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Abstract

The first part of this work details the development and testing of surface science methods
for use at solid-liquid interfaces, while the second part of this thesis presents results of surface
science investigations into wet chemical catalyst preparation techniques on single-crystalline
substrates.

In the first part of this thesis, tests were conducted using an electrochemical scanning tun-
nelling microscope (STM) and sum frequency generation (SFG) spectroscopy to take in-situ
measurements at the solid-liquid interface. Magnesium phthalocyanine was used as a model
molecule to be imaged using an electrochemical STM. It was imaged successfully both in-situ
and ex-situ on an Au(111) single crystal and ex-situ on an FeO(111)/Pt(111) thin film. This
demonstrated that molecular resolution was achievable, even under in-situ conditions using this
equipment.

An experimental setup has been designed and built to take sum frequency generation spec-
troscopy measurements both on samples under ultra-high vacuum (UHV) conditions and at the
solid-liquid interface. This was achieved by connecting a liquid cell to a standard UHV cham-
ber via a transfer chamber to allow for clean transfer between UHV and liquid environments
without compromising the quality of the vacuum. Initial in-situ measurements were obtained
of the spectrum of a self assembled monolayer of octadecanethiol on the Au(111) surface in air,
ethanol and water.

In the second part of this thesis, the deposition of palladium and gold particles on iron oxide
thin films using wet chemical methods was investigated.

Wet chemical Pd deposition on Fe;O,(111)/Pt(111) has been studied previously, but more
information was required about the importance of the rinsing step. Rinsing with water until
a steady state was reached was found to be sufficient to reduce deposited palladium species to
metallic palladium in a manner similar to what is observed from annealing in vacuum. After
this rinsing step, small particles could be seen dispersed over the entire surface, confirming the
previous model for homogeneous distribution of palladium from solution. Different mechanisms
have been proposed for palladium deposited at low and high pH values. Rinsing with water
was found to be an effective method for removing chlorine from the surface, although some
palladium is lost. In all cases chlorine levels dropped below the detection limit after rinsing
until a steady state was achieved.

For gold deposition, a procedure was found for creating small, well dispersed gold particles
on an Fe;O,(111)/Pt(111) surface. The removal of chlorine through rinsing was found to be
critical to maintain dispersion, with significant aggregation observed for unrinsed samples. Gold
was deposited on to the surface using a grafting type mechanism similar to what is observed
for gold deposition on TiO,. The deposited gold species were easily reduced either through

annealing in vacuum or rinsing with water.



Zusammenfassung

Die vorliegende Arbeit beschreibt einen methodischen und experimentellen Ansatz, der die
Untersuchung von nass-chemischen Katalysatorpraparationsverfahren anhand von Modellsyste-
men und mit oberflichenphysikalischen Untersuchungsmethoden zum Ziel hat. Der erste Teil
der Arbeit beschéftigt sich mit der Entwicklung und Erprobung von Methoden zur Untersu-
chung von fest-fliissig-Grenzflichen, wéhrend der zweite Teil die nass-chemische Herstellung von
oxid-getragerten Metall-Nanopartikeln auf einkristallinen Substraten beschreibt.

Summenfrequenz-Erzeugungs-Spektroskopie (SFG) und elektrochemische Raster-Tunnel-Mik-
roskopie (EC-STM) wurden als in-situ-Methoden zur spektroskopischen und morphologischen
Charakterisierung von fest-fliissig-Grenzflichen herangezogen. Die Abbildungsméglichkeiten des
EC-STM wurden anhand der Adsorption von Mg-Phthalocyanin (Mg-Pc) an einkristallinen
Oberflichen getestet. Die (Mg-Pc)-Molekiile konnten sowohl ex-situ als auch in-situ, d.h. in
einer Toluol-Losung, auf Au(111) abgebildet werden. Im Fall von FeO(111)/Pt(111), das als
Modellsystem fiir eine Oxidoberfliche verwendet wurde, war eine eindeutige Charakterisierung
nur ex-situ moglich.

Fiir SFG-spektroskopische Untersuchungen wurde ein neuer Probentransfer-Aufbau konzi-
piert und gebaut, der es erlaubt SFG-Messungen sowohl im Ultrahochvakuum (UHV) als auch
in einer geeigneten fest-fliissig-Probenzelle durchzufiihren, und die Proben zwischen den beiden
Systemen kontaminationsfrei zu transferieren. Erste in-situ SFG-Messungen wurden an selbstor-
ganisierten Monolagen von Oktadekanthiol auf Au(111) an der Luft, in Ethanol, und in Wasser
durchgefiihrt.

Im zweiten Teil der Arbeit, der sich mit Modellstudien zur Katalysatorpriaparation befasst,
wurde die Abscheidung von Gold und Palladium aus wéssrigen, chloridhaltigen Prakursoren-
Losungen auf die Oberfléchen von diinnen Eisenoxid-Filmen untersucht. Im Fall von Pd-Fe;O,(111) /-
Pt(111) konnte gezeigt werden, daBdurch ausgiebiges ,, Waschen“ die auf der Oberfliche ad-
sorbierten Pd-Prékursoren zu metallischem Pd reduziert werden, wobei kleine, gleichmafig
iiber die Oberflache verteilte Pd-Partikel entstehen. Weitere Konsequenzen des Waschens, wie
der Verlust von Pd oder die Beseitigung von Cl und Na, wurden fiir verschiedene Proben-
Praparationsbedingungen (pH-Wert) unter Verwendung unterschiedlicher Waschlosungen (de-
stilliertes Wasser, Blindlésungen) untersucht. Es konnte gezeigt werden, dafidas Waschen mit
Wasser eine effektive Methode zur Beseitigung von Cl darstellt. Letztere ist von Bedeutung fiir
die Dispersion der Pd-Partikel.

Im Fall der Gold-Abscheidung konnte ein Weg gefunden werden, iiber die nass-chemische
Préparation kleine, fein-verteilte Gold-Partikel auf der Fe;O,(111)-Oberflache herzustellen. Wie
im Fall von Au-TiO, wurde hier die Adsorption der Au-Prakursoren im basischen Milieu iiber
eine Grafting-Reaktion durchgefiihrt. Die Reduktion der oxidischen Au-Prékursoren erfolgte
entweder thermisch oder durch Waschen mit Wasser. Der Einfluss von zuriickbleibendem Cl auf

die Dispersion von Au-Nanoteilchen auf Fe;O,(111) konnte eindeutig nachgewiesen werden.
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Chapter 1

Introduction

Heterogeneous catalysts are vital to the modern chemical industry, with an estimated 90% of
all chemical processes utilising heterogeneous catalysis [1]. In excess of 80% of all heterogeneous
catalysts are produced using the wet chemical methods of precipitation or impregnation [2], but
despite this, precious little information is available about the processes occurring at an atomic
scale at the solid-liquid interface during catalyst preparation. The material properties and
ultimately the effectiveness and efficiency of a catalyst can strongly depend on the preparation
method used [3, 4, 5]. For this reason it is absolutely critical to understand these processes.

Investigating these processes in a systematic way requires controlled environments with
well ordered samples. Traditional surface science meets these requirements, but the ultra-high
vacuum (UHV) environments typically used in surface science [6] are far removed from the
liquid environments of catalyst preparation. While much is known about the growth of metal
particles on single-crystalline oxide substrates under UHV conditions [7, 8, 9], comparatively
little is known about the growth of metal particles deposited from liquid. To properly address
the problem of understanding catalyst preparation requires the development of techniques to
study the problem in-situ by bringing the well ordered surfaces of surface science into liquid
environments.

This work aims to make progress toward this goal of understanding catalyst preparation
procedures by developing equipment that can be used for in-situ measurement during catalyst
preparation. By preparing well ordered samples under UHV conditions before transferring
them into a liquid cell, atomic level information about the processes occurring during catalyst
preparation should be obtainable.

Due to the complexity of heterogeneous catalysis, considerable effort has been directed in
designing model systems which incorporate the essential features of a particular catalyst of
interest, while reducing the complexity of the system [10]. Single crystal surfaces, where only
a single crystal plane is exposed for reaction and measurement, are well defined systems where
in principle every atomic site on the surface can be defined. Well defined single-crystalline
substrates have been used extensively in surface science as they allow effects (such as adsorption,
bond cleavage, reactions, etc.) to be unambiguously attributed to specific surface sites.

Many surface science techniques either require or work best with conducting substrates such
as metals, but these are not the only materials of catalytic interest. Metal oxides are often used

as supports for small metallic particles in catalysis [11] and may even be an important part of



the active catalyst itself [12, 13]. Determining the importance and effect of a particular support
requires that the support is also properly characterised [14].

Some metal oxides are insulating, which can lead to charging (for example in XPS), which
can in turn interfere with measurement. One potential way to circumvent this problem is to
use ultrathin films grown on top of metal substrates. If the film is thin enough that sufficient
conduction exists, insulating substrates can be studied using techniques such as scanning tun-
nelling microscopy (STM) [15]. Using an ultrathin film can also reduce any possible charging
effects during measurement.

The complexity of such systems can also be increased in a systematic manner, with initial
studies being conducted on metallic single crystals and oxide substrates, before combining the
two systems by depositing metal particles on top of an oxide substrate to create oxide supported,
highly dispersed metal particle model catalysts [16]. Such model catalysts allow any interaction
between metal particles on the surface and the substrate to be investigated. The role of the
support for a given catalytic reaction can be critical to its catalytic activity through mechanisms
such as the spillover effect or electron transfer. Supported metal particle model catalysts can
also be used to investigate the effect of particle size on catalytic activity, which cannot be
achieved using single crystals.

These model systems can be used to better understand which features of a catalytic system
are important and the mechanisms at work by introducing complexity slowly in a systematic
manner. There has been significant research conducted on the catalytic systems used in in-
dustrial chemistry, but deeper understanding has been achieved from surface science studies on
model catalysts.

Supported metal particle model catalysts were chosen as the focus of this work due to the
large body of surface science work conducted in this field [16, 17] and the importance of metal
catalysts[18, 19]. Single-crystalline oxide thin film model catalysts are well suited as substrates
for studies of catalyst preparation due to the aforementioned advantages of single crystals and
their compatibility with surface science methods.

While vacuum based experiments are extremely useful when it comes to gaining initial
insight into complex systems, many industrial processes occur in much dirtier environments
under much more extreme conditions, such as ambient or even elevated pressures. Ex-situ
surface science relies on techniques such as freezing out absorbed molecules to understand their
bonding modes during reaction [20] to observe the state of the surface after a process rather
than during it. The very act of removing a sample from its environment may change the results
of a measurement. It is important to see how a situation of interest can change under these
very different conditions.

To this end, traditional surface science techniques have been modified to allow them to work
under different conditions, such as the pressures seen inside industrial reaction vessels. Some
techniques, such as polarisation modulation infrared absorption spectroscopy (PM-IRAS) and
sum frequency generation (SFG) [21], can be applied under high pressure conditions without
modification to the technique. This requires an appropriately designed chamber that can retain
acceptably low base pressure in a section used for sample preparation with another section

which can be brought to higher pressures for in-situ measurement. Ambient pressure SFG has



already been used in order to investigate any differences that may occur in the behaviour of
model catalyst samples under higher pressures [22, 23]. STM and atomic force microscopy
(AFM) can likewise be applied at ambient pressures [24, 25, 26] and furthermore, have also
been demonstrated to work under the same principles in liquid environments [27].

Using differential pumping to keep the pressure low inside the analyser has allowed XPS
to be applied to systems at high pressure [28]. With a small aperture at the entrance to the
analyser, the pressure can be kept sufficiently low and the mean free path of electrons sufficiently
high that measurements can be taken from samples in a pressure of up to 1 Torr.

Using surface science techniques under ambient pressures and more realistic conditions acts
as a bridge between the fundamental studies conducted in vacuum and real world catalysis.
These kinds of studies are important to ensure that information gained on simpler systems is
relevant to what is occurring at reaction conditions. These techniques can be used to understand
what is occurring on a surface as it is happening.

Industrial catalyst preparation does not occur under UHV conditions and as such, in-situ
surface science techniques are required to properly understand the processes occurring during
catalyst preparation. The supported metal particle model catalysts typically used in surface
science studies are prepared using techniques such as physical vapour deposition (PVD) [17],
which is far removed from industrially used wet chemical methods. While some insight can be
gained from ex-situ studies of these processes, a full understanding of the atomic level processes
occurring during catalyst preparation requires appropriate in-situ tools which can investigate
the processes occurring at the solid-liquid interface.

This thesis specifically addresses this need by detailing the design, construction and testing

of equipment for applying in-situ surface science techniques at the solid-liquid interface.

1.1 Aim

The aim of this work was to develop instrumentation for in-situ surface science techniques
which could be applied to investigating the processes occurring during catalyst preparation at
the solid-liquid interface. This was to be achieved through designing new equipment including
load-lock systems which would allow samples to be transferred between UHV, ambient and
liquid environments. In this manner samples could be prepared under UHV conditions and
then characterised both in-situ and ex-situ in order to understand and follow the processes that
occur at the solid-liquid interface during catalyst preparation.

Electrochemical STM is a well established technique which has been used extensively in the
past to investigate electrochemical problems [29] and the structures of SAMs on metal electrode
surfaces [30], but it has not been utilised in systematic model catalyst studies. This technique
was chosen as it provides important real space structural information and can even obtain
atomic scale information under the right conditions. Liquid STM could be used both in-situ,
to image the initial interaction of catalyst precursors with the substrate surface, and ex-situ, to
investigate the effect of post deposition treatments on the deposited metal particles.

To supplement the structural information gained from STM, SFG spectroscopy was chosen

to add vibrational information. This technique has already been used to gain information from



model catalyst systems both under UHV and high pressure conditions [20, 31, 32] as well as
investigating gas-liquid [33], liquid-liquid [34] and solid-liquid [35] interfaces. SFG is inherently
surface selective, making it well suited to investigating processes occurring at a substrate surface
during catalyst preparation through a liquid layer. While similar techniques have been applied
to polycrystalline catalyst samples [36], in-situ vibrational spectroscopy has not been previously
used to investigate catalyst preparation using single-crystalline model catalyst systems.

By marrying these two techniques with a complete UHV preparation and analysis chamber
the goal is to create a setup that could be used to investigate the processes that occur during the
individual steps of catalyst preparation. The combination of single-crystalline model catalyst
substrates with wet chemical preparation methods acts as a bridge between previously conducted
surface science studies and real world catalyst preparation to better understand the important
processes in catalyst preparation and explain differences observed between UHV prepared model
catalyst systems and industrial catalysts prepared by wet chemical methods.

As a first step toward this goal, studies could also be conducted using existing ex-situ surface
science techniques. By combining traditional surface science methods housed within the UHV
preparation chamber such as XPS and using the STM at ambient pressures, new information
could be gained about the interaction of catalyst precursor solutions with single-crystalline
model catalyst systems. These first experiments could provide important insight into later
experiments using in-situ techniques.

This work attempts to address these questions in the following chapters. Chapter 2 describes
the general procedures, applied techniques and equipment used experimentally. Chapter 3 dis-
cusses the development of equipment for in-situ surface science on single-crystalline substrates
and presents first results from this equipment. Chapter 4 presents results from ex-situ meas-
urements on single-crystalline Fe;O, films on which gold and palladium have been deposited

using wet chemical methods.



Chapter 2
Experimental

This chapter outlines the experimental setup used for this work with a description of the phys-
ical components used. This is followed by an overview of the iron oxide thin films primarily
used in this work and the theoretical background of the major techniques used to character-
ise the samples produced. The final section outlines the procedures used for liquid deposition

experiments.

2.1 Experimental setup

The experiments in this work were conducted inside a purpose built experimental setup consist-
ing of three different chambers, an ultra-high vacuum (UHV) preparation chamber, a UHV /amb-
ient transfer chamber and a high-vacuum/ambient liquid chamber. These chambers were all be
separated from each other by gate valves. A detailed account of this setup and its design can
be found in section 3.2.1. Sample preparation was conducted inside the preparation chamber
which was kept under UHV conditions at all times. A magnetic transfer rod, with an attachment
to grab the sample, could be used to remove samples from the manipulator in the preparation
chamber (Figure 2.1 (b)) and then transfer them into the transfer chamber on to a second
manipulator. After being sealed off from the preparation chamber, the transfer chamber could
be purged with an inert gas and the sample then transferred into the liquid chamber or removed
from the setup completely through a gate valve.

The preparation chamber was pumped using a turbomolecular pump (Varian TV 551) and
the pressure was measured via an ion gauge (Varian UHV 24). This chamber had a base
pressure of 1 x 1071 mbar. Two evaporators were attached to the preparation chamber for
physical vapour deposition (PVD). The first evaporator had three sources and filaments and
was set up opposite a quartz microbalance for calibration. The other evaporator had only
one filament and source and no quartz microbalance. Cleaning of the sample was achieved
through argon ion bombardment using an ion source (Specs IQE 11) and through heating the
sample through electron bombardment from a tungsten filament attached to the sample holder
(see section 2.1.1). The sputter gun was set up with the correct geometry with respect to
a hemispherical analyser (Specs Phoibos 150) which allowed ion scattering experiments to be
performed. An x-ray source (Specs XR 50) was situated on the opposite side of this analyser

which allowed x-ray photoelectron spectroscopy (XPS) measurements to be made. The chamber
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Figure 2.1: Renders of (a) the sample holder and (b) the sample holder on the end of a magnetic
transfer rod next to the manipulator in the preparation chamber.

also included a quadrapole mass spectrometer (Pfeiffer QMG 220) for TPD measurements, two
direct dosing lines, a valve for backfilling the chamber, a thoriated tungsten filament for electron
bombardment, a titanium sublimation pump and low energy electron diffraction (LEED) optics
(Specs ErLEED 150).

The transfer chamber was pumped by another turbopump (Pfeiffer TMU 071P), with pres-
sure measured by either an ion gauge under UHV conditions or an absolute capacitance mano-
meter (MKS Barotron 626A) for high and ambient pressure applications. This chamber had a
typical operating base pressure of 1 x 10~ mbar when pumped by the turbopump, although
lower pressures could be achieved by baking the chamber out. The manipulator head in this
chamber was simple with only one connection for the sample so that it could be grounded or a
potential applied. The turbopump could be separated from the chamber via a gate valve and
there were additional valves through which the chamber can be backfilled and pumped to high
vacuum.

The liquid chamber was pumped using a rotary vane pump (Edwards RV8), which could
be separated from the chamber using a valve. The chamber pressure was measured using an
absolute capacitance manometer of the same type used in the transfer chamber. Gas could be
dosed through an attached valve. This chamber contained within it a liquid cell into which
liquid could be introduced and removed through two hose connector inlets. The liquid cell itself
consisted of a CaF, prism or window pressed up against a Viton ring gasket seal held within
a polyether ether ketone housing. The sample was introduced into the liquid cell through an
o-ring which sealed against the sides of the crystal.

A scanning tunnelling microscope (STM) stood separately from the rest of the experimental
setup and was situated inside an aluminium cube. This cube could be sealed from the envir-
onment and the air inside could be replaced by an inert atmosphere. This STM was built by
the Wandelt group for electrochemical purposes [37], with the capacity to take measurements
in liquid environments with or without potential control. The microscope has undergone some

minor adjustments to allow a customised cell to be used, which can accept samples held on
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Figure 2.2: Exploded view of the sample holder.

the sample holder used within UHV. The microscope was placed on top of a benchtop isolator
(Halcyonics Micro 40) which rested upon a heavy artificial stone table to reduce the effect of
vibrations on imaging.

Sum frequency generation (SFG) experiments were performed using a neodymium-doped yt-
trium aluminum garnet (Nd:YAG) pulse laser (Ekspla PL501), which was then passed through
harmonic crystals (Ekspla H500) to produce the second and third harmonic. The second har-
monic was used as the visible beam for SFG spectroscopy. The original infrared (IR) beam and
third harmonic were passed into an optical parametric generator/amplifier (Ekspla PG401) to
produce a tunable infrared beam, which was then used as the IR component for sum frequency
generation spectroscopy. These lasers were situated upon an optical bench which holds mirrors
and other optical components to steer the beams to overlap, spatially and temporally, on the
sample surface. Two flip mirrors and an additional beam delay allowed the beams to be focused
either on a sample within the preparation chamber through two CakF, windows or into the liquid

cell.

2.1.1 Sample holder and manipulator head

The sample is mounted upon a modified Omicron sample plate (Figure 2.2). Two molybdenum
rails are connected to this plate. The first is connected directly to the sample and is used to
ground or apply potential to the sample. The other is connected to a tungsten filament which
makes several turns before being grounded on the sample plate. Sample heating is achieved via
electron bombardment from this filament when the sample is held at high voltage. The sample
itself is kept isolated from the sample plate by a sapphire plate. Chromel and alumel wires are
spot welded to the side of the sample to act as a thermocouple. These wires are wound around
the sapphire plate several times to act as contacts.

The manipulator head has two spring clip contacts made of molybdenum to connect to the
rails and a further two spring clips made of chromel and alumel to connect to the thermocouple.
Samples are held in place using friction from two additional molybdenum spring clips that apply

pressure to either side of the sample plate. The manipulator head is attached to a cold finger



that can be filled with liquid nitrogen to bring the sample temperature down to 150 K.

2.2 Iron oxide thin films

Fe;0,(111) and FeO(111) thin films were grown upon a platinum single crystal cut such that the
(111) surface was exposed, following a recipe well established in the literature [38, 39]. These
surfaces have been used extensively in research projects at the Fritz Haber Institute in the past
[40, 41]. First, a monolayer film of FeO was grown by depositing a monolayer equivalent of
iron at room temperature followed by heating the sample to 950 K in 1.0 x 10~% mbar O,, for 2
minutes. If this was the desired film, preparation stopped at this point and the LEED pattern
was checked to ensure that a complete, ordered film had been produced (Figure 2.3 (b)).

To produce an Fe;O, film, iron was then deposited in 8 monolayer (ML) equivalent amounts
followed by annealing to 880 K in 1.0 x 1075 mbar O, for 5 minutes until the desired thickness
was achieved. At this point there was a final oxidation step at 1000 K (Figure 2.4). In this
work all experiments were conducted using films made from depositing an amount equivalent
to 33 ML of iron as measured using a quartz microbalance. After deposition the quality and
cleanliness of the film was checked using LEED and XPS. Typical LEED images obtained at
each step of film preparation can be seen in figure 2.3.

The FeO film wets the surface in a bilayer arrangement with oxygen atoms occupying the
three-fold hollow sites between the iron atoms [42]. There is an approximately 10% mismatch
in the lattice constants of the Pt(111) and FeO(111) surface, which leads to a Moiré pattern as
observed in STM (Figure 2.5). Additional iron grows as Fe;O, islands upon this layer to cover
the surface via a Stranski-Krastnov growth mode [39].

The surface structure of bulk Fe;O,(111) as determined from LEED and STM measurements
can be seen in figure 2.6. The Fe;O,(111)/Pt(111) thin film displays the same LEED pattern
suggesting the same surface structure exists for the thin film as for a bulk Fe;O,(111) single
crystal. The surface is terminated with a 1/4 monolayer of iron atoms exposed followed by a
layer of oxygen atoms.

These films have already been shown to have excellent stability in aqueous solutions [43]

and Fe;O, has previously been studied extensively as a model catalyst substrate [44, 45].

(a) (o)

Figure 2.3: Typical LEED patterns observed during iron oxide film preparation. (a) Clean
Pt(111), (b) FeO(111) and (c)Fe;0,(111).

10



Pt substrate

O iron
l iron deposition

B oxygen
O M
Pt substrate
l iron oxidation in 1 x 10°® mbar O, at 950 K
| Pt substrate | FeO(111)
‘1' After additional iron and iron oxidation in 1 x 10°®

mbar O, at 880-1000 K

Fe,0,(111)
Pt substrate

Figure 2.4: Schematic representation of the preparation of Fe;O, films reproduced from [39].

Figure 2.5: Model of the FeO(111)/Pt(111) surface demonstrating the lattice mismatch beside
a 55 x 55 nm? STM image of the same surface, demonstrating the Moiré pattern caused by this
mismatch. Taken from [42].
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Figure 2.6: (a) Tilted and (b) top down views of the surface structure of bulk Fe;O, of the
surface taken from [46].

2.3 Experimental techniques

2.3.1 X-ray photoelectron spectroscopy

This technique utilises x-rays to eject electrons from a sample. Upon ejection, the kinetic energy
of these electrons can be measured. Nominally this energy should be equal to the energy of the
exciting photon, less the binding energy of the electron in the sample and the work function
of the sample. This poses a difficulty as in most cases the work function of the sample is not
known. However, this can be overcome by connecting both the sample and the detector to a
common ground to align the Fermi energy of the sample and the detector (Figure 2.7). In this

arrangement, the kinetic energy of the electron detected, Ej, is:

Ej, = hv — (¢a + Ep) (2.1)

where hv is the energy of the incident photon, ¢4 is the work function of the detector and Ep
is the binding energy of the electron. From this, it is trivial to determine the binding energy of
an ejected electron if the energy of the excitation source and the work function of the detector is
known. This binding energy measurement accounts for energy changes from the rearrangement
of the electrons to screen the core hole created by this process. As such, it does not exactly
correspond with the initial state energy of the electron ejected, but has qualitative agreement
with this.

The binding energy may be regarded as the energy difference between the initial state and
the final state of the system after an electron has been ejected. The different lines of a spectrum
arise from the different possible final states after a single electron has been removed from an
atom. The intensity of these lines is determined by the cross-section or probability for each
final state.

An example of this is the spin-orbit splitting observed for p, d and f levels. After an electron

is ejected from a complete p, d or f core level, there are two possible outcomes for the spin
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Figure 2.7: Schematic representation of the effect of grounding the sample and detector on the
energy levels in the system.

of the unpaired electron interacting with the angular momentum of the orbital. For example,
a d level has orbital angular momentum, [ = 2. When coupled with the spin of an unpaired
electron, s = 1/2, this results in two possible values for the total angular momentum, j = 5/2
and j = 3/2. The two states relating to these different values of total angular momentum have
slightly different energy, resulting in two distinct lines in XPS. The relative intensity of these
two lines is determined by the degeneracy of these two states (g; = 2j + 1), such that the peak
area of the dj/; state is larger than the d3/5 state by a factor of 1.5.

Shake-up satellites can also occur when the final state of the atom is an ion in its excited
state instead of the ground state [47]. This leads to a reduction in the kinetic energy of the
emitted electron and an increase in the measured binding energy. This effect results in a second
peak with a few electron volts higher binding energy than the main peak.

The intensity, I, of a given peak can be determined by the following equation [48]:

I = nfoly AT (2.2)

where n is the concentration of the element from which the peak is derived, f is the x-
ray flux incident on the surface, ¢ is the Scofield factor, a measure of the cross-section for
photoemission, 6 is the angular efficiency factor for the instrumental arrangement, y is the
efficiency of the photoelectron process for generating electrons in the primary peak, A is the
inelastic mean free path of the emitted photoelectron, A is the area from which photoelectrons
are detected and T is the efficiency of the detector. The Scofield cross-section factor is the
primary factor responsible for the different intensity of peaks corresponding to different final
states and represents the overlap between the initial and final states under the influence of the
electric field of the incoming x-rays.

Scofield cross-section factors have been calculated from scattering theory for each element
[49] and the inelastic mean free path can either be estimated from a so-called universal curve or
calculated [50]. This becomes more complicated for heterogeneous systems with more than one
component, but this technique can still be applied with reasonable accuracy by averaging these

values based upon the composition of the material. f, #, A and T should be constant within a
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given experiment, but will vary between experimental setups. The x-ray flux in particular may
vary over time, even for a given setup.

Measured spectra are directly comparable with the density of states of a sample and often
plotted as electron counts or counts per second versus binding energy, with binding energy
decreasing from left to right. There is always a high background of secondary electrons present
caused by inelastic scattering events, with the background being higher on the high binding
energy side of any peak due to the inelastic scattering of the electrons being emitted from the
related core level. Each element has a characteristic distribution of peaks within the spectrum
which can be used to identify the chemical components of a sample.

The binding energy of a particular energy state in an atom can also change with the oxidation
state or the local chemical or physical environment of the atom. Core-level binding energies
are determined by the electrostatic interaction of the electron with the nucleus. This can be
reduced by the electrostatic shielding of other electrons surrounding the nucleus which can be
altered by removing charge or adding charge through bonding. This means that qualitatively
removing electron density from the valence band results in an increase in binding energy and
adding electron density to the valence band results in a decrease in binding energy. This effect
is usually thought of as an initial state effect and is what can be used to determine the chemical
state of an element within a material.

From this point of view the binding energy shifts in a system are often considered to be
purely initial state effects and used to assign the oxidation state of elements in a material, but
care must be taken as this may not always be the case. Changes in the final state energy of
the system can also have a marked effect on the measured binding energy through changes
in polarisability leading to greater or lesser screening of the electron hole left behind by the
emission process. Other effects can also affect the measured binding energy, such as size effects
when dealing with small metal clusters [51]. For small enough metal particles the binding
energy shifts to higher binding energy. As the particle size increases, the measured binding
energy converges to the value measured for bulk metal. This change arises from both initial
and final state effects. The initial state changes due to lattice strain, that exists because bond
lengths are shorter in smaller particles [52], and the final state changes with the particle size as
the electrons in larger particles can more easily screen the electron hole left behind.

The technique is inherently surface sensitive as, despite the x-rays penetrating up to 10
micrometers into the surface, the inelastic mean free path of photoelectrons inside a solid is
typically less than 10 nanometers. The surface sensitivity of the technique can be further
enhanced by tuning the energy of the excitation source, and therefore the kinetic energy of
electrons emitted, to reduce the escape depth or by rotating the sample with respect to the
detector.

Experimental implementation of this technique requires an x-ray source and a detector to
collect the photoelectrons. The x-ray source is typically a Mg/Al dual-anode laboratory source
or a synchrotron. In the case of the laboratory sources a monochromator can be used to ensure
that only the K« line of the x-ray source reaches the sample. The energy of the electrons
detected needs to be determined by using a detector such as a hemispherical electron analyser

with an electrostatic lens system [53]. The energy of electrons entering the detector is retarded
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by the lens system and the hemispherical analyser ensures that only electrons of a certain energy
reach the detector. By varying the retardation potential, the entire spectrum can be captured.
In order for the inelastic mean free path of electrons to be long enough to reach the detector
without further interaction, UHV conditions are usually required.

XPS was used to gain information about the chemical state of the systems studied. Before
every wet chemical XPS experiment a spectrum of clean Pt(111) was acquired to act as an
external reference to account for variations in signal intensity over time. Each XPS spectrum
has been normalised to the intensity of the Pt 4f peak from this reference spectrum to ensure

that XPS intensities could be meaningfully compared between experiments.

2.3.2 Sum frequency generation spectroscopy

Sum frequency generation is a second order nonlinear optical effect, the generation of which can
be utilised to gain vibrational information about a system. In this technique, two laser beams
are directed on to a sample surface, one in the visible region of the spectrum (frequency wy;s),
the other in the infrared region (frequency wj,). When pulsed on to a surface at the same time
a third beam is generated with frequency equal to the sum of the two frequencies of the incident

laser pulses.

Wsfg = Wois T Wir (23)

This sum frequency generation signal is dependent upon the second order polarisation, P(?)
[54],

P(2) (wag = Wyis Wir) = 6OX(Q)E‘visEiT (24)

where £ is the vacuum permittivity, y(?) is the second order susceptibility and E,;s Ej, are
the local electric fields. When using the electric dipole approximation, a medium with a centre
of inversion will have y(?) equal to zero and as such this third beam can only be generated at
the interface between two phases where this symmetry is broken. As such, SFG is an inherently
surface sensitive technique and the majority of any signal observed arises from the surface. The
effect of x? only becomes significant when the applied electromagnetic field is comparable with
the field experienced by the electrons in a molecule. This normally requires high energy pulsed
lasers to be realised experimentally [55].

To work as a spectroscopic technique, wj, is varied and the intensity of the SFG signal

measured. The intensity of this signal depends on |x(?|? [56] with the relationship,

2 2 2 2
Ligg o NP = [xivrl + X | + 21Xl X lcos(e — 8) (2.5)
where XE\% is a non-resonant component that arises from truncation of bulk phases, which
(2)

varies only slowly with w;-, and xj;” is a resonant component which comes from vibrational
modes at the surface. Xg) is significantly enhanced when wj, is equal to the energy of a
vibrational mode of a molecule on the surface that is both Raman and IR active. In this
manner a vibrational spectrum of molecules on the surface can be obtained by varying wi.

and recording the intensity of the SFG signal. The selection rules for this technique not only
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Figure 2.8: SFG spectra of CO adsorbed on Pt(111) at a) 300 K and b) 250 K under continuous
CO exposure at the indicated pressures. Taken from [23].

require that there is no centre of inversion, but there must also be a net polar orientation of
the molecules at the surface. As such, no SFG signal is observed from molecules arranged in an
equal number of opposite orientations on the surface or from a completely disordered surface
structure [55].

An example spectrum can be seen in figure 2.8. At 300 K only one peak is observed from the
C-0 stretch on top of platinum, but at 250 K two distinct vibrational peaks can be seen caused
by a CO adlayer at coverages over 0.5. This spectrum has no non-resonant component, with
only resonant peaks visible, slightly broadened toward the high frequency side at low pressures
[23].

In systems containing a non-resonant component, information can be gained about the
orientation of molecules on the surface from the spectral lineshape of the SFG signal [55].
Further information about the orientation of molecules on the surface can be gained by recording
spectra with different incident beam polarisations [57, 58]. As the SFG signal generated is
coherent, the magnitude, direction and phase are specifically related to the incident laser beams
and varying the incident beam polarisations can yield information about the average tilt angle
of interfacial molecules [59].

(2)
ijk
ponents are equal to zero, but in a case where this symmetry is broken, such as at the interface,

x? has 27 components of the form x;,. In a centrosymmetric medium all of these com-

some of these components are non-zero. When describing light incident on a surface, it is often
useful to describe the components of the light with polarisation parallel (p) and perpendicular
(s) to the plane of incidence. The polarisation of the IR and visible beams incident on the
(2)
ijk
being relevant to the generation of an SFG signal. In the case of a gold surface where over

surface can be controlled using optical components, leading to only certain components of x

97% of the infrared beam is reflected, this means that only the two orientations of the incoming
beams which result in resonant suceptibilities with a z infrared component generate a substan-
tial SFG signal. This means that Xg(,g/)z can be probed by using s polarised visible light and p
polarised IR light or ng)z and Xg?z can be probed by using p polarised IR and visible light.

This information can be used to work out the average orientation of molecules adsorbed on
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to a surface. By determining the hyperpolarisability of a particular vibrational mode for an

individual Xg)i ;i component, a dependence of the angle of the molecular axis to the surface

normal can be found. This dependence is different for each Xg,)i jx component, but depends
on the ratio of two components of the molecular hyperpolarisability, which can be obtained
experimentally from the Raman depolarisation ratio. However, determining this ratio in this
manner leads to a large error, which can lead to large uncertainties in the calculated tilt angles
[55].

Information about the polar orientation of specific groups of atoms in the molecules adsorbed
on the surface can be obtained from the phase of the SFG signal [60, 61]. This requires absolute
measurement of the phase [60], which is obtained by taking additional measurements using a
quartz crystal as a reference. This is technically challenging and is not implemented in most
experimental SFG setups.

This technique has sub-monolayer sensitivity [62] and, due to its inherent surface sensitivity,
can be used to probe surfaces both in vacuum and under high pressure conditions [20, 31, 32]
as well as at solid-liquid interfaces [56, 61].

SFG spectroscopy was selected for its inherent surface sensitivity, which allowed measure-
ments to be taken through liquid layers. In this work all spectra were obtained using p polarised

visible and infrared light.

2.3.3 Scanning tunnelling microscopy

Scanning tunnelling microscopy was the first technique that allowed atomic resolution real space
images to be captured [63]. It was the first of many scanning probe techniques to be developed
and is still widely used today in the study of surfaces [64, 65].

STM operation depends upon the tunnelling of electrons from filled electron states in a
sharp metallic tip to empty states within a sample surface or vice versa, depending upon the
relative tip-sample bias which is applied [66]. The most common method of operation involves
keeping the tunnelling current constant by varying the distance between the tip and the surface
via a feedback loop while the tip is scanned over the surface. This tip height control is achieved
using piezoelectric components and the voltage applied to these components is recorded as the
signal. This signal is a convolution of the topography of the surface with the local density of
electronic states at the chosen tip-sample bias.

Perturbation theory was initially used to describe the tunnelling currents observed in STM
[67]. Using the perturbation approach Fermi’s golden rule is commonly used to describe electron
transitions. This states that the rate of transition between two states is equal to the absolute
square of the matrix element corresponding to those two states multiplied by the density of final

states at the energy of the initial state,

2 /.
Tisr = | (2.6)

where (f| is the final state, |¢) is the initial state, p is the density of states in the final state
and H' is the perturbation Hamiltonian, which may or may not have a time dependency.

In the Tersoff-Hamann approximation [68, 69], the tip states are replaced with a single
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spherical s-type wave-function. This is a reasonable approximation for metal surfaces at large
separations due to the rapid decay of energetically deeper occupied states, meaning that the
charge density projected in the vacuum barrier is dominated by the charge density at the Fermi
level. This is not always the case for semi-metals and semi-conductors but is a reasonable
assumption for metals. Using this approximation and assuming that the charge density is
suitably described by the superposition of atomic charge densities the corrugation Az can be

estimated. If spherical charge densities of the form (C/r)exp(—2kr) are used the result is

2
Az~ gemp [—2 (\/ K2 + 12 — m) z] (2.7)
K a

with & = B [2mo(V — E;)]"/?, a, the distance between two adjacent atoms along the
scanning trajectory, z the tip-sample separation, V', the height of the potential in the barrier
and Ey, the tunnelling energy. This is a rough estimate of the corrugation which gives results
around the experimentally observable limit of 1072 A at larger sample separations. This is in
most cases much smaller than the observed corrugation [70] and does not predict the tendency
toward saturation, reduction or sign reversal at smaller separations, all of which have been
observed experimentally.

While the above methods explain some of the features of STM, they still fail to predict
atomically resolved images which are routinely obtained, especially on metal surfaces. Dynamic
theory can explain the high resolution obtained, but requires the problem to be approached as
an excited state problem involving many-particle physics.

The physical implementation of an STM usually entails a small, compact rigid system to
try to minimise the effects of vibration. A conducting tip is held within a scanner tube made
of piezoelectric material which allows the tip-sample distance to be manipulated as well as the
position of the tip above the surface. A separate coarse approach mechanism is usually necessary
as the piezoelectric component controlling the tip height needs picometer scale sensitivity for
imaging and is not appropriate for moving the tip over large distances. Additional vibrational
damping such as an active damping unit may be used to further reduce the effect of any
vibrations on imaging. The effect of thermal drift can be minimised by creating a system with
axial symmetry such that only drift in the vertical direction is significant. With such a setup
atomic resolution can be routinely achieved.

The tip itself is also an important component of any STM. The tunnelling current measured
is averaged over the surface area of the tip within tunnelling distance of the sample. Single
atom tips located at the end of a sharp shank are ideal, but are difficult to achieve in practice
with a cluster of multiple atoms at the end of a round protrusion being the more likely outcome
of tip preparation. After a tip has been formed, it can be further refined by processes such
as pulsing the tip with high voltages or intentionally crashing the tip into the surface in a
controlled manner and in the process of retracting the tip from the surface some material may
be left behind on the surface or picked up by the tip from the surface resulting in a new tip.

In this work tips were fabricated using electrochemical etching of Pt /Ir wire using a KOH/KSCN
etching solution suspended in a gold loop which were then left to break under their own weight.

This consistently led to high quality, sharp tips. STM was selected to add real-space, local
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structural information to the information gained from spectroscopic techniques.

2.4 Liquid deposition

Liquid deposition was performed using glassware that had been chemically cleaned prior to ex-
perimentation. Glassware was cleaned using a multiple step process taken from electrochemistry
practices. Step one involved submerging all surfaces to be exposed to liquid in a dilute KMnO,
and KOH solution for at least 24 hours. Step two consisted of rinsing all the glassware before
submerging it in a solution of dilute H,O, and H,SO,. This was then followed by several rinsing
steps using distilled water with optional boiling of the glassware between rinses depending on
the fragility of the glassware.

During deposition, crystal samples were suspended above the solution in a hanging meniscus
configuration to ensure that only the single crystal surface was exposed to solution. The solution

and sample were then left undisturbed for the duration of the deposition.

2.4.1 Palladium deposition

Solutions of PdCl, with added HCI and NaOH to control the pH were chosen as the precursor
solution for palladium deposition. This combination allowed the pH of the precursor solution to
be adjusted without adding additional anions to the reaction mixture. Sodium salts tend to be
highly soluble, which allowed any salt residues arising from using NaOH to be easily removed
during rinsing steps. The PdCl, precursor solution was made using solid PdCl,(Alfa Aesar,
99.9%) dissolved in 0.15 M HCI (Merck, Suprapur) to aid in dissolution of the solid. From this
a stock solution of 50 mM PdCl, was produced and diluted to make the lower concentration

solutions of varying pH required for experiments.

2.4.2 Gold deposition

To allow for easy comparison between the results obtained using gold and palladium, AuCl,
precursor solution was used, with the pH once again being controlled using HCl and NaOH. A
30% by weight solution of AuCl, in dilute HCI1 (Sigma Aldrich, 99.99%) was used to make the

precursor solution using 0.15 M HCI as before.

2.4.3 Magnesium phthalocyanine self assembled monolayers

Magnesium phthalocyanine (Fluka, greater than or equal to 90% Mg) was dissolved in either
toluene or ethanol, then contacted with the crystal surface overnight inside the STM cell. Before
ex-situ measurements the solution was poured off, the sample rinsed with the solvent, then dried

using helium.
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Chapter 3

In-situ surface science on

single-crystalline substrates

Many relevant processes occur at the interface between solids and liquids. Understanding these
processes as they happen requires techniques which can be applied in-situ. Many surface science
techniques have been modified for use at the solid-liquid interface and these techniques have
been reviewed by Zaera [71, 72].

In-situ surface science methods have been used extensively in the field of surface elec-
trochemistry, for example to gain atomic level information about adsorption processes on
single-crystalline metal electrodes [73] and to investigate the sites of corrosion in steel [74]
using electrochemical scanning tunnelling microscopy (STM). Other in-situ methods such as
infrared (IR) vibrational spectroscopy have also been used to investigate adsorption at the elec-
trode/electrolyte interface [75]. Surface electrochemistry research has concerned itself mainly
with metallic samples as electrode materials need to be conducting.

Another field where the solid-liquid interface is of interest is the field of geochemistry, as
many important processes take place at the interface between an aqueous phase and a mineral
surface, such as mineral formation, weathering and the transport of nutrients. X-ray scattering
techniques have been applied to determine the surface structure and vertical ordering of water
above the interface between water and mineral surfaces [76]. Atomic force microscopy (AFM)
has also been applied to studying solid-liquid interfaces to investigate structures such as the
(1014) cleavage plane of calcite in water [77].

In order to prepare clean samples and retain this cleanliness upon transfer into liquid envir-
onments several different approaches have been developed. Clavilier [78] developed a method
for preparing well ordered metallic single crystals without the need for a vacuum chamber using
flame annealing in air, followed by quenching or cooling the sample in an inert gas environment.
By covering the surface in a drop of liquid, the surface can be protected from any interaction
with air before measurement. Such an approach cannot be used in conjunction for oxide thin
films which require an ultra-high vacuum (UHV) environment for their preparation.

To mitigate the effects of air, gloves boxes were used initially [79], but trace contaminants
from the outgassing of the materials used in the glove box housing still had an effect on the

experiment. In order to utilise the full range of preparation techniques available using UHV
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technology and prevent contamination, a system that allows transfer between liquid and UHV
environments is required. Such systems have been developed in the past for surface electro-
chemical measurements with great success [80, 81]. The UHV portion of the chamber can be
separated from a liquid cell by way of a gate valve, preventing the UHV environment from
becoming contaminated during in-situ measurement.

Using such techniques allows UHV prepared samples to be used with in-situ techniques.
An example of this is the work conducted by Wandelt using IR spectroscopy [82, 83]. After
preparation the sample was transferred into a liquid cell, where it was pressed up against a
prism such that a thin layer of liquid formed between the sample and the prism.

In-situ surface science techniques have also recently been applied in catalysis research. For
example, IR spectroscopy has been used to investigate the selective oxidation of alcohol over
supported metal particle catalysts [84] and in-situ STM was applied to study porphyrin cata-
lysts adsorbed onto a gold surface [85]. There has also been some research conducted on catalyst
preparation using in-situ x-ray measurements to investigate the interaction of platinum com-
plexes with an oxide surface [86]. The processes occurring during catalyst preparation can have
a dramatic effect on catalyst activity [3], but relatively little information is available about the
processes occuring at the solid-liquid interface during catalyst preparation.

For this reason, this work aims to create equipment which can be used to investigate pro-
cesses occurring at solid-liquid interfaces, in particular during the catalyst preparation process
both ex-situ and in-situ. To achieve this an experimental setup was designed that allowed trans-
fer between liquid and UHV environments, without any exposure to air. This setup was then
tested on metallic single-crystalline samples and metal oxide thin films as a proof of concept.

This chapter describes in the first section the testing of an existing scanning tunnelling
microscope, both ex-situ and in-situ, in an attempt to image individual molecules which have
been deposited from liquid on single-crystalline metal oxide thin films using this equipment.
The second section describes the design, building and testing of an experimental setup for
conducting in-situ SFG spectroscopy measurements at the solid-liquid interface and presents

some preliminary results.

3.1 In-situ scanning tunnelling microscopy

Previously within the workgroup efforts have been made to image small catalyst precursors,
such as PdCl,, using STM on thin film metal oxide substrates, such as Fe;O,, by taking in-
situ measurements in aqueous solution during the deposition process. These molecules were
definitely present on the surface as evidenced by the imaging of particles after rinsing and
annealing the surface [87, 43], but individual molecules could not be resolved during deposition
or immediately after. This suggests that these molecules were simply too small or mobile to be
resolved under the imaging conditions used.

In order to test the function of the in-situ measurement of the STM on oxide thin films, an
attempt to image larger molecules was made. Magnesium phthalocyanine (MgPc) was chosen as
a probe molecule due to its large size (1-1.5 nm) and the fact that it has already been studied in
vacuo on the Au(111) [88] and the FeO(111)/Pt(111) [89] surfaces, two surfaces already studied
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within the workgroup.

As a first step, MgPc was deposited upon a flame annealed Au(111) single crystal from a 1
mM solution in toluene for 20 hours before being rinsed with fresh toluene and removed to air.
These ex-situ measurements served as a basis to which later measurements could be compared
and demonstrated that the STM was capable of imaging MgPc (Figure 3.1). Small bright
features of approximately 2 nm diameter are clearly visible on the surface, arranged in long,

stretched out, curved lines.

Figure 3.1: Ex-situ STM images of an Au(111) surface after deposition of MgPc from 1 mM
toluene solution after rinsing the surface with toluene. All images were taken with a bias of 0.1
V and a tunnelling current of 0.1 nA. Image (a) is 70 x 70 nm? and image (b) is 180 x 180 nm?.

Further measurements were then made in-situ in toluene. As toluene is non-conducting, no
effort was made to isolate or coat the tip in any way. First, measurements were made to ensure
that the toluene itself was not being imaged and that the observed features arose from MgPc.
As can be seen in figure 3.2 (a), no features can be observed when the surface is contacted with
pure toluene.

After deposition, the same long, curved lines can be seen as were seen in the ex-situ meas-
urements (Figure 3.2 (d)). This suggests that the presence of toluene does not significantly
affect the imaging of the surface after MgPc has been deposited. The images were actually
clearer than in the ex-situ situation, but this could be related to the condition of the tip during
the two different experiments.

A model describing a possible reason for the distribution of the MgPc¢ molecules can be
seen in figure 3.3 (c). The unit cell of the Au(111) surface contains 44 atoms in the bulk, but
46 atoms at the surface. The top layer is compressed, leading to a slight buckling of the top
Au layer as the top layer varies between face centered cubic-like (fcc) stacking and hexagonal
close packed-like (hcp) stacking between the first and second layer in a so-called herringbone
reconstruction [90].

When bright features are placed along the rows formed by the different stacking regions
of the herringbone reconstruction (separated by approximately 10 nm in air [91]), very similar

patterns emerge as to what was observed experimentally. This is likely the cause of the ordered
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(c) (d)

Figure 3.2: In-situ STM images of an Au(111) surface (a) in pure toluene and after deposition
of MgPc from 1 mM toluene solution ((b), (c¢) and (d)). All images were taken with a bias of
0.1 V and a tunnelling current of 0.1 nA. Image (a) is 150 x 150 nm?, image (b) is 60 x 60 nm?
and images (c) and (d) are 180 x 180 nm?.

Figure 3.3: In-situ STM images of an Au(111) surface in toluene after deposition of MgPc from
1 mM toluene solution ((a) and (b)) and (c) proposed model for recreating the pattern of MgPc
molecules observed, superimposed over an image of the Au(111) herringbone reconstruction
imaged in air. All images were taken with a bias of 0.1 V and a tunnelling current of 0.1
nA. Tmage (a) is 180 x 180 nm? and images (b) and (c) are 60 x 60 nm?. Image (d) shows
an Au(111) surface with manganese phthalocyanine molecules deposited on the surface under
UHV conditions taken from [8§]
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distribution of these molecules, as they preferentially adsorb on the different regions caused by
this reconstruction. Under UHV conditions, manganese phthalocyanine has also been observed
to adsorb within both the fcc and hep regions on the Au(111) herringbone reconstruction with
no particular preference for elbow sites [88]. The similarities can be seen clearly in figure 3.3
(d), although the molecules on the surface are more closely packed as the different stacking

regions are closer together on surfaces prepared under UHV conditions.

Figure 3.4: STM images of an FeO surface (a) before and (b) after exposure to toluene. All
images were taken with a bias of -0.8 V and a tunnelling current of 0.1 nA. Image (a) is 60 x 60
nm? and image (b) is 70 x 70 nm?.

After this, an FeO(111)/Pt(111) surface was prepared and exposed to toluene (Figure 3.4).
Images were taken before and after exposure. Large terraces could be observed in both cases,
but the clear Moiré like pattern became much less ordered and difficult to resolve after exposure.
This is in agreement with what was observed previously for FeO films exposed to water [92].
When depositing MgPc no clear images were obtained in-situ, but after rinsing the surface
and drying it with a flow of He, molecular scale features, likely relating to adsorbed MgPc
could be observed as seen in figure 3.5. The resolution obtained was not high enough to resolve
specific adsorption sites, but the images obtained exhibit the same general structure as observed
previously from UHV studies where MgPc was evaporated on to the surface (Figure 3.5 (c)).

Further attempts were made using ethanol as the solvent and once again clear imaging in-
situ was difficult, but some differences were seen in the ex-situ measurements. Instead of some
individual molecules being imaged, continuous bright features were seen decorating step edges
(Figure 3.6). This may be explained by the polar nature of ethanol, which therefore interacts
more strongly with the polar FeO surface than in the case of toluene, which is non-polar.

The difficulties with in-situ measurement on this surface may be related to a weaker interac-
tion of MgPc with the FeO surface in solution than with gold. The images were full of streaks,
likely related to the tip interacting with molecules on the surface. A high mobility of molecules
would also make it impossible to image individual molecules. Future attempts should proceed

with a molecule that binds more strongly to the surface.
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Figure 3.5: STM images of an FeO surface after depositing MgPc from a 1 mM toluene solution
for 20 hours, rinsing the surface with toluene and drying it in a stream of helium. All images
were taken with a bias of -0.8 V and a tunnelling current of 0.1 nA. Image (a) is 200 x 200 nm?
and image (b) is 60 x 60 nm?. ITmage (c) is a 33 x 33 nm? topographic image of MgPc deposited
on an FeO(111)/Pt(111) surface under UHV conditions taken from [89].

Figure 3.6: STM images of an FeO surface after depositing MgPc from a 1 mM ethanol solution
for 20 hours, rinsing the surface with ethanol and drying it in a stream of helium. All images
were taken with a bias of -0.8 V and a tunnelling current of 0.1 nA. Image (a) is 350 x 350 nm?,
image (b) is 180 x 180 nm? and image (c) is 550 x 550 nm?.
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3.2 In-situ sum frequency generation

This section is divided into three subsections. The first describes the design and construction of
a new experimental setup for conducting in-situ SFG spectroscopy at the solid liquid interface.
The second subsection describes the testing of the load lock transfer system for retaining clean
samples upon transfer into the liquid cell. The final subsection describes the testing of the SFG
spectrometer and presents some preliminary results from measurements taken at the solid-liquid

interface.

3.2.1 Chamber design and construction

To realise the concept of an experimental setup that could perform in-situ SFG spectroscopy
measurements, a new experimental setup had to be designed and built. The concept for the
new experimental setup was to construct equipment that could act as a bridge between classical
surface science studies performed under UHV conditions and work conducted under ambient
conditions and at the solid-liquid interface in order to better understand the processes occuring
during catalyst preparation.

To effect this, the idea was to build a setup that was separated into chambers that could
be isolated from one another, one of which would remain under UHV conditions at all times
for sample preparation and characterisation, another containing a liquid cell where experiments
could be conducted at the solid-liquid interface and a third chamber to act as a transfer chamber
between the other two that could be pumped down to UHV or backfilled with an inert gas to
allow transfer into the liquid cell or removal of samples into ambient conditions (Figure 3.7).
Such a design gives access to the liquid environments required for experiments at the solid-liquid
interface, while retaining the high level of cleanliness and UHV conditions required for sample

preparation and ex-situ characterisation.

/O

UHV Preparation Transfer Liquid cell
chamber chamber
To ambient

Figure 3.7: Schematic concept of the setup to be built and designed for surface science experi-
ments at the solid-liquid interface.

Sum frequency generation (SFG) spectroscopy was chosen as an ideal technique to implement
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for in-situ surface science measurements. This technique is inherently surface sensitive due to
the selection rules requiring no centre of inversion, a condition that is always met at the surface.
SFG spectroscopy has already been used to great effect within this workgroup to study model
catalysts both under UHV and high pressure conditions [20, 31, 32]. IR spectroscopy has already
been shown to be effective when using a thin layer configuration [83, 93], so this arrangement
was chosen for the SFG system. As the detection of the signal occured outside the experimental
setup and the beams were directed through air, simple flippable mirrors were also used to direct
the beams to different locations allowing spectra to be taken both within the UHV chamber
and the liquid cell.

Sample Liquid inlets with tube fittings
Liquid reservoir

CaF, prism

O ring sealing

Figure 3.8: Specialised liquid cell designed for in-situ SFG.

A purpose designed liquid cell was designed in order to allow in-situ solid-liquid SFG meas-
urements to be conducted (Figure 3.8). The cell consisted of a polyether ether ketone (PEEK)
body with a hole in the centre containing an o-ring, through which the sample could be inser-
ted to seal the sample surface from the rest of the experimental setup. The other side of the
cell was sealed using a CaF, prism, isolating the cell volume from the environment. The laser
beams could pass freely through this prism to interact at the sample surface. Once liquid was
introduced into the cell, the sample could be pushed gently up against the CaF, prism to form a
thin film of liquid between the sample and the prism. A liquid outlet and inlet allowed liquid to
be continuously flowed through the system. This prism was set up with geometry such that the
incoming laser beams were totally internally reflected, with the evanescent beam probing the
sample surface. The sample holder used was the same as that used for a similar setup already
used within the workgroup for in-situ STM, which allowed samples to be seamlessly transferred
between the two systems.

To allow samples to be transferred between different chambers, two manipulators were used
in combination with a magnetic transfer rod. Samples could be transferred between the two
manipulators using the magnetic transfer rod. The first manipulator was inside the preparation
chamber, while the second was located in the transfer chamber, but could be extended into the
liquid chamber to press the sample through the o-ring and against the prism inside the liquid cell
(Figure 3.9). The three independent chambers were separated from each other using gate valves
and all had their own connections to pumps, which allowed them to be pumped separately. The
transfer chamber also had a gate valve leading to the atmosphere, which allowed samples to

be removed for STM measurement or samples to be changed without requiring the preparation
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chamber to be vented.

Transfer chamber manipulator

Magnetic transfer rod

Liquid cell

Figure 3.9: Render of transfer chamber demonstrating how samples can be transferred from the
preparation chamber, through the transfer chamber and into the liquid cell.

The preparation chamber was designed to be an effective unit for surface science experiments
in its own right. It had to have all the necessary elements to produce model catalyst samples,
but in addition it was built to contain other UHV based analytical techniques. For sample
preparation, in addition to the heating filament on the sample holder, the preparation chamber
housed a sputter gun ion source, a triple evaporator situated opposite a quartz microbalance, a
single evaporator and leak valves for backfilling the chamber with gas. For analysis, the chamber
was equipped with low energy electron diffraction (LEED) optics, a quadrapole mass spectro-
meter which could be used for temperature programmed desorption (TPD) measurements and a
hemispherical electron analyser, which was set up adjacent to the sputter gun and a dual anode
x-ray source which could be used for ion scattering spectroscopy (ISS) and x-ray photoelectron
spectroscopy (XPS). The chamber was also fitted with two CaF, windows to allow laser light to
be directed into UHV to perform SFG spectroscopy measurements. A schematic representation
of the setup can be seen in figure 3.10.

The experimental setup was situated next to an optical bench which contained the necessary
optics for SFG spectroscopy. The general layout of the optics on this table can be seen in figure
3.11. Two mirrors could be flipped in and out of the beam path to switch between the two
laser beams converging on the sample in UHV or the liquid cell. An adjustable beam delay
stage ensured that the two pulses were temporally aligned upon reaching the sample. The
reflected infrared beam was collected to be used as a reference to account for the wavelength
dependent variations in the IR power during spectrum acquisition. The reflected visible beam
and generated SFG signal were spatially separated, such that the reflected visible light could
be blocked from reaching the photomultiplier where the SFG signal was recorded.
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Preparation chamber

Transfer chamber
Liquid cell

Figure 3.10: Render of complete setup as designed.

Power meter
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Photomultiplier —
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Visible
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UHV sample

Liquid cell sample
Infrared
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Flipable mirrors

Beamdelay ———

Figure 3.11: Representation of laser path allowing SFG both in UHV and at the liquid cell
using mirrors which can flip in and out of the beam path.
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This setup meets all the criteria of the design and allows experiments to be conducted both
ex-situ in UHV and in-situ at the solid-liquid interface. The following sections will outline

experimental work conducted using this experimental setup.

3.2.2 Transfer cleanliness

Cls

Ultra-torr

Tygon 3350

Tygon R-3603

Counts per second

Exposed to air

Clean Pt

300 295 290 285 280 275
Binding energy (eV)

Figure 3.12: C 1s XPS spectra showing the amount of carbon contamination present on a freshly
cleaned platinum single crystal and after exposure to air or the liquid cell which has been sealed
using various methods and materials.

The goal of using an isolated transfer system was to ensure the cleanliness of samples pre-
pared in UHV before contacting them with liquid to directly measure the effects of contact with
solutions of interest without influence from any contaminants from the atmosphere. In order to
determine the effectiveness of the transfer chamber in meeting this goal, XPS data was collected
before and after transferring a sample into the SFG liquid cell to see if any contaminants had
been introduced. A clean Pt(111) crystal was prepared, its spectrum measured, then the sample
was placed into the liquid cell. After this exposure the sample was removed into the transfer
chamber and the gate valve to the turbopump opened for thirty minutes before being returned
to the preparation chamber for further measurement.

Initial testing showed a large C 1s peak upon transferring the sample into the liquid cell,
with a similar sized carbon peak whether or not the sample was exposed to water (Figure
3.12 blue trace). This amount of carbon was larger than what was observed upon exposing a
sample to water outside the liquid cell after exposure to air (Figure 3.12 red trace). Through a
process of elimination it was determined that it was the Tygon R-3603 tubing used to connect
the water tubes to the liquid cell that was the source of the contamination. This tubing was
replaced by Tygon 3350 platinum-cured silicone tubing, which significantly reduced the level of
carbon contamination upon insertion into the cell (Figure 3.12 purple trace), but the amount

of carbon contamination was not significantly different to using no transfer chamber at all.
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In order to solve this problem the Tygon tubing was replaced by glass tubes in combination
with Swagelock Ultra-torr fittings. After baking out the transfer and liquid chambers, this led
to a C 1s as small as that observed for a freshly cleaned sample (Figure 3.12 green trace).
Clean lines, reservoirs and valves for liquid delivery are still required to complete the system,

but the current setup allows samples to be as clean as possible before being exposed to liquid.

3.2.3 Testing of the sum frequency generation spectrometer

With the experimental setup complete, the first step was to ensure that everything was working
as expected using a well characterised system. The adsorption of CO on Pt(111) was studied
previously using the same laser system in combination with an SFG compatible UHV chamber
[23]. This experiment was used as a basis for comparison to ensure that the SFG spectrometer
was still working as intended under UHV conditions.

CO was dosed upon clean Pt(111) at room temperature with a continuous background
pressure of 1.0 x 107% mbar and the SFG spectra recorded (Figure 3.13 black trace). This
spectrum compares favourably with spectra taken previously using the old setup (Figure 3.13
red trace) where the CO stretching frequency for the on top position was also found to be 2095
cm~! after dosing CO at room temperature with a constant background of 1.0 x 10~° mbar
[23].

2095 cm™?

10 mbar CO, 250 K

SFG intensity (arb. Units)

10® mbar CO, 300 K

1950 2000 2050 2100 2150 2200
Wavenumber (cm)

Figure 3.13: SFG spectrum obtained at room temperature from dosing a continuous background
of 1.0 x 1075 mbar CO on clean Pt(111) from the current setup. For comparison a spectrum
previously obtained using the same laser system with a continuous background of 1.0 x 107°
mbar at 250 K is also presented.

Moving on to more complicated systems, Pd on Fe;O,(111)/Pt(111) was chosen as it has
been studied previously as a model oxide supported metal particle catalyst at the Fritz Haber
institute [44, 94]. A nominal thickness of 4 A of palladium was deposited at room temperature
on a freshly prepared Fe;O, film using PVD, then annealed to 450 K. CO was then dosed with
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a constant background pressure of 1.0 x 1076 mbar at 90 K. Two peaks could be observed
as seen in figure 3.14, which are assigned as CO bound linearly on top of Pd sites (2107
cm™1) and in a bridging configuration (1977 cm™!) on the Pd particles. These values are in
reasonable agreement with previous studies on supported Pd particles [95, 96]. With those two
measurements it was shown that the system still works in principle along the UHV path and

further testing was required to see its performance along the liquid path.
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Figure 3.14: SFG spectrum obtained from dosing a continuous background of 1.0 x 10~ mbar
CO at 90 K vacuum deposited Pd particles on a thin Fe;O, after annealing the sample to 450
K.

The initial testing along the liquid path was conducted using an Ag(100) crystal under
ambient conditions. Silver has a rather high non-resonant background, which allowed an SFG
signal to be detected at all wavelengths. This significantly simplified the alignment process.

The first measurement was conducted without the CaF, prism with the crystal surface
exposed to air to test that the laser power along the second path was sufficient to generate an
SFG signal. This proved to be the case and a small non-resonant background spectrum was
recorded (Figure 3.15 black trace). The CaF, prism had become cracked during cleaning before
this measurement and could not be used, but a small CaF, window was available for testing
purposes.

The non-resonant background was still present with largely the same features after this
window was inserted into the beam path (Figure 3.15 red trace). Upon filling the cell with
water, an SFG signal was still detected, although most of the features previously observed had
disappeared (Figure 3.15 blue). There was also an appreciable depression in the spectrum

centered around 3500 cm™!' and as this coincided with a similarly shaped hole in infrared
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spectrum reflected from the sample (Figure 3.15 purple) it is clear that this is simply due
to the infrared light being absorbed by the water layer, reducing the size of the SFG signal.
However, there is a good signal intensity from 2500 cm™! to 3100 cm ™! that could be used for

SFG experiments measuring C-H vibrational modes.

Reflected IR through water

With water

SFG intensity (arb. Units)

CaF2 window

W
0 -

2500 2700 2900 3100 3300 3500 3700
Wavenumber (cm™)

Figure 3.15: SFG spectrum obtained from an Ag(100) single crystal in air, pressed up against a
CaF, window and when the liquid cell was filled with water. Part of the IR spectrum recorded
for the water measurement is also displayed, demonstrating the adsorption of IR by water.

After initial testing of the liquid SFG beam path, Au(111) with a self-assembled monolayer
(SAM) of octadecanethiol (ODT) was chosen as a system which could generate a signal in the
C-H stretch region [54]. The CaF, prism had also been replaced at this time and was available
for experiment. As for silver, the first step was to take a background measurement of the non-
resonant background of the gold sample. This would ensure that any features observed later
were from adsorbed molecules and not simply features of the non-resonant background. The
spectrum was taken in air without the prism and no significant features could be seen in the
non-resonant background (Figure 3.16).

The gold crystal was exposed to a 1 mM ODT solution in ethanol for 15 hours and the
spectrum was taken again in air without the prism in place (Figure 3.17 black trace). This
spectrum displayed three principle C-H modes, namely the symmetric CH; stretch at 2878
cm ™!, the Fermi resonance at 2938 cm™! and the antisymmetric stretch at 2962 cm~!. These
values are in good agreement with previously measured spectra for ODT SAMs [54], proving
that the system is operational.

The CaF, prism was then inserted into the beam path, the cell filled with ethanol and the
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Figure 3.16: SFG spectrum obtained from an Au(111) single crystal in air.
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Figure 3.17: SFG spectrum obtained from an Au(111) single crystal after being exposed to a 1
mM ODT solution for 15 hours in air, then sealed with the CaF, prism and the liquid cell filled
with ethanol and after rinsing the cell, then filling it with water.
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Figure 3.18: Photograph of a gold sample inside the liquid SFG cell when filled with ethanol.

sample gently pressed against the prism to form a thin layer of ethanol between the sample
and the prism as seen in figure 3.18. The spectrum was then measured again as shown in the
red trace in figure 3.17. The strong signal at 2970 cm™! arises from the C-H anti-symmetric
stretch of ethanol indicating that the ethanol molecules are ordering themselves at the interface
above the ODT monolayer. As the C-H modes of ethanol overlap with the C-H modes in ODT,
nothing concrete can be said about any changes in the ODT monolayer. In order to investigate
any possible changes the cell was disassembled and rinsed with water before being reassembled
and the cell filled with water for measurement (Figure 3.17, blue trace). The three principle
C-H modes can once again be observed with only slight shifts suggesting there has been no
significant change in the structure of the ODT monolayer from its interaction with water. As
such, the operation of the SFG system has been demonstrated in vacuum, ambient conditions
and at the solid-liquid interface.

Now that the new experimental setup had been proven to work under vacuum and ambient
conditions as well as at the solid liquid interface, the next step to complete the demonstration
of the concept as designed would be to take an oxide sample prepared in UHV, transfer it
into the liquid cell and contact it to water without any contact to air in order to acquire
an SFG spectrum. After the measurements detailed in this chapter the electronic circuitry
for the Nd:YAG laser failed and further measurement was not possible. Clean transfer and
measurement of SFG spectra through liquid layers have already been demonstrated separately,
but a complete experiment incorporating both will be conducted at a later date using a new
laser system which is currently being set up for experimentation.

Due to the time required to set up and configure the new laser system, further research
focused upon ex-situ studies of catalyst preparation in order to provide a basis of knowledge

to understand in-situ experiments conducted in the future using the experimental setup built
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during this work.

3.3 Summary

Testing was conducted using an existing electrochemical STM to image MgPc as a model mo-
lecule. It was imaged successfully both in-situ and ex-situ on an Au(111) single crystal and
ex-situ on an FeO(111)/Pt(111) thin film. On the Au(111) surface the MgPc molecules were
found to lie within the troughs of the herringbone reconstruction of this surface. On the ox-
ide surface the ex-situ measurements demonstrated that the solvent used has an effect on the
distribution of the particles on the surface. This work demonstrated that molecular resolution
was achievable, even under in-situ conditions, using this equipment.

An experimental setup was designed and built to take sum frequency generation spectroscopy
measurements both on samples under UHV conditions and at the solid-liquid interface. This
was achieved by connecting a liquid cell to a standard UHV chamber via a transfer chamber
to allow for clean transfer between UHV and liquid environments without compromising the
quality of the vacuum. Initial in-situ measurements were obtained of the spectrum of a self
assembled monolayer of octadecanethiol on the Au(111) surface in air, ethanol and water. This
measurement demonstrated the successful operation of the experimental setup at the solid-
liquid interface to allow future in-situ investigations of the process occuring during catalyst
preparation to be conducted.

With the construction of this new experimental setup complete, this setup was then used for
ex-situ studies of the processes occuring during wet chemical catalyst preparation. The details

and results of these experiments can be found in the following chapter.
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Chapter 4

Wet chemical model catalyst

preparation

The previous chapter outlined the design and construction of a chamber which could be used
for in-situ measurements of the processes occuring during catalyst preparation at the solid
liquid interface. This chamber was also designed to allow samples to be transferred in between
ambient, liquid and UHV environments, such that ex-situ measurements could also be made
using classical surface science techniques.

This chapter describes experiments using well-established ex-situ surface science techniques
to follow and understand the processes occuring on single-crystalline iron oxide thin films pre-

pared under UHV conditions during wet chemical catalyst preparation.

4.1 Introduction and motivation

The material properties of a given catalyst are a critical component of the overall effectiveness
and efficiency of a given catalytic process. These in turn depend upon the preparation conditions
used to make the catalyst in the first place [97] and any subsequent treatments to create an active
catalyst [98]. Oxide supported metal particles have been extensively studied by surface scientists
and catalysis researchers alike, but using markedly different approaches in the preparation of
their samples.

Surface scientists conducting their investigations under UHV conditions typically use meth-
ods such as physical or chemical vapour deposition to deposit metallic particles directly on
to single-crystalline oxide substrates [16, 99]. Catalysis researchers on the other hand typic-
ally use wet chemical methods such as co-precipitation, deposition-precipitation or incipient
wetness/wet impregnation, followed by processes such as calcination, oxidation and reduction
resulting in dispersed metal particles over polycrystalline substrates [100]. Such methods are
used in the preparation of industrial catalysts as they can be scaled up to produce large volumes
of catalyst material.

Using supported metal particles in ultra-high vacuum (UHV) goes some way to closing the
materials gap between single crystals and real world catalysts, but this does not take into ac-

count any changes that may arise from the different preparation techniques used under UHV
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conditions. To address this problem and investigate what effect these different catalyst pre-
paration methods can have upon catalysts this work attempts to explore an intermediate area,
where liquid deposition techniques are used upon single-crystalline substrates. Certain prepar-
ation techniques, such as co-precipitation are obviously not appropriate to such a study as this
can only ever result in polycrystalline supports, and a lack of pores makes incipient wetness
impregnation impractical. This leaves only wet impregnation and deposition-precipitation as
likely candidates.

Deposition-precipitation has been extensively studied in the past [100, 101, 102]. The
method works by adjusting the pH of a solution slowly such that a metal containing com-
pound precipitates slowly on to a support instead of in solution. This is achieved by using
systems where the supersolubility curve of the system is shifted to lower concentrations in the
presence of the support.

A modified deposition-precipitation procedure can be used for the deposition of noble metal
particles. The case of gold deposited upon titanium dioxide [103, 104] and other substrates
[98, 105] has been extensively investigated by multiple investigators as it is one of the few
methods available for preparing dispersed gold particles on an oxide substrate. It has also been
used for other metal particles such as palladium [106].

Due to the low surface area and limited liquid volumes available in our experimental setup,
the standard deposition-precipitation method could not be utilised and a modified version was
instead implemented where the pH of an acidic solution was rapidly changed to alkaline pH by
the addition of NaOH before contacting the surface with the catalyst precursor solution. Such
proceduces have been shown to be effective for gold on TiO, and other substrates [107].

Wet impregnation is conceptually simpler as it involves contacting an excess of the precursor
solution with the substrate and allowing the precursor molecules to interact with the substrate.
Under appropriate conditions the charge of the surface will be opposite to the charge of the
metal containing precursor species in solution, resulting in an electrostatic attraction between
the two. Over time the ionic precursor species adsorb on to the surface.

Using both methods the species deposited on to the surface are not metallic and further
treatment is required, such as rinsing the surface to remove any undesirable residues, annealing
the surface to decompose the precursor complexes and allow particles to form, and oxidation
and reduction steps to clean and activate the metal particles. A thorough understanding of the
catalyst preparation process requires that all of these preparation steps be investigated. The
transfer system previously described provides the perfect opportunity for ex-situ characterisa-
tion of model catalysts prepared using wet chemical methods at every step of the preparation
process.

The following sections detail experiments using wet chemical methods to deposit palladium
and gold particles on single-crystalline Fe;O,(111)/Pt(111) supports. The samples are charac-
terised after each preparation step, such as deposition, rinsing and annealing in vacuum. This
approach gives a complete picture of the chemical and physical state of the model catalyst at

each preparation step to better understand the processes at work.
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4.2 Palladium on iron oxide

The focus of this experiment was to investigate the effect and importance of rinsing upon
palladium deposited from aqueous solutions. The deposition of palladium particles upon single-
crystalline supports from aqueous solutions [87, 43] and in vacuo [108, 109] has already been
extensively studied within the Fritz Haber Institute, but no specific investigation into the effect
of rinsing has been made. PdCl, containing catalyst precursor solution has been used in the
past to prepare supported palladium catalysts [110, 111], but chlorides can have a negative effect
on the catalytic activity and selectivity of the produced catalyst for various catalytic reactions
and therefore need to be eliminated [111, 112].

In order to remove chlorides from catalysts prepared using wet chemical methods, the cata-
lysts undergo several rinsing steps until no further chlorine can be detected in the collected
water used to wash the surface using a technique such as precipitation using silver nitrate. This
approach gives no information about the amount of chlorine that may be left on the surface,
only that no more can be removed via rinsing. Directly measuring the amount of chlorine
present before and after rinsing using XPS gives a more direct picture of the effect of rinsing

on the amount of chlorine on the surface.

Figure 4.1: STM images of Fe;O,(111) surfaces that have been exposed to 5 mM PdCl, precursor
solutions (2 mM in the case of pH 10) for one hour and annealed to 600 K. Each solution can be
seen next to the corresponding STM image. The pH of each solution is written on the beaker.
Each image is 200 x 200 nm?. Images taken from previous research within the workgroup and
published as [113, 114].

Previous work within the workgroup already investigated the effect of using PdCl, solutions
with varying pH values [43, 87]. As can be seen in figure 4.1, this resulted in different palladium
loadings and particle size distributions. The loading is dependent on the type of interaction
which occurs under the conditions used. This is determined by the speciation of the precursor
solution and the surface charge. At low pH values only [Pd(Cl),]* and [Pd(Cl)5(H,0)] ions
should be present in solution, while at pH 10 there is a more complex mixture of hydroxide
containing ions such as [Pd(Cl),(OH),]*" and [PdCl(OH)g]% [115]. The surface charge of the
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Figure 4.2: XPS spectra of Fe;0,(111) surfaces that have been exposed to (a) 15 mM PdCl,
precursor solution at pH 1.3 and (b) 2 mM PdCl, precursor solution at pH 10 after rinsing the

surface with water four times, annealing the surface to 400 K in UHV and after annealing the
surface to 600 K in UHV. Data published in [43, 87].

system is determined by the point of zero charge of the surface under the given conditions, for
example Fe;O, has a point of zero charge of approximately 5.8 [116] in aqueous solutions.

After deposition and a rinsing step, x-ray photoelectron spectroscopy (XPS) measurements
were taken, examples of which can be seen in figure 4.2 for deposition at pH 1.3 and pH 10.
In both cases two peaks are visible after deposition and rinsing, one at 337.8 eV and one at
lower binding energy at 336.2 eV and 336.5 eV for pH 1.3 and pH 10 respectively. The peaks
at higher binding energy relate to Pd(II). These Pd(II) peaks were assigned as likely arising
from aquochloro complexes of the form [Pd(HQO)XCly]nJ“H for pH 1.3 and a mixture of Pd
chloro-hydroxo complexes and polynuclear Pd, -hydroxo colloids for pH 10. After annealing to
600 K a peak is observed at 335.7 eV in the case of pH 1.3 and 335.4 eV for pH 10. These peaks
were assigned to metallic particles of Pd as they are reasonably close to the binding energy of
bulk palladium at 335.1 eV.

In this previous work, the sample was rinsed four times with a fixed amount of water
[87], but in some cases chloride could still be measured upon the surface using XPS. With no
measurements taken before the rinsing step, important information was still missing about the
effect of rinsing upon this system and it could not be determined whether or not rinsing could

completely remove chlorine from the surface. This work attempts to investigate these details.

4.2.1 Effect of water rinsing

The first step taken was to characterise the electronic properties of deposited palladium at
every step of preparation ex-situ using XPS by taking measurements before deposition, after

deposition, after rinsing and after annealing at various pH levels. 5 mM solutions of PdCl,
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were prepared from a 50 mM stock solution containing 0.15M HCI, then the pH was set by
adding 0.2 M NaOH and making up the volume using distilled water. The sample was then
suspended above the solution in a hanging meniscus configuration and left undisturbed for
one hour. Using the same palladium concentration and deposition time, varying amounts of
palladium were observed upon the surface, with much more deposited at pH 4.7 and the lowest

amounts of palladium being deposited at low pH (Figure 4.3).
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Figure 4.3: Pd 3d XPS spectra demonstrating relative amounts of Pd deposited of Fe;0, films
at different pH values.

Upon rinsing, new electronic states were observed. In all cases, some of the palladium was
lost, with the most significant losses being observed at pH 1.3 (50%) (Figure 4.4). At this pH,
most of the palladium (peak at 337.9 eV) is simply washed away, leaving only a peak at 335.6 eV,
shifted from the original 336.1 eV. A small amount of the higher binding energy palladium also
seems to have been converted into this lower binding energy species. The palladium deposited
at pH 1.6 showed similar behaviour upon rinsing to palladium deposited at pH 1.3 and will not
be considered further within this work.

At pH 10 a different behaviour was observed, with the intensity of the peak at 337.6 eV
being shifted into the peak at 335.7 eV with minimal palladium losses of about 9% (Figure
4.5). This suggests that the palladium has been reduced by rinsing the surface with water. The
palladium deposited at pH 4.7 showed intermediate behaviour between these two cases, with
a significant proportion of the palladium being lost during the first rinsing step, followed by a
slower shift of intensity from one peak to the other (Figure 4.6).

Similar shifts can be observed in the Pd 3p spectra, but this peak is much smaller and

41



Pd 3d

335.6 eV

After rinse

337.9eV

1 arb. unit

336.1eV

As deposited

Normalised XPS intensity (arb. Units)

350 345 340 335 330 325
Binding energy (eV)

Figure 4.4: Pd 3d XPS spectra showing the state of palladium deposited from 5 mM PdCl,
solution at pH 1.3 before and after water rinsing.
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Figure 4.5: Pd 3d XPS spectra showing the state of palladium deposited from 5 mM PdCl,
solution at pH 10 before and after water rinsing.
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overlaps with the O 1s peak and as such is only really visible for the palladium deposited at pH
4.7. After palladium is reduced, this peak partially overlaps with the O 1s peak and the two

peaks can not be easily deconvoluted (Figure 4.7).
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Figure 4.6: Pd 3d XPS spectra showing the state of palladium deposited from 5 mM PdCl,
solution at pH 4.7 before and after water rinsing.

In all cases, samples were rinsed until they reached a steady state, but it was difficult to
quantify how much water was required to reach this steady state as it varied from experiment to
experiment. This seemed to depend upon the amount of carbon detected on the sample using
XPS and is probably related to the cleanliness of the equipment on any given day. Qualitatively,
the samples prepared at pH 4.7 seemed to require significantly more water to reach a steady
state than those prepared at pH 10 or 1.3. The latter generally reached a steady state after one
or two rinses with 100 ml of water when relatively clean in comparison to 5 or 6 rinse cycles
using up to 500 ml of water required for the pH 4.7 samples. This is likely due to the higher
amount of palladium found upon the surface.

Significant amounts of chlorine could be measured upon the surface after deposition, but in
all cases this could be removed and brought below the detection level of our instrumentation
by rinsing until the steady state was reached (Figure 4.8). The chemical state of the observed
chlorine on the pH 10 deposited samples is significantly different from that of the other samples.
To better understand this, measurements were taken using a sample that had been exposed to
a blank solution which contained the same concentrations of HCl and NaOH as the solution
used to deposit palladium at pH 10, but no PdCl, (Figure 4.9).

The binding energy of the Cl 2p peak from a solution that contained no palladium was
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Figure 4.7: O 1s XPS spectra showing the Pd 3p and O 1s peaks after deposition from 5 mM
PdCl, solution at pH 4.7 peak before and after rinsing.

200.2 eV, which was higher than that found for pH 1.3 (198.3 eV) and pH 10 (199.4 eV). This
suggests that the chlorine observed upon the surface after palladium deposition is not free C1™
adsorbed upon Fe;O,, but contained within the palladium containing precursors attached to
the surface. The difference observed at various pH levels can be explained by the speciation of
the catalyst precursor at different pH levels. At pH 4.7 and 1.3 [Pd(Cl),],, [Pd(Cl);(H,0)]” and
[Pd(Cl),(H,0),] precursor complexes are present in solution, while at pH 10 there is a mixture
of hydroxide containing ions such as [Pd(Cl),(OH),]* and [PdCl(OH)3]27 [115]. This suggests
two very different chemical environments for chlorine in the two different situations, explaining
the different binding energies observed. This could also explain the different behaviour of the
adsorbed palladium and will be revisited later in this chapter.

Sodium could also be observed upon the surface for the samples deposited at pH 4.7 and
10 due to the NaOH used to set the pH of the solution, but was also easily removed by rinsing
with water (Figure 4.10).

After rinsing, all samples were annealed to 600 K. This resulted in a single palladium peak
at 335.5-335.6 eV (Figure 4.11) in all cases. This is in reasonable agreement with the results
observed from previous work [43, 87| (Figure 4.2). The differences observed by Wang in the
state of the palladium before annealing can be explained by the much higher volumes of water
used during this work as the binding energies of the Pd 3d peaks are closer to the pre-rinsing
values observed in this work. The steady state was likely never reached in the previous study

as evidenced by the higher binding energies and residual chlorine observed on the surface.
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Figure 4.8: Cl 2p XPS spectra showing the amount of chlorine on the surface after deposition
from 5 mM PdCl, solutions at each pH value and the flat traces which arose after rinsing
chlorine from the surface using water.
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Figure 4.9: Cl 2p XPS spectra showing a comparison between the chlorine found on the surface
after deposition of palladium from 5 mM PdCl, solutions at pH 1.3 and pH 10 with chlorine
deposited using a blank solution that contained no palladium.
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Figure 4.10: Na 1s XPS spectra showing the removal of sodium after a single rinse after de-
position using a 5 mM PdCl,, pH 10 solution. This was typical for any sample containing
sodium.

This demonstrates the importance of a thorough investigation of the rinsing step as different

outcomes occur when the sample is not rinsed until a steady state is reached.

4.2.2 Preparation without rinsing

In order to see how the samples behaved without any influence from rinsing, samples were
prepared at pH 1.3 and pH 10 and characterised before and after annealing. These values were
chosen as they exhibited the two extremes of the behaviour observed upon rinsing and have
further been shown to produce well dispersed metal particles in previous work [114].

Upon annealing, the palladium peaks all ended up lining up at around 335.5-335.6 eV (Figure
4.11), in agreement with previous results observed for liquid deposited palladium [43, 87]. This
suggests that the final chemical state of the palladium particles after annealing is not dependent
upon the deposition conditions or any post-deposition treatment. After annealing to 600K all
palladium particles on the samples prepared appear to be in the same chemical state.

The binding energies observed were consistent with values observed for Pd deposited on to
Fe;0, using PVD in vacuum after annealing to 600 K (335.5 V). Depositing nominal amounts
of 0.5 A, 2 A and 4 A all led to binding energies of 335.5 eV for the Pd 3d peak after annealing
to 600 K. Similar results have been observed for Pd particles deposited using PVD on to a thin
alumina film [117].

Previously, a detailed study on the oxidation of Pd particles on Fe;O, found the binding
energy of metallic palladium particles to be 335.2 eV after the particles had undergone a sta-
bilising procedure [118]. This results in different particle sizes and metal-support interaction,
which may be responsible for the higher binding energy observed in the present case.

This similarity in the chemical states of the particles prepared using different methods will
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Figure 4.11: Pd 3d XPS spectra showing the final chemical state of palladium on the surface
after annealing to 600 K, which have been deposited from 5 mM PdCl, solutions at pH 1.3 and
pH 10 with different post-treatment procedures. The top spectrum was taken from an Fe;O, on
to which a nominal 4 A of Pd was deposited using PVD after annealing to 600 K. The spectrum
was taken using the same setup, but different detector settings, resulting in the wider peaks.
This spectrum is not to scale.

be discussed in more detail later in the chapter.

Without rinsing, sodium and chlorine were present after deposition as before. Annealing
removed chlorine in the case of palladium deposited at pH 1.3, but most of the chlorine was
still present after annealing to 600 K on the sample deposited at pH 10 (Figure 4.12). This
chlorine peak only disappeared after annealing to 800 K.

4.2.3 Rinsing with a blank solution

To better understand the processes at work, further experiments were conducted using palladium
deposited at pH 1.3 and pH 10. Samples were prepared and characterised in the same manner
as before and then rinsed using a blank solution instead of water. This solution contained no
palladium, but had the same concentration of HCl and NaOH as had been used to set the pH
of the solution previously.

Rinsing the samples using the blank solution produced no significant chemical shifts. As
before, some palladium was lost upon rinsing. In the case of the palladium deposited at pH
1.3, a small peak remains at 337.4 eV (Figure 4.13), likely corresponding to the small amount
that was converted into the lower binding energy component after rinsing with water. The
chemical state of palladium deposited at pH 10 remains largely unchanged upon rinsing with
blank solution and the only effect observed is the loss of palladium (Figure 4.14).

When rinsing using a blank solution, the chlorine peak for palladium deposited at pH 10

became smaller upon rinsing, but once again was relatively unaffected by annealing to 600 K
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Figure 4.12: Cl 2p XPS spectra showing the state of chlorine on the surface after depositing
palladium from 5 mM PdCl, solution at pH 1.3 and pH 10 and after annealing to 600 K.
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Figure 4.13: Pd 3d XPS spectra comparing the chemical state of palladium on the surface
which was deposited from 5 mM PdCl, solution at pH 1.3 after rinsing with a blank solution

in comparison to rinsing with water.
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Figure 4.14: Pd 3d XPS spectra comparing the chemical state of palladium on the surface
which was deposited from 5 mM PdCl, solution at pH 10 after rinsing with a blank solution in
comparison to rinsing with water.
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Figure 4.15: CI 2p XPS spectra showing the state of chlorine on the surface after depositing
palladium from 5 mM PdCl, solution at pH 10, rinsing using blank solutions and after annealing
to 600 K.
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Figure 4.16: CI 2p XPS spectra showing the state of chlorine on the surface after depositing
palladium from 5 mM PdCl, solution at pH 1.3, rinsing using blank solutions and after annealing
to 600 K.

(Figure 4.15). The effect of rinsing using blank solution on the samples deposited at pH 1.3
was less clear with the amount of chlorine varying slightly and either increasing or decreasing
with rinsing. Not all chlorine was removed by annealing to 600 K, but the binding energy of
the Cl 2p peak shifted slightly to higher binding energy upon annealing, toward the binding
energy observed for palladium deposited at pH 10 (Figure 4.16).

4.2.4 Scanning tunnelling microscopy measurements

With the reduction of deposited palladium upon rinsing, an attempt was made to image the
surface to see if particles were being formed. Using scanning tunnelling microscopy (STM) it
was possible to resolve small particles on the surface of the sample after rinsing with water, as
seen in figure 4.17. These small particles are not visible immediately after deposition without
rinsing the sample (Figure 4.18). The size of these particles varied between 2.0 and 3.5 nm
which is around the size of the smallest features that can be resolved using this system under
these conditions.

In order to determine what effect residual chlorine on the surface may have on the size of
particles two samples were prepared using pH 1.3 solution. The first was rinsed using water
and the second was rinsed with blank solution as described previously. This resulted in two
samples with similar levels of palladium measured using XPS, but the sample rinsed with water
contained no chlorine that could be detected while the sample rinsed using blank solution still
had significant amounts of chlorine present as seen previously.

After annealing to 600 K, STM images were recorded (Figure 4.19). Rinsing the surface
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Figure 4.17: STM images of an Fe;O, surface after deposition of palladium from 5 mM PdCl,
solution at pH 10 and rinsing the surface with water. All images were taken with a bias of -0.3
V and a tunnelling current of 0.1 nA. Image (a) is 100 x 100 nm? and images (b) and (c) are
50 x 50 nm?.

(b)

Figure 4.18: STM images of an Fe;O, surface after deposition of palladium from 5 mM PdCl,
solution at pH 10 without rinsing the surface with water. All images were taken with a bias of
-0.3 V and a tunnelling current of 0.1 nA. Image (a) is 200 x 200 nm? and image (b) is 50 x 50

nm2 .
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(b)

Figure 4.19: STM images of an Fe;O, surface after deposition of palladium from 5 mM PdCl,
solution at pH 1.3 after (a) rinsing the surface with water and (b) rinsing the surface with a
blank solution, then annealing to 600 K. All images were taken with a bias of -0.3 V and a
tunnelling current of 0.1 nA. Both images are 100 x 100 nm?.

with water resulted in small particles, which are spread over the surface with some parts of the
substrate exposed (Figure 4.19 (a)). These particles range from 2-6 nm in size. In contrast to
this, after rinsing the surface with a blank solution individual particles were difficult to resolve,
but appear to be much larger, with the smallest being around 8 nm in size (Figure 4.19 (b)).
Any material on the substrate seems to have conglomerated together on the surface forming
large mounds. This suggests an increased mobility of palladium on the surface in the presence
of chlorine, leading to larger collections of palladium on the surface and poor dispersion.

Particle size is not as important for supported palladium catalysts as it is for gold, but
research has shown that it can have a marked effect on the chemical properties of a catalyst.
Smaller particles have been shown to be more easily oxidised and more active for CO oxidation
[95]. This is likely related to changes in the energy of adsorption which have been observed for
particles of different sizes using microcalorimetry [119]. This provides additional incentive for
removing the chlorine from Pd catalysts independent of the negative effects observed for some
catalytic reactions [111, 112].

The importance of the removal of chlorine to retaining small particles sizes will be discussed

in the next section.

4.2.5 Discussion

The results of these experiments are summarised in figure 4.20 to give an overview of the data
obtained.

The different behaviours observed for the different precursor solutions suggest different de-
position mechanisms under high and low pH conditions. After rinsing until a steady state is
reached, all palladium peaks exhibit similar binding energies, very close to what is observed for

annealed samples. This suggests that the state of the palladium after rinsing is the same in all
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Summary of palladium wet deposition data

Non-rinsed Water rinsed Blank rinsed
pH1.3 pH 10 pH1.3 pH 10 pH1.3 pH 10
as deposited 337.9 337.7 337.9 337.6 337.8 337.7
336.2 335.7 336.1 335.7 335.5 335.8
ASBEE ] terrnang | - | e | ey | ma | s
after 600 K 335.6 335.6 335.6 335.6 335.5 335.6
after deposition Yes Yes Yes Yes Yes Yes
Cl detected after rinsing - - No No Yes Yes
after 600 K No Yes No No Yes Yes
% Pd lost on rinsing - - 50% 9% 49% 18%

Figure 4.20: Table summarising the data collected for wet chemical deposition of palladium on
Fe;O0,(111)/Pt(111).

cases.

The different binding energy of the chlorine peak and its reduced size in samples deposited
at pH 10 suggests that the absorbed palladium contains very few chloride containing ligands
and is likely of the form of absorbed polynuclear Pd(OH), particles as suggested by Wang.
As observed previously, these could not be resolved using STM, suggesting densely packed
layers of colloids on the surface which are unable to be resolved using our STM under ambient
conditions. The small loss of palladium upon rinsing suggests a strong bond to the surface,
likely through a chemical bond formed with hydroxyl groups or other defects upon the surface
formed during contact with the catalyst precursor solution, leading to the mechanism proposed
in figure 4.21(a). This is close to the interactions that occur during deposition-precipitation,
but the process used in this work has been modified to meet the requirements of the equipment
used.

While it was not possible to image the individual precursor molecules immediately after
deposition (Figure 4.18), small particles were observed after rinsing the surface with water
(Figure 4.17). These particles were homogeneously distributed over the entire surface with no
specific preference for step edges or other sites. This suggests that the precursors deposited
from solution are also homogeneously distributed over the surface.

The more significant chlorine peak and speciation of solution at low pH suggests that at
pH 1.3, ions such as [PdCl;(H,0)]" adsorb directly to the positively charged surface at this
pH. This electrostatic bond should be weaker than a direct chemical bond, explaining the ease
with which palladium is removed during any rinsing step. This reduced interaction can also be
seen in the particles formed after annealing to 390 K. These particles can be easily moved by an
STM tip during imaging as observed in a previous study [87], which is not observed for particles
deposited at pH 10, which are significantly more stable. This interaction has been depicted in

figure 4.21(b). This is the mechanism by which a standard impregnation deposition occurs.

23



HO_ OH e
\N 7
Pd
7/ N
N 7
Pd
7 N
o 0] 0O O OH,* OH,* 0O O
| [ ] . [ ]

| Fe;O0, Fe;0,
pH 10 pH 1.3
(a) (b)

Figure 4.21: Proposed initial adsorption mechanisms and resulting species after rinsing with
water for palladium deposited at (a) pH 10 and (b) pH 1.3.

The reasons behind the changes in binding energy upon rinsing could be either due to the
change in pH causing a respeciation at the surface or to reduction through ligand exchange
with water. In the case of pH 10 deposited palladium, the hydroxo-ligands may be replaced by
aquo-ligands due to rinsing with water.

There was some variation in the amount of palladium deposited between experiments as can
be seen in figure 4.22. This variation was larger for pH 1.3, where the amount of palladium
was smaller, but this palladium was washed away upon rinsing leaving a similar amount bound
to the surface. This variation does not seem to correlate with the amount of carbon on the
surface, as it can be demonstrated that there is no correlation between the area of the Pd 3d
peak and the C 1s (Figure 4.23), which suggests this is not simply an effect of the amount
of contamination on the surface blocking the measurement of palladium. When comparing the
area of the Cl 2p peak to the area of the Pd 3d peak there appears to be positive correlation at
pH 10 and negative correlation at pH 1.3 (Figure 4.24).

This could be related to the two different mechanisms as the palladium deposited at pH 1.3
should be from chlorine containing precursors, so one would expect the amount of chlorine on the
surface to increase with the amount of palladium. In the case of palladium deposited at pH 10, it
is expected that most of the palladium is anchored to the surface in a grafting type reaction in the
form of a palladium hydroxide type species, likely by grafting to hydroxyl groups on the surface
as seen for gold deposited on to TiO, in a similar manner [120]. Chlorine could act to block these
sites, preventing this grafting reaction, in which case higher amounts of chlorine on the surface
would imply lower amounts of palladium as is observed. The overall amounts of palladium and
chlorine deposited must arise from some as yet unidentified factor, such as the temperature of
the ambient environment or the presence of a specific carbon containing contaminant but in
any case, the binding energy and therefore the chemical state of the deposited palladium for
each pH seems to be consistent.

The results presented here are also consistent with the model proposed above, as the Pd:Cl

ratio is approximately 3:1 for Pd deposited at pH 10 and approximately 1:2 for deposition at pH
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Figure 4.22: Pd 3d XPS spectra demonstrating the variation in the amount of Pd deposited
from 5 mM PdCl, solution under the same conditions at pH 1.3 and 10.
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Figure 4.23: Scatter plot showing the area of the Pd 3d peak versus the C 1s peak for multiple
depositions at pH 1.3 and 10. The peak areas have been adjusted for the atomic sensitivity
factors found in [48].
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Figure 4.24: Scatter plot showing the area of the Pd 3d peak versus the Cl 2p peak for multiple
depositions at pH 1.3 and 10. The peak areas have been adjusted for the atomic sensitivity
factors found in [48].

1.3. At pH 10, the concentration of chlorine found on the surface is low, consistent with palla-
dium coming mainly from Pd(OH), like species with some chlorine in the mixture. The higher
Cl concentration seen at pH 1.3 is consistent with precursors of the form [PdClX(HQO)y]Qfx.
[PdACl,(H,0),] complexes deposited on the surface at pH 1.3 would only be weakly bound due
to their lack of charge and could be easily rinsed away. A large proportion of the palladium was
lost upon rinsing at this pH.

Rinsing the surface is a very effective method for removing chlorine containing contaminants
from the surface, as in all cases chlorine levels could be brought below the detection limit of our
setup by (< 0.05 ML) rinsing with water, but in the case of the low pH deposited samples it
removes a significant proportion of the deposited palladium. Palladium loss results in significant
waste of the active part of the catalyst and increased costs for production. The losses in the
case of pH 10 deposition are much more modest, but the benefits can be clearly seen with the
presence of chlorine having a marked effect on particle mobility and final particle size.

This suggests that rinsing the surface may not be the most appropriate method for dealing
with residual chlorine on catalysts prepared using impregnation methods and other methods,
such as cycles of oxidation and reduction as attempted by Wang [87] may be more appropriate,
but in the case of palladium deposited at pH 10 the smaller losses make this method more
acceptable.

This work demonstrates the complete removal of chlorine from the surface by rinsing. This
could not be determined by examining the chloride content of water used for rinsing the surface.

The removal of chlorine was shown to be important to retaining small particle sizes and such a

o6



result demonstrates the utility of ex-situ surface science techniques in studying processes that

occur at the solid-liquid interface.

Figure 4.25: STM images comparing Pd particles formed on Fe304(111) after deposition of
various amounts of Pd by physical vapor deposition (PVD) in UHV (ac), and after interaction
with Pd precursor solution for various contact times and rinsing (df). All samples were annealed
to 600 K prior to STM imaging. Images (a), (b), (d), (e) are 100 x 100 nm? and images (c), (f)
are 60 x 60 nm?. Taken from [43]

The binding energy of the Pd 3d XPS peaks for the samples prepared using liquid depos-
ition peaks identical to what was obtained using PVD (refer to figure 4.11) and previously
published results demonstrate the similarity in the morphology of samples prepared using PVD
and liquid deposition (Figure 4.25) [43]. This demonstrates that after rinsing and annealing
the samples prepared using liquid deposition, the resulting model catalysts were very similar
to samples prepared using PVD under UHV conditions. This similarity implies that results
obtained previously from UHV studies should be valid for the interpretation of experiments

using liquid prepared samples and vice versa.

4.3 Gold on iron oxide

Gold is an especially interesting subject for catalysis due to its unique properties as a catalyst
[121]. Tt is more or less inert in the bulk phase, but small distributed gold particles have been
shown to be very active in reactions such as CO oxidation as first reported by Haruta [103, 107].

This means that the catalytic properties of small gold particles can be easily separated from
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larger particles or bulk gold that might be present in a system as the latter should have no
effect on the reactivity of a system.

Ever since Haruta’s first report about the high catalytic activity of highly dispersed gold
particles a large amount of research has been focused on the preparation of supported gold
catalysts on various oxide supports as well as the mechanistic details of gold’s catalytic activity.
The preparation of dispersed gold nanoparticles has proven to be a significant challenge.

When prepared in the conventional way, by using incipient wetness impregnation with
chloroauric acid (HAuCl,) on an oxide support, the resulting gold particles are in the size
range of tens of nanometers and are catalytically inactive. The breakthrough which led to
nano-sized catalytically active gold particles came with attempts to deposit gold under neutral
or alkaline conditions instead of the acidic conditions used in impregnation preparations [107].
Since the precursor under these conditions is present in its hydrolysed form (Au(OH),), this
preparation method is considered analogous to deposition-precipitation due to its similarity to
other systems [101] prepared in this way.

Haruta further observed that it was possible to produce highly dispersed supported gold
particles appropriate for catalysis using AuCl; catalyst precursor solution contacted with TiO,.
The method originally described by Haruta is not a true deposition-precipitation reaction if the
strictest definition of the process is used, as gold hydroxide cannot precipitate at the surface
under these conditions [97, 104]. Instead of gradually raising the pH of the system to cause
precipitation to occur at the solid-liquid interface, the pH is raised to a set point, then the
mixture stirred with mild heating for 1-2 hours to allow the gold in solution to interact with
and graft to the the surface.

In an attempt to apply this preparation procedure to a single-crystalline substrate, Haruta
used fragments of a TiO,(110) crystal as a support and analysed the resulting catalyst with
scanning electron microscopy and reflection high-energy electron diffraction [122]. The results
of this study show that the gold particles are mainly located along the edges of steps or fracture
lines on the TiO, surface and high dispersion could not be obtained.

To date, there are no reports of highly dispersed gold particles deposited on to a single
crystalline substrate using wet chemical methods. The experimental setup designed and de-
scribed in this work provides the perfect opportunity for investigating the deposition conditions
required for producing small, highly dispersed gold particles on UHV prepared single-crystalline
substrates.

The mechanism of gold deposition on TiO, has been investigated in detail [97, 104]. At the
pH levels that result in the smallest particles (pH 7-10), both the gold complexes in solution
([AuCl(OH),]" and [Au(OH),] ) and the TiO, surface (The point of zero charge for TiO, is
approximately pH 5 [123]) are negatively charged and as such an electrostatic interaction is not
possible. Instead, a surface complex is formed through reactions with surface hydroxyl groups

and the complex is strongly bound to the surface through a grafting reaction.

TiOH + [AuCl(OH);]~ — Ti—[0O—Au(OH),]” + H* + CI~ (4.1)

A typical preparation would start with a solution of HAuCl, having titanium dioxide powder
added to it. The pH of this mixture would be gradually raised by addition of NaOH. Once the
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desired pH is reached, the mixture is stirred at 70-80 °C for one hour. Washing the prepared
sample to remove chlorine has been found to be incredibly important to retaining small particle
sizes, so the sample is then washed in water and dried [124]. Afterward, the catalyst is thermally
treated to obtain metallic gold particles [125].

Using TiO, as a support has resulted in highly active catalysts for CO oxidation, but Fe,O4
supported catalysts have also proven to be effective [98, 124, 126]. This chapter describes
attempts to create small, dispersed gold particles on an Fe;O,(111)/Pt(111) using similar de-
position methods, investigates the effect of rinsing on this system and compares gold deposited
in this way to gold deposited using PVD under UHV conditions and the results obtained pre-

viously on TiO,.

4.3.1 Investigation of deposition conditions

As a first attempt a stock solution of AuCl; was made using the same concentration as for PdCl,,
diluted to produce a 5 mM AuCl; solution and contacted with the surface of a freshly prepared
Fe;0, film in a hanging meniscus configuration for one hour as for palladium deposition. Such
a preparation procedure has shown good results for palladium deposition and Haruta suggested
that concentrations in the range of a few mM were ideal for gold deposition [127]. The pH of
this solution was measured to be below zero using pH paper.

These preparation parameters resulted in a large amount of gold present on the surface,
but the binding energy of the Au 4f peak (84.0 eV) indicated that the gold deposited was in a
metallic state (Figure 4.26). Further attempts were made using a solution balanced to pH 10
using NaOH, as alkaline pH values were found to be the most effective for gold deposition on
TiO, [103], and a shorter interaction time. Less gold was deposited, but once again the XPS
data indicated that gold had been deposited in a metallic state.

As metallic gold was being deposited instead of oxidised precursor complexes, it was thought
that using the hanging meniscus configuration may have allowed the solution to interact with
the sides of the platinum crystal, leading to an electrochemical redox reaction which resulted
in metallic gold. Deposition using a pH 10 solution was attempted using the liquid reservoir
of the STM cell so that no solution could reach the platinum crystal. This resulted in peak
components which were shifted to higher binding energy relative to bulk metallic gold, which
indicates that gold was present in an oxidised state (Figure 4.26, blue spectrum). The Au 4f
binding energy (87.0 eV) observed from the sample deposited using the STM cell is consistent
with the adsorption of a Au(OH);-like precursor, as is observed from Au deposition on Fe,O,
[98].

This difference between the two deposition situations suggests that when using the hanging
meniscus configuration, the solution interacts with the sides of the crystal and reduction of
gold occurred through an electrochemical redox reaction with the exposed platinum. For this
reason it was decided to perform all further experiments on gold deposition using the STM cell,
to eliminate the effects from any exposed platinum, using the pH 10 precursor solution. This
effect was not seen for palladium deposition where the same XPS spectra are obtained whether
the STM cell or the hanging meniscus configuration are used for deposition.

With this preparation procedure established, the sample on which gold was deposited using
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Figure 4.26: Au 4f XPS spectra showing the state and amount of gold deposited on to the
surface when exposing an Fe;0, surface to various 5 mM AuCl; precursor solutions in a hanging
meniscus configuration in comparison to gold deposited using the STM cell. The top two spectra
have been multiplied by a factor of 10 for the sake of visibility.
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Figure 4.27: Au 4f XPS spectra showing the reduction of gold that has been deposited from 5
mM AuCl; solution at pH 10 using the STM cell upon annealing. Also shown is a spectrum
taken from gold particles prepared using PVD after annealing to 400 K
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the STM cell was then annealed to 400 and 600 K. This led to the reduction of the gold, which
resulted in the Au 4f peak shifting to a binding energy consistent with what is observed for gold
deposited using PVD (Figure 4.27). Similar values (83.8-84.4 eV) have also been seen for gold
deposited using PVD on the Fe;0,(001) surface [128]. This suggests that after annealing the
gold is in a metallic state.

The binding energies observed before and after annealing are in reasonable agreement with
experiments conducted using the same precursor solution in deposition-precipitation experi-
ments conducted previously on TiO, [104, 129] and Fe,O, [98]. These shifts have been assigned
previously as transitions from Au(OH),; to Au,O; to metallic gold through annealing, with
metallic gold coexisting with the oxidised forms at all steps below 600 K [98]. This seems like a
probable mechanism in the present case as well. The lower binding energy component observed
immediately after deposition (84.6 eV) likely corresponds to small amounts of metallic gold
which have been reduced either through interaction with the surface or decomposition due to
interaction with light.

There were also notable changes in the O 1s spectrum after deposition. The first, more
prominent peak relates to oxygen within the Fe;O, lattice (530.2 eV), but after deposition a
second peak appeared at higher binding energy (532.4 eV). This peak was stable and had not
been appreciably diminished after annealing to 600 K (Figure 4.28). The energy and conditions
of deposition would suggest that this peak could be related to hydroxylation of the surface. The
binding energy of this second O 1s XPS peak is consistent with what was observed after exposure
of the magnetite surface to water vapour and immersion in water and this peak was shown to
be relatively stable up to approximately 1000 K [130]. This shoulder was not observed during
PVD experiments and must result from interaction with the solution as opposed to being an

effect of gold alone.

4.3.2 Effect of water rinsing

As the presence of chloride has been proven to be detrimental to retaining small particle sizes
[125, 131], gold deposition was repeated with an additional rinsing step added to the process to
determine what effect rinsing with water may have upon the system. This rinsing step was also
performed inside the STM cell to prevent any interaction with platinum during rinsing. The
effect of rinsing on gold can be seen in figure 4.29. Upon rinsing, the area of the Au 4f XPS
signal reduced by 46%, similar to what was observed for palladium deposited at pH 1.3 after
rinsing (See section 4.2.1).

There was a slight variation in the binding energy of the fitted peaks for gold before rinsing
in comparison to the previous experiment and this slight variation seems to exist throughout
other experiments conducted, but the qualitative form of the peak structure remains the same.
This variation may be related to reduction of the precursor during deposition by light as no
particular care was taken to prevent this. Ambient light is known to reduce this particular
precursor [131], but has been shown not to affect the catalyst after additional steps, such
as rinsing and calcination, have been performed [5]. Rinsing the sample with water almost
completely reduces the deposited gold to metallic gold. Annealing to 600 K produced a slight

additional effect, but the majority of the changes occur already after rinsing. Rinsing had no
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Figure 4.28: O 1s XPS spectra showing the emergence of a new oxygen species after deposition
using 5 mM AuCl, solution at pH 10 and its thermal stability.

appreciable effect on the additional peak observed in the O 1s spectrum.

As for palladium, chlorine was present on the surface immediately after deposition. Anneal-
ing had little effect on the amount of chlorine present on the surface on the unrinsed sample
(Figure 4.30), but rinsing removed it completely from the surface as was observed for palladium
deposition (Figure 4.31). Upon annealing, the Cl 2p peak of the sample that had not been
rinsed shifted slightly to lower binding energy, but generally the binding energy of the Cl 2p was
very close to the Cl 2p peak from an Fe;O, film exposed to a blank solution (Figure 4.9). This
suggests that the chlorine present is likely bound directly to the substrate and any interaction
with the gold is minimal.

STM images were also taken at each stage of the preparation process for both samples
(Figure 4.32). In all cases the surface was very rough and difficult to image. Fairly large
particles can be made out within a size range of 4-10 nm, with the number of larger particles
increasing with annealing. It can be seen in figure 4.32 (c) that these particles were already
present after rinsing, before any annealing process. These particles were much larger than what
can be achieved using PVD on Fe;O, [132] and larger than has been achieved using similar
deposition procedures on other supports [125]. As the particle size was large and the amount
of gold on the surface seemed to be high, further experiments were conducted using a lower

concentration of gold by producing a 2.5 mM AuCl; solution which also had a pH of 10.
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Figure 4.29: Au 4f XPS spectra showing the reduction of gold that has been deposited from 5
mM AuCl; solution at pH 10 using the STM cell upon rinsing and annealing.
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Figure 4.30: Cl 2p XPS spectra showing the chlorine peak after deposition from 5 mM AuCl,
solution at pH 10 and annealing.
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Figure 4.31: Cl 2p XPS spectra showing the chlorine peak after deposition from 5 mM AuCl,
solution at pH 10 and rinsing with water.

Figure 4.32: STM images of an Fe;O, surface after deposition of gold at pH 10 from a 5mM
AuCly solution after (a) annealing to 400 K and (b) annealing to 600 K, and another sample
after (c) rinsing the surface with water, (d) annealing to 400 K and (e) annealing the surface to
600 K. All images were taken with a bias of -0.3 V and a tunnelling current of 0.1 nA. Images
(a), (b) and (c) are 100 x 100 nm? and images (d) and (e) are 200 x 200 nm?.
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Figure 4.33: Au 4f XPS spectra showing the reduction of gold, that has been deposited from
2.5 mM AuCl; solution at pH 10 using the STM cell, upon annealing. The background of the
film before deposition has been subtracted from this spectrum.

4.3.3 2.5 mM gold deposition

After deposition from the 2.5 mM solution, the binding energy of the gold obtained was in good
agreement with that obtained from 5 mM AuCly solution, with all the same components still
present (Figure 4.33). The size of the signal was smaller, as is to be expected from using a
lower concentration, and this made fitting slightly more complicated. In order to properly fit
the spectra, the background measurement of the Fe;O, film before gold deposition had to be
subtracted due to some features of the film overlapping partially with the Au 4f peak.

Upon annealing, the same behaviour was observed as before, although there seems to be
a slight decrease in the size of the signal after annealing to 600 K in comparison to what is
observed after annealing to 400 K. This could be explained by larger particles being formed
causing part of the gold signal from atoms near the surface to be blocked by other gold atoms
on top. This is consistent with what is seen with STM. Smaller particles of about 4-10 nm in
size were observed after annealing to 400 K, but upon annealing these increased dramatically
in size to the point where the smallest particles were 10 nm in diameter and the largest 25 nm
(Figure 4.34). Instead of the large second peak visible in the O 1s spectra seen earlier, a small
shoulder appeared at the same energy (Figure 4.35). Once again it was largely unaffected by
rinsing or annealing and was stable even up to 800 K. The size of this peak seems to scale with
the amount of gold deposited.

Rinsing a freshly prepared sample in water produced similar XPS spectra to before (Figure
4.36, cf. figure 4.29). As for the 5 mM deposition, all chlorine was removed after rinsing the
sample with water. From the STM results it is clear that rinsing with water has affected the
mobility of gold upon the surface (Figure 4.37). Once again the particles are visible on the

surface after rinsing with water, but there does not seem to be an increase in the particle size
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Figure 4.34: STM images of an Fe;O, surface after deposition of gold at pH 10 from a 2.5mM
AuCly solution after (a) annealing to 400 K and (b) annealing to 600 K. All images were taken
with a bias of -0.3 V and a tunnelling current of 0.1 nA are 200 x 200 nm?.
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Figure 4.35: O 1s XPS spectra showing the emergence of a new oxygen species after deposition
using 2.5 mM AuCl, at pH 10 and its stability when the sample is rinsed or annealed to 800 K.



after annealing from 400 K to 600 K in contrast to what was seen for the unrinsed sample

(Figure 4.34). The particles observed were 6-10 nm in size.
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Figure 4.36: Au 4f XPS spectra showing the reduction of gold, that has been deposited from
2.5 mM AuCl; solution at pH 10 using the STM cell, after rinsing the surface with water
and annealing. The background of the film before deposition has been subtracted from this
spectrum.

In order to determine whether or not the reduction upon rinsing was due to respeciation
on the surface, another sample was prepared and then rinsed using a freshly prepared pH 10
NaOH solution. As for water, this completely removed all chlorine from the surface (Figure
4.38). This also had the same effect on the deposited gold, reducing it as for water (Figure
4.39). This is in contrast to what was observed for palladium, where rinsing a blank solution
did not result in the palladium being reduced. This difference is probably related to the relative
stabilities of oxidised gold and palladium. Using STM it can be seen that after annealing to 600
K, the smaller 6-10 nm particles are still retained (Figure 4.40 (a) and (b)). This sample was
also annealed to 800 K to see if this would have any further effect on particle size. No effect
was observed in the XPS spectra and upon annealing to 800 K some larger particles appeared,
but the smaller particles in the 6-10 nm range were still present (Figure 4.40 (c) and (d)).

Reducing the concentration of the gold precursor solution from 5 mM to 2.5 mM reduced
the gold loading on the surface and resulted in more dispersed, smaller gold particles. These

particles were still too large, so attempts were made to reduce the gold loading further.

67



(f)

Figure 4.37: STM images of an Fe;0, surface after deposition of gold at pH 10 from a 2.5mM
AuCly solution after rinsing the sample with water ((a) and (b)), then annealing to 400 K ((c)
and (d)) and annealing to 600 K ((e) and (f)). All images were taken with a bias of -0.3 V and
a tunnelling current of 0.1 nA. Images (a), (c) and (e) are 200 x 200 nm? and images (b), (d)
and (f) are 100 x 100 nm?.
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Figure 4.38: Cl 2p XPS spectra showing the chlorine peak after deposition from 2.5 mM AuCl,
solution at pH 10 using the STM cell after rinsing the surface with pH 10 NaOH solution.
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Figure 4.39: Au 4f XPS spectra showing the reduction of gold that has been deposited from 2.5
mM AuCl; solution at pH 10 using the STM cell after rinsing the surface with pH 10 NaOH
solution and annealing. The background of the film before deposition has been subtracted from
this spectrum.

Figure 4.40: STM images of an Fe;O, surface after deposition of gold at pH 10 from a 2.5mM
AuCly solution after rinsing the sample with pH 10 NaOH, then annealing to 600 K ((a) and
(b)) and annealing to 800 K ((c) and (d)). All images were taken with a bias of -0.3 V and a
tunnelling current of 0.1 nA. Images (a) and (c) are 200 x 200 nm? and images (b) and (d) are
100 x 100 nm?.
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Figure 4.41: Au 4f XPS spectra showing the reduction of gold, that has been deposited from 1
mM AuCl; solution at pH 10 using the STM cell upon annealing. The background of the film
before deposition has been subtracted from this spectrum.
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Figure 4.42: Au 4f XPS spectra showing the reduction of gold, that has been deposited from
1 mM AuCly solution at pH 10 using the STM cell, after rinsing the surface with water and
annealing. The background of the film before deposition has been subtracted from this spectrum.
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4.3.4 1 mM gold deposition

In order to gain more information about the nucleation and distribution of gold particles and
reduce their size, an attempt was made to deposit less gold on to the surface in order to be able
to still see the substrate after gold deposition. To this end a less concentrated 1 mM precursor
solution at pH 10 was used and it was only contacted to the surface for 5 minutes, instead of
the 60 minutes used in previous experiments. The Au 4f spectra obtained for a sample that
was not rinsed (Figure 4.41) and a sample that was rinsed using water (Figure 4.42) seemed

very similar to that obtained from a one hour deposition using 2.5 mM precursor solution.
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Figure 4.43: Cl 2p XPS spectra showing the chlorine peak after deposition from 1 mM AuCl,
solution at pH 10 using the STM cell and after annealing.

As for previous experiments, chlorine could not be removed from the surface by annealing
to 600 K(Figure 4.43), but rinsing removed all measurable traces of chlorine (Figure 4.44).

On the basis of the XPS measurements alone it was difficult to say that less gold had been
deposited than when using 2.5 mM solution. In fact, the peak area distributions of the Au
4f peak immediately after deposition overlap perfectly. STM measurements showed patches of
bare substrate (See figure 4.45 (b) and 4.46 (a)), which had not been previously observed
in experiments conducted using 5 mM and 2.5 mM precursor solutions, suggesting that the
amount of gold deposited had in fact been reduced. This suggests that the Au 4f peak area may
not be the best method for determining gold coverage for this system, likely due to the effect
of screening from varying amounts of contamination.

For the sample which had not been rinsed, the particles on the surface seemed to congregate
into large collections of smaller particles after annealing to 400 K (Figure 4.45 (a), (b) and
(c)). Bare parts of the substrate could also be clearly observed. Upon annealing to 600 K, some
much larger particles formed on the surface (Figure 4.45 (d), (e) and (f)), even as large as 100
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Figure 4.44: Cl 2p XPS spectra showing the chlorine peak after deposition from 1 mM AuCl,
solution at pH 10 using the STM cell and after rinsing the surface with water.

Figure 4.45: STM images of an Fe;O, surface after deposition of gold at pH 10 from a 1 mM
AuCly solution after annealing to 400 K ((a), (b) and (c)) and after annealing to 600 K ((d),
(e) and (f)). All images were taken with a bias of -0.3 V and a tunnelling current of 0.1 nA.
Images (a), (b), (d) and (e) are 200 x 200 nm? and images (c) and (f) are 100 x 100 nm?.
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Figure 4.46: STM images of an Fe;O, surface after deposition of gold at pH 10 from a 1 mM
AuCly solution after rinsing the surface with water, then annealing to 400 K ((a) and (b)) and
annealing to 600 K ((d), (e) and (f)). For comparison there are also images of gold deposited
using PVD on to a different sample after annealing to 400 K (c) and 600 K ((g) and (h). All
images were taken with a bias of -0.3 V and a tunnelling current of 0.1 nA. Images (a), (d) and
(e) are 200 x 200 nm?, images (c) and (g) are 150 x 150 nm?, images (b) and (f) are 100 x 100
nm? and image (h) is 50 x 50 nm?.
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nm (Figure 4.45 (d)).

The surface of the rinsed sample has a very different morphology (Figure 4.46). The particles
seem to be spread homogeneously over the surface, with no particular preference for step edges.
Their distribution seems more uniform and the particle size is much smaller, with particles
ranging in size from 4-10 nm, even after annealing to 600 K. This preparation procedure finally
led to small, well dispersed gold particles on the Fe;O,(111)/Pt(111) surface. After annealing
the particles obtained compare favourably with results from depositing a similar amount of
gold using PVD (cf. figure 4.46 (a) and (b) with (c) and (d), (e) and (f) with (g) and (h)).
The particles obtained were also quite similar to what has been previously observed from gold
particles deposited using PVD on Fe;O0,(111)/Pt(111) under UHV conditions [132].

This demonstrates that gold particles similar to those that are observed from UHV exper-
iments using PVD can be obtained using wet chemical methods on the same substrate. After
rinsing and annealing the samples prepared using wet chemical methods, the XPS spectra and
STM images obtained are nearly indistinguishable, although the particle distributions obtained

under UHV conditions are more uniform.

4.3.5 Discussion

Throughout the various liquid depositions, there is some small variation in the binding energy of
the individual Au 4f peaks and the relative intensity of these peaks. There does not seem to be
any discernible reason for this as it does not correlate with any measured quantity, such as the
intensity of the Cl 2p XPS peak. This may relate to the difficulty of creating exactly the same
deposition conditions every time when conducting experiments under ambient conditions or be
due to the precursor in solution being reduced by ambient light or at the surface. Conducting
these experiments under a more controlled environment such as a glove box and cutting off all
sources of light may help to remove these irregularities.

By and large however, this did not appear to materially affect the experimental outcomes,
as can be assessed from consideration of the following: All samples seem to be completely
reduced to metallic gold after annealing to 600 K, with the major differences between size and
conglomeration on the surface being explained by residual chlorine and the amount of gold on
the surface. While the chemical state of the gold seems to be the same in each case, the presence
of chlorine makes a significant difference to the final particle size, which has been shown to have
an adverse effect on any catalytic activity [103].

Further experiments are required to determine whether or not the deposited gold particles
are catalytically active and to see if smaller particle sizes can be achieved by using even lower
gold loading than is obtained from 1 mM AuCl; solutions.

Chlorine has previously been found to be detrimental to retaining small particle sizes, both
on TiO,, [120] and Fe,O4 [124]. This increase in particle size ultimately decreases the activity of
the catalyst. The undesirable nature of chlorine is a large part of the reason why impregnation
has fallen out of favour as a preparation method for supported gold particles on metal oxides
as large amounts of chlorine are present after deposition due to the speciation of the precursor
solution at low pH. This chlorine can only be removed by extensive rinsing which can reduce the

amount of gold deposited upon the surface, resulting in expensive catalyst precursor material
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being wasted.

This is also in clear agreement with the results presented here, where the presence of chlorine
was shown to be a major factor in determining the final particle size. Although the small amount
of chlorine present at these higher pH values was trivial to remove, a significant amount of gold
was lost during the rinsing process.

The aggregation and larger particles formed on TiO, deposited at low pH were previously
attributed to two possible factors, the presence of chlorine hindering the formation of Au-O-Ti
bonds by blocking potential grafting sites or the weaker electrostatic bonding of the precursor
complexes during impregnation [120]. It seems to be confirmed that the presence of chlorine
is the major factor accounting for this difference on Fe;O,, as in this work the deposition
conditions were identical and it was only the rinsing away of chlorine before annealing that can
be held accountable for the improved dispersion. Similar experiments would be required on
TiO, to confirm that the same effects are responsible, but there seems to be no reason why the
mechanisms should be drastically different.

It may be worthwhile to further investigate the low pH deposition of gold on Fe;O, with the
effects of the platinum crystal removed and using water to remove the chlorine, but the results
using palladium (See section 4.2) and previous studies on gold suggest [3, 133] that this is not
a fruitful path for efficiently producing dispersed metal particles.

In order to explain the chemical state of deposited gold, the binding energies observed should
be compared to the bulk Au 4f binding energies of oxidised gold species, which are in the range
of 85-87 eV [134, 135, 136]. The binding energies observed in the present work fall within
this range and are assigned as adsorbed precursors (87 eV) and partially oxidised gold (< 87
eV). The low binding energy shoulder (84.5-84.9 €V) from the freshly deposited samples likely
includes small particles of metallic gold. Similar shifts from the ideal value for metallic gold of
84.0 eV have been seen with small nanoparticles of gold on TiO, previously, where shifts of up
to 1 eV were observed purely related to the size of the nanoparticles [136].

This suggests that gold is initially deposited as Au(OH),, which should be the majority
species in solution, along with some metallic gold which likely arises from decomposition of
the precursor by light or at the surface. Upon annealing, in a manner similar to what was
observed for palladium, the gold is reduced thermally through some partially oxidised species
until it finally arrives at metallic gold by 600 K. This is similar to mechanisms which have been
proposed for gold deposited on titania and calcined in oxygen containing environments [98].

Thoroughly rinsing the surface with water produces Au 4f peaks at the same binding energy
as annealing an unrinsed sample to 600 K, suggesting that this process also leads to metallic
gold. This process does not appear to be pH dependent, as rinsing with pH 10 NaOH solution
produced the same effect.

In comparison to Haruta’s effort to study this deposition method on a single-crystalline
substrate [122], the method used in this work has resulted in a higher level of dispersion. In
Haruta’s work the gold particles formed were aligned along straight lines, likely related to step
edges caused by fracturing the single crystal. In contrast the preparation in this work resulted
in homogeneously distributed small particles over the entire Fe;O, surface. This is likely due to

the increased roughness on the iron oxide surface after exposing it to water [92], which could act
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to anchor the precursors more strongly and hence lead to higher dispersion after post deposition
treatment steps such as annealing.

Ultimately, after rinsing and annealing, the differences between gold particles prepared using
PVD and the wet chemical methods described in this work are negligible. Chlorine has a marked
effect on the particle size and distribution, but this could be completely removed by rinsing the
surface with water. After annealing this leads to dispersed, metallic gold particles, depending

on the coverage.

76



Chapter 5

Conclusions

This work pursued two primary goals, the development of techniques for the in-situ investigation
of processes relevant to catalyst preparation which occur at the solid-liquid interface and the use
of existing surface science techniques and an experimental setup from which the samples could
be introduced into liquid environments to make ex-situ measurements after each preparation
step to gain initial insight into these processes.

In order to test the limits of previously constructed equipment under liquid conditions, test-
ing was conducted using an existing electrochemical STM to image MgPc as a model molecule.
Individual molecules were imaged successfully both in-situ and ex-situ on an Au(111) single
crystal and ex-situ on an FeO(111)/Pt(111) thin film. On the Au(111) surface the MgPc mo-
lecules were found to lie within the troughs of the herringbone reconstruction of this surface.
On the oxide surface the ex-situ measurements demonstrated that the solvent used has an effect
on the distribution of the particles on the surface. This work demonstrated that molecular
resolution was achievable, even under in-situ conditions, using this equipment.

To increase the range of techniques available for surface science catalysis research at the
solid-liquid interface, an experimental setup was designed and built to take sum frequency
generation spectroscopy measurements both on samples under UHV conditions and at the solid-
liquid interface. This was achieved by connecting a liquid cell to a standard UHV chamber via
a transfer chamber to allow for clean transfer between UHV and liquid environments without
compromising the quality of the vacuum. Initial in-situ measurements were obtained of the
spectrum of a self assembled monolayer of octadecanethiol on the Au(111) surface in air, ethanol
and water.

Previous work had been conducted using ex-situ surface science techniques to study the
use of wet chemical methods to deposit Pd particles on Fe;O,(111)/Pt(111), but this work set
out to understand the importance of the rinsing step and its effect on Pd deposition. Rinsing
with water until a steady state was reached was found to be sufficient to reduce deposited
palladium species to metallic palladium in a manner similar to that which is observed when
samples are annealed under UHV conditions. After this rinsing step small particles could be seen
dispersed over the entire surface, confirming the previous model for homogeneous distribution
of palladium from solution. Different mechanisms have been proposed for palladium deposited
at low and high pH values, with the deposition at pH 1.3 proceeding through an electrostatic

attraction between catalyst precursors in solution and the sample surface and the deposition at

7



pH 10 occurring through a grafting reaction. Rinsing with water was found to be an effective
method for removing chlorine from the surface, although some palladium was lost. In all
cases chlorine levels dropped below the detection limit after rinsing until a steady state was
achieved, demonstrating that chlorine could be completely removed from the surface by rinsing
the samples with water.

Further work was conducted using AuCl; solutions in an attempt to create well dispersed
gold particles on a single-crystalline substrate using wet chemical methods and study these
particles using ex-situ surface science techniques. A procedure was found for depositing such
particles on an Fe;O,(111)/Pt(111) surface. The removal of chlorine through rinsing was found
to be critical to maintain dispersion, with significant aggregation observed for unrinsed samples.
Gold was deposited on to the surface using a grafting type mechanism similar to that which
is observed for palladium deposition on the same surface and gold deposition on TiO,. The
deposited gold species were easily reduced, either through annealing in vacuum or rinsing with
water to produce well dispersed metallic gold particles similar to those which can be obtained
under UHV conditions.
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