs are free to nucleate and grow ranglaanid a stoichiometric UT film,
therect’-TiO,. These systems have been used as substrates #u tNPs growth at
different coverages.

The FT-IRAS outputs, together with the XPS, LEEDI &iTM collected in UHV
after the HP treatments, show that both the thr&efilths and the corresponding
model catalysts are stable in pure CO HP atmosph@me the contrary, when the
two reduced UT films are exposed to HP in the preseof oxygen (CO:©1:1
environment) they strongly modify, leading to thé $upport dewetting as a
consequence of the formation of Ti®lusters. The stoichiometriect’-TiO, UT
film is stable also in the presence of oxygen HRe Tnstability of the reduced
substrates also reflects on the corresponding nmaadalyst, so that when the &t/
TiOW/Pt(111) and the Aw'-TiO,/Pt(111) systems are treated in a COHMP a,
AU/TiO, nano-composite is formed. The Aect’-TiO, model catalyst remain stable
also in CO:Q HP.

In the paper, also the UHV thermal evolution (ud@®0 K) of the two reduced UT
films is presented, as studied by XPS and STM dfterHP treatment in a CO;O
mixture. The outputs show that while at high terapae thez'-TiOy restores its
original structure and oxidation state through @gpessive oxygen loss, the-TiOy

never restores completely.
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Stability and chemisorption properties of ultrathin TiO,./Pt(111) films
and Au/TiO,/Pt(111) model catalysts in reactive atmospheres¥

Luca Artiglia,” Thomas Diemant,b Heinrich Hartmann,” Joachim Bansmann,”
R. Jiirgen Behm,” Luca Gavioli,"’ Emanuele Cavaliere‘’ and Gaetano Granozzi*

a

Received 14th January 2010, Accepted 16th March 2010
First published as an Advance Article on the web 11th May 2010
DOI: 10.1039/c000884b

The stability of three ultrathin TiO,/Pt(111) films with different stoichiometry and defectivity

and the corresponding Au/TiO,/Pt(111) model catalysts in CO or a CO-O, (1:1) gas mixture

up to a pressure of 100 mbar has been investigated. According to previous studies, the ultrathin
films proved to be effective substrates to deposit in UHV Au nanoparticles with specific
morphologies and lateral sizes ranging between 1 and 6 nm. The films have been characterized
before and after the exposure using X-ray photoemission spectroscopy (XPS), low-energy electron
diffraction (LEED) and scanning tunnelling microscopy (STM). Additional in situ measurements
of the CO chemisorption behavior were performed using polarization-modulation infrared
reflection—absorption spectroscopy (PM-IRAS). A fully oxidized film is stable in CO and CO-O,
(1:1) ambient, while the reduced films undergo an oxidative dewetting process at RT in the latter

atmosphere. This process ultimately produces a nano-composite surface, where very tiny

(from 0.5 to 3 nm lateral sizes) titania nanograins are mixed with open, uncovered areas

of the Pt substrate. IRAS measurements on the corresponding Au/TiO,/Pt(111) model catalysts
demonstrated that the CO chemisorption strongly depends on the Au nanoparticle size and
morphology, while the actual Ti oxidation state of the oxide support does not seem to play a

significant role.

I. Introduction

Triggered by the outstanding catalytic activity of nanosized
gold (d < 5 nm) reported by Haruta,' systems formed by Au
nanoparticles (NPs) on transition metal oxide supports have
been the object of intensive research efforts during the past
20 years. Several reactions take place on Au based catalysts
with a high and specific activity, and the interest towards them
is linked to a long life-time.>* Most of the work was focused
on the CO oxidation, taken as a prototypical model reaction.

It is now well established that the nature of the oxide
support can play a major role, since both the electronic
properties, the morphology of the NPs and the resulting
catalytic activity are strongly influenced by the nature of the
support.’ A paradigmatic example, in this sense, is the high
catalytic activity toward CO oxidation at room temperature
(RT) discovered for Au bilayer thick NPs grown on reduced

“ Department of Chemical Sciences, via Marzolo 1,
University of Padova, Italy
b Institute of Surface Chemistry and Catalysis, Ulm University,
D-89069 Ulm, Germany
¢ Department of Mathematics and Physics, Universita Cattolica del
Sacro Cuore, via dei Musei 41, I-25121 Brescia, Italy
4 Laboratorio Nazionale CNR-INFM-TASC, S.S. 14 Km 163.5,
34012 Basovizza (TS), Italy
1 Electronic supplementary information (ESI) available: Fig. SI and
S2: Representative Au4f XPS data of the Au(0.9 ML)/ TiO,/Pt(111)
model catalysts before and after pure CO and CO-O, (1:1) HP
exposures at 100 mbar. Fig. S3: Representative STM image taken
on Au(0.9 MLgg)/w'-TiO,/Pt(111) exposed to 100 mbar of a CO-O,
(1:1) mixture. See DOI: 10.1039/c000884b

titania (TiO,) surfaces.® The explanation of this effect, how-
ever, is still under debate.”®

Due to the intrinsic complexity of the individual reaction
steps on Au/TiO, catalysts (and especially on powder catalysts),
a deeper understanding of the different physical mechanisms
may be reached by investigating planar Au/TiO, model
systems with well-defined structural properties. Ultrathin
(UT) transition metal oxide films prepared on single crystal
metal substrates combined with the evaporation of metal NPs
in ultra-high-vacuum (UHV) provide ideal model systems
since the whole ensemble of advanced surface science methods
can be applied to investigate these systems.” It has been
demonstrated that NP nucleation preferentially takes place
on topographic defects such as step edges or point defects.
When an ordered array of point defects is present on the UT
film, it can act as a template for a directed assembling process,
eventually providing an ordered array of NPs.' ' However,
the extrapolation of the properties obtained on such UHV
model catalysts to realistic catalytic conditions is an operation
which is not necessarily legitimate, and studies checking the
validity over the so-called material and pressure gaps are
certainly needed.*”

In recent years, some of us focused the attention on UT
TiO, films deposited on a Pt(111) single cryslal.zl Depending
on the Ti amount deposited in a reactive O, atmosphere and
on the annealing treatment, several UT TiO, films with
different morphologies and stoichiometries were prepared
and characterized.” Among them, three different TiO,
(1.2 < x < 2) UT films can be considered as representative

6864 | Phys. Chem. Chem. Phys., 2010, 12, 6864-6874
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model systems for titania supports to study the effects of
defectivity and stoichiometry on the growth and properties
of Au/TiO, catalysts. Two of them (labelled as z' and w/-TiO,
following the original nomenclature, where z stands for zigzag-/ike
and w for wagon-wheel-like) are under-stoichiometric fully
wetting TiO, films,”>>3 and they represent reduced titania
supports with (z-TiO,) or without (w/-TiO,) a long range
ordered defectivity. The third is a fully stoichiometric film
(rect’-TiO3), whose structure has recently been demonstrated
to be related to the TiO»(B) bulk polymorph.>* In addition, the
structure and morphology of the Au/TiO,/Pt(111) model
catalysts obtained after evaporation of Au in UHV conditions
were investigated in depth by using scanning tunnelling
microscopy (STM).'7'%:25 In particular, the capability of the
Z/-TiO, UT film to produce an ordered array of size-selected
Au NPs as a consequence of the ordered defectivity (see below)
has been demonstrated.'”'s

In this paper we want to address the stability of both the
TiO,/Pt(111) UT films and Au/TiO,/Pt(111) model catalysts
at high pressure (HP) (in the mbar range) by comparing
X-ray photoemission spectroscopy (XPS), low-energy electron
diffraction (LEED) and STM measurements carried out before
and after the exposure to an elevated pressure of pure CO or a
CO-05 (1:1) gas mixture (up to 100 mbar), so partially filling
the pressure gap. In addition, we also analyse their chemisorption
properties toward CO by in situ polarization-modulation
infrared reflection absorption spectroscopy (PM-IRAS) during
gas exposure. The analysis of the CO stretching frequency
(CO) also provides information on the stability and the
evolution of the UT clean films and Au/TiO, systems at HP
and on the strength of the Au/CO interaction. Results of a
similar HP PM-IRAS study on related model catalysts, i.e.,
Au/TiO,/Ru(0001), were already reported.y”zs However, with
respect to these studies, the Au/TiO,/Pt(111) systems investigated
herein consist of thinner films and the structures are known at
an atomic level.”" Neglecting to a first approximation the effect
of the underlying Pt substrate, they can be considered as
models for both reduced and fully oxidized titania substrates
where defects are also included.

II. Experimental

The preparation procedure of the different TiO,/Pt(111) UT
films has been reported in detail elsewhere.”>?® The clean
Pt(111) surface was prepared by cycles of sputtering/flashing
to 1000 K before film deposition. The UT films cover the
substrate surface almost completely (uncovered surface less
than 8%), as evidenced by temperature programmed desorption
(TPD) experiments using CO as a chemisorption probe (CO
chemisorbs under the chosen conditions, dosing at RT in
UHYV, only on the exposed Pt spots). Au was evaporated from
an e-beam evaporator directly on the TiO,/Pt(111) films held
at RT. The amount of Au deposited was determined using
angle resolved XPS, based on the layer-by-layer growth of Au
on Pt(111). Coverage values expressed in monolayer equivalents
(ML) are calculated assuming the growth of Au(111) and an
interlayer distance between adjacent plane of 0.235 nm.

The preparation and the spectroscopic experiments
were performed in situ, using a UHV system equipped with a

high-pressure cell for experiments at elevated pressures (from
1072 to 10> mbar). The UHV chamber (base pressure <100
mbar), used for film and model catalyst preparation and
characterization, is equipped with a LEED, a double anode
X-ray source, a hemispherical CLAM 2 electron analyzer
(VG), a quadrupole mass spectrometer (QMS 200, Pfeiffer
Vacuum) and two e-beam evaporators for metal deposition.
All spectroscopic measurements were performed at RT. The
temperature was measured with a C-type thermocouple
attached to the rear surface of the crystal. The Ti2p XPS data
reported in the present study were obtained using Al-Kao
radiation for photoelectron excitation and a pass energy of
50 eV at the electron analyzer. Binding energies (BEs) are
referenced to the Pt4f;, photoemission peak and the shifts in
the Ti2p peak are taken to monitor the oxidation state
changes of the Ti atoms of the films.

The HP cell, described in detail elsewhere.*” has a PM-IRAS
spectrometer and a differentially pumped QMS used for
checking gas purity and gas mixture preparation. The XPS
and LEED experiments were performed before and after high-
pressure exposure in the HP cell. In the following, we refer to
them as before and after HP treatments (10> mbar). All HP
exposures and IRAS measurements were done at RT, starting
to expose the films to the gas from 1072 mbar and reaching
10? mbar with intermediate steps at 107", 1, 10 and 100 mbar.

The STM data were acquired in an Omicron Multiscan
Lab system, operating in UHV conditions (base pressure
<5 x 107" mbar) and equipped with surface preparation
facilities. The STM images were obtained in constant current
mode at RT, with tip-to-sample bias ranging from 0.4 to 1.5 V
and tunnelling current ranging from 0.2 to 0.8 nA. The STM
tips were prepared by chemical etching of a Pt/Ir wire in a KCI
solution.

III. Results and discussion
III.1 Clean ultrathin TiO,/Pt(111) films

Before entering into the discussion of the herein reported
results, it is useful to summarize what is already known for
the three UT films which have been used as model systems for
the titania support in this study.

The structure of the TiO./Pt(111) reduced UT films has
been recently discussed in detail on the basis of experimental
and density functional theoretical (DFT) data: they consist of
a Ti/O bilayer where the Ti is at the interface with the Pt
substrate.?> In the specific case of the /-TiO, phase (x = 1.25,
as determined by the DFT calculations), STM has shown the
presence of ordered arrays of defects (picoholes), where Pt
underneath is left uncovered®' within the dislocation lines
(troughs). These play an active role as preferential nucleation
sites for the growth of metal NPs (see below).'”'® For the
w'-TiO, film, having a stoichiometry close to that of the
Z/-TiO, phase.z2 the STM data do not show any evidence
of ordered arrays of defects.’® In the fully stoichiometric
rect’-TiO, phase,”* a Pt—O-Ti interface is formed, and, as a
consequence of the weaker Pt—O interaction with respect to the
PtTi one.** a partial dewetting of the film occurs which drives
the system toward the formation of flat and regularly shaped
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rect’-TiO, islands (with a minimum thickness of two bilayers),
which progressively increase their lateral size and thickness as
a function of the Ti coverage.?* One important point is that in
between the islands, a fully wetting bilayer of a reduced TiO,
phase is observed in the corresponding STM images, so that
areas of bare Pt support could not be observed.>> The actual
structure of the rect’-TiO, islands has recently been analysed
in detail; it has been demonstrated that they represent the first
example reported in the literature of supported TiO,(B)-like
nanolayers.* The islands can be grown up to a thickness of
several layers. Also in this case, there is no evidence for a long
range ordered defectivity and thus, in the present study, they
are taken as a model system for a fully stoichiometric titania
support. The average island thickness of the rect’-TiO, islands
investigated in the present study is ca. two Ti—O bilayers.

As a first step, we tested the stability of the three clean UT
films both in pure CO and in CO-O, (1:1) HP atmospheres.
After pure CO HP exposure, IRAS did not show any detectable
(CO) signal for all three UT films even at the highest pressure
used in this study (100 mbar), thus indicating that bare Pt
areas are below the detection limit,** in agreement with TPD
measurements. From these observations, significant CO-induced
dewetting can be excluded for all of these phases. LEED
images, collected after the HP treatment, maintained the
original pattern typical of the corresponding clean phases,?>%’
and the Ti2p XPS peak (Fig. 1) showed no change from before
to after the HP exposure (see ref. 22 and 29 for a detailed
discussion of the respective XPS data). In the same figure, XPS
data recorded after annealing the HP exposed films in UHV at
950 K are also presented. No significant change is observed in
all three explored cases. These results strongly indicate that all
clean UT films investigated are stable during HP exposure to
pure CO. Hence, under these conditions, CO is not capable to
reduce neither the fully oxidized film nor the reduced films.

In contrast, after exposure to a CO-O, (1:1) mixture, the
systems undergo observable transformations that develop in
two different ways depending on the Ti chemical state in the
corresponding UT film before HP exposure. The reduced

phases (z/-TiO, and w'-TiO,) show a clear evolution as
outlined by the following experimental data:

(1) The XPS data presented in Fig. 2a and b clearly show a
BE shift of the Ti2p peaks of ca. 1.7 eV (from 456.8 to 458.5 eV)
upon HP exposure, which suggests an oxidation to Ti*" and
the formation of a Pt-O interface layer, according to the
interpretation of the XPS data of the whole series of UT
films.*> Moreover, we observe a 10% decrease of the Ti 2p/Pt4f
peaks intensity ratio before and after HP exposure.

(i1) Broad and weak bands centred at ca. 2080 cm ™ (not
reported here) are observed in IRAS spectra of the HP treated
films, suggesting that small areas of the Pt substrate become
accessible to CO adsorption.

(iii) The LEED patterns of the two reduced UT films (see
Fig. 3a and b for the initial LEED patterns) show dramatic
changes after CO-O, HP exposure: for the z/-TiO, phase
(Fig. 3c) a diffuse ring around the integer spots of the
Pt(111) substrate on a high background is observed, while in
the case of w/-TiO, phase a lower background is present.
Furthermore, apart from the integer spots of the Pt(111)
substrate, very broad spots appear, which are shifted toward
the centre of the pattern (Fig. 3d). The LEED pattern of the
HP exposed z/-TiO, phase is very similar to that reported in
previous studies (an in situ p-LEED and a low-energy electron
microscopy (LEEM) investigation on the formation of
TiO,/Pt(111) films*), which was assigned to the so-called
precursor-like phase. The term precursor-like was introduced™
in order to indicate TiO, NPs, originating from the metal
deposition under reactive O, environment, that have not yet a
precise structure and epitaxial relation with the Pt substrate. It
has been also demonstrated®® that this phase successively
develops toward different phases depending on the amount
of deposited TiO, and the annealing procedure. On the other
hand, the LEED pattern observed for the w'-TiO, phase after
HP exposure is more reminiscent of the one observed for a
low-coverage oxidized k'-TiO, phase,” where the structure is
probably related to the quasi-hexagonal TiO, structure
recently reported on Cu(001).® We believe that also in this
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exposure and after UHV annealing to 950 K.

case it is better to refer our LEED pattern to a precursor-like
phase (different from the one of Fig. 3c) rather than to a
specific phase because of the very broad spots which are
indicative of very small and disordered nuclei.

(iv) The specific zigzag-like and wagon-wheel-like STM
patterns observed for the two z'-TiO, and w’'-TiO, films prior
to the HP treatment (Fig. 4a and b) are completely lost after
the HP treatment. In Fig. 4c and d we show typical surface
morphologies as observed after an exposure to 100 mbar of a
CO-05 (1:1) mixture (exposure time 5 min). The motif of the
oxide layer is no more visible, while the entire surface presents
a uniform granularity, with average grain sizes ranging from
0.5 to 3 nm (the rms roughness is about 1 nm). This indicates a
clear restructuring of the oxide layer after HP exposure.

Taken together, all experimental results confirm the hypoth-
esis that the reduced UT films undergo an oxidative dewetting
when being exposed to CO-O,, leading to the formation of
stoichiometric TiO, nanograins mixed with uncovered parts of
the Pt crystal, which become then available for CO adsorption
(see the above reported point ii). A similar dewetting was
recently reported for the FeO(111)/Pt(111) UT film:*’ however, it
should be noted that in this case the dewetting was interpreted
as the consequence of the CO + O, catalytic reaction (40 mbar
CO + 20 mbar O, mixture) taking place at 450 K and that the
final highly dispersed iron oxide particles on Pt(111) have
larger lateral sizes (8§ + 1 nm in diameter).

On the contrary, the stoichiometric rect’-TiO5 film does not
show any detectable CO IRAS signal after the HP CO-0O,
treatment, its LEED pattern remains unchanged and also the
XPS spectra do not show any significant modification. Therefore,
the rect’-TiO5 film is stable in both an oxidizing and reducing
HP environment under present exposure conditions.

We have then analyzed the thermal changes of the HP
exposed Z/-TiO, and w/-TiO, films in UHV from RT to 950 K
by LEED, XPS and STM. It should be reminded that in order
to prepare each single UT TiO,/Pt(111) phase, carefully

optimized conditions have to be adopted, otherwise, a mixture
of several phases is obtained under uncontrolled conditions.*
The LEED patterns show that upon annealing at ~700 K in
UHYV, the HP treated z’-TiO, system undergoes a transition to
a mixture of different phases (Fig. 3e), as demonstrated by the
coexistence of (i) sharp spots located midway between the
(0,0) and the (1,0) beams, which are assigned to the reduced
zigzag-like z-TiO, phase,”>® and (ii) outer rings to be associated
to an incipient formation of the z/-TiO, phase. After annealing
to 950 K, the system completely recovers the z’-TiO, LEED
pattern (Fig. 3g). The corresponding STM data are in good
agreement with the described trend of the LEED pattern. The
granular phase observed after the HP exposure (Fig. 4c) is
substantially modified after the annealing step to 700 K
(Fig. 4e): one can observe the recovery of a flat morphology
where different patches of z-TiO, and z'-TiO, are evident (see
in Fig. 4e the different patches). Moreover, scattered and
brighter islands are observed on the surface, probably reflecting
partially oxidized titania surviving the UHV annealing. After
annealing to 950 K (Fig. 4g), the surface is predominantly
covered by the z/-TiO, phase, in accordance with LEED and
XPS data recorded after 950 K annealing (Fig. 2a), which
show a Ti2p peak shape very similar to the one obtained
before the HP treatment (peak maximum at 456.8 eV). In
addition, small amounts of bare Pt areas are seen by STM.
This might be due to interdiffusion of Ti into the Pt substrate
during the UHV annealing procedure, which eventually causes
an effective reduction of the TiO, Covel'age.3 > Therefore, the
experimental results show an oxidation of the z/-TiO, film
after the HP CO-O, treatment which is largely reversible
through a progressive oxygen loss when annealing the sample
in UHV.

In contrast, the oxidation of the w'-TiO, UT film after the
HP CO-0, treatment proceeds in a different, non-reversible,
way. The LEED data reported in Fig. 3 clearly show that
already after the HP exposure the system is developing along a
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Z'-TiOx Clean W'-TIOX

(a). .(b)
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(©) (d)

700 K

(9

(h)

Fig. 3 LEED patterns (45 e¢V) of the clean z/-TiO, and w'-TiO, films
(a, b), after HP exposure to 100 mbar of CO-0, (1:1) (¢, d) and after
UHYV annealing at 700 K (e, f) and 950 K (g, h).

different route, since the broad spots observed in Fig. 3d are
different from the rings obtained for the HP treated z/-TiO,
film (Fig. 3c). This difference becomes more evident after
annealing to 700 K, where a LEED pattern (Fig. 3f) is
observed that can be interpreted as a highly defective
kagomeé-like reduced k-TiO, phase (a quasi-(2 x 2) structure).™
Finally, the 950 K annealing step (Fig. 3h) provides a LEED
pattern which is completely different with respect to that of the
pristine UT w/-TiO, film: we observe the presence of spots
related to the reduced A-TiO, phase, superimposed with a new
set of clearly defined spots, whose origin is still unknown. We
tentatively assign this complex pattern to a coexistence of TiO,
islands and patches of the k-TiO, wetting layer. This inter-
pretation is also in agreement with the XPS data of Fig. 2b,
where, after thermal treatment in UHV at 950 K, a shoulder

=l
20 nm

Fig. 4 STM images of the clean z'- and w/-TiO, phases (a, b), after
HP exposure to CO-O, (1:1) (¢, d), after UHV annealing at 700 K (e, )
and 950 K (g, h).

at lower BE (associated to a reduced layer having a Ti—Pt
interface) is recovered, while the main Ti2p peak centred at
about 459.2 eV (i.e., the Ti*" oxidation state) is still observed
at the end of the UHV annealing.

The corresponding STM data are shown in Fig. 4. After the
CO-0, HP treatment, the STM image (Fig. 4d) is almost
identical to the one observed in the case of z/-TiO, (Fig. 4c),
i.e., a rough surface with a uniform granularity. The 700 K
annealing treatment results in a rather complex situation as
shown in Fig. 4f: a wetting layer with a predominant A-TiO.
phase organized in small domains (see the inset), > in
agreement with the quite broad spots observed in the LEED
pattern (Fig. 3f), and patches of a different phase that has not
been identified up to now. A number of triangularly-shaped
islands with an apparent height of about 1 nm are visible on
top of the wetting layer, as well as larger and flat islands. These
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triangularly shaped islands disappear after the thermal treatment
at 950 K (see Fig. 4h), while the large and flat islands increase
in density. The flat islands show an internal row-like structure.
This may be compatible with the results of a previous
investigation where, using angle-scanned photoelectron
diffraction (PhD), the presence of rutile-like, flat TiO, nano-
structures supported on the Pt substrate, with the (100) surface
exposed, has been demonstrated.’”*’ In this case both the
TiO, coverage and the thermal treatment of the system were
almost identical to the one described above. Similar rutile-like
titania nanostructures with the (100) surface being exposing
and typical dimensions of 5-20 nm, have recently been reported
on Au(111) after annealing to 900 K.

In conclusion, although both reduced systems seem to
follow an oxidative dewetting when being exposed to HP
CO-0O; (1:1), the reduction process of the two differently
prepared films upon annealing in UHV is rather different: after
thermal treatment in UHV up to 950 K, the z'-TiO, film is
brought back to its original oxidation state and structure,
while the w'-TiO, one is not. The difference between the two
Z/-TiO, and w/-TiO, films may either arise from subtle kinetic
effects or from an inherently different stability of the two
reduced films. Further experiments are in progress to clarify
such questions.

L2 The Au/TiO,/Pt(111) model catalysts

In the following, we will focus on the results obtained from the
planar Au/TiO,/Pt(111) model systems. The morphologies of
the Au NPs in the three herein studied systems have been
previously investigated by STM,'”'®2% and the main results
are briefly outlined in Fig. 5. Since these data are of relevance
for the discussion of the reported results, we will briefly
summarize in the following the most important points.

As previously outlined in I1L.1, the z/-TiO, UT film presents
an ordered array of picoholes and troughs,>" where the Au NPs
preferentially nucleate, resulting in a spatial alignment along
the direction dictated by the parallel zroughs (see Fig. 5a) and,
for this reason, a templating function has been assigned to the
Z/-TiO, phase.'”'®!” Moreover, Au NPs grown on this substrate
result in a narrow size distribution (1.3 0.4 nm).'” According
to recent PhD data'® (both angle and energy-scanned), they
are best described as flat 2D-like islands, pinned at the picoholes,
with a maximum thickness of 2-3 layers and exposing the

(b)

(111) surface. A different behaviour is observed in the case of
the w/-TiO, and rect’-TiO, phases: these two UT films do not
present ordered defect structures and consequently do not
behave as templates. Thence, Au NPs with significantly larger
lateral sizes and a more 3D-like aspect ratio are observed than
on the Z/-TiO, film (Fig. 5b and c¢) and they are nucleated
either at step edges or at randomly distributed defects.'”> In
addition, on the flat rect’-TiO, islands, a higher mobility of the
Au NPs was demonstrated compared to the reduced wetting
films, both experimentally by STM and theoretically by
DFT,> which is responsible for the agglomeration of Au
atoms in larger NPs (see Fig. 5c). The lateral size values,
relevant for the following discussion, scale as follows: Au
(z/-TiO,, ~1.3 nm) < Au (W/-TiO,, ~3.5 nm) < Au
(rect’-TiO,, ~5-6 nm).

We analyzed the behaviour of the Au/TiO,/Pt(111) model
catalysts in both pure CO and CO-O, (1 : 1) atmospheres up to
high pressures for two Au coverages (0.5 and 0.9 ML,). In
this case, CO is expected to chemisorb on the Au NPs, where it
can be monitored by IRAS.

In Fig. 6, we present IRAS data recorded on the three
Au/TiO,/Pt(111) model catalysts with two different Au
coverages during exposure to pure CO at different pressures.
In the Au/z'-TiO, system, we find a {CO) band at 2123 cm "
for 0.5 ML, and 2118 cm ! for 0.9 ML,,. as shown in Fig. 6a
and d, respectively. Both the position and the intensity are
relatively independent from the actual pressure conditions,
i.e., the signal seems to be already saturated at an intermediate
pressure of 1 mbar. The increase in the Au coverage causes a
red-shift of 5 cm ™" in the band position maxima. In contrast,
the Au/w’-TiO, (Fig. 6b and e) and Au/rect’-TiO, (Fig. 6¢ and
f) systems show a common behaviour, which is rather different
from the one observed for the Au/z'-TiO, samples: the bands
are sharper and more intense, their intensity increases with
CO pressure and, in both cases, a small red-shift is found
(~6 cm™') as a function of the increasing CO pressure. In
addition, the 1(CO) wavenumber only shows minor changes
with the Au coverage. In all three cases, the corresponding
IRAS bands completely disappear when the CO atmosphere is
pumped off to UHV, in agreement with a pressure-dependent
adsorption—desorption equilibrium on the Au NPs under the
present conditions and similar to earlier observations on
Au/TiO,/Ru(0001) model catalysts.y"28

Fig. 5 STM images of (a) Au(0.35 ML¢g)/z'-TiO,/Pt(111) (100 x 100 nm? V= 0.6V, = 0.6nA), (b) Au (0.2 ML¢g)/w'-TiOL/Pt(111) (100 x 94 nm?,
V=15V, I =02nA)and (c) Au(0.2 ML), rect’-TiO,/Pt(111) (82 x 82 nm* V = 1.5V, 1= 1L5nA) (from ref. 17, 18 and 25).
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Fig. 6 IRAS data recorded in situ during CO exposure at different pressures: (a) Au(0.5 MLgy)/z'-TiO,, (b) Au(0.5 MLeg)/w'-TiO,,
(¢) Au(0.5 ML,g)/rect’-TiO,. (d) Au(0.9 ML,q)/z"-TiOy. (e) Au(0.9 ML.)/w'-TiO, and (f) Au(0.9 ML.g)/rect’-TiO,.

The Ti2p XPS spectra collected before and after HP
exposure to CO revealed for all the model Au/TiO,/Pt(111)
systems the same results as already shown in Fig. 1 for the
clean films, i.e. the films supporting the Au NPs remain stable
after the HP CO treatment and no chemical shift is observed.
The Au4f XPS spectra collected before and after HP to CO do
not show any significant change in the position/shape of the
peaks (see for example the data reported in Fig. Sl(a) and
S2(a) (ESIY).

Let us now discuss in more detail the behaviour of the
(CO) IRAS bands in the three different model systems.
Starting with the analysis of the band intensities on Au/z’-TiO,
(Fig. 6a and d), the (CO) band is already visible at the lowest
CO pressure (0.01 mbar) and its intensity is relatively constant
in the pressure range investigated here, indicating that the
active sites of the Au NPs are very soon saturated by CO.
In contrast, in the other two systems (Au/w'-TiO, and
Au/rect’-TiO,, Fig. 6b, c, e and f), a well-defined 1{CO) band
starts to develop only at higher pressures (0.1 mbar). In

addition, according to the intensity of the »(CO) band, a
larger CO uptake is observed on the Au/w’-TiO, system
compared to the Au/rect’-TiO, one. In order to rationalize
these data, we have to consider the different NP sizes and
morphologies observed by STM (Fig. 5).

The early saturation of the Au/z'-TiO, system can be related
to the small size and distinct morphology (flat bi- and trilayer
islands) of the Au NPs. In addition, because of the pinning at
the picoholes, suich Au NPs are in a direct contact with the Pt
substrate and their under-coordinated peripheral atoms might
be only partially available for CO chemisorption. According to
the extensive work done in Goodman’s group,®*** bilayer Au
islands supported on TiO,/Mo(112) films have the highest
affinity for CO adsorption, and similar trends were observed
also for Au/TiO,/Ru(0001) model catalysts.y% The inter-
pretation is also in agreement with theoretical predictions,*’
which suggest the Au overlayers to be electron-rich and to
have significantly different electronic properties compared with
bulk Au.** In this respect, it has to be outlined that the bulk
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Au(111) surface is not active to CO adsorption under present
conditions.*® Therefore, the onset of CO chemisorption at a
comparatively low pressure and the almost pressure independent
signal intensity can be interpreted as the result of an enhanced
Au—CO interaction which results in rapid saturation of the Au
nanostructures already at relatively low CO pressures.

Conversely, in the Au/w'-TiO, and Au/rect’-TiO, systems
the »(CO) IRAS bands are detected only at higher pressures
compared to the Au/z’-TiO, model catalyst (Fig. 6). This can
be rationalized on the basis of an intrinsically lower affinity of
these 3D Au NPs toward CO with respect to the very small Au
islands observed on the z/-TiO, film. On the other hand, the
higher amount of Au under-coordinated active sites on the
Au/w'-TiO, and Au/rect’-TiO, samples allows the NPs to bind
a larger amount of CO, explaining the observed difference in
the IR signal intensity.

In order to discuss the actual values of the frequencies of the
bands in the IRAS data in Fig. 6, we will first summarize
relevant results of previous studies. CO adsorption on Au NPs
of planar model systems with various oxide film supports,
ie. Au/TiO»/Mo(110),* Au/TiO»/Ru(0001).*®  Au/Al,Os/
NiAI(110)* and Au/FeO/Pt(111).>*" was already investigated
in detail with IRAS under UHV conditions and at low
temperature (< 100 K). Especially, a comparison to the results
of Lemire e al.™*>" seems worthwhile, since their oxide films
had a thickness comparable to that of the z/- and w’-films used
in the present study. For most of the model systems, a single
IR band centred between 2100 and 2120 cm™' was detected
under these conditions, which can be assigned to CO adsorption
on active sites of the Au NPs. In addition, Lemire et al.”!
reported the formation of a second IR band at higher wave-
number (~2165 cm ') for CO adsorption on Au/FeO/Pt(111)
model systems formed by deposition of small Au amounts at
low temperature (77 K). This feature was assigned to CO
adsorption on very small Au clusters and/or isolated Au
atoms, which are trapped at defects of the UT FeO film. The
shift of the band was explained by charge transfer between the
substrate and the small Au aggregates. On Au/TiO,/Mo(110),
Meier et al. evaluated the CO band at different Au coverages
to be centred at ~2122 cm™".** The band position was almost
independent of the Au coverage; only for very small Au
coverages (and therefore particle sizes), a small shift to lower
wavenumbers was detected (to ~2118 cm’l). Therefore, they
concluded that the Au NP size does not substantially affect the
IR band position. The band shift compared to CO adsorption
on bulk Au(110) (2110 em™")* was explained by a substrate
effect. To bridge the pressure gap, CO adsorption on
Au/TiO»(10 ML.y)/Ru(0001) model catalysts was recently
studied by IRAS at elevated pressure up to 50 mbar at
RT.2*2% While only a single band at ~2110 cm™' was
observed in the presence of CO-O, gas mixtures and at lower
pressures of pure CO (up to 10 mbar), the formation of
another, additional feature at lower wavenumbers (2060 cm™ )
was detected for higher CO pressures (above 20 mbar). This
new feature was attributed to a modification of the electronic
properties of the Au NPs (negatively charged) due to a partial
local reduction of the titania support upon CO exposure.

Focusing on the present model systems, it is interesting to
note that for Au/z’-TiO,, the IR band is centred at higher

wavenumbers (average measured value of 2120 cnf]) than in
the other two cases, where an average value of ca. 2108 cm s
observed. This band shift to higher wavenumbers reminds of
the findings observed for the small Au aggregates of the
Au/FeO/Pt(111) systemso'jl (albeit with smaller magnitude).
Most probably, it can be attributed to a combination of two
effects: (i) the significantly lower Au NP size on the z/-TiO,
films (ii) a modification of the electronic properties of the Au
NPs due to their direct contact with the Pt substrate in the
picoholes, similar to the case of Au/FeO/Pt(11 1).>! Further-
more, the small band shift with increasing Au coverage from
2123 em ' (0.5 MLeg Au) to 2118 ecm ™' (0.9 ML, Au) for the
z!-TiO, based model system can be explained by the more
3D-like behaviour. A shift to lower wavenumbers with increasing
Au coverage/particle size was observed also in other studies.™

For the other model systems, the CO band is centred at
~2108 cm ™', in good agreement with results for other planar
Au/metal oxide systems (especially to the HP measurements
on Au/TiO5(10 ML.,)/Ru(0001)) and bulk Au samples.z“’zx
This finding probably reflects the random nucleation process
which ultimately takes to more 3D-like Au NPs.

In conclusion, it seems that the actual Ti oxidation state
does not play a major role on the band position in the
presently studied model catalysts, while morphological
aspects, both with regard to film and NP structure, seem
to be more relevant. A major point emerging from the
present study is that, in contrast to the results from the
Au/TiO»(10 ML.y)/Ru(0001) system,z" we do not see the
formation of any additional IR feature at lower wavenumbers
in a HP CO atmosphere, neither in the case of the Au/rect’-TiO,
system nor in the case of Au NPs on the other two reduced UT
films. Following the already mentioned interpretation of such
band,*® this would imply that negatively charged Au NPs
cannot be created on any of the herein analyzed model
systems. We propose two possible explanations for such
evidence: (i) the conductive nature of such UT films due to
the proximity of the metallic substrate; (ii) the stability of the
clean substrates in pure CO atmosphere, which has already
been demonstrated in section III.1. In addition, we also want
to remind that the rect’-TiO,/Pt(111) islands have recently
been described as nanolayers of TiO,(B) exposing the (001)
surface,* whose stability was found to be very high in DFT
calculations, with a very low surface energy of 0.40 J m 2*
It might be possible that the observed stability of the
rect’-TiO,/Pt(111) UT film toward CO at high pressures can
be traced back also to its specific structure.

Turning now to the small band shifts observed with increasing
CO pressure (see Fig. 6), we can imagine the simultaneous
action of two counteracting effects: a blue shift due to increasing
dipole coupling of CO molecules at larger coverages and a red
shift due to a modification of the Au—CO bond (chemical
shift), where the latter effect dominates.™ 7 As a consequence
of such balance, a small red-shift is observed (between 5 and
7 em ') for both the Au/w'-TiO, and Au/rect’-TiO» model
catalysts, also in agreement with the results reported for the
Au/TiO»(10 MLcq)/Ru(0001) model system.Z(’ The absence of
such a red shift in the Au/Z/-TiO, system (Fig. 6a and d) is
possibly associated with the close contact between the Pt
substrate and the Au NPs (see above).
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(b) Au(0.9 MLeg)/rect’-TiOs.

We finally discuss the behaviour of the Au/TiO,/Pt(111)
model catalysts after exposure to CO-O, (1:1) gas mixtures.
Again, model systems with Au coverages of 0.5 and 0.9 ML
were used.

For the two Au/z’-TiO, and Au/w’-TiO, system (spectra
not shown), the IRAS data show the same characteristic
features: a very weak (CO) band is detected at ca. 2088 cm ™',
resembling the findings for the pure TiO, films under similar
conditions (see section I11.1). This feature is still present after
pumping off the system to UHV and is again attributed to
adsorption on exposed areas of the Pt substrate, which are
uncovered upon gas exposure. Therefore, a similar modification
of the film morphology like on the clean UT reduced films can
be deduced from these measurements. This is also in agreement
with XPS data collected before and after HP exposure of the
/- and w'-Au/TiO, model systems, which show a similar
modification of the Ti2p peak shape and position like on
the pure TiO, substrate films: such evidence corroborates the
conclusion that the presence of Au NPs does not affect the
oxidation and dewetting phenomena occurring for these
reduced films. The Au4f XPS spectra of the Au/z’-TiO, and
Au/w'-TiO, system collected before and after HP to CO-O,
(I:1) gas mixture do not show any significant change in the
position/shape of the peaks (see for example the data reported
in Fig. S1(b) and S2(b), ESIY).

A second very weak and broad band is detected at ca.
2120 ecm™ ', which is associated with CO adsorption on the
residual oxide supported Au NPs remaining after the oxidative
dewetting process. The STM images of the corresponding
Au/TiO, model catalysts after exposure to CO-O, (1:1) gas
mixtures have been also recorded (see in Fig. S3 (ESIf{) the
case of Au/z’-TiO,). However, the analysis of the STM images
is quite complex because the final composite surface appears to
be very rough (TiO, nanograins, Au NPs and uncovered
portions of Pt(111) are exposed). The strong reduction of the

-1
Wavenumbers (cm )

IRAS data recorded in situ during exposure to CO-O, (l:1) mixtures at different pressures: (a) Au(0.5 MLeg)/rect’-TiOs,

(CO) band intensity is attributed to the fact that, after the
TiO, film dewetting, most of the Au is probably present in
mono- or multilayer islands in direct contact with the Pt
underneath, which is inert towards CO adsorption under these
conditions. The latter was demonstrated for CO adsorption on
a Au monolayer on a Pt(111) surface (in the absence of TiO,),
where no CO bands were detected by IRAS.™

A different behaviour is observed for the Au/rect’-TiO»
model system (Fig. 7): here a distinct {CO) band is visible
upon exposure to the CO-O, mixture. Hence, the catalyst is
stable under the tested experimental conditions, as already
seen for the clean rect’-TiO, UT film. A blue shift of § cm ™! is
observed upon changing from pure CO to the CO-O, HP
exposure, which is typical for such reactive mixtures, and is
attributed to the presence of coadsorbed oxygen, which has an
electron-withdrawing effect.>**® XPS data collected before
and after HP exposure to the CO-O, (1:1) mixture for this
system revealed no change, neither in the peak position, whose
BE value is typical of a stoichiometric TiO, film, nor in the
peak profiles.

In conclusion, the effect on the Au/TiO,/Pt(111) model
catalysts of the exposure to CO-O, (1: 1) gas mixtures is really
dependent on the oxidation state of the oxide support. Reduced
supports are transformed into a complex nanocomposite
system which can be hardly used as a model catalyst to study
the CO + O, reactivity of well characterized Au NPs, because
the model system itself suffers many morphological changes
and the chemical nature of the Au sites is thus strongly
perturbed.

IV. Conclusion

In order to investigate the potential of ultrathin TiO, films
on Pt(111) for serving as appropriate model systems for a
titania support in planar Au/TiO, model catalysts, we have
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investigated the stability of Pt(111) supported TiO, films with
different stoichiometry and defectivity, and of related Au/TiO,
model catalysts under semi-realistic conditions, i.e., in
the presence of reactive gases such as oxygen and carbon
monoxide at pressures up to 100 mbar.

In the first part of this study, we show that fully oxidized
films (rect’-TiO,) are stable in CO and CO-O, (1:1)
atmospheres, while both types of reduced films (z-TiO,
and w'-TiO,), undergo an oxidative dewetting process at
RT once exposed to the CO-O, ambient. This eventually
leads to a nanocomposite surface with very small (from
0.5 to 3 nm lateral sizes) titania nanograins coexistent with
uncovered parts of the Pt substrate. Albeit in contradiction
with the starting goal. this finding (nanocomposite surfaces)
might lead to surfaces with new chemical properties as
a consequence of the nanoscale dimensionality. Further
experiments to explore the design of a Au/titania nano-
composite are in progress, starting either directly from the
Au/TiO,/Pt(111) system or by depositing Au on the HP
treated UT films.

In the second part, we have tried to relate the chemisorption
properties of Au NPs grown on the three investigated UT films
up to a CO pressure of 100 mbar with their sizes and
morphologies. Actually, the different UT films represent a
valuable tool to prepare Au NPs with different shapes and
lateral sizes ranging from 1 to 6 nm in UHV. The reported
measurements demonstrated that the Au/TiO,/Pt(111) model
catalysts are stable in pure CO under HP conditions, allowing
us to study the chemisorption properties of the different
Au NPs. According to the IRAS measurements, the flat small
Au NPs (typical thickness of 2-3 layers) strongly coupled to the
reduced z'-TiO, film and the Pt substrate, present the strongest
Au—CO interaction, as evident from the fact that saturation
coverage is reached already at ca. 1 mbar, which is in agree-
ment with findings in previous studies.*>”** For the more 3D
shaped Au NPs formed on the w'-TiO, and rect’-TiO, phases,
the weaker Au—CO interaction results in a continuous CO,q
coverage increase over the entire pressure range. To summarize,
the actual Ti oxidation state of the oxide substrate in Au/Ti0,/
Pt(111) model catalysts does not seem to play a major role for
the CO chemisorption on the Au NPs, while morphological
aspects, regarding both the film and the Au NPs, are probably
more relevant.

On the contrary, the low stability of the reduced Au/TiO,/
Pt(111) model catalysts in the presence of oxygen renders
such model catalysts hardly usable for studying the size and
shape dependent reactivity of Au NPs in CO-O, mixtures.

Acknowledgements

This work has been funded by the European Community
through two STRP projects: GSOMEN and NanoChemSens
within the SIXTH FRAMEWORK PROGRAMME, by the
University of Padova, through the Progetto Strategico
PLATFORMS (PLAsmonic nano-Textured materials and
architectures FOR enhanced Molecular Sensing) and the grant
CPDAO071781, and by the Deutsche Forschungsgemeinschaft,
via the collaborative research center (SFB) 569.

References

1 M. Haruta, T. Kobayashi, H. Sano and N. Yamada, Chem. Lett.,

1987, 405.

M. Haruta, Catal. Today, 1997, 36, 153.

M. Haruta, CATTECH, 2002, 6, 102.

R. Meyer, C. Lemire, Sh. K. Shaikutdinov and H.-J. Freund, Gold.

Bull., 2004, 37, 72.

5 M. C. Kung, R. J. Davis and H. Kung, J. Phys. Chem. C, 2007,
111, 11767.

6 M. S. Chen and D. W. Goodman, Science, 2004, 306, 252.

7 N. Lopez, T. V. W. Janssens, B. S. Clausen, Y. Xu, M. Mavrikakis,
T. Bligaard and J. K. Norskov, J. Catal., 2004, 223, 232.

8 N. C. Hernandez, J. F. Sanz and J. A. Rodriguez, J. Am. Chem.
Soc.. 2006, 128, 15600.

9 H.-J. Freund and G. Pacchioni, Chem. Soc. Rev., 2008, 37, 2224.

10 S. Kinge, M. Crego-Calama and D. N. Reinhoudt, Chem-
PhysChem, 2008, 9, 20.

11 S. Degen, C. Becker and K. Wandelt, Faraday Discuss., 2004, 125,
343.

12 N. Berdunov, G. Mariotto, K. Balakrishnan, S. Murphy and
I. V. Shvets, Surf. Sci., 2006, 600, L287.

13 G. Hamm, C. Becker and C. R. Henry, Nanotechnology, 2006, 17,
1943.

14 K. Jordan, S. Murphy and I. V. Shvets, Surf. Sci., 2006, 600, 5150.

15 M. Schmid, G. Kresse, A. Buchsbaum, E. Napetschnig,
S. Gritschneder, M. Reichling and P. Varga, Phys. Rev. Lett.,
2007, 99, 196104.

16 E. Napetschnig, M. Schmid and P. Varga, Sur/. Sci., 2007, 601,
3233,

17 F. Sedona, S. Agnoli. M. Fanetti, I. Kholmanov, E. Cavaliere,
L. Gavioli and G. Granozzi, J. Phys. Chem. C, 2007, 111,
8024.

18 G. A. Rizzi, F. Sedona, L. Artiglia, S. Agnoli, G. Barcaro,
A. Fortunelli, E. Cavaliere, L. Gavioli and G. Granozzi, Phys.
Chem. Chem. Phys., 2009, 11, 2177.

19 E. Cavaliere. I. Kholmanov, L. Gavioli, F. Sedona, S. Agnoli,
G. Granozzi, G. Barcaro and A. Fortunelli, Phys. Chem. Chem.
Phys., 2009, 11, 11305.

20 R.T. Vang, E. Legsgaard and F. Besenbacher, Phys. Chem. Chem.
Phys.. 2007, 9, 3460.

21 For a recent overview see: Q.-H. Wu., A. Fortunelli and
G. Granozzi, Int. Rev. Phys. Chem., 2009, 28, 517.

22 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.

23 G. Barcaro, S. Agnoli, F. Sedona, G. A. Rizzi, A. Fortunelli and
G. Granozzi, J. Phys. Chem. C, 2009, 113, 5721.

24 A. Vittadini, F. Sedona, S. Agnoli, L. Artiglia, M. Casarin,
G. A. Rizzi, M. Sambi and G. Granozzi, ChemPhysChem, 2010,
11, DOI: 10.1002/cphc.200900872.

25 F. Sedona, M. Sambi, L. Artiglia, G. A. Rizzi, A. Vittadini,
A. Fortunelli and G. Granozzi, J. Phys. Chem. C, 2008, 112, 3187.

26 T. Diemant, Z. Zhao, H. Rauscher, J. Bansmann and R. J. Behm,
Top. Catal., 2007, 44, 83.

27 T. Diemant, H. Hartmann, J. Bansmann and R. J. Behm, J. Catal.,
2007, 252, 171.

28 T. Diemant, Z. Zhao, H. Rauscher, J. Bansmann and R. J. Behm,
Surf. Sci., 2007, 601, 3801.

29 P. Finetti, F. Sedona, G. A. Rizzi, U. Mick, F. Sutara, M. Svec,
V. Matolin, K. Schierbaum and G. Granozzi, J. Phys. Chem. C,
2007, 111, 869.

30 Z. Zhao, T. Diemant, T. Hiring, H. Rauscher and R. J. Behm,
Rev. Sci. Insirum., 2005, 76, 123903.

31 F. Sedona, G. Granozzi, G. Barcaro and A. Fortunelli, Phys. Rev.
B: Condens. Matter Mater. Phys., 2008, 77, 115417.

32 F. Sedona, S. Agnoli and G. Granozzi, J. Phys. Chem. B, 2006,
110, 15359.

33 Y. Zhang, L. Giordano, G. Pacchioni, A. Vittadini, F. Sedona,
P. Finetti and G. Granozzi, Surf. Sci., 2007, 601, 3488.

34 CO adsorption on the UT TiO, films is not possible under the
present experimental conditions.

35 S. Agnoli, T. O. Mentes, N. A. Nino, A. Locatelli and
G. Granozzi, Phys. Chem. Chem. Phys., 2009, 11, 3727.

EESRUS N ]

This journal is © the Owner Societies 2010

Phys. Chem. Chem. Phys., 2010, 12, 6864-6874 | 6873



Chapter VI

Resultson the Au/TiO,/Pt(111) model catalysts

115

36

N

4
43

44

46

47
48

A. Atrei, A. M. Ferrari, P. Finetti, A. Beni and G. Rovida, J. Phys.
Chem. C, 2009, 113, 19578.

Y. N. Sun, Z. H. Qin, M. Lewandowsky, E. Carrasco, M. Sterrer,
S. Shaikhutdinov and H. J. Freund, J. Catal., 2009, 266, 359.

G. Barcaro, F. Sedona, A. Fortunelli and G. Granozzi, J. Phys.
Chem. C, 2007, 111, 6095.

F. Sedona, M. Eusebio, G. Granozzi, D. Ostermann and
K. Schierbaum, Phys. Chem. Chem. Phys., 2005, 7, 697.

D. Ragazzon, Structure and N-doping of titania nanostructures on
Pt (111), Master Degree Thesis, University of Padova, 2009.

D. V. Potapenko, J. Hrbek and R. M. Osgood. ACS Nano, 2008, 2,
1353.

M. S. Chen and D. W. Goodman, Acc. Chem. Res., 2006, 39, 739.
M. Chen, Y. Cai, Z. Yan and D. W. Goodman, J. Am. Chem. Soc.,
2006, 128, 6341.

D. C. Meier and D. W. Goodman, J. Am. Chem. Soc., 2004, 126, 1892.
M. S. Chen and D. W. Goodman, Top. Catal., 2007, 44, 41.

Z. Zhao, T. Diemant, D. Rosenthal, K. Christmann, J. Bansmann,
H. Rauscher and R. J. Behm, Surf. Sci., 2006, 600, 4992.

M. Mavrikakis, P. Stoltze and J. Norskov, Catal. Lett., 2000, 64, 101.
W.-L. Yim, T. Nowitzki, M. Necke, H. Schnars, P. Nickut,
J. Biener, M. M. Biener, V. Zielasek, K. Al-Shamery, T. Kliiner
and M. Biaumer, J. Phys. Chem. C, 2007, 111, 445.

57
58

59
60

C. Winkler, A.J. Carew, S. Haq and R. Raval, Langmuir, 2003, 19,
717.

C. Lemire, R. Meyer, Sh. K. Shaikhutdinov and H.-J. Freund,
Angew. Chem., 2004, 116, 121.

C. Lemire, R. Meyer, Sh. K. Shaikhutdinov and H.-J. Freund,
Surf. Sci., 2004, 552, 27.

D. C. Meier, V. Bukhtiyarov and D. W. Goodman, J. Phys. Chem.
B, 2003, 107, 12668.

D. R. Rainer, C. Xu, P. M. Holmblad and D. W. Goodman,
J. Vac. Sci. Technol., A, 1997, 15, 1653.

A. Vittadini, M. Casarin and A. Selloni, J. Phys. Chem. C, 2009,
113, 18973.

J. France and P. Hollins, J. Electron Spectrosc. Relat. Phenom.,
1993, 64-65, 251.

F. Boccuzzi, S. Tsubota and M. Haruta, J. Electron. Spectrosc.
Relat. Phenom., 1993, 64-65, 241.

P. Dumas, R. G. Tobin and P. L. Richards, Sur/. Sci., 1986, 171,
579.

M. Eyrich, H. Hartmann, T. Diemant,
R. J. Behm, unpublished results.

M. A. Bollinger and M. A. Vannice, Appl. Catal. B, 1996, 8, 417.
B. Schumacher, Y. Denkwitz, V. Plzak, M. Kinne and R. J. Behm,
J. Catal., 2004, 224, 449.

J. Bansmann and

6874 | Phys. Chem. Chem. Phys., 2010, 12, 6864-6874

This journal is © the Owner Societies 2010



116 Chapter VI Resultson the Au/TiO,/Pt(111) model catalysts




Section 4 117

Section 4
Fe Based Model Catalysts



118 Section 4




Chapter VII State of the Art 3: Fe at the nanoscale and SM SI effect 119

Chapter VII
State of theart 3: Fe at the nanoscale and SM Sl effect

In this chapter | will shortly report on the abuntiéiterature on Fe NPs and their
applications. For convenience of the reader, a du#trview on this topic can be
found in a review articlé.In addition, | will make a complete treatment bé tso
called Strong Metal Support Interaction (SMSI),refevance to discuss the results

reported in Chapter VIII.

VI1I1.1 Properties of Feat the nanoscale

In general, metal NPs can exhibit unique optichgnsical and magnetic properties
due to their finite size. In the Fe case, no irgkeia the scientific community is
associated to its optical properties, but the otverare still a living topic. Reducing
the size from the bulk material to the NPs rangesea huge increase in the exposed
surface area, even if this effect is not the omg teading to the observed reactivity
enhancement. A large part of the overall NPs energyored as surface free energy,
thus leading to a significant catalytic activitydaenhanced magnetic properties.
Surface defects are believed to be the responfablihe enhanced catalytic activity
and NPs have an enormous concentration of thesersgodrdinated atoms, steps
and kinks. Moreover, also the nanoscale effect® faabig impact on the electronic
structures of the NPs, leading to magnetic progetiat are different from the ones
of the bulk counterpart. When the NPs dimensiores increased, these peculiar
properties tend to converge into the bulk oneshénfollowing, these two properties,
I.e. magnetic and chemical properties, will beHartanalysed.
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In the first half of XX century many studies onnrparticles have been reported,
focused on their macroscopic magnetic propertieg(enagnetization) and many
theories have been developed, in order to ratibedhem. However, it was difficult
at that time to have a clear output without a diremrrelation with the particles
dimensions. Starting from the 1950s and using meamicroscopy, it was possible
to investigate the Fe NPs based systems in moagisidtience, putting together the
theory and the new experimental evidences, a campheory regarding Fe NPs
magnetism was proposéd*>°The research on Fe NPs has experienced a renewed
interest in the last two decades, as a consequeintieeir applications in many
industrial fields’ In fact, magnetic NPs are of great interest todagt iron is the
most useful and largely available amongst them. @oed to the other, commonly
used, magnetic elements (e. g. Co, Ni), Fe hakitieest room temperature value for
saturation magnetizatiomd) and a low magnetocrystalline anisotropy, allowkey
NPs to shovsuperparamagnetibehaviour in a wide size range.

VI1.1.1 Magnetic properties

NPs made by ferro- or ferrimagnetic material, whoseensions are below a certain
size (10-20 nm) show a unique form of magnetistiedauperparamagnetisfhin
the bulk materials, the spins of unpaired electroandergo spontaneous collective
interactions, lowering their average energy by ralig the spins with the
neighbouring atoms. Normally, to mediate the oveeaergy of the system
decreasing the magnetic flux leakage, the matediisle into magnetic domains,
whose size is determined by the competition betwtbenenergy increase due to
external magnetic flux and the energy cost of fdramaof additional domain walls.
The walls, dividing the domains, can be modifiedthby application of an external
magnetic field, and their movement give rise to lilgsteresis curves typical of the
ferromagnetic materials. The magnetic domains\szies depending on the material
but usually is in tens of nanometers. Hence, ifRaidlsmaller than this size, it will
contain a single magnetic domain. The single doni#is are stable because the
energy needed to create a new wall would be highan the energy decrease
achieved by the resulting decrease in the magrfietic'>** Moreover it is well

known that there is a certain temperature that sdhle transition between the
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superparamagnetis@nd ferromagnetism, increasing with the NPs irgirgpsize so

that its value could be impractically high for lardomain NPs.

Magnetization

I
0
Field Strength

Magnetization

— Langevin

0
Field Strength

Figure VII.1. Idealized magnetization curves. (Av&tsus H for a ferromagnetic (or ferrimagnetic)
material. This curve demonstrates the familiar metgnhysteresis of these systems, and the coercive

field (Hc) and remnant magnetization (MR) are |&be (B) M versus H for a superparamagnetic

sample. Curie’s law is accurate at low fields, weHihe Langevin equation fits the magnetization

behaviour at all fields. Note the lack of hystesesi

The termsuperparamagnetisiinas been chosen as a consequence of the simitarity
the behaviour of paramagnetic samples. Usuallgramagnetic ion has no magnetic
moment in a zero field even if a weak moment canirtoiiced by applying an
external magnetic field. In this case, the partiiement is called induced and its
intensity increases as the external field increasatd reaching a limit value. At low
fields there is a linear increase of the magnetimatin tune with the Curie’s law,
while at higher fields the spins approach to tlsaturation value, leaving the linear
correlation with the field: their overall behaviois predicted by the Langevin
equation. The magnetization, in the case of parastagsamples, also depends on
the temperature as predicted by the Curie’s lawtedssing as T with the increasing
temperature. Paramagnetic ions do not have straegactions with the neighbours
so that a small activation barrier has to be pass#te processes and no hysteresis is
observed in figure VII.1 B (a typical hysteresisnaiis shown by ferro- and

ferromagnetic samples (figure VII.1 A). superparamagnetisample shares many
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macroscopic properties with a paramagnetic oneh lbbtthem show Curie’s law
behaviour at low applied fields and Langevin bebawiat all the other fields,™ T
dependence of the magnetization on the temperatdeo hysteresis. In the case of
superparamagnetiparticles, the magnetization is larger than the ohserved for
paramagnetic samples. In spite of all these siitidar the waysuperparamagnetic
NPs are able to show their typical behaviour ifed#nt from the paramagnetic ones.
SuperparamagnetidNPs have a fixed magnetic moment that only vanests
direction, and their net magnetization at zerodfiesl zero as a consequence of the
random orientation of the various particle spinkefce,superparamagnetidNPs
spins reorientation is already achieved at reltil@v fields, thus meaning that the
initial susceptibility values are very high.

Another interesting property distinguishisgperparamagnetitlPs is that they have
no coercivity, so that when the external field esnoved, the thermal energy allow
them to freely reorient their spins. This phenonmean occur only in a limited
temperature range: hence, below a certain temperaslied “blocking temperature”
(Tp), the NPs behaviour becomes ferromagnetic (evaheifNPs are still single-
domain). Thus, the plis important since it represent the maximum in shenple
susceptibility and the lower limit of the superpaegnetic behaviour.

Studying Fe NPs magnetic properties is very imprgance they can exhibit the

lowest (zero) or higher coercivity depending upze.s

VI1.1.2 Chemical propertiesand catalytic applications

The chemistry of Fe NPs is influenced by the ex&dmgh reactivity with oxidizing
agents, so that it is extremely difficult to use lfased catalyst in the air. Many
efforts have been done in order to lower this fedygt and some strategies are now
well known. Pre-oxidation of the NPs is a commamdgd technique to handle them,
since the magnetite shell formed during this preg¢estrongly adherent to the metal
and acts as an oxidation barrier avoiding the ticeatact between the Fe and the
oxygen. Other methods are the alloying, for exanaptke a noble metal such as Pt to
form stable Fe-Pt NP5or the coating, usually done by Au. In any casethe
protection methods significantly alter the Fe cheahproperties and are not useful

for catalysis purposes.
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In spite of its big reactivity towards oxidizingexgs, Fe NPs based catalysts can find
application in some interesting processes takiageplin reducing atmospheres. The
most relevant are:

- Fischer — Tropsch synthesis, to obtain hydroassiimmsyngas,

- coal liquefaction?

- hydroformilation of an alken¥,

- hydrogenation of naphthalefe,

- growth of gallium nitride nanostructur&s,

- growth of carbon nanotubés*®

It is important to point out our attention on thestf process. Coal can be converted
through steam reforming in®yngas a mixture of CO and H Thesyngascan then
be converted into hydrocarbons through the Fisdimepsch synthesis, a catalytic
process involvingsyngasin high pressure and temperature conditiofife critical
step in this synthesis is the formation of a neW Gend on the catalyst surface. For
this purpose, the group VII metals demonstratedae the highest activity and Fe
was chosen amongst them for its low price comparéde Ruthenium?® The studies
on the reactivity of Fe NPs based catalysts forRiseher — Tropsch synthesis are
promising, and a conventional way to obtain suctesys is to deposit Fespecies
from a solution and then reduce them to metalliciff@ hydrogen flux® The
observed catalytic activity is six times larger rththe one measured on other
conventional materials and the main reaction prbdscmethane. The authors
explain these evidences considering the smalldfife NPs, limiting the amount of
adsorbing CO molecules. On the other sidga#orption is favoured, thus leading

to the chain termination reaction instead of th€ €hain growth.
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VI1.2 The Strong Metal Support Interaction (SMSI) effect

The SMSI effect has been reported for the firstetim 1978 by Tauster et al., to
justify the dramatic reduction in the CO and ¢hemisorption from metallic NPs
supported on Ti@after thermal treatment at high temperatdféghe authors tried to
focus on the metal-substrate interactions, usiagsition metal oxides as supports
and considering that these oxides could show aehiigiteraction with the metal NPs
than the non-transition ones (85, SiO,, ecc.). In particular, they focused their
attention on the overlap between theorbitals of the two transition metals: the
metallic atoms belonging to the NPs and the catiimisnging to the oxide lattice. In
the first work reported by Tauster et @lthe authors show how the chemisorption
properties of some metals are altered by the ictierawith a TiQ surface: after a
reducing thermal treatment at 773 K the CO andaHsorption vastly decrease.
Electron microscopy and X ray diffraction experiteenshow neither metal
agglomeration nor metal poisoning as a cause af tioreover, all the systems
totally recovered their adsorption properties afigidation ad 673 K. Hence, the
authors find the only explanation in the strongiattion between the metal NPs and
the lattice cations (the term SMSI comes from tHeseevidences).

In a second work, Tauster started to consider tesipility that also other oxides
might show SMSf? In particular, if the “strong interaction” is cagsby the lattice
cationsd orbitals, this should limit the reactivity to thensition metals. Starting
from these assumptions, the authors made an engmatysis of various systems
formed by metal NPs supported on different oxiddg@, S¢Os, Y03, TiO,, ZrO,,
HfO,, V203, Nb,Os, TaOs) and observed that only a part of them were active
through SMSI (TiIQ V203, Nb,Os, TaOs). The overall conclusions were that, as
expected, only the transition metal oxides were éblestablish a strong interaction
with the metal NPs, even if not all the analyzedhsition metal oxide substrate were
active. Two of them, the 80; and the ZrQ@ did not show SMSI, and this could be
justified considering their refractory behaviounus establishing a direct relation
between the SMSI activity and the oxide reduchilit

In a third work, published in 1987, on the basishaf observations made during the
previous years, Tauster tried to summarize on thSISeffect®® In fact, many
experiments showed that some systems (metal NRsikdel oxide) were perturbed

by the temperature, leading to the diffusion of thxéde on the NPs or to a metal
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diffusion on the surface in order to increase tRkel® coverage. All these events
reflected different bonding interaction so that sn&mansition metals, included some
“noble” metals, were found to establish interfaddahds with the reduced transition
metal oxides. The fundamental requirement for tMSBeffect resulted to be the
surface reduction state of the transition oxidadieg to a spontaneous increase of
the metal-oxide interface. In the case of FiOne of the most studied substrates,
direct interactions between the metal atoms andrédeced oxide lattice Ti ions
were observed through spectroscopic techniquesnincase, all the examples of
SMSI involving metal NPs dispersed on an oxide, lediramatic changes in the
overall catalyst morphology through NPs coalescanctorm metal thin films or
oxide migration on top of the NPs.

In recent years, the interpretation of the SMSledffhave achieved further
improvements, leading to the distinction betweeo tactors:

- anelectronicfactor, due to the perturbation of the electrastrticture of both the
metal and the oxide as a consequence of the ctrargder between them

- a geometricfactor Encapsulatiohy which is predominant when metal NPs are
covered by a reduced thin oxide layer, coming fribi® oxide substrate and thus
blocking all the active sites for catalysis.

VI11.2.1 Strong inter actions between metals and oxides mixed conductors

The category of oxides that show both electronit ianic mobility is called “mixed
conductors”. These materials are able to convesinotal energy in electric energy
end vice-versa and thus are used in many appliatisuch as catalysis,
photocatalysis, fuel cells, etc. The chemical &tépns taking place at the
metal/oxide interface can be divided in 4 differgraups depending on the products
yield:

- redox reactionsinvolving a charge transfer between the metal thedoxide that
lead to the NPs oxidation and the oxide partialotion

- alloy formation producing stable inter-metallic compounds at therface

- encapsulationgenerating a mass transfer from the oxide substoatee metallic
NPs surface

- inter-diffusion implying the migration of the metal inside the suéi® and vice-

versazt
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Based on the electronic and geometric factors @figahe SMSI effect, in the
following paragraph we will focus on both the thedgwnamics and the kinetics

governing theedox reactionsand theencapsulatiorprocesses.

V11.2.2 Thermodynamic aspects of the SMSI effect

Thermodynamic data regarding reagents and procuiditse interface are often not
available so that, making an approximation, itesassary to use the thermodynamic
data regarding theibulk counterparts. The values are different from theson
representing the phases involved in the SMSI, whadsemical composition is
frequently unknown. In spite of all these aspedtsis possible to define the
fundamental thermodynamic aspects for the redogtimes and the encapsulation
processes involving metal NPs supported on an o¥igewill consider TiQ as the
prototype for these examples, since this oxideidely used as a substrate in many

applications and has been used during our expetanen

- Redox reactionM + TiO,; 2 MOy + TiO,
To test if the reaction takes plac&Q < 0) it is enough to consider the heat of

formation (\H¢°) of the involved oxides, since the entropy chariges solid sample
are negligible. U. Diebold reports, as a generalctision, that the redox reactions

are favoured whenH:° < -250 kJ/mof>

- Encapsulation reactiorthis reaction can take place mainly through thstesy

surface energy minimization. The general conditmrespect is that:

yMe + yMe—OX + yOx—Sub > yOx + yOx—Me + yMe—Sub

It has been demonstrated that metals with 2 J/m are prone to encapsulation

reactions®
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VI11.2.3 Kinetic aspects of the SM S| effect

The kinetics of the interface reactions betweeretahand the Ti@is determined by
mass transfer processes in the oxide surface reffioie TiQ, the mass transfer
processes involve the diffusion of interfacial aé$e(T"™) and oxygen vacancies
(Vo). The metal oxidation on TiQis controlled by the diffusion of Ospecies
through the interface while the encapsulationnsted by the diffusion of interstitial
Ti"" cations from the bulk to the interface. Many expental results have shown
that the Ti" species have a large diffusivity in the Fi& high temperatures but, at
the same time, metal/TiQeactions at the interface are thermally limitedidw
temperature$® Hence it is important to consider the kineticsbmfth the redox

reactions and the encapsulation process.

() (1))
Ey Gimetal) = Ep (Ti04) Metal TiOy

Metal Ti0y Eptmetal) > Eg (TI0,)

Figure VII.2

- Redox reaction.

When the electronic configuration at the metalZlitterface isE; e > Errio,)

(figure VII.2 a), the metal/oxide contact causesharge transfer from the metal to
the TiQ, thus leading to the formation of an overall nagafiO, surface charging
and a downward band bending of it. This event fatha G ions diffusion to the
surface, thus leading to a metal oxidation and tle@sequent oxide partial

reduction?®

- Encapsulation reaction.

When the electronic configuration at the metalTitterface iSE¢ e < Erqio,)

(figure VII.2 b), the metal/oxide contact causeharge transfer from the TiQo the
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metal, thus leading to the formation of positivarges at the Ti@surface and an
upward band bending of it. This event favour th& Tations diffusion and then the
metal encapsulatioff.

Considering that the work-functiop)(is the measured energy difference between an
electron in the Fermi level and the same one imatelyi outside the solid, it is easy
to understand that the interaction between a nadefabsited on an oxide substrate is
influenced by theirp. It is then possible to classify the metal in eiént group
depending on theip value and thus reactivity (figure VI1.3), alwaysnsidering that
Pro, 1526V,
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Figure V1.3

- First and second group metals, withpa< 3.0 eV(Cs, K, Na, Ca and Ba). These
metals show the highest reactivity towards J&dirfaces, in tune with their high
affinity with oxygen and grow forming multilayer$ oxidized metals.

-Metals with a 3.75 eV % < 5.0 eV(Mo, Fe, Cr, V, Ti. Nb, Hf and Al). The redox
reaction result to be favoured for this group, egorted by various experimental
tests? In particular, Fe has to be considered apart siasét is possible to note in
figure VI3, its work-function is borderline betee the region | and Il
(encapsulation and redox). In the literature maages regarding a direct reaction
between the Fe and the TLi@re reported, even if some cases of encapsulatoe
found. In fact, if we consider the general inedyategarding the Fe/TiDsurface

energies:
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yMe + yMe—Ox + yOx—Sub > yOx + yOx—Me + yMe—Sub

and assuming tha¥,,. o, = Vorme = Yorsu, (these are all metal/oxide interfaces) and
Vve-ox = Yue-sup (CONSidering Fe electropositivity), the most intpot terms arg/,,,

and y,, and the inequality becomes:

yMe + yMe—Ox > yOx + yMe—Sub

Since, as a general trend, the oxide surfacesefiesyy is considerably smaller than
that of the metal surfaces it is possible thathancase of Fe, after encapsulation the
system reaches an higher stability. These congidesacould explain why the
Fel/TiO, system show both a redox reaction and encapsulatiodhe interface with
TiO,.

- Metals with a 4.6 eV 9 < 5.4 eV(Ag, Au and Cu). The\H;° of these metals are
above the -250 kJ/mol and, as a consequence gqfribither metal oxidation nor

TiO, reduction is observed at the metal/Tifterface in a wide temperature rarfge.

- Metals withg > 5.4 eV(Pt, Pd, Rh, Ir and Ni). The metals belonging tis tfroup
do not react with the TiQsubstrate, even at high temperatures. A prolohgating

of the systems metal/TiQeads to metal encapsulatith.

VI1.24 The SM Sl effect in the Fe/TiO, system

In the previous paragraph, we reported about thibldonature of the Fe deposited
on a reducible oxide like T¥ This interaction has been studied by differeiugs
and we will briefly report the main outcomes.

Pan and Madey report a study about the growth baddactivity of ultrathin Fe
films on TiO, (110) surface, and, through LEIS and XPS, show &bRT the metal
form fully wetting islands on the oxide, even aftar few monolayer (ML)
depositior?” This behaviour is explained as a consequence efhigh affinity
between the metal and the oxide. For instancey Ghenetal having a lower affinity
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for oxygen than Fe (like Cu), grow on Ti@rming smaller island$ The same
authors also examined the reactivity of this systelnserving an oxidation of the Fe
adatoms at the interface as a consequence ofrtie d¢harge transfer from the Fe to
the TiQ,. XPS spectra show how, even after the first Feosiépn step, an oxidation
reaction takes place, leading to the appearanad-ef2p,, peak centred at about 709
eV. If the amount of deposited Fe is increasedywet BE peak (about 706.5 eV)

starts to develop, and is representative of theé&llic state (figure V1.4).

Fe 2p A= 3eV

Counts

760 740 720 700 680
Binding Energy (eV)

Figure VII.4%'

Considering the position of the “high BE” peak dhd separation between it and the
other componentA(= 3.0 eV) it is possible to identify the Fe oxidatstate (F&).%’
This could be the evidence for the formation of FE@he interface between the Fe
and the TiQ after deposition at RT, although no encapsulaisoobserved. Also
Diebold et al. came to the same conclusion in ars XRudy of a Fe/Tig§110)
ultrathin film?° Moreover, their analysis shows how a charge tearisétween the
Fe atoms and the surface O atoms takes placentetma reduction of the Ti and an
oxidation of the Fe: in particular, the observedidation state is comparable to the
one obtained after electron bombardment of the,.Ti&nce, the authors conclude
that most probably, during the Fe nucleation, angkan the position of the O atoms
from the Ti to the Fe takes place. Nakajima etahtinued and deepened the XPS
study analyzing the Fe/TiGystem at different coveragé€sThey observed a Fe NPs

non-metallic behaviour in the 1.0 to 3.2 ML rangaverage and an increasing
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metallic component when the amount of Fe is in@éasd the NPs start to coalesce
to form large aggregates and then a film. Focusinghe interaction between the
metal and the oxide substrate, Mostefa-Sba etbakrged an higher redox reactivity
(Fe oxidation and, at the same time, Fi@duction) in the 1.0 to 3.0 ML range,
when the Fe NPs are still not covering all the JT&Drface’® When the 3.0 ML
coverage is exceeded and a Fe film starts to deyvéhe interaction between the
deposited metallic Fe and the substrate is lonerthat a decrease in the overall
reactivity takes place.

The thermal evolution of a Fe/Ti@ystem has then been taken into consideration by
Pan and Made} The collected XPS spectra show how, after an dimgeat 773 K,
the Fe 2p peak intensity is lower than the onesteggd at RT and the same peak is
also narrowed, as a consequence of an higher roatathponent content. Thence,
the main difference between the thermal treatedpaand the ones analyzed at RT
Is that the NPs maintain their metallic behaviamng at the same time a titania sub-
oxides migration on top of them is observed (enaigh®n). Santos et al. come to
the same conclusion considering the CO chemisarmiosuch a system, observing
a progressive decrease of it after the thermairtresat>® They interpret this evidence
as a consequence of the Fe NPs progressive enaamsuby the TiQ patches
migrating from the oxide substrate and blocking thetal active sites for the CO
adsorption. Another interesting study is reportgdPetsy et al., as a comparison
between the Fe/Ti9(110) and the PUTiO(110) systems! On the latter, the
encapsulation process takes place at relatively temperatures (450 K), a lower
temperature value if compared to the one observethé Fe/TiQ system (800 K).
The authors suggest that this event can be integpmnsidering the tuning between
the wetting properties of the two metals towards ghbstrate and their tendency to
the encapsulation. In fact, if the metal-metal riatéion is stronger than the metal-
oxide one, then the metal atoms mobility is inceglaand the wetting tendency is
reduced. On the contrary, if the metal-oxide intBom predominates, then the
formation of a MeQ oxide becomes possible, thus disturbing the, Titiyration on
top of the NPs. Therefore, in the case of Pt, thidation state of the metal after the
annealing is lower than the one of Fe, thus sugggste preferential formation of
Pt-Ti and Fe-O bonds. This different evolution explain why the Pt encapsulation

occurs before the Fe one.
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Chapter VIII
Results on the Fe/TiO,/Pt(111) model catalysts

In this chapter, the entire set of data collecirdhe Fe/TiQ/Pt(111) systems will
be presented and discussed in order to providd avierview about their structural
and chemical properties and their evolution asretfan of the temperature. Two
different Fe/TiQ/Pt(111) systems will be examined: the Z~810,/Pt(111) and the
Fe'-TiO,/Pt(111) model catalysts. The former is charart¢eriby a defective and
templating UT TiQ film (see Chapter l1ll), while the latter does nmesent any
periodical defectivity and, therefore, templatirifget.

Only a small part of the data is already publisfezk at the end of the chapter the
corresponding reprint) while the unpublished dagathe argument of three different

manuscripts under development.

VII1.1 The Felz-TiO/Pt(111) system

In this section | will first report on the data alsted by different surface tools on the
Felz’-TiOy system, and at the end the current status of utaghelisg emerging from
their comparison will be discussed.

VII1.1.1 HR-XPS data for the Fe/z'-TiO,/Pt(111) system

The high resolution XPS data herein presented wbtained at the Beamline for
Advanced diCHroism (BACH) of the Elettra Synchraetr@rieste), using a photon
energy of 550 eV to acquire the Ti 2p peaks an@3ff eV to acquire the Fe 2p
peaks. The pass energies used were 20 and 50 p¥ctieely, allowing a total

resolution of 0.229 and 0.509 eV, respectively. Experiments at Elettra were
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successive to preliminary experiments done at tndaBe Science Laboratory in
Padova in a standard XPS apparatus (see Chaptemwligre the preparation
procedure was optimized.

Different amounts of Fe deposited on the ultratietucedz’-TiO, phase were taken
into consideration, starting from a low coveragd (@L) and then increasing to 0.3,
0.5 and 0.8 ML, where 1 ML (monolayer equivalentprresponds to

1500 atomgem™?. Each system was analyzed at room temperature R gfter
several thermal treatments up to 900 K, maintairting sample at the desired
temperature for 2'. In figure VII.1 the spectrakéa at RT and after thermal
treatments at 700 and 900 K, are reported. The evhet of data at intermediate
temperatures for the case of Fe(0.5 ML-ViO,/Pt(111)is reported in the figure 1 of
the reprint attached at the end of this chapter.

For convenience, in figure VIll.1a | report only aan the Ti 2p spectrum
corresponding to the clean TiQultrathin (UT) film, collected before the Fe
deposition and used as a reference. Such UT fighawting as a templating support
for the Fe-related nanoparticles (NPs) (see Chaiffewas 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 spadaif the clean z’-Ti@Pt(111) phase and of the
Fe/z’-TiQ/Pt(111) system at 4 different Fe coverages

Focusing on the Ti 2p dataset (figure Vlll.1a)sipossible to note that, with respect
to the clearz’-TiOy substrate, after the Fe deposition at RT a pe#ikistobserved.
The shift increases with the amount of depositethinso that in the case of 0.1 ML
of Fe it is difficult to appreciate it but at 0.:ca 0.8 ML is rather evident the
presence of a new component at lower binding en@@) (blue line reported in
figure VIlil.1a). Moreover, it is possible to notbat, as long as the amount of
deposited Fe increases, a high BE shoulder stadg\elop in the spectra after the
thermal treatment at 700 K (red line reported gufe VIll.1a). This feature almost
disappears when the temperature is raised to 98@dkan overall peak shape similar
to that of the clean substrate is recovered (908pKctra). The last evidence is
directly related to the Ti 2p intensity: at RT aweinsity decrease is observed, whose
entity depends on the amount of Fe. When the tesityrer is raised a progressive
increase in the Ti 2p overall intensity is obtaineden if the starting (cleazi-TiOy
phase) value is obtained only for the first reppiggstem (0.1 ML Fe). In the other
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three cases, the peaks intensity is lower thanotie corresponding to the clean
phase.

The clearz’-TiOx phase Ti 2p peaks deconvolution (not reportediineawith some
previous resultd,can be properly fitted with two components coroesping to the
phase T', centred at 456.5 eV, and a shoulder (at 458.5 aépciated to the
presence of tetra-coordinated Ti ions containedoime residual Ti@particles that
are present on the surface after the phase preparat

The Ti 2p multipeak analysis (figure VIII.2), hereaeported after the highest Fe
deposition (0.8 ML), clearly shows that immediatafier the metal deposition three
components are needed to properly fit the spectiline lowest BE component
(outlined in black), is centred at about 455 e\BEavalue that is in the typical range
of a Pt-Ti alloy, while the other two (outlined lohue and green) are centred at about
456.5 (whose BE value corresponds to the one oTtf{ein the clearz’ phase, see
figure VIII.1 and referenc® and 458.1 eV (a BE value typical of*ji respectively.

A nice fitting of the spectra collected after thainreatments of the system at 700
and 900 K is obtained using only the two latter ponents. Moreover, a 0.5 eV shift
in the T component (from 458.1 to 458.6 eV) is observed nwhee system
undergo the first thermal treatment.

Let us now turn to the Fe 2p HR-XPS dataset redartdigure VIIl.1b. Looking at

all the examined Fe coverages some common tremdbesobserved:

) the peaks have a broad shape, suggesting the pees®nseveral
components;
i) independently from the amount of deposited Fe,aedese in the overall

intensity when the temperature is raised,;
i) focusing on the data taken at RT, the positiorighty shifted to lower
BE as long as the amount of Fe is increased.
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Figure VII1.2 Ti 2p peaks deconvolution for theteys Fe(0.8 ML)/z’-TiQIPt(111) at room
temperature (RT), and thermally treated at 700 86d K for 2'.

The Fe 2p multipeak analysis for the Fe(0.5 ML)ATRX111) system at RT is
reported in figure VII1.3: it puts in light how cqgotex is the deconvolution procedure
since several components are needed to properlyhdit experimental data. In
particular, the component,(black in the figure) tceth at about 707.5 eV (Fe 32,
refers to the zero-valent (metallic) Fe, the blue,ocentred at about 709.5 eV, is
typical of the F&"ions, the green one, centred at about 711.5 e¥g¢d the F&
ions and the brown and grey are the shake-up isesdtielonging to the Eeand the
Fe’* states, respectivefyA red, more broad peak, is also present at abddite¥/,
and refers to Pt 4s signal, coming out from thd Ptj single crystal support. After
the thermal treatment at 700 K and then at 900 jrpgressive simplification of the
spectrum (less components are needed to fit thideg)ris observed, together with
the overall peaks intensity decrease. It is notdwothat the metallic component
(black) undergo the highest relative decrease0@tiit is almost vanished. Also the
Fe** (green) suffers from a considerable reductiont thalearly visible at 900 K,
when its shake-up counterpart (grey) is almoststad. The F& peak (blue) has the

smaller relative decrease so that it becomes predorm at 900 K.
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Figure VII1.3 Fe 2p peaks deconvolution for thetsgsFe(0.5 ML)/z’-TiQIPt(111) at room
temperature (RT), and thermally treated at 700 86d K for 2'.

From the above reported XPS data we can concluale ahquite peculiar redox
behaviour of the TIQUT film and of the Fe-related NPs is occurringddterent
temperatures. In addition, the Fe 2p data cleaipahstrate that the Fe-related NPs
have a complex and variable stoichiometry, i.ey @@ not simple metallic NPs, but
are partially oxidized. In order to better studg tthemistry of the deposited Fe-

related NPs we have undertaken a TPD study, whase autcomes are reported in

the following section.

VI11.1.2 TPD datafor the Fe/z'-TiO,/Pt(111) system

The TPD data shown below (figure Vlll.4a and b) evexcquired in the Surface
Science Laboratory of Padova, using a Hiden QMS8limgp down the sample to ca.
120 K, dosing 1.0 L of CO (used as a probe mol¢ane then heating up to 500 K
with a 2 K/s rate. The’-TiO4 phase was prepared and then cooled down, in tmder

use its CO desorption profile as a background ter following experiments. No
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specific CO desorption peak is observed apart franbroad tail due to the
physisorbed CO. Thence, after the Fe depositidtilatt was possible to acquire the
CO TPD spectra for the model catalyst with the spnoeedure (120-500 K range)
and, after background subtraction, it was posddkngle out the Fe contribution to
the desorption profile. The model catalyst was theated at different temperatures
(up to 960 K with 50 K steps; not all the acquisgctra are reported in the figures
below) for 2’ and cooled down to 120 K in orderdmse the CO and perform again
the desorption experiment.

Figure VIIl.4 a shows that for the system at RTmedliately after the Fe deposition,
four contributions (labelled asb,c andd in figure) to the CO desorption profile are
presenta andb (at ca. 142 and 156 K, respectively) are typi¢éahe CO desorption
from F€" sites,c (at ca. 190 K) is assigned to CO desorption frat Sites andl (a
broad peak centred at 340 K) is typical of CO deton from metallic Fe site$?®
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Figure VIIl.4 CO-TPD spectra for a Fe(0.5 ML)/z’G,iPt(111) system collected from RT to 960 K

(a) raw data; (b) raw data normalized to the LT Reaaximum.

After the first two reported thermal treatmentsq461d 560 K) the CO desorption
profile outlines strong modifications of the systeafl the peaks listed above are
reduced. In particular peaksandd, corresponding to the CO desorption from the
Fe’* and F8& sites, almost disappear, while peakandb are less intense but still

present. Peaks and b intensities continue to lightly decrease as lomsgtlae
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temperature is raised, and after the last therreatrhent (960 K) they behave like a
broad and low intensity feature. Starting from 840a new feature develops (for
convenience see the normalized spectra in figuleM), whose shape is clearly
distinguishable at both 910 and 960 K. This peaferenced as, after the 860 K
thermal treatment, is centred at about 370 K anftissto higher T as long as the
annealing temperature is increased, so that atkO@moves to ca. 405 K. The
temperature range is in tune with a CO desorptiomfPt on-top site¥’ In Figure
VIIl.4 b the above discussed data have been re-alared to the peak of all the
desorption profiles, in order to better outlinetalk other contributions (in particular
peaksd ande). This process is useful to remark the positivi# & peake when the
annealing temperature is raised.

In figure VIII.5 a it is reported the CO desorptigmnofiles corresponding to the
system described above (0.5 ML of Fe depositechez’'tTiO, phase) immediately
after Fe deposition (lower profile) and after a 120, treatment of the same sample
(oxidizing treatment) at RT. These spectra are ulsef properly understand the
nature of the desorption peaks: in fact, after ¢ixéation treatment the broad
desorption peak centred at about 340 K totally ppears, thus supporting our
previous assignment of the peako F€ adsorption sites, that are no more available
after the oxidation. Concurrently, an absolutensity decrease of treeandb peaks

(FE€") is observed, while peak ¢ #ecompletely disappears.
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Figure VIII.5 (a) CO TPD spectra of a Fe(0.5 ML)HO,/Pt(111) system collected before and after
exposure to 120 L ©(b) trend of the Pt, F& and F& CO TPD desorption peaks areas as a function

of the temperature.
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The desorption peaks area (figure VIll.4a) was tegaluated and reported as a
function of the temperature in order to follow #neolution of the system adsorption
sites (figure VIII.5b). Three main groups of peakare plotted: a first containing all
the CO desorption contribution coming from the @ed Fe sites (labelled F§, a
second containing the contribution from the metalie sites (labelled Beand a
third containing the contribution from the uncowkret (labelled Pt). The plot shows
us that both the Féand F& intensities decrease as long as the temperatuagése.
At the same time, starting from 810-860 K, a suduhenease in the Pt intensity is
observed.

VI11.1.3 STM data for the Fe/z’-TiO,/Pt(111) system

The STM images were acquired in the Nanoscienceoff ébbe "Universita Cattolica
del Sacro Cuore” of Brescia (Dr. L. Gavioli), using Omicron multiscan system
and collecting the data in constant current mod&Bt with tip to sample bias
ranging from 0.3 to 1.6 V and tunneling currentgiag from 0.1 to 1.3 nA.

In figure VIII.6 the STM images of the cleanTiO, phase and the Fe(0.5 ME)
TiO/Pt(111) system after five thermal treatments atdasing temperatures (from
410 K to 1000 K) are reported. In figure VIlII.6leetzigzag-likepattern of thestripes
and thetroughsof the clearz’-TiOy film (see Chapter lll) is clearly observed, but
completely disappears after the metal depositioRT&t The STM picture taken at
410 K (figure VIII.6b) shows that around some Flated NPs (indicated in red-
yellow) a partially disordered hexagonal arrangenoémthe UT TiQ film is present.
Such hexagonal UT film arrangement becomes progedganore visible at higher
temperatures (figures VIIl.6¢,d): at 800 K, alse@ thPs shape is modified into a
more crystalline structure, as shown by the atarordrast on the largest ones (figure
VIII.6d). At 900 K, the UT TiQ layer clearly reveals the copresence of the new
hexagonal phase and ttreughstypical of z-TiOy, which eventually at the highest
explored temperature (1000 K) is completely recedeexcept for the presence of
large nanoislands (see figure VIII.6f), whose metdPt nature has already been
demonstrated by TPD (figure Vlil.4a,b).
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(a) Clean z' 410K

(d)

Figure VII.6 STM images of the clean z'-TiOX/PHLUT film and (a) of the Fe(0.5 ML)/z'-
TiOx/Pt(111) system for different annealing tempnes (b-f). The color scale has been chosen to
highlight both the oxide layer (green) and the é&ated nanoparticles (red-yellow).

The Fez’-TiO./Pt(111) systems have also been investigated dereit Fe
coverages: in figure VIII.7 three different Fe coages are imaged at RT and after
thermal treatment at 900 K. This figure clearly destrate that at RT the Fe-related
NPs tend to grow aligned on taeTiOy troughs i.e. the UT film acts as a template
for the NP growth (see Chapter lll), even if thedaange order is not as good as the
one previously reported on the AuTiO/Pt(111) system.This is a direct
consequence of the affinity between the Fe angkiase oxygen topmost layer: Fe
tends to nucleate on the most active nucleati@s gthepicoholesinside the phase
troughg but also partially grow on the surroundistgipes After a thermal treatment
at 900 K for 2’, the NPs almost disappear and lang@&oislands are present.

Both the apparent height and the density of suck MErease as long as the Fe
initial coverage is increased. In the case of tleahd 0.5 ML coverages, it is also
possible to observe a motif of the UT Ti€@m all around the islands. While in the
case of 0.3 ML Fe deposition, tkephase distinctive featuresqughsandstripeg

are present on nearly all the uncovered xT$0rface (some hexagonal patches are
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anyway distinguishable), when the Fe coveragedseased to 0.5 ML a mixture of
an hexagonal and ttze motif is present (as already observed in figurd.g)l

In figure VIII.7b the histograms relative to the &lBpparent heights are reported.
They have been obtained directly from the STM insagsported in figure VIILL.7 a
after thermal treatment at 900 K. The zero of tbezontal scale corresponds to the
main peak due to the TiGsubstrate. At 0.3 ML it is possible to observe BsN
apparent height distribution centred at 0.18 nradklpeak) while at 0.5 Mthe NPs
apparent height has a bimodal distribution cenate@l.18 and 0.36 nm (red peaks).
At the highest Fe coverage the NPs apparent helightbution shows again the
presence of two peaks centred at the same valpeged before, but with an higher
percentage of 0.36 nm thick NPs.
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Figure VIIL.7 () STM images of the Fe/z’-TiPt(111) systems reported for three different cagyes
(0.2, 0.5 and 0.8 ML) at RT and after thermal treant at 900 K for 2’; (b) histograms of the NPs
apparent heights (frequency of each height in threesponding STM image) after the 900 K thermal

treatment.
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The large scale image reported in figure VIII.8ftjleshows a Fe(0.5 MLY-
TiO/Pt(111) system after thermal treatment at 100 &gk islands with triangular
or hexagonal shape are clearly visible, andzthREO, motif is observed all around
them. The zoom-in reported in Figure VIII.8 (righgttom) shows the magnification
of one island, putting in light a big differencethre contrast between the island top,
whose surface can not be clearly resolved, and’thi@, motif, whosestripesand
troughsare very well distinguished. A further magnificatiof the island allows us
to obtain the atomic resolution, whose behavisuypical of the Pt(111) fcc lattice.
The zoom-in reported in Figure VIIL.8 (right, toghows the magnification of
another, partially covered, Pt island. The moseregdgting feature is that the thin
oxide layer partially covering such island showszhTiOx motif, thus suggesting a
partial re-organization of the pristine film botthaound the Pt islands and on top of

them.

1.2nm
g = =

Figure VII1.8 STM images of the Fe(0.5 ML)/z'-TiP111) system thermally treated at 1000 K
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VI11.1.4 Discussion of the data on the Fe/z’-TiO,/Pt(111) system

A preliminary report on the thermal evolution oktlre(0.5 ML)Z’-TiO,/Pt(111)
system has been already published (see the reptiné end of this chaptéet).

The data reported in the previous paragraphs, Hegetith some new theoretical
DFT calculations performed at the “Istituto perro€essi Chimico-Fisici (IPCF)” of
CNR, Pisa (Dr. A. Fortunelli), all are concord iivigg a consistent and detailed
understanding of the processes occurring during-theeposition (especially in the
first temperature range) and the thermal evolutibiihe system.

To rationalize the data, three different temperattenges can be conveniently
selected, where some important leading phenomenbecautlined:

1) RT < T <460 Kin this temperature range a preferential diffansad the Fe from

the Fe-related NPs towards the most favourables,site. the defectpi{cohole$,
occurs and, correspondingly, a partial rearrangemiethez’-TiOy film is observed,;
2) 460 < T < 800 Ka reorganization of the-TiOx UT film into a newhexagonal

TiOx phase (hereaftdr-TiOy) is completed, while some Fe-related NPs are pirate
the apex of theh-TiOx hexagons. Based on the HR-XPS data, showing the
appearance of an shoulder associated to an oxidizétp component, such Fe-
related NPs can be associated to a ,/JH&0, mixed oxide.

3) 800 < T < 1000 Kat this high T the Fe is mostly dissolved inte #t bulk, flat

nano-islands of Pt (possibly alloyed with Fe) ataeted at the surface and the very

stablez’-TiOyx phase is formed again (beside and on top of sanb-rslands).

In section VIII.1.1 the BE shifts in the Ti 2p peg@hksition occurring upon Fe
deposition has been described: the shift becomgsrlas long as the deposited Fe
amount increases, and is due to the presenceogf BIE component centred at about
455 eV (deconvolution in figure VIII.2), a valueattfalls in the typical range of a Pt-
Ti alloy. At the same time, the analysis of the Zge peak puts in light the co-
presence of different Fe oxidation states’(Fef*, F€"), even immediately after the
metal deposition at RT. The presence of oxidizeédl Ean be rationalized in term of
a local redox reaction already occurring at RT leetw the TiQ phase and the
deposited Fe. This leads to the formation of Fal the reduction of some Ti atoms
of TiOx to Ti, being the latter able to bind to the Ptsttdite, thus creating a Pt-Ti

surface alloy. When the Fe coverage is raisedi-éheelated NPs cover a larger TiO
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area (as it is possible to note in figure VIII.8p that a larger portion of the film
undergoes this reaction. This is in tune with tha@ease of both the intensity of the
Fd"" components in the Fe 2p peak and the Pt-Ti comyonethe Ti 2p peaks.
Considering the chemical nature of the so-calleerefted NPs, the XPS data
suggest that both metallic, and oxidised "(FeFe is present. These data are
confirmed by the TPD data reported in figure VId,4howing that after 0.5 ML Fe
deposition (RT) the NPs contain both metallic (ajl axidised (a, b, ¢) Fe adsorption
sites. The metallic peak is predominant at RT aasl & broad shape if compared
with the literature data reported for CO adsorptainFe single crystal$.This is
probably a consequence of a high heterogeneithefFe-related NPs, thus having
different CO adsorption energies. The peaks a, ¢ @ncorresponding to CO
desorption from the Fésites, most probably derive from CO chemisorpsitas at
the edges of the FeONPs, whereas at RT a large portion of the NPsahasro-
valent metallic nature. To demonstrate further ente of the metallic nature of peak
d, a Fe(0.5 MLY'-TiO,/Pt(111) sample has been treated in an oxidizingpsphere
(120 L ) at RT and then, after CO exposure, the desorpgiqueriment has been
repeated: no peak d was detected, while the onessponding to the CO desorption
from F€E" sites remained, even if slightly quenched. Anoihtresting evidence is
about F&" sites: after the oxidizing treatment the corresfiom ¢ peak almost
disappears. It is possible to explain both thenisity reduction of the Fé and the
disappearance of the ¥econtribution as a consequence of the Fe oxidaitois:
well established from the literature that oxygemmieated Fe® layers are not able
to adsorb CG.Hence, it is possible to suggest a complete Fe d¥Rfation as a
consequence of Oexposure, that produces oxygen-terminated FeO WMisse
active sites for CO adsorption are only locatech@liheir edges.

After the thermal treatments in the low temperatuege, the Fel-TiO,/Pt(111)
systems show an evident modification both in thextebnic properties and in the
morphology. These effects are mainly visible at lighest explored Fe coverages
(0.5 and 0.8 ML). Focusing on the HR-XPS plots regmin figure 1 of the reprint
reported at the end of this chapter, a modificatibthe Ti 2p peak shape takes place
already after the first annealing at 410 K: the B& component (455 eV, see also
figure VIII.2), associated to the reduced Ti atdimest are surface-alloyed with the Pt
substrate is somewhat reduced while tHé peak intensity (458.0 eV) increases and

its position shifts to 458.6 eV, a BE value thatyipical of the Tt". This process
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takes place up to 760 K, where the Ti-Pt contritrutilisappears while the “fione
reaches its maximum intensity (peaks fitting irufig VIII.2). It is also important to
note that the Fe 2p peak deconvolution in this tmeipire range (herein reported at
700 K, figure VII.3) suggests that Fe remains iottba metallic (F® and an
oxidised state (P& and F&"), even if the overall peaks intensity decreasesad, in
the 410-760 K temperature range a new countermmuthenomenon shows up: both
the Ti and the Fe are in an oxidized state. They omhy to conciliate such
phenomenon, together with the Fe 2p peaks overalhsity decrease, is to take into
account the assistance of thermal activated ddfusi Fe into the Pt substrate, with
the consequent increase in the O/(Ti+Fe) ratiofatit, during all the experiments,

neither oxygen has been dosed nor the UHV chandsa pressure was higher than

500 °mbar. The migration of the Fe into the Pt substreteld lead to the
formation of FeQ@TiO, mixed oxide nanoislands, as a consequence of @ new
thermal activated, competition between Fe and Tibiading to the oxygen. This
event can justify the increase in the 458.6 eV comept in the Ti 2p signal and the
presence of the corresponding Feomponents in the Fe 2p spectra.

The just mentioned thermal-induced electronic modaifons correspond to a
substantial structural change of the system, aglglebserved by STM for a Fe(0.5
ML)/ z’-TiO,/Pt(111) (figure VIII.6). Thezigzag-likepattern showing thstripesand
the troughsof the clean UT Ti@film (figure VIII.6 a), completely disappears afte
the Fe deposition at RT (reported in figure VIll.Mhe STM picture taken after
annealing the system for 2’ at 410 K (figure VIIb® shows that around the NPs a
partially ordered hexagonal arrangement of the Wy Tilm is built (h-TiOy), that
becomes progressively more visible at higher teatpess (see figures VIII.6 c-d)
and NPs pinned at the apex of the hexagons asemiteln the same temperature
range the TPD (figure VIII.4) put in evidence tladinost all the metallic Fe sites
(F€”) are no more accessible by the probe moleculesase figure VIII.5 b, where
the decrease in the Feeak area as a function of the temperature isteg thus in
line with a temperature driven Fe diffusion towarth® Pt, also justified by a
decrease in the overall F@eaks area (figure VIII.5 b). In fact, as a consegpe of
the Fe diffusion towards the Pt and the Ti oxidatiess F& active sites for the CO
adsorption are available at the NPs edges.

To rationalize the photoemission evidences andksitaa connection between them
and the transition from the-TiOx to the h-TiOx UT film evidenced by STM, a
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theoretical approach based on Density Functionaomh (DFT) was performed in
Pisa. Actually, as reported in Chapter lll, theusture of thez’-TiO,/Pt(111) UT
film is completely understood and also tpe&oholes described into details. In

particular, the stoichiometry has been demonstratéx z'-TiO1 25°
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Figure VII1.9 (a) DFT structural model and STM silated image (at a bias of +1.0 eV) of the z'-TiO
film; (b) structural model of the transformatiorofn the rectangular z'-Tito the hexagonal h-TiO
film (L=6); (c) structural model and (d) STM simtdd image (at a bias of +1.0 eV) of h-TiQ=9).
Blue (larger) balls correspond to Oxygen atoms;ygi@naller) balls to Ti atoms. (e) STM image
taken at RT of the h-Ti®iIm.

Previous DFT studies have been also reported osytem composed by a few Fe
atoms on the'-TiO; »s film.”*® They have already demonstrated that Fe is already
oxidized by simple adsorption on an almost notruestiredz’-TiOq o5 film. This
supports the evidences emerging from the XPS detars before and regarding the
system immediately after the Fe deposition andnguthe initial stages of the
thermal processes. At higher temperatures, in #@®7460 range discussed above,
complex diffusion and transformation mechanismsaate/ated. First of all there is a
strong tendency to migration of the Fe atoms ime Pt bulk, which is mainly
carried out through thpicoholes This phenomenon favours the restructuration of
the z’-TiO; 25 film, and leads to the formation of a new UT Ti@lm having an
hexagonal arrangement, i.e. th&iOy phase.

A thermodynamic analysis of the free energies Ipfhibto understand the factors at
play and rationalize the observed behaviour. Asegnthat the Fe deposition
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determines the simultaneous formation of a mixe@,Aa0, oxide with a supposed
stoichiometry similar to that of FeTJilmenite) and the release of Ti atoms to the

Pt support, a Gibbs free energy of —0.48 eV isutated for the following process

Z-TiO, ./ Pt+ 015Fe ~ 070—~h~TiO,,,/ Pt+ 015F€TiQ, + 015Ti

where the energy of an hypothetical Ti® phase was estimated from a linear
extrapolation of known values of analogous Jifhases. The quantity of Fe
involved in this reaction corresponds to a nomioalerage of 0.22 ML. The
formation of a composite phask-TiO1.19) made by a TiQfilm (further reduced
with respect to z’-Ti@,5) and FeQTiO, nanoislands is thus thermodynamically
favoured. As the number of oxygens is fixed undee present experimental
conditions, this process entails a correspondidgaton of the TiQ film from the
1:1.25 Ti/O ratio characteristic of tkeTiO, phase to a lower value.

The important point, now, is to theoretically sugpbe formation of an hexagonal
UT TiOy film. To this end, making reference to the alrepdplished analysis of the
building principles of reduced Ti@Pt(111) films is essential the reduced
TiOx/Pt(111) films are characterized by triangular jp&eapitaxial regions of tri-
coordinated Ti ions separated by dislocation lioesetra-coordinated Ti (see Fig.
VIIl.9a for z'-TiOy). A TiOy stoichiometry with x < 1.25 can be achieved by
enlarging the side length (L) of the triangles (@hforz’-TiOy is composed of 6 Ti
atoms), thus increasing the ratio between tri-coatéd and tetra-coordinated Ti
atoms. However, at this more reduced stoichiometrgiructural transformation is
energetically favoured where the rectangular aearents, typical ofz’-TiOy, gives
way to hexagonal one$-{iO4). Such a type of transformation has been already
described? it can be derived by a shift of ¥ period of thetaagular unit cell
together with a merging of the defective holes mtsingle larger one (as shown for
Z’-TiO1 5 in Fig. VIIL.9b). A complete set of DFT calculatis allows us to predict
that with a TiQ 14 stoichiometry a very stable TiOx configuration is formed (see
Fig. VII1.9c), where the side length of the chaeaudtic triangular pseudo-epitaxial
regions is now composed by 7 Ti atoms. Even thabhghboundary between this
TiOy film and the mixed oxide islands have not beenutated, the merging of the
defects into a single hole has been shown to befioaal also for (and triggered by)
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the presence of species adsorbed in theidlae simulated STM images of the
TiOx film are also shown in Fig. VII.9d, and comparery well with the
experimental STM images of Fig. VIII.9e.

It can be noted that at p = ¥0atm and T = 673 K the formation of theTiO, phase

is not thermodynamically favoured, since the rexducprocess:

Z-TiO,,s/ Pt - h=TiO,,,/ Pt+0.053570,

has aAG of +0.25 eV. However, theTiO;.14phase, exhibiting Ti in a more reduced
oxidation state, is expected to become more stHida z’-TiO, 5 (at the same
amount of deposited Ti) at higher temperaturesufatal500 K). Indeed, this phase
has actually been obtained by annealingzth&Oy at 1000 K for two hours and its
STM image is also shown in Fig. VIII.9e.

In the highest explored temperature range (800—-K)Gbe system undergo another
deep modification that is immediately visible by M TAfter thermal treatment at
810 K the NPs shape (in figure VIII.6 d clearlyikls pinned at the centre of an
hexagon) is modified into a more crystalline stowef as shown by the atomic
contrast. At 900 K the STM image reported in figWldl.6 d reveals the presence of
both theh-TiO4 hexagonal features and ttneughs typical of thez’-TiOx UT film.

At the same time the HR-XPS spectra reported itiged/Ill.1.1 show that the
458.5 eV shoulder in the Ti 2p peaks starts to ese (at 910 K it is almost
vanished and the peaks shape comes back to thef dhe pristine TiQ UT film),
while the Fe 2p multipeak analysis (after thermehtment at 900 K) put in light that
a strong decrease both in the’ Bad F& components takes place, while thé'Fe
peaks intensity is just affected by a small de@ensdts intensity. These evidences
are in tune with a progressive temperature activitediffusion from the NPs to the
Pt substrate, and the consequent reduction ofél HO, mixed oxide. This means
that at 810 K the NPs start to release oxygendd{hiOy film (no oxygen loss was
observed with TPD), whose stoichiometry (and thencture) comes back to the
1:1.25 value typical of the’-TiO,. The more crystalline structure observed on top of
the islands by STM could be explained as a conseguef residual FeO layers
(oxygen terminated) segregation, whose structusedt@ady been reported in the

literature®®
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Focusing our attention on figure VIIIL.7 it is pddsi to observe the thermal evolution
at 900 K of three different Fe coverages (0.3,dn8 0.8 ML) Fef’-TiO,/Pt(111)
systems, and is quite clear that, as long as theoi#erage is increased from 0.3 to
0.5 ML, also the island density at 900 K is inceshsAt the same time, almost no
increase in the island density is observed afterRé coverage is further increased
from 0.5 to 0.8 ML. This probably happens becahsehighest is the amount of Fe,
the highest is the’-TiOx UT film reduction reaction taking place; this lsanh a
more complete phase transformation to hHEIO, and to the formation of a larger
quantity of FeQ'TiO, mixed oxide NPs during the thermal evolution. Gdesng
the apparent height histograms reported in figutd. & b and referring to the
analysis of the three coverages after the therreatrhent at 900 K, it is possible to
realize that while at 0.3 ML Fe coverage only i&&nds (0.18 nm thick) are present,
when the Fe coverage is increased to 0.5 and 0.8hdINPs start to extend their
size, forming a second layer (bimodal apparent Hieidistribution, with a
contribution from 0.36 nm high NPs). This meand #@ra increase in the deposited
amount of Fe leads first to an increase in the Né&ssity (passing from 0.3 to 0.5
ML), due to the higher’-TiOx = h-TiOx conversion, and then to the formation of
defects acting as NPs nucleation sites. At the stime, no increase in the NPs
density is observed passing from 0.5 to 0.8 ML &eecage, but an increase in their
size takes place (outlined by the histograms). Tieans that already at 0.5 ML Fe
coverage a total conversion to theTiOx has taken place, and the excess of
deposited Fe can only contribute to increase the diEe. Our TiQ film acts as a
sort of membrane, having a limited number of paubere the NPs can nucleate.
When the temperature is increased on the highezrage systems (0.5 and 0.8 ML
of Fe), the Fe@TiO, reduction and thus the Fe diffusion processeslarger than

in the case of 0.3 ML of deposited Fe, since tiks Nize (and thus the amount of
Fe) is larger. This leads to the presence of aetangimber of islands that can be
imaged at 900 K.

Finally, let us focus on the nanoislands observedthie highest investigated
temperature range by STM (1000 K figure VIII.8).eTharge scale STM image
shows that only a part of the residual islandsoigeced by the’-TiOx phase motif,
while the rest show a typical metallic contrastb&associated to the Pt substrate. At
the same time, the TPD results reported in figuilé4/and relative to the 810-960 K
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corresponding to the CO desorption from the Pt métas in agreement with the
STM evidences. It is interesting to note that tkakpshifts from 370 to 405 K when
the annealing temperature is increased from 81@W6@K. Comparing these values
with some examples reported in the literature @ugurding similar model systertfs,

it is possible to give an explanation for suchragerature shift. In fact when CO is
adsorbed on FTi alloys, the desorption peaks temperature deergaga. 370 K, a
value that is in line with the one observed in experimental data collected at 810
and 860 K. On the contrary, the typical CO desorptemperature from a Pt(111)
substrate is ca. 410 K, in tune with the valueseoled in our experiment at the
highest explored temperature (960 K). Therefors, gossible to conclude that when
the temperature is raised over 810 K the greatqddfe diffuses from the NPs into
the Pt substrate, together with a small part offthatoms. This might result in the
formation of partially alloyed Pt-Ti islands. Wheine temperature reaches 960 —
1000 K also the diffusion of the alloyed Ti intoettiPt bulk is activated, so that
metallic Pt islands could be “extracted” from thdstrate. Also this process is “Fe
amount dependent”: a larger amount of Fe leadsealissolution of a larger amount
of Ti in the bulk (as it is possible to observeniréhe HR-XPS spectra reported in
figure VIII.1 a by simply comparing the intensitf/tbe Ti 2p peaks corresponding to
the cleanz’-TiOx phase and the ones of the 900 K treated samplée &tighest Fe

coverages) and then to the formation of a largeswarnof Pt islands.
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VII1.2 The Fe(0.5 ML)/W'-TiOy/Pt(111) system

Some experiments have also been carried on to rex@loother model system,
obtained depositing 0.5 ML of Fe on the ultrathoigp w’-TiOy phase. As already
discussed in chapter lll, th# and thew'-TiOx UT film are obtained depositing
different amounts of Ti on the Pt(111) and postemiing them at different
temperatures. However, even if in presence of miffetemperature preparation and
Ti coverages the two films have similar stoichiomex~1.2-1.25¥* and are both
made by a Ti-O bilayer where Ti is at the interfagth Pt and O forms the topmost
layer, the former shows an ordered array of def@misoholesinside the phase
troughg9 exposing the bare Pt, while the latter does mesgnt long-range ordered
defects. Our aim is to verify whether such morphalal differences have an effect
also on the electronic and structural propertieshef Fe/TiQ model systems. The
data and their analysis is not as developed aprévous case, and the following

considerations must be considered as preliminary.

VI11.2.1 The Fe(0.5 M L)W' -TiO,/Pt(111) system: XPS, TPD and STM

The XPS data shown below were acquired in the Serfacience Laboratory in
Padova, using a conventional X ray source (AeKcitation photons) coupled with a
single channeltron hemispherical electron analy@&AM 2). The resolution is not
comparable to that shown in figure VIII.1, hencertlier experiments are
programmed at the Elettra synchrotron. The TPD &l were acquired in Padova
and Brescia, respectively, with the same proceddescribed previously.

The XPS spectra reported in figure VIII.10 show thermal evolution of Fe(0.5
ML)/w’-TiO,/Pt(111). In agreement with the data reportedgari VIlil.1a, when Fe
is deposited on the cleavi-TiOy phase (figure VIIl.10a) a shift to lower BE in the
Ti 2p peaks is observed. Starting from the datauiaed after the first thermal
treatment (460 K) a shoulder in the main peak/{pprentred at about 458.5 eV and
associated to Tt is observed, whose intensity increases as lortheagemperature
reaches a value between 660 and 710 K. At the sameethe peaks shifted to lower
BE progressively disappear, and at 710 K it varisAdter thermal treatment at 960
K, the original Ti 2p peaks shape is recovered alvéme overall intensity is lower

than the one corresponding to the clean phase. tib ibe outlined that this final
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intensity decrease is much higher than in the presymodel catalyst based on #ie

TiOy film.
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Figure VII11.10 Ti 2p (a) and Fe 2p (b) XPS speatfahe clean w'-TiQPt(111) phase and of the
Fe(0.5 ML)/w’-TiQ/Pt(111) system after thermal treatments at incregasemperature..

The Fe 2p peaks reported in figure VIII.10 b shbw same broad feature already
observed in the case of the EeliOx system (figure VIII.1 b). This fact is in
agreement with the presence of many componentsespanding to the BeFé&*
and F&" oxidation states as already observed before @igtil.3). What clearly
emerges from these spectra is that, after the dmsealing steps (in the RT-660 K
range), the peaks intensity strongly decreaseaftedthermal treatment at 960 K all

the Fe is almost vanished.
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Figure VIII.11 TPD spectra for a Fe(0.5 ML)/w'-TiPt(111) system collected from RT to 960 K.

Figure VIII.11 shows the CO TPD profiles, acquireith the same parameters
specified in section VIII.1.2: after the Fe depiasit(at RT) a major contribution to
the CO desorption is observed and named d (in agmee with the peaks
classification made in section VIII.1.2). This pdalcentred at about 360 K and has
been attributed to CO desorption from metallic Fess(F&). Moreover, some broad
and low intense features are present in the lowpésatures range (140 — 200 K).
Immediately after the first system annealing at &6fbr 2’, the desorption profile
changes dramatically: the broad pehkotally vanishes and three intense and well
resolved peaks are preseatandb, centred at ca. 142 and 155 K respectively and
typical of CO desorption from Eesites, and, centred at about 175 K and referred
to CO desorption from Bé sites. After 510 K heating the peakintensity still
increases, while the other peaks remain almostanggd. After the 560 K thermal
treatmenta, b and ¢ peaks intensities progressively decrease and eathihest
investigated temperature only one contributionrespnt, centred at about 140 K and
corresponding to the featuae After the last 2 annealing processes (910 andk9&0
new broad peak centred at about 370 K and shittin§90 K, starts to develop,
whose characteristics are in line with peakpresented in section VIII.1.2 and
attributed to CO desorption from metallic Pt on-ties.

In figure VIII.12 the STM images corresponding be ttleanw’-TiOx UT film and to
the thermal treatment of a Fe(0.5 M)YTIO,/Pt(111) are reported. Theagon
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wheelmotif of the UT film, which is clearly visible inigure VIll.12a, is no more
observed after Fe deposition, in line with the pasly reported results about the
Felz’-TiOx system (figure VIII.12b). It is also clear that ihis case the Fe NPs
nucleation is completely random, so that largerregates are visible both on the
terraces and on the steps. After the first thermegtment at 460 K (VIIl.12c) the
system seems to be heterogeneous and quite disdrde

A further thermal treatment at 610 K (VIIl.12d) ¢sato more layered and faceted
NPs, and also the substrate shows a more clearasgnas emphasized also in the
magnification (figure VIIl.12e), where some kind toangular and hexagonal motif
(quite similar to the one observed for the /@O, system) of the titania layer
appears. The next annealing step to 810 K (VII),1&8hows no substantial
modification from the 610 K observed morphology.eTlast investigated thermal
treatment (to 910 K) put in light a partial substreeconstruction towards the pristine
UT film (the w’'-TiOy, figure VII.12 g-h), while the NP structures show

only ‘granular’ contrast.
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Figure VIII.12 STM images of the clean w'-JiRx(111) UT film (a) and of the Fe(0.5 ML)/w'-

TiO/Pt(111) system for different annealing temperatuieh).
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VII1.2.2 Preliminary discussion on the Fe(0.5 ML)/w’'-TiO,/Pt(111) system

Let us start the discussion considering the XP$& dallected after the Fe deposition.
When Fe is deposited on the cle@nRTiOx UT film, a shift by ca. 0.5 eV in the Ti 2p
XPS peak (VII1.10a) is observed. Moreover the Fep2pk (VIII.10b) has a broad
shape, in tune with the presence of more than ongonent as already observed in
figure VIII.3. These evidences are in line with thesults discussed in section
VIII.1.4, and could be explained as a consequefi@ O reduction taking place
after the metal deposition. On the contrary, the @€orption profile (figure
VIII.11), collected immediately after Fe depositishows a predominant metallic
component, and almost no other contribution isgmesThis is in contrast with the
results collected on the E&TiOy (figure VII.4), where CO desorption from both
metallic @) and oxidic sitesg, b andc) was observed. Hence, the XPS and TPD
data suggest that when Fe is deposited onwth€&iO, phase an oxidation of the
metal and the consequent reduction of the, B@bstrate takes place, but only a few
oxidic sites remain available for CO adsorption. BWypothesis that could explain
this difference takes into consideration the déférnucleation and growth modes of
the Fe-related NPs on the two examined,T$Obstrates. In fact, the ordered arrays
of defects ficoholeswhere Pt is left uncovered) of tl#2TiO4 act as preferential
nucleation sites, allowing a direct contact betwéenand Pt, so establishing a
preferential Fe diffusion paths into the Pt bulka @e other side, when Fe is
deposited on the’-TiOy, no preferential site is found, so that (as shawfigure
VIll.12a) the NPs nucleation and growth is rand&@imce it can be supposed that the
Fe has the same tendency to reduce both thefill® (the stoichiometry is almost
the samej! in the case of the Re/-TiO, system the path to diffuse into the Pt bulk
implies a local disruption of the film, which reges an extra of energy. It can be
then speculated that, while a similar interfacectiea between the Fe and the TiO
film is occurring, leading to the Fe oxidation aifid reduction and thus to the
formation of F&" sites, in this case the result of such interadsodifferent because
the F&" sites are not accessible by CO molecules, aridibaFeQ NPs are most
probably terminated by a Fe shell.

When the system is heated to 460 K, a new transfioom takes place: the CO
desorption profile shows no more metallic Fe stestribution (the peak centred at
360 K almost vanishes) while three intense and vesiblved peaks, corresponding

to the presence of Fesites, develop at lower temperatures (ca. 140,ah85175 K).
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At the same time, the Ti 2p peaks XPS shows anreavighoulder at ca. 458.5 eV,
and STM images report an heterogeneous and qugerddéired system, thus
suggesting a NPs structure modification and leadimgthe formation of an
heterogeneous system composed by, FA80, mixed oxide NPs and the residual
TiOx UT film all around (whose motif is however not @ty discernible, probably
because of an higher degree of disorder inducetdgestructive redox reaction).
A further increase in the temperature cause a pssgre re-ordering of the system,
as it is possible to see in figure VIII.12 d, whenere regularly shaped and faceted
NPs are present. At the same time it is now passdbbtain the STM resolution of
the surrounding UT TiQfilm (VII1.12 e), that gives us an output similer the one
observed in figure VIII.6 b,c and d. In fact sommdk of triangular-hexagonal
patches are observed, that could be in tune wih-fhAO, phase structure discussed
in section VIII.1.4. Since in the case of theZ~dlI0O system this Fe-mediated phase
transition ¢’-TiOx = h-TiOy) was observed at a lower temperature (410 K) ghini
be guessed that the ordered defepisopole$ present in thez’-TiOx phase are
capable of promoting the Fe diffusion process thoPt substrate, thus allowing the
analogous reaction

z-TiO,,./ Pt+ 015Fe — 070-hTiO,,,/Pt+ 015FeTiQ, + 0.15Ti

to take place at lower temperatures. On the contveinen Fe is deposited on a flat,
oxygen terminated layer (th&-TiOx UT film) a higher activation energy is required
to Fe to locally disrupt the TiQayer and then to diffuse through it to reach Re
Probably a shamy’-TiOx = h-TiOx phase transformation is not observed because of
the intrinsic higher disorder due to the disruptidrthe UT film.

After thermal treatment at 810 K (VII.12 f), STMnages do not show any
substantial change. In the 660 — 810 K temperaamge the XPS Ti 2p (VIIl.10a)
spectra show a progressive decrease in the ingarfsihe 458.5 eV component, the
overall Fe 2p peaks intensity (VIII.10b) decreaswl,aat the same time, the
desorption profiles (VIII.11) put in light a quench of thea, b andc peaks. All
these evidences are in tune with a gradual,Fe@uction in the NPs and then the
diffusion of metallic Fe into the bulk Pt. This pess is almost terminated at the
highest investigated temperature (910 K), whereglyed the Fe 2p XPS signal is
quenched, the Ti 2p restores its original shapetla@a@&TM image (VII1.12 h) shows
the pristine phaseagon-wheemotif. Hence | can conclude that, as long asFeO
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reduces and Fe diffuses into the Pt, it is ablgite its oxygen back to the Ti@Im.
When the correct stoichiometry is achieved, them-&O, = w'-TiOx phase
transformation takes place, leading to the pristifiefilm, in line with the evidences
reported about the E&/TiO4 system.

It is important to precise that both the LEED pattéfigure VI11.13) and the STM
images (not reported) obtained after the thermedtinent of the Fe(0.5 Mly/-
TiO/Pt(111) system to higher temperature (960-100@d&not show only thev'-

TiOx phase presence.

Figure VIII.13. LEED pattern of the Fe(0.5 ML)/wi€T,/Pt(111) system after thermal treatment to
960 K

The LEED pattern reported in figure VIII.13 shovi tsuperimposition of both the
w’ and thez’-TiOy diffraction spots. This evidence has also beerfitnad by STM

and can be explained as a consequence of a pddmperature mediated, Ti
diffusion into the Pt substrate. As a consequerfidhi®, some patches of a UT film
that is usually grown at lower Ti coverages h&iOy) are formed. Also the TPD is
in tune with this last evidence, since the peak ethre, which is already

distinguishable at 910 K, shifts to higher tempamat(from 370 to 390 K) after the
system is heated at 960 K. A 370 K CO desorptiomperature is somehow typical
of a Pt-Ti alloy, while a positive increase in thEmperature is in tune with a

progressive diffusion of the Ti in the Pt bulk.



Chapter VIII Resultson the Fe/TiO,/Pt(111) model catalysts 163

VI111.3 Conclusion

In this chapter | presented the results obtainedtten Fe/TiQ/Pt(111) model
catalysts. Two TiQUT film grown on Pt(111) have been chosen as aauor the
NPs growth: a templating substrate, #i€liO4, whose defects are able to act as
preferential nucleation sites, and th&TiO,, whose stoichiometry and structure is
similar to that of the'-TiOy but is free from defects.

The systems have shown a quite complex behaviath bt RT (after the Fe
deposition on the TiQUT films) and during a thermal evolution carried foom RT

to 1000 K. Both the model catalysts have shown@ phase reduction occurring
after the Fe deposition, that determine a re-omgdion of the UT film into an
hexagonal motift§-TiOy). In the case of the-TiOx phase, the reaction already starts
at RT, while in the case of the'-TiOx a higher temperature is needed because an
extra-amount of energy is required for the Fe tetrdy the UT film and start to
diffuse towards the Pt. This effect is most propahle to the presence of defects on
the z’-TiOy, where the NPs nucleates and grow in direct contdh the Pt and that
can act as a preferential path for the Fe diffusemthat already at RT the redox
reaction between the Fe and the J@an take place.

The thermal evolution of both the systems is simila the 460-810 K temperature
range a clear evolution to a templating hexagohakp, thd-TiOy, is observed, and
a progressive Fe diffusion through the Tighase takes place to form R&DO,
mixed oxide NPs pinned at the apex of the hexagionthe case of the F2/TiOy
system the phase transition is more clear, probablg consequence of the higher
degree of disorder induced by the disruption ofwhdiOy film. .

In the highest explored temperature range (810-3)0the Fe continues to diffuse
through the UT film into the Pt substrate, thusmgvback its oxygen to the TiOIn
the end, the pristine UT films are almost recovesditiough some Pt islands emerge
from them, as a consequence of Ti diffusion inogimgle crystal bulk.

The most important and attractive issues comingrout these results are:

- the possibility to monitor in “real time” the traformations taking place on a model
catalyst, at the interface between a metal andxide substrate

- the catalytic behaviour shown by the Fe, thahile to promote multiple solid state

redox reactions
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- the creation of a metastalileliO4 phase as a consequence of  Ti€duction after

the Fe deposition
- the role of phase defects, that are able to exghdre Fe catalytic activity towards

the TiQ UT films reduction and phase transformation.
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VI1I1.4 Reprint of the paper: Probing Transfor mations of Relevance in Catalysis
on a Single Oxide Layer: Feon TiOx/Pt(111)
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Probing Transformations of Relevance in Catalysis on a
Single Oxide Layer: Fe on TiO,/Pt(111)
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ABSTRACT The evolution of a Fe/z-TiO,/Pt(111) model catalyst in ultrahigh
vacuum, studied by advanced surface science tools, reveals various phenomena
occurring in different temperature ranges. In the room temperature (RT) < T <
460 K range, the deposited Fe atoms assemble as heterogeneous Fe and FeO,
nanoparticles (NPs), templated by the ordered array of defects (troughs and
picoholes) of the oxide film. At 460 < T < 810 K, FeO, NPs become predominant,
and a metastable FeO,/TiO, mixed oxide is formed, assisted by the interdiffusion of
Fe through the oxide into the Pt substrate, which triggers the z'-TiO, structure
transformation into a different TiO, phase with a hexagonal pattern. At 810 < T <
1000 K, a Fe-mediated extraction of Pt produces Pt(111) islands, surrounded and
partly encapsulated by the same z'-TiO, phase, demonstrating the intrinsic high
stability of the ultrathin oxide film. This represents one of the first examples of a
phase transformation in a ultrathin oxide layer induced by an external metal
deposit.

SECTION  Surfaces, Interfaces, Catalysis

ron and iron oxide (FeO,) nanoparticles (NPs) play an as potential catalysts (monolayer catalysts) with improved
I important role in many chemical catalytic processes,'* performances.'”~'?

such as selective oxidations or the formation and clea- Here we investigate a Fe/TiO,/Pt(111) model system, pre-
vage of C—C bonds (e.g., Fischer—Tropsch process). In addi- pared by Fe deposition on a well-characterized UT TiO, film
tion, FeO, magnetic NPs have several applications in fields epitaxially grown on Pt(111)'® (hereafter indicated as Z-TiO,).
such as biomedicine, environmental sciences, information Adopting a series of advanced surface science tools,
storage, micromechanics, and microfluidics.’~° It is now well i.e., synchrotron (SR)-based high-resolution X-ray photoemis-
established that the oxide support (OS), where the catalytic sion (HR-XPS), scanning tunneling microscopy (STM) and
NPs are usually dispersed, can play a relevant role on the thermal programmed desorption (TPD), we follow the physi-
overall system catalytic activity.” In fact, several phenomena cal and chemical changes occurring after ultrahigh vacuum
due to the NPs/OS interactions, either static (e.g., charge (UHV) annealing in a wide temperature range (from 300 K up
transfer, and interface states) or dynamical (e.g., encapsula- to 1000 K).
tion, spillover and reverse spillover, NP coalescence), have The preparation of the Z-TiO, film (x = 1.25) can be fine-
been well documented.® When the OS is reducible and some tuned to obtain a zigzag-like wetting polar Ti—O bilayer,
noble-like metal NPs (e.g., Pd and Pt) are involved, the observed already described in great detail,'”"'® where the Ti ions are
effects have been attributed to a strong metal—support inter- at the interface with the Pt substrate and the O ions form the
action, which has been described in detail.”~"" For reactive topmost layer. The zigzag-like structure consists of an ordered
transition metals of interest in catalysis, e.g., Fe and Co, the array of rows (troughs), spaced by 1.44 nm and separating
behavior is still a matter of debate, since the actual processes compact TiO, stripes, where Ti ions present a different
strongly depend on the balance between the surface energies chemical and structural environment.'® The troughs are
and the metal work-function, and can lead both to oxidation or characterized by Ti vacancies exposing the bare substrate
encapsulation of the metal NPs."*' surface, defined as picoholes, that have been demonstratlegd E?

A deep understanding of the relevant elementary steps in be effective as nucleation sites for metal NPs growth.
real catalytic processes can be obtained using transition
metal/OS model systems based on ultrathin (UT) oxide
films:'® the effects due to morphology, defects, charge trans- Received Date: April 21, 2010
fer, and interfacial states can be conveniently detailed. In Accepted Date: May 5, 2010
addition, the UT films themselves are currently investigated

-4 © XXXX American Chemical Society 1660 DOI: 10.1021/jz100511s | J. Phys. Chem. Lett. 2010, 1, 1660-1665
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Figure 1. Ti2p and Fe 2p HR-XPS spectra collected with a photon
energy of 550 and 830 eV, respectively. The spectra were acquired
after 2’ heat treatments at increasing temperatures.

Our model catalyst was prepared by depositing 0.5 mono-
layer (ML) of Fe on the clean 7/-TiO, phase. This system was
then analyzed at room temperature (RT) and after short
annealing (2') in UHV at temperatures up to 1000 K.

Figure 1 shows the HR-XPS Ti 2p and Fe 2p core level data
obtained on the Fe(0.5 ML)/Z-TiO, system collected with a
photon energy of 550 and 830 eV, respectively. The electron
kinetic energy is on the order of 100 eV, ensuring a high
surface sensitivity to the HR-XPS measurements. At RT, the Ti
2p spectrum (Figure 1) presents a predominant component
centered ata binding energy (BE) of 456.5 eV, to be associated
with Ti at the interface with the substrate.'”**?° The 0.4 eV
energy shift toward lower BE with respect to the clean phase is
due to the charge transfer and band bending resulting from
the Fe deposition,'" while the larger peak width is due to a
second minor component at about 458.5 eV, which can be
only appreciated after deconvolution of the peak profile. The
Ti 2p component at higher BE has been associated with
oxidized Ti ions sandwiched between two oxygen layers.'”
At RT, the Fe 2p spectrum (Figure 1) shows a predominant
metallic component centered at about 707.5 eV, with a
contribution from oxidized states (both Fe* " and Fe®") visible
after deconvolution of the peak profile.

Annealing the system up to 460 K results only in minor
variation of the Ti 2p and Fe 2p spectra, i.e. a slightly increased
intensity of the higher BE Ti 2p component and of the oxide-
related Fe 2p peaks. However, starting from this temperature,
some distinct changes in the XPS data are observed (Figure 1):

(a) Thegrowth of a well-resolved component at higher BE

in the Ti 2p spectra, centered at about 458.5 eV. Such
peak reaches its maximum intensity at about 760 K
and starts to decrease again above 810 K, completely
disappearing at T > 910 K. At this temperature, the Ti
2p peak shape obtained at RT for the clean Z-TiO, film

v © XXXX American Chemical Society
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is recovered, apart from the BE shift, that is still
observed, probably due to the presence of residual
FeO, at the surface. However, the overall integral Ti 2p
intensity remains almost unchanged in the investi-
gated temperature range.

A progressive broadening of the Fe 2p spectrum, due
to the intensity increase of FeO, components in the
region where the corresponding shakeup satellites are
expected and there is a decrease of the overall integral
Fe 2p intensity, becoming relevant when the tempera-
ture goes beyond 800 K.

(b)

Such data suggest that there are two parallel phenomena,
i.e., a progressive oxidation of Fe, already present at RT, but
clearly increasing from 460 K, and a diffusion of Fe into the
substrate, relevant beyond 800 K, while the amount of Ti is
almost unchanged. Moreover, a quite peculiar phenomenon is
observed: in the 460—810 K temperature range both Ti and Fe
become apparently more oxidized. However, the process
occurs at a constant oxygen amount since neither an oxygen
load is given during the thermal treatments (done in UHV),
nor an oxygen loss is observed using TPD. The important
point to outline is the high stability of the Ti—O bond, since the
preparation of the z-TiO, UT films is routinely carried out by
annealing in UHVat high temperature (970 K). In our opinion,
the only way to reconcile the experimental data is to consider
a partial migration of Fe into the bulk substrate, and a
concomitant restructuring of the z'-TiO, film, leading to the
formation of a mixed FeO,/TiO, oxide. In other words, kinetic
phenomena, such as the interdiffusion of metals into the
substrate bulk,”** have to be considered to explain the rather
unexpected oxidation process in UHV, as already suggested in
a previous detailed investigation of the evolution of the Z-TiO,
film at high temperature in the same conditions.?”

This hypothesis finds support from the STM and TPD data
discussed below. In Figure 2 we show the evolution of the
system morphology by STM examined at RT for the system
prepared and treated exactly in the same conditions. At RT
(Figure 2a) the Fe deposit forms NPs, predominantly aligned
along the directions of the troughs?l'26 Note, however, that
the NPs are both nucleated on picoholes and on the TiO,
stripes, as a consequence of the low Fe mobility on TiO, due to
the Fe —O strong interaction and diffusion barriers.?® Above
460 K, the STM data (Figure 2b) indicate that NPs stand in a
slightly increased order, even if their density decreases by
about 20% with respect to RT. Moreover, a different hexago-
nal arrangement of the UT film starts to appear amid the NPs
(better observed at higher T, see Figure 2c,d). The important
point to outline is that such modification of the TiO, layer is
definitely driven by the presence of Fe: in fact, the Z-TiO,
phase alone does not show any muodification upon UHV
annealing in a temperature range up to 970 K. A similar
transformation from the rectangular z/-TiO, phase to a hex-
agonal phase has been already described to occur at high
temperature in the case of the Au/zZ-TiO, model system,
where the NPs do not coalesce, but rearrange their shape
and positions together with the adjacent regions of the
oxide.?” We recall that, at 460 K, we start to observe more
clearly the higher BE component in the Ti 2p region, centered
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Figure 2. STM constant current images of the 0.5 ML Fe/z'-TiO, system taken at RT and after thermal treatments at increasing tempera-
tures for 2. Topography images have been shaded to enhance the substrate and on-top corrugation of the features. All images have been
acquired at positive sample biases in the 0.3—2.0 V range, with tunneling currents between 0.1 and 1 nA.

at about 458.5 eV (Figure 1a), and the oxidation of Fe
becomes relevant (Figure 1b). We can then speculate that
because of the high tendency to alloy with Pt,?® Fe atoms have
a propensity to diffuse through the TiO, phase defects
(troughs and picoholes), thus activating a restructuring pro-
cess of the Z-TiO, bilayer itself. Moreover, the NPs shape
changes from irregular and rounded to triangular and flat,
showing on top a modulation that could be in tune with the
one observed for a FeO(111) surface.***° Considering the XPS
spectrum at this temperature, we believe that the NP have
transformed into FeO-like islands. Also, the NPs are located
both at the center and at the vertices of the surrounding
hexagons of the underlying UT film. The situation is
even more evident if the temperature is raised up to 800 K
(Figure 2d).

Figure 2e shows the STM data taken after a thermal
treatment at 910 K. One can observe that the UT film pattern
has mostly recovered the typical zigzag-like Z-TiO, arrange-
ment, while only few spots with the hexagonal phase are still
present. Also the islands are modified, with an apparent
height (measured in the same tunneling conditions) reduced
from 4 nm down to 1.2 nm, and a shape changing from
triangular to hexagonal. At 1000 K (Figure 2f) the situation is
largely modified: islands become larger with corrugation
typical of a metallic surface and an apparent height of 0.1 nm,
some of them being partially covered by a phase showing
the typical z'-TiO, motif. Moreover, the islands are complete-
ly surrounded by the recovered zigzag-like pattern typical
of the clean 7-TiO, phase. Consistently, the HR-XPS data
after the annealing at 910 K show that the higher BE Ti 2p
component at 458.5 eV is almost totally absent (Figure 1a),

W © XXXX American Chemical Society

recovering the Ti 2p signature peculiar to the z'-TiO, reduced
bilayer. At the same time the overall intensity of the Fe 2p
spectra decreases, and a shift of the peak toward higher BE is
observed as a consequence of an increase of the FeO,/Fe®
components ratio. Our interpretation of the presented data
is that a major Fe dissolution into the Pt substrate is tak-
ing place above 910 K, which leaves only a minor residual
amount of FeO, at the highest temperatures. The body of this
experimental evidence suggests that the large islands ob-
served by STM at 1000 K might well be uncovered portions of
the Pt substrate, probably partially alloyed with Fe.

Such a hypothesis finds a strong support from the results of
TPD experiments using CO as a probe (Figure 3). It is useful to
recall that, while XPS gives chemical information for a finite
depth slab, TPD probes the exposed chemisorption sites with
respect to the probe molecule. In Figure 3 we report TPD data
for the Fe(0.5 ML)/Z-TiO, sample, collected after exposure to
1.0 Lof CO, prior to and after a thermal annealing made in the
same conditions used for HR-XPS and STM.”' Referring to
literature data,”*”>" the desorption peaks shown can be
related to CO desorption from Fe** (142 and 156 K), Fe’"
(190 K), and Fe® (broad peak centered around 340 K with
many components) exposed sites. The TPD data of the as-
grown sample (i.e., at RT) show that both metallic Fe and FeO,
sites (both Fe** and Fe" with a large predominance of the
former) are exposed, in agreement with the HR-XPS data
presented in Figure 1. The most relevant result is that the
broad metallic Fe® peak is almost vanished above 460 K,
confirming the XPS indication that above this temperature
most of the Fe NPs are oxidized. In the 460 < T < 800 K
temperature range, TPD spectra show that the peak due to
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Figure 3. CO TPD spectra of 0.5 ML Fe/Z-TiO,/Pt(111) aftera 1.0 L
exposure to CO and 2’ thermal treatments at increasing tempera-
tures. In order to highlight the relative abundance of the different
components, we renormalized the data with respect to the in-
tensity of the peak seen at the lowest T. A comparison of their
absolute intensities can be derived from the reported scale factors.

Fe’" almost vanishes, while sites due to Fe*" are still present
up to the highest explored temperature. Such data are in
agreement with the assignment of the protrusions observed
in the STM data to FeO-like islands previously proposed
(Figure 2c,d), where O ions are the topmost layer as a
consequence of a spillover process. It is well-known that CO
is not able to bind to this kind of oxygen terminated FeO
films,>*?° but a few active sites at the edges of the FeO islands
remain exposed and can thus coordinate the small amount of
CO that is visible with TPD. Above 810 K, the number of
residual Fe®" sites is very low, whereas a new broad peak
centered at about 400 K becomes predominant. As already
outlined, this peak corresponds to CO desorption from Pt(111),
supporting the interpretation of the islands observed in the
STM image of Figure 2f as uncovered Pt(111).

In conclusion, this work provides new detailed information
on the thermal evolution of a Fe(0.5 ML)/Z -TiO,/Pt(111) model
catalyst prepared in UHV. Such a system has been used to
monitor subtle transformations that might also be in opera-
tion in real catalysts and of relevance in the emerging field of
monolayer catalysis. Our results suggest that the system
evolution in the explored temperature range is largely driven
by the facile interdiffusion of the Fe into the Pt substrate.
According to our data, we can single out three temperature
ranges where different phenomena occur:

(i) RT < T < 460 K: The Fe atoms adsorbed on the UT

TiO, film at RT assemble as heterogeneous Fe and
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FeO, NPs both on the stripes and on the troughs of the
UT film. In this temperature range, a progressive
diffusion of Fe into the Z'-TiO, phase defects (troughs
and picoholes) and the creation of a first direct contact
with the Pt substrate takes place. When Fe goes in
direct contact with Pt through the picoholes, a prefer-
ential path for interdiffusion into the substrate is
opened, and a mechanism for modifying the existing
UT TiOy bilayer is started.
460 < T < 800 K: An oxidation of both Ti and Fe
occurs, probably leading to the formation of a meta-
stable FeO,/TiO, mixed oxide. Such an oxidation is
assisted by an interdiffusion of Fe into the Pt substrate,
with the consequent increase in the O/M(Ti and Fe)
ratio. During such a process, the Z-TiO, phase reorga-
nizes into an hexagonal-TiO, pattern and FeO islands
are prevalently pinned at the apex of the hexagons
formed by the restructured UT TiO, film. However,
based on the current data, we cannot exclude that the
observed islands are formed by the mentioned me-
tastable mixed oxide.
(iii) 800 < T < 1000 K: While a residual amount of
FeO islands is present, a Fe-mediated extraction of
Pt, which creates Pt(111) nanoislands, progressively
takes place. These islands are surrounded and par-
tially covered by the Z-TiO,, which is the most stable
phase in these high temperature conditions.

(i)

EXPERIMENTAL METHODS

The data were collected in three different UHV equipments
(for STM, TPD, and HR-XPS measurements, respectively), work-
ing with a base pressure of <5 x 10~'° mbar, by reproducing
exactly the same conditions for the Fe/7-TiO,/Pt(111) preparation
and annealing. Further details regarding the procedures adopted
to prepare the investigated TiO, film are reported in ref 21.

The STM data were acquired in constant current mode at
RT, using an Omicron multiscan system, with tip to sample
bias ranging from 0.3 to 1.0 V and tunneling current ranging
from 0.1 to 1.0 nA.

The HR-XPS data were obtained at the Beamline for
Advanced diCHroism (BACH, BL 8.2) at the Elettra Synchro-
tron Light Source in Trieste, Italy.”® The photon/pass energies
used to collect the Ti 2p and Fe 2p core levels were, respec-
tively, 550 eV/20 eV and 830 eV/50 eV, allowing a total
resolution of 0.229 and 0.374 eV. Measurements were taken
at normal emission, and the energy calibration was made on
the basis of the corresponding Fermi edge.

The TPD data were obtained using a Hyden Quadrupole Mass
Spectrometer and monitoring the m/c = 28 corresponding to CO.
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Chapter I X
General conclusion and per spectives

During the three years of PhD | have focused mgaesh efforts in the study of the
model catalysts obtained by depositing a metal i@y Tltrathin (UT) films grown
on Pt(111). The high degree of characterizatiosuzh supports, which had already
been studied in my research group, has allowed tailet study of both the
electronic properties and the morphology of allsheples analyzed by means of the
typical Surface Science techniques. Moreover, dumnmy PhD experience, the
strategies used to obtain and reproduce all thdilohE were refined and the correct
model for a stoichiometric phase, thect’-TiO,, was obtained by comparing new
experimental results and theoretically Density Fnal (DF) simulations. For the
first time in the literature, an ultrathin film hag the TiQ (B) structure has been
deposited and characterized.

Concerning the model catalysts, | have been fogusmtwo different metals (Au
and Fe). The Au was chosen considering its higltctirey at the nanoscale,
especially towards the selective oxidation reastige.g. CO oxidation at low
temperatures). In this thesis, the deposition of ramoparticles (NPs) has been
monitored on both the reduced Ti@nd the oxidized TiQUT films. The NPs have
shown different growth modes, depending eitherhenTiQ UT film oxidation state
or the presence of preferential nucleation sitegdrticular, one of the reduced UT
films, the z’-TiO4 one, having an ordered array of defegiedholeswhere the Pt
support is left uncovered) has demonstrated taset templating substrate, allowing
the Au NPs to grow along straight lines. Moreowee NPs have shown different
interactions with the TiQ) mainly depending on the actual UT film stoiche&tny:
Au has a stronger interaction with the reduced tsates than with the stoichiometric

ones, leading to the growth of flatter and smalleto 4 nm diameter) NPs on the
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former and three-dimensional and larger (6 to 8 diameter) NPs on the latter.
Some interesting results have been also derived fhe analysis of the properties of
the model catalysts under realistic conditions, beidging the “pressure gap” (from
the UHV 10' mbar pressures ranges to the quasi-atmosphessyreeof 1&mbar).
These experiments have been carried on thanks tmortant collaboration with
the Institute of Surface Chemistry and Catalysighaf University of Ulm, in the
group of Prof. Dr. R. J. Behm. Through the use bfgh pressure (HP) cell directly
connected to a UHV chamber used for itesitu preparation of the samples, it was
possible to demonstrate the instability of the cedumodel catalysts after 100 mbar
CO:G; (1:1) dosing, , while the stoichiometric Ae¢t’-TiO, model catalyst showed
almost no madifications. In the case of the redusefliOx model catalysts at HP, a
AU/TiO, nano-composite was eventually obtained.

The other metal, Fe, has been chosen as an examalewuch different metal with
respect to Au, i.e. a reactive metal. | have stdidhe Fe deposition on two reduced
TiOx UT film, the templatingz’-TiOx and thew’-TiOy, in order to understand the
stability in UHV of the template itself when intetang with a reactive metal. Also
the transformations of the Fe/TiOnodel catalysts after a thermal treatment at
temperatures up to 1000 K have been thoroughlysiigeted. Thanks to the
collaboration with the “Universita del Sacro Cuorm’ Brescia (Dr. L. Gavioli's
research group), the “Istituto per i Processi Cho¥fisici (IPCF)” of CNR, Pisa
(Dr. A. Fortunelli’'s research group) and the usesghchrotron radiation at the
BACH (Beamline for Advanced DiChroism) beamlinetbé Elettra synchrotron in
Trieste, it was possible to find a consistent prtetation of the quite unusual
thermally driven transformations. In particular,hiés been shown that competitive
solid-state redox processes and chemical/structtaasformations of both the NPs
and the oxide film can take place as a functiotheftemperature. This give rise to
new distinctive phases: the system evolves fronPa Blssembly on the pristine UT
film at RT through an intermediate state, formedallyi-component oxide material,
i.e. mixed oxide FeO/Ti@nanoislands on a new reduced JiOT film, to the
thermodynamically stable phase at high temperatdrere Fe is dissolved into the
substrate and the pristine UT film is rebuilt. Ty best knowledge, this is the first
example where atomic resolved STM images on thkgsaand UT oxide films are
achieved in the presence of NPs, allowing a ratheque level of detail in the

description of the observed chemical transformatithrat might be operating in real
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nanostructured catalysts. The results have alstereed the role of the defects of
the templating’-TiOx UT film, which act as preferential diffusion paties the Fe to
reach the Pt support, thus leading to a highettiketycof this phase towards the Fe
with respect to the/-TiOx.

As a partial outline of the perspectives, | can timenthe potentiality of the Au/Ti©
nano-composite obtained exposing to “high pressuwegronment the Au/reduced-
TiOx model catalysts. As a consequence of the finitér®p NPs sizes (outlined
with STM to be in the 1-2 nm range) such a systamld have interesting
applications as a sensor or catalyst to use incazalitions.

Also the applications of the stoichiometric BiOT films grown on Pt(111) is an
interesting research field where to invest, inipalar the case of the nanoislands of
Titania(B). The perspectives in such a case arecagsd to their potentially
interesting photocatalytic properties, in particulia the field of the photoassisted
water-splitting reaction. $0 adsorption on stoichiometric T#Pt(111) UT films of
thicknesses up to 10 nm with different structuepiflocrocite, Titania B and rutile)

is currently under investigation..
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