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Abstract

In this thesis, the structure and reactivity of palladium on titania has been studied on high
surface area powdered materials and on low surface area models. Mathematical models have
been established which relate the particle radius to various parameters such as particle surface
area, density of particles, interparticle distance and coverage. The sintering process is studied
through STM imaging and particle size distribution (PSD) calculation on two models. The
technique resulting in PSD consists in the calculation of the particle density as a function of 4
parameters: perimeter, area, height and volume of the particle. This is done through the
analysing of STM images using a build-in-house software. It is found that Cu followed the
Ostwald ripening process while Pd followed the coalescence sintering. From the analysis of
the Auger spectra, the growth mode of Cu and Pd were found to follow the Volmer —Weber
mode consisting of 3D particle growth.

The structure of the Pd/TiO, system is investigated via STM and LEED analysis. It is shown
that Pd nanoparticles supported TiO, reconstructed upon annealing into hexagonal,
wagonwheel, star shape and zigzag superstructures. These various structures have unit cell
dimensions varying from 9.5A to 25A and consist of mixed layer of titanium and palladium in
their ground state. The possible structures are modelled and it is concluded that the Ti or Pd
adatoms can be situated in atop, 2- or 3-fold sites. TPR results shows that CO uptake capacity
is lost when the catalyst is reduced to high temperature. However, the CO oxidation reaction
is enhanced. It is shown that encapsulation of Pd by TiOy species is responsible for the loss of
CO adsorption but also for the improvement of the CO oxidation. Weakly bound forms of CO
and new active centres, as a result of the reconstruction, can improve the activity of the CO

oxidation reaction.
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1. Introduction

This thesis focuses on heterogeneous catalysis and surface science. The correlation
between the two domains is dictated by the influence of surfaces on catalytic reaction
behaviour. The importance of understanding heterogeneous catalysis starts with the
understanding of surface activity. Heterogeneous catalysis consists of reaction
between two phases, for example liquid-solid or gas-solid. The gas-solid interface is
of particular interest because catalyst particles can be deposited on a surface and are
the basis of many industrial processes. Reactions take place at the surface. Surface
atoms have different properties from the bulk atoms. Surface atoms cannot satisfy
their bonding requirements in the same way as the bulk atoms and therefore tend to
react with other or neighbouring atoms to become stable. This is where surface studies
become important. Understanding the structure and evolution of particles at the
surface brings important information on the behaviour of a catalyst and as a result an
improvement of the catalyst activity.

In this chapter, a review of catalysis and the importance of surfaces in catalysis is first
reported. A summary of surface science and UHV work is presented in the next
section with a look at the advantages and disadvantages of such studies. The fourth
section summarises the evolution of microscopy through time from optical
microscopy to scanning probe microscopy with a highlight on scanning tunnelling
microscopy which is the main instrument used during my practical work. This chapter
is meant to give a background on microscopy, catalysis and surface science, looking
at the kind of information we can get from microscopy studies and how can they be

useful to explain catalytic reactions.



2. The importance of surfaces in heterogeneous catalysis

Recently, surface science has developed partly because scientists want to understand
surface chemical reactions. The motivation of researchers arises from their desire to
bring light on applications where surfaces are taking part, such as heterogeneous
catalysis, corrosion, printing or dyeing. Catalysis is probably the major application so
far [1]. Every reaction takes place initially on the surface atoms. The imaging of
molecular structures at the surface is obviously of great interest in understanding
those chemical reactions and this became possible when the Scanning Tunnelling

Microscope [2] was invented and applied to imaging surfaces at the atomic scale.

2.1. Outline on catalysis

The term catalysis was first mentioned by Berzelius in 1835, giving, at the same time,
an explanation to previous unexplained chemical processes [3]. It became rapidly
clear that catalysis could be use to aid many chemical reactions and was also
financially advantageous. The First World War was a trigger for the development of
catalysis, where the production of many pure chemicals was in large demand, such as
the production of explosives based upon nitric acid (Ostwald, oxidation of ammonia
to nitric acid [4]). After the First World War, the demand on explosives diminished
and catalysis was significantly use for FCC (Fluid catalytic cracking) process [5],
allowing later the production of fuel for fighters in the Second World War. In the
1970’s the trend of catalytic industry changed towards the petrochemical industry due
to the vast development of the automotive market. Nowadays, catalysis is present in
everyday life. Many applications involve the process of catalysis such as methanol
synthesis [6], petroleum refining and processing, emission control and reduction of
NOx [7], CO and hydrocarbons. It is also involved in nearly every reaction associated

with life [1]! A good example is the enzymatic catalysis where the transformation of
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Figure 2 describes the energetics involved in a catalysed and un-catalysed reaction.
The un-catalysed reaction involves the creation of intermediate states. These
intermediates can be created only if enough energy is provided. In this case there is a
large activation energy for the gas phase reaction to occur and the reaction may not
happen. Looking now at the catalysed reaction, the presence of a catalyst allows the
reactant to adsorb at the surface first without reacting and requires little energy, E,.
Once the reactants are adsorbed, they react at the surface with a low activation energy,
Es compared to the activation energy of the un-catalysed reaction. Finally, the
products formed at the surface desorbs into the gas phase with again a small activation
energy for desorption, E4. Those intermediates have much lower activation energy due
to the stabilisation induced by the bonding at the surface. Direct un-catalysed reaction
produces intermediates that have an unstable configuration in the gas phase. The
reaction is accelerated by a catalyst, a chemical that takes part into the reaction
without being chemically changed. The catalyst however does not change the
equilibrium state; it only speeds up the rate of reaction. The kinetics of the reaction
are determined by the relative height of the activation barrier. Another important
characteristic of catalysts is their selectivity. It is possible to favour one reaction over
another by decreasing more its activation barrier depending of the catalyst chosen.

Figure 3 is a schematic of the catalytic process of CO oxidation at the surface and is
used as example to explain the catalytic process [1]. Firstly the catalyst provides a
surface where the molecules coming from the gas phase can be adsorbed. Once the
molecules are adsorbed on the surface, their bonds are weakened and the molecule
can dissociate. In the case of CO adsorption, the molecule does not dissociate because
of its high internal bond strength. However, adsorbed oxygen dissociates and can

diffuse on the surface. Then, atoms and molecules at the surface react and allow new
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occurring when metals are in contact with partially reduced metal oxide surfaces [9].
This effect consists of diffusion of reduced support compound onto the metallic

particle, influencing greatly its reactivity [10,11].

3. Surface science and Ultra High Vacuum (UHV)

3.1. Surfaces

Metallic and metal oxide surface structures are the most studied because of their
application in catalysis. Surface structures are categorised in different classes. The
most important ones are the body centred cubic (bcc), hexagonal closed packed (hcp)
and in particularly face-centred cubic (fcc) because it concerns many metals and metal
oxides used in catalysis [1]. The study of a surface structure is done on a single
crystal. The advantage of using single crystals is the limitation of variables. For
example, due to the variety of planes of the catalysts it allows us to concentrate only
on the reactivity of one plane surface. Single crystals have also a limited number of
well defined sites which make it easier to study their reactivity. The fundamental
difference between real and model catalysts is the pressure, and thus, the finite
residence time of species at the surface [12]. At high pressure, the surface has higher
steady state coverage of adsorbed species than at lower pressure. Not only more
reactions between adsorbates and oncoming molecules can occur at high pressure but
also at high coverage, adsorbate may rearrange in a structure that would differ from
the one at low coverages. Thus, reactions can take place that would not happen in
UHV conditions. Another reason is if a reaction occurs at an active site with a very
small surface density, it may not be possible to detect it by chemisorption techniques
used in high pressure environments. However, in low pressure environments, a small

fraction of incoming molecules reacting at the surface will be seen. Pressure gap in
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themselves into another structure that differs from the bulk one. The process is called
reconstruction. Reconstruction of the surface can also be induced by adsorbed
molecules. This corresponds in fact to the first step of catalytic process described in
the previous section. Molecules adsorb at the surface forcing the metallic or oxide

surface to reorganise to the lowest surface energy.

3.2. Utility of Ultra High Vacuum (UHV)

Numerous experiments in ultra high vacuum have been carried out in the last decades
in order to understand the mechanisms that underlie catalytic phenomena. Why work
under vacuum when, in reality, catalysts function under pressure and at high
temperature? The necessity of using an ultra high vacuum (UHV) chamber is because
of its ability to keep the surface of the crystal to analyse clean for a certain period of
time. In an UHV system, the pressure is kept constant between 10 and 10™"! mbar.
Under such pressures, the mean free path of the molecules is extremely high (order of
10’ m) and, as a consequence, we need only to consider collisions between a molecule
and a surface rather than between two molecules [14]. The average distance that a
particle (atom, electron and molecule) travels in the gas phase between collisions can
be determined from a simple hard-sphere collision model [15]. This quantity, known
as mean free path of the particle, is denoted A and for neutral molecules is given by
the equation [14]:

1

ny2md?

Where n is the number density, d the diameter of the molecule and the term nd?

A=

represents the collision cross section.
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Taking d = 3.7x107"° m for the N, molecule and substituting n from p = nkT , then:

A= 1 _,p
2md? kT

Where P is the pressure in the chamber (mbar), T the temperature (K) and k the
Boltzmann constant (1.38x102J.K™).

_6.6x107°
p

A

With sufficient accuracy, the following approximation is made:

_7x107°
P

A

As one might expect, A increases when the P decreases (and hence the number density
of molecules).
The impingement rate (or flux) of molecules is given by:

_r
2mmkT

J=
Where J is in cm™.s™, P the pressure in mbar and m is the mass of a molecule in kg.
Or N,xk=R
and N, xm=M
Where R is the universal gas constant of value 8.314 J.mole K™, Ny is the Avogadro
constant (6.02x10> molecules), M is the mass of 1 mole in kg and m is the mass of a

molecule in kg. So,

PN,

N 2aMRT

Taking the example of nitrogen: M=0.028kg at 295K, then

J=29x102 xP

12



Where J is inm?.s™ and P in Pa
J=29%x10" x P
Where J is in cm™.s™” and P in mbar
Again, with sufficient accuracy, the following approximation is made:

J=3x10"xP

Thus, under a pressure of 10" °mbar, J =3x10"cm ™5™

Considering that a monolayer contains 10'° atoms per cm?’ then the rate of formation

for a monolayer is:

J 3x10"°

=2 =0.00003ML.s”"
10° 10

Thus, the time ¢ needed for one monolayer of gas molecules to form is:

1

3 =33333.33s =941 5min

Following the same logic, under atmospheric condition, surfaces are covered with
contamination in an order of 4x10”° seconds. To minimise the contamination of the
surface, the achievement of an ultra high vacuum pressure is necessary, thus allowing
the study of its structure and reactivity.

The range of application of Ultra High Vacuum technology is quite wide. Many
techniques of analysis such as Field Electron and Field Ion Microscopy, Scanning
Tunnelling Microscopy, Electron Diffraction, Auger Electron Spectroscopy, and
Photoelectron Spectroscopy work under ultra high vacuum and provide good

measurements.

4. Microscopy from macroscopic to nanoscopic scale

It has always been in human nature to look from immensely large to incredibly small

natural phenomena. From the concept “seeing is believing”, the emergence of

13
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wavelengths of light used (M), sets a definite limit (d) to the optical resolution.
Assuming that the optical aberrations are negligible, the resolution (d) I given by:

_ 4
NA

Assuming a A of 400nm with the highest practical NA is 1.5 (oil as a medium), due to

diffraction, even the best optical microscope is limited to a resolution of 0.2um [18].

4.2. Electron microscopes

Electron microscopes were developed to overcome the limitation of light
microscopes. The electron microscopes function exactly as the optical ones except
that they use a focused beam of electron instead of light to image the specimen and
gain information on its structure and composition. Electrons can behave in a wave-
motion like light does (De Broglie, 1924) and have a wavelength much smaller than
the one of light. By using a beam of electron instead of a light beam, it is possible to
view objects smaller than the wavelength of light.

The first Transmission electron microscope was invented by Ernst Ruska and Maxx
Knoll [19] in Germany in 1931 and could image up to 10 times more than a light
microscope. TEM is very similar to a light transmission microscope except that a
focused beam of electrons replaces the light to see through the specimen and the glass
lenses are replaced by electrostatic and magnetic lenses [20] . The transmitted electron
beam is then deflected to a photographic film emulsion or projected onto a fluorescent
screen, generating an image at high magnification. With the progress of technology,
today’s TEM achieve a resolution of 0.2nm. However, the TEM has some limitations.
The need to prepare very thin sample limit the examination of surfaces in 3

dimensions.
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Max Knoll developed the first SEM in 1942. The electron beam which typically has
an energy ranging from a few hundred eV to 50 keV, is focused by one or two
condenser lenses into a beam with a very fine focal spot sized 1nm to Snm [20]. The
beam passes through pairs of scanning coils in the objective lens, which deflect the
beam over a rectangular area of the sample surface. As the primary electrons strike the
surface they are inelastically scattered by the atoms in the sample. Through these
scattering events, the primary electron beam effectively spreads and fills a teardrop
shaped volume, known as the interaction volume extending about less than 100nm to
Sum depths into the surface. Interactions in this region lead to the subsequent
emission of electrons which are then detected to produce an image.

The resolution of the SEM depends on the size of the electron spot and the interaction
volume. They are both very large compared to distance between atoms, so the
resolution of the SEM is not high enough to image down to atomic scale. Depending
on the instrument, the resolution can fall somewhere between less than 1nm and

20nm.

4.3. Scanning probe microscopes

A little more than two decades ago, an important development in the history of
microscopy was the invention of the Scanning Tunnelling Microscope by Binnig and
Rohrer [2] in 1981 at IBM Laboratory. The basic method consisted in moving a sharp
tip very close over a solid surface and monitored the tunnelling current between the
tip and the surface. The variation in the current was transformed into a topographic
map of the surface. The idea of measuring surface topography gave almost a new
dimension to surface research into the nanometer range. Due to this new discovery,

the last decade has experienced a new aspect of science, called nanotechnology [21].
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However it was in 1928 that the concept of Scanning Microscopy started with the
work of Synge using near-field light [22]. By forming a microscopic aperture in an
opaque screen and illuminating the backside of the screen, the light emerging from the
aperture could be used to image the surface of a specimen. However, the proposal was
far beyond the technical capabilities at the time. It was not until 1972 that the concept
was developed by E.A. Ash and G. Nicholls [23] using microwaves passing through a
probe-forming aperture.

Then, in 1972, an apparatus closely related to STM called the topografiner was
developed by R. Young [24]. The metal tip was driven by a piezoelectric device that
could control the tip in the 3 dimensions. The system was isolated from vibrations
which were identified as an important parameter against the achievement of a good
resolution. The main difference with STM was that a field emission current was used
between the tip and the sample, limiting the lateral resolution to 400nm and the
vertical resolution to a few nanometers. However Young suggested in his publication
that using tunnelling effect (explained below) which would bring the tip closer to the
surface would improve the resolution.

It took another 10 years to be put into practice with the invention of STM. By
isolating the vibrations of the system, it was now possible to approach the tip very
close to the sample and create a tunnelling current between the tip and the surface.
The presence of a piezoelectric device to control the movement of the tip and of a
single atom tip end allowed vertical resolution of 0.01A and lateral resolution of 0.1A
to be obtained [25]. Binnig and Rohrer were the first people to publish an image of the
(7x7) reconstructed Si(111) surface [26] and received the Nobel Price in 1984 for
their discovery. They shared the price with Ernst Ruska who designed the first

electron microscope. However the limit in STM, mainly the need for a conductive

17



sample, created the need for another type of microscope: the Atomic Force
Microscope, AFM created by Binnig in 1986 [27]. The AFM consists of a cantilever
with a sharp tip at the end. The tip is approached to the surface and the forces between
the tip and the surface leads to a deflection of the cantilever. The deflection is
detected by the reflection of a laser beam. The advantage of AFM over STM is that a
non conductive sample can be imaged. Its disadvantage is the relatively low lateral

resolution, from micro to nanometer scale.

4.4. Scanning tunnelling microscopy (STM): the details

STM was invented with the intention of resolving one of the scientist’s goals: imaging
the extremely small, visualising the atomic structure of materials [28]. It allowed the
acquisition of surface images at the atomic scale by detecting the electron density of
the surface atoms. It is considered as a powerful tool for obtaining information on the
packing order of atoms on the surface.

The basic concept of STM is based on a tunnelling current between an atomically
sharp tip and a conductive material resulting in an image at atomic scale of the
material [29]. A small voltage (between -5V and 5V) is applied in between the tip and
the sample. The tip is then approached to the surface. Once the tip is close enough
(without touching), a current flows across the gap between the tip and the surface. It is
called the tunnelling current.

In order to understand STM, it is also important to understand the concept of
tunnelling current. The tunnelling effect is a phenomenon that can be explained by

quantum mechanics [15].
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When a voltage V is applied to the sample, its energy level shifts upward or
downward depending on the polarity of the charge. When the voltage is applied
(about 1V) and the tip and the surface are close enough to each other (5-10A) for their
work functions to overlap, then the potential barrier becomes small enough for
electrons to tunnel. At positive bias, the tunnelling current arises from electrons that
tunnel from fully occupied state of the tip to the unoccupied state of the sample. At
negative bias, the fully occupied state of the sample tunnel to the unoccupied state of
the tip. Only the states lying just below and above the Fermi level can contribute to
the tunnelling current. Other states cannot because there is no electron to tunnel at
higher energy or because of the exclusion principle at lower energy. It results that the
probability for an electron to cross the barrier is
Toce?d &)

d is the distance of the vacuum gap.
Where k is related to the local work function by [25]:

k=02mg/n*)"?>  (6)
Most metal work functions are around 4-5¢V [29]. From equation 6, it is then possible
to determine k.
k=(Q2mg/h*)"* =(2x9.109x107 kg x 4eV /(6.626 x107>4)2 J? 5?)/2
Or leV =1.602x107"°J and 1J=1kg.m’s™

So k =1630647799.97m™ ~1.6 A"
Thus, from equation 5, for each angstrom of vacuum between the tip and the sample,

the tunnelling current will drop by:

exp(—4k) — exp(=2k) = exp(:‘—;%) ~7
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The control of the height of the tip above the surface is therefore a very important

parameter, as well as good vibration isolation.

5. Method of fabrication of nanoparticles

5.1. Preparation of powder catalysts

There are a variety of ways to prepare catalysts. The commonly methods used are
impregnation, precipitation and washcoating.

Impregnation method [1] consists in adding to a high area porous material a solution
of the active phase precursor. The active phase can then be precipitated by a sudden
change in the pH. The catalyst is then filtered, dried and calcined. This method is
called precipitation impregnation. The drawback of this method is that much of the
solution is wasted. When working with expensive precursor, incipient wetness is a
more controllable method. In this case, an appropriate amount of active component is
dissolved in a known volume of deionised water to give the desired concentration of
metal precursor. The volume of metal solution added is sufficient to fill the pores of
the support. The catalyst is finally dried and calcined in an oven.

Another common method is co-precipitation [1]. The support and active precursor are
mixed together and co-precipitated at a particular pH by adding an acid, base or salt.
Taking the example of a copper, zinc and alumina catalyst for methanol synthesis: a
mixed nitrate solution is mixed with an aqueous solution of KOH and Na,COs and co-
precipitated by rapid addition of Na,CO;. The precipitate produced is aged then
washed and filtered to remove the Na ions responsible for the change in methanol
selectivity. Finally, the catalyst is dried and calcined [30].

Washcoating [1] is a technique mostly used in industrial catalysis in car catalyst

production. The catalyst is supported on a monolith structure (honeycomb-like) made
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from ceramic or stainless-steel material. This support is impregnated by a washcoat.
The washcoat is usually made from a highly porous alumina (containing added
materials to make it resistant to sintering) dipped into the active component, a
precious metal. The precious metal currently used are platinum, palladium and
rhodium because they are less prone to poisoning compared to the metal oxides. The

last step in washcoat preparation is drying and calcination.

5.2. Preparation of nanoparticles on model catalyst:

Model flat catalysts are usually epipolished single crystal cut in a specific plane.
Crystals are solids in which the atoms are arranged regularly in a space lattice with
specific geometrical symmetry elements. However, ideal surfaces do not exist in
nature and the surface usually present defects such as kink, steps or vacancies. As for
powder catalysts, there exist various ways to prepare nanoparticles supported on
single crystal. They are classified in two major domains: chemical vapour deposition
(CVD) and physical vapour deposition (PVD) {31, 32]. Chemical vapour deposition is
a chemical process whereby gaseous reactants can be deposited on a surface. During
this process, energy is given to the precursor gas which contains the atoms to be
deposited. This energy dissociated the gaseous molecules by a series of chemical
reactions in order to obtain a solid product on the substrate surface. There are different
energy sources of heat for CVD process: heating of substrate, plasma, lamp and laser.
The substrate temperature and system pressure are the two most important parameters
in CVD since they strongly influence the growth mode. CVD covers processes such
as Atmospheric Pressure Chemical Vapour Deposition (APCVD), Laser Chemical
Vapour Deposition (LCVD), Metal Organic Chemical Vapour Deposition (MOCVD)

or Photochemical Vapour Deposition (PCVD).

22



The second domain is Physical Vapour Deposition (PVD) used to deposit thin films
of various materials onto various substrates by physical mean. Variants of PVD
include evaporative deposition, sputtering and pulsed laser deposition. In evaporative
deposition, a thermal evaporator uses an electric resistance heater to melt the material
and raise its vapour pressure to a useful range. This is done in high vacuum to lower
the possibility of contamination of the chamber. Another possibility is to use an
electron beam evaporator that fires an electron beam from an electron gun to boil a
small pot of material. Sputtering relies on an electron source to knock out material
from a target a few atoms at a time which are then deposited on a substrate. The target
can be kept at a relative low temperature making it a more flexible technique. It is
useful for mixtures, where different component would otherwise evaporate at different
rates. Pulsed laser deposition works by an ablation system. Pulses of focused laser
light transform the target directly from a solid to plasma. This plasma usually reverts

to gas before it reaches the substrate.

6. Aim of the thesis

In this thesis, we are looking at catalysis from both a real and modelled point of view.
Chapter 2 introduces the Scanning Tunnelling Microscope (STM) design and
operation. This technique is exploited extensively for this PhD work. This paragraph
is followed by the description of the modelled sample preparation and deposition
methods for real and model catalysts. Then, the techniques of surface analysis used
are described, starting with Low Electron Energy Diffraction (LEED), followed by
Auger Electron Spectroscopy (AES) and Atomic Force Microscopy (AFM). Finally,
the methods used for real catalyst analysis are explained and consist in the description
of the Pulsed Flow Reactor (PFR) and the theory and operation of the surface area

measurement via BET system.
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In chapter 3, catalyst behaviour is studied from a mathematical point of view. The
chapter starts with an analysis of the geometrical aspects of monolayers and
nanoparticles, and the relations between particle spacing and particle size. This is
followed by the description of the different growth modes on surfaces: Volmer-Weber
(VW which consists of 3D island growth), Stranski-Krastanov (SK: layer by layer
followed by 3D growth) and Frank-van der Merwe (FM consisting of a layer by layer
growth). Those growth modes can be differentiated by the interpretation of the AES
signals at various coverages. Examples set on Cuw/TiO2(110) and Pd/TiO»(110)
systems are investigated to determine their growth mode and to support the models
previously established. STM imaging and Auger spectroscopy are the tools used for
this verification.

The reactivity of palladium metal deposited by MVD on a TiO»(110) single crystal is
exploited in chapter 4. The chapter starts with an introduction on the structure of
titania and of the Strong Metal Support Interaction effect (SMSI). This is followed by
a paragraph on the model and real catalyst preparation. The study of the model
catalyst is carried out in UHV chamber by STM, AES and LEED analysis. First, an
analysis is done on the clean TiO,(110) sample. Then, the SMSI effect is studied on
palladium deposited titania crystal and is followed by possible models describing the
structures found. The last part of the chapter looks at the real catalyst via PFR
experiments: CO uptake and CO oxidation reactions are carried out. Comparisons and
relations between the two methods are described in a last paragraph.

Finally, a closing chapter (chapter 5) reminds the aim of the work, the main findings
of this work regarding the mathematic models, the conclusive remarks of the model
and real catalysts and the ideas on the structures imaged. The chapter ends up with

subsequent work that could be carried out on the system studied.
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1. Introduction

In this chapter the description of the equipment employed during the work is
presented and the operation of the STM is explained. Then, our experimental set up
is described, including all the conditions and the different parts required in the
image acquirement. An account on the methods of metal deposition and cleaning
processes is also reported. Finally, a description of the other surface techniques
integrated on the chamber is given. These consist of Auger electron Spectroscopy
(AES) and Low Electron Energy Diffraction (LEED) that bring information for the
reliability of the STM images. A surface analysis technique not integrated in our
system was used: the Atomic Force Microscopy (AFM) which is also described.
Finally, real catalysts related to the model catalysts studied were tested in a Pulsed
Flow Reactor. The reactor is described in section 8. The powder catalyst was

analysed by BET measurements. This technique is described in the last section.

2. System design and operation

2.1. The chamber

The STM (image 1) is a W.A. Technology system designed to operate from ambient
temperature to 1000°C. Three metal evaporators, one organic compound evaporator,
a LEED/Auger analyser, a mass spectrometer, and an ion gun are attached to the

chamber.
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an oil bath allows the lubrication of the moving part of the pump and also traps the

air molecules.

2.3. Baking

Baking the chamber takes part in the process of the experimentation. Once the
chamber has been vented for maintenance or repair of parts of the equipment, it is
necessary to bake the whole chamber in order to obtain UHV conditions and get rid
of all the contaminants (especially water) [1, 3]. This is a long process that takes up
to 2 days to complete. The chamber is locked into a closed box made of aluminium
panels and heated to approximately 120°C. Once the baking is finished and the
panels removed, it is necessary to degas all the filaments. When opened to air, the
inside chamber walls and the filaments of the different analysers get covered with
impurities. Degassing just after baking (while the chamber is still warm) allows the
removal of those contaminants without sticking to the walls of the chamber. Using
the filaments without preliminary degassing would result in the removal of the
impurities from the filaments to the chamber walls and to the sample surface. This
would affect the pressure of the system and the cleanliness of the sample.

The side chamber of the system can be used and baked separately. This allows the
maintenance and repair of the samples or tips without having to vent the whole
chamber and go through the whole process of baking. The samples are first
transferred to the side chamber through the gate valve using a wobble stick. Once
the valve is closed, the side chamber is put under atmospheric pressure of nitrogen.
The use of nitrogen reduces the contamination of the side chamber by water vapour
to a minimum, and, as a result, it will take less time to get back to low pressure

while baking. This procedure is much quicker since it takes only a night to get back
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In order to move the tip up and down, for example, the voltage is applied to the four
contacts, two contacts in the x direction and two contacts in the y directiqn. This
makes the ceramic contract or extends in the x and y direction at the same time. In
order to move the tip back and forth, the voltage on one side of the piezo is
increased, while it is decreased on the opposite side (c and d). This makes one side

contract while the other side is extended.

2.9. The feedback loop

The feedback loop controls the distance between the tip and the surface to stabilise
the tunnelling current. Its function is to optimise the images taken in constant
current mode. Also, a wide range of gains is desirable to tune the STM to a variety
of operating conditions. There are three control functions that can be adjusted [8]:

« The proportional parameter is used to calculate a Z correction based on the
difference between measured and required control signal (e.g. tunnel
current). This correction is directly added to the current Z value.

o In a similar way to proportional, the integration parameter is used to
calculate a Z correction. However, instead of being directly applied to the Z
value, it is summed with previous integration derived Z corrections. This
summed value is then added to the current Z value.

o« Finally, the differential constant limits the response of the Z value to some
maximum rate. This setting is used in combination with the integration
constant to limit the feedback oscillation. These signals are summed to
generate the feedback output.

The feedback loop varies the potential applied to the piezo to adjust its height. The

adjustment of the gains is therefore very important. An incorrect setting could create
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artefacts in the image, could crash the tip or withdraw it resulting in a loss of

tunnelling current.

2.10. Operating modes

The movement of the scanner during the data acquisition is shown in figure 10
(courtesy of [9]). The direction in which the data are recorded is called Fast Scan
direction. The perpendicular to it is called Slow Scan direction. The tip scans the
surface in the fast scan direction and moves back, then take a step perpendicular and
start a new scan and moves back again, this until the set lengths of the image are
reached. At each point, the value of the tunnel current or the height between the tip
and the surface is measured. This value is recorded and it defines a level of grey,

which is then represented as a pixel.

Slow Scan Dircetion

>
Fast Scan Direction

Figure 10: Schematic of the trajectory of the tip during
scanning.

There are two main modes of scanning: constant height scanning and constant
current scanning [10]. Constant height scanning consists in keeping the tip at a
constant height in the z-axis while the variation of current is measured while the tip
moves in the xy direction (figure 11). The image obtained would correspond to the

variation of the tunnelling current as a function of the position on the crystal.



"%

"8

(

(

&&"&4

&&"&4

"& "$&(

&

"& '$&( &

*

"k



#

/

14 %)

##

4 #0
+
< #+
Q
$.%. ! 3
+ 1 ($& "A
$ o (Lo
A X N
1 @ @ & 3
/
, 0
2 + 4
/.
3/ #+
4 /
, #
L**M 4



KI=KI!] 4

<+ H#
#+ 2
H4 /
0
#+ #
0 #0 #
, % % , #
, B3 ,3
+ #+ #
+ / #
0 4 +
# 1/ 4
, 4
ey s
, 2
# H! #
2 0

#H+

/

#
, L*
$ # /
# #+ 0
/ ,
H!Il64 E.
, #
#0 / *G64
0
(r, "&4 '$&" !
2

M 4

#+

/

5

/4











































































































































































































































































































































































































































































































































































































































































