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Abstract
CO oxidation is the reaction between carbon monoxide and oxygen forming carbon
dioxide, as described by 2CO + O2 → 2CO2. Gold (Au) being chemically highly in-
ert is not expected to be a good catalyst but exhibits an unexpectedly high activity
towards CO oxidation even at room temperature. Au nanoparticles (NPs) with a
diameter of 3 nm supported on TiO2 exhibit the highest activity towards CO oxida-
tion. In this work, a method of fabricating such a catalyst in a clean room facility,
relying on solid state dewetting, was developed. AuNPs were be formed by anneal-
ing 5 Å thin films of Au deposited on ~10 nm films of TiO2 produced by reactive
sputtering onto fused silica. The performance towards CO oxidation was evaluated
by employing mass spectrometry in combination with a gas reactor to measure the
production of CO2. Comparing the CO2 signal pre- and post annealing, an increase
of one order of magnitude was observed which could be attributed to the formation
of highly active AuNPs. The influence of varying parameters, such as annealing time
and temperature, were investigated. It was found that the activity of the catalyst
greatly depends on the temperature at which the reaction is carried out and the
annealing time. Short annealing times (900 s) was preferred. The catalyst suffered
from CO poisoning at reaction temperatures of 40, 100 and 130 ◦C, but the effects of
this was reduced at 100 ◦C and almost disappeared completely at 130 ◦C. There was
no clear trend between annealing temperature and activity, although temperatures
below 450 ◦C seem to be favorable. The localized surface plasmon resonance (LSPR)
of the AuNPs was studied in-operando, finding a correlation between spectral shift
and activity, most likely as a result of the formation of surface oxygen vacancies.
To gain a better understanding of the morphology of the samples, scanning electron
microscopy (SEM) was used, finding that particles were randomly dispersed. The
portion of particles exhibiting high activity towards CO Oxidation, meaning being
close to 3 nm in diameter, was only 22%. It is unclear how the distribution changes
under different annealing conditions. The surface chemistry was studied using X-ray
photoelectron spectroscopy (XPS), finding that annealing in an oxidizing environ-
ment results in a chemical shift of Ti. This could be linked to a decreased catalytic
activity caused by the loss of surface oxygen vacancies in the TiO2 support.

Keywords: Gold, Catalysis, CO Oxidation, Solid State Dewetting, Nano Particles,
Titania
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1
Introduction

Carbon monoxide (CO) oxidation is an immensely important reaction and has been,
ever since the introduction of the three way catalyst, meant to reduce the exhaust of
three types of harmful gases (hydrocarbons, carbon monoxide and nitrogen oxides)
in combustion engines. CO is one of the most abundant air pollutants with a long
life time in the atmosphere, most of the emissions stemming from vehicles [1, 2].
Even though the automotive industry is moving towards greener alternatives, it is
predicted that in 2050 more than 50% of vehicles will still be powered by internal
combustion engines [3]. Study of the CO oxidation reaction is therefore vital in the
search for highly efficient, low cost and safe improvements to the three way catalyst.

A catalyst can be a gas, liquid or solid which enhances the rate of a chemical reac-
tion while not being consumed itself. The CO oxidation reaction is often used as a
model reaction when studying the catalytic properties of different materials. This is
because of the simplicity of the reaction and potential carry over to other reactions.
Noble metals are not expected to be a good catalyst due to their stable electron con-
figuration. Despite this, Haruta et al. [4] discovered that gold (Au) is a surprisingly
good catalyst. Supporting CO oxidation even at temperatures as low as −70◦C, the
key being that they used deposition precipitation (PD) to grow Au nanoparticles
(NPs) from solution, producing very small, 3-5 nm diameter particles. Previous re-
search had used thermal decomposition of impregnated chloroauric acid, producing
much larger particles, which did not result in any significant catalytic activity [5].
Since then, Au as a catalyst has been studied intensely due to low temperature
capabilities as well as the unusual size effect. Despite intense efforts, no consensus
has been reached and the exact nature of the size effect is still debated [6–12]. The
use of different supports has been an area of study, finding that Au can be catalyti-
cally active on a number of different materials such as TiO2, αFe2O3, Co3O4, Al2O3,
ZrO2 and SiO2 when prepared by DP or coprecipitation (CP) [13–16]. Sputtering
has also been found to be a viable preparation method for Au deposited on WO3,
activated carbon and Al2O3 powders, with activities similar to catalysts prepared
by DP and CP [17, 18]. Au/TiO2 catalysts have been shown to perform the best
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1. Introduction

towards CO oxidation [19, 20]. Gold catalysts have been shown to support a num-
ber of other reactions such as the oxidation of alcohols, partial hydrogenation of
alkynes to alkenes, propylene epoxidation, water gas shift, acetylene hydrochlorina-
tion and more [21–24]. Today, 30 years after the discovery by Haruta, Au catalysts
are finding their way into commercial applications. For example, replacing harmful
mercury based catalysts in the hydrochlorination of acetylene, which is an important
intermediate step in the manufacture of polyvinyl chloride (PVC), one of the most
important polymers in use today [25].

1.1 Motivation
The aim of this work is to prepare for future experiments where a gold catalyst
ultimately will be introduced into nanofluidic channels, building on previous work
in the Langhammer group [26]. The idea is to find a novel way of measuring cat-
alytic activity by detecting small changes in the index of refraction caused by the
difference in gas composition before and after reaction by collecting light scattered
inside of these channels. In order to successfully detect such a small difference,
the experiments need to be run at a low temperature. In order to achieve this, a
low temperature CO oxidation catalyst needs to be produced using the facilities
in Chalmers MC2. Solid state dewetting was opted for as a method of fabricating
the gold nanostructures as this has not been done for the Au/TiO2 catalyst. It is
therefore of scientific value to explore this approach and determine if it could be a
novel way of producing active gold particles for CO oxidation at low temperatures.

1.2 Research Question
The main question to be answered was if a gold catalyst can be fabricated using
solid state dewetting. For this purpose, a fabrication process needed to be developed.
The performance in catalysis was examined for varying crucial parameters such as
reaction temperatures, annealing time and annealing temperature and their effect
on the performance towards CO oxidation. The samples were also studied with
surface probing techniques such as XPS and SEM in order to better understand the
surface chemistry and morphology of the gold particles and supporting TiO2.
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2
Theory

2.1 Catalysis
Catalysis enables the reaction between two species in conditions in which the re-
action is not energetically favorable or increases the rate of the reaction while not
being consumed itself. Catalysis can easily be understood in terms of the Arrhenius
equation,

k = Ae−Ea/RT , (2.1)

where k is the rate of reaction, A is a frequency constant determined by the proba-
bility of collision between molecules, Ea is the activation energy of the reaction and
RT is the thermal energy of the molecules. A catalyst can act by either increas-
ing the collision frequency A, decreasing the activation energy Ea or both. This
can achieved in several different ways. An important example is the adsorption of
molecules on a surface. This allows molecules to interact through surface diffusion
increasing A. There are two kinds of adsorption, the weaker physisorption caused
by an attractive van der Waals force and the stronger chemisoption where chemical
bonds are formed between molecule and surface, often following from physisorption.
This, in effect, lowers the activation energy of the reaction.

2.2 CO Oxidation
The CO oxidation reaction is one of the most studied reactions in catalysis in part
due to its simplicity, making it a good model reaction and part due to being respon-
sible for detoxifying CO gas. One of the first to describe the reaction,
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2. Theory

2CO + O2 → 2CO2, (2.2)

was Langmuir in 1922 [27], by what today is known as the Langmuir-Hinshelwood (L-
H) mechanism, in which both reactants adsorb on the surface, the oxygen molecule
dissociates, the atoms diffuse and subsequently react with CO to form CO2 that
then desolves from the surface, described by equation 2.2.

Adsorption of CO is crucial for the catalysis of CO oxidation. The strength of
CO adsorption plays an important role since it is one of the determining factors
governing at which temperature the reaction is favorable. If the CO adsorption
is strong, the catalyst may suffer from poisoning at lower temperatures because all
available adsorption sites will be occupied by CO, blocking the adsorption of oxygen.
In contrast, weak CO adsorption will favor the reaction at a lower temperature since
adsorbants won’t stick to the surface at a higher temperature.

Oxygen activation is another important process and can occur through several dif-
ferent pathways. In the L-H mechanism, oxygen is dissoiciatively adsorbed on a
surface. Oxygen can also be supplied from the surface material itself through the
Mars-van krevelen mechanism, in which a lattice oxygen is donated, creating an
oxygen vacancy, as shown in figure 2.1.

(A) (B)

1. 2. 3.

Figure 2.1: (A) Dissociative adsorption of an oxygen molecule, 1. Physisorption 2.
Chemisorption 3. Atomic adsorption (B) Oxygen atom is donated from the surface cre-
ating a vacancy.

The ratio of CO to O2 in the reacting gases is also an important factor. It is
convenient to describe this ratio in terms of αCO which is described by

αCO = CCO

CCO + CO2

, (2.3)

4



2. Theory

where CCO and CO2 are the concentrations of CO and O2, respectively. An αCO
value of 2/3 represents the stoichiometric ratio of the reaction meaning that there’s
one part O2 per two CO.

2.3 CO Oxidation Using Gold
The activity of CO oxidation is highly dependent on the size of gold particles,
support material (the material upon which the gold particles are fixed) and temper-
ature. A change in any of these can change the mechanism or rate of the reaction
dramatically. These influence of these factors will be discussed in this section.

2.3.1 Reaction Mechanism
There are several different reaction mechanisms in which CO can oxidize on gold,
depending on temperature, support and chemical environment. Figure 2.2 shows
the possible reaction pathways. At very low temperatures, -70 ◦C and below, the
reaction proceeds on the surface of the Au NPs through the L-H mechanism with
an activation energy Ea of 0 kJmol−1. At low temperatures, −50 and up to +60
◦C, the reaction proceeds on the perimeter sites of the Au NPs and Ea is circa 30
kJmol−1. At temperatures above 60 ◦C, there is evidence in the form of Arrhenius
plots, the reaction again occurs on the surface of the Au NP and Ea is close to 0
kJmol−1 [28].

Figure 2.2: CO oxidation reaction
mechanisms on an Au NP supported
on a metal oxide (MOx). (A) Re-
action on Au surface. (B) Reac-
tion at an Au perimeter site where
either an oxygen atom or molecule
adsorbs. (C) Oxygen molecule ad-
sorbing at an oxygen vacancy in
the MOx support. (D) (1) Au as-
sisted Mars-Van Krevelen mecha-
nism in which a lattice oxygen atom
reacts witch CO, only possible on re-
ducible MOx supports such as TiO2,
(2) Oxygen dissociation through ad-
sorption at an oxygen vacancy in the
MOx support, replacing the vacant
site. Reprinted with permission
from [28]. Copyright 2019 Ameri-
can Chemical Society.

It should be noted that there is no absolute consensus in the scientific community for
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2. Theory

which reaction pathway is dominant or for which temperatures they occur. Molecu-
lar oxygen has been identified the active species at room temperature and above, the
activation of O2 however, is particularly controversial [29]. For temperatures -70 ◦C
and below, there is evidence for the build up of carbonate species on the perimeter
sites, effectively blocking the reaction from proceeding at these sites [28]. This im-
plies that the reaction must occur at the surface of AuNPs at these temperatures, as
depicted in figure 2.2 (A). Under these conditions, the reaction is essentially barrier
free and AuNPs are catalytically active at any temperature. Haruta et al. 2001 [30]
demonstrate that CO oxidation could proceed, even at a temperature of −183 ◦C.
Also confirmed by Fujitani et al. [31]. There is evidence for the activation of molec-
ular oxygen on the surface of Au through interaction with coadsorbed CO via an
adsorption complex, this mechanism is however, unlikely to occur at temperatures
above 70 K due to weak O2 adsorption, as reviewed by Widmann et al. [29]. This is
in disagreement with the interpretation of the Arrhenius plots presented in Ishida
et al. [28]. There is also the possibility of O2 adsorbing directly on Au at perimeter
sites (Fig. 2.2 B), where the support interaction is stronger, thus stabilizing the
oxygen molecule as discussed in Schlexer et al. [32].

The mechanism depicted in figure 2.2 C, involves charge transfer from the support
to oxygen molecules upon adsorption at a surface oxygen vacancy neighboring an
AuNP. There is direct experimental evidence for this, through the detection of su-
peroxide (O2

−) and peroxide (O2
2−) species at room temperature and below. At

higher temperatures, no such oxygen species are observed, meaning this mechanism
is likely not responsible for O2 activation above ambient temperatures. [29]

Widmann et al. 2011 & 2014 and Schlexer et al. [29, 32, 33] advocate for an Au as-
sisted Mars-Van Krevelen mechanism (Fig. 2.2 D) being dominant at temperatures
of 80 ◦C and above. Their findings were based on quantitative temporal analysis
of products (TAP) reactor measurements and DFT simulations. Finding that the
active oxygen species is atomic and only formed at perimeter sites. The replenishing
of surface oxygen vacancies was found to be barrier free. The formation of surface
lattice oxygen vacancies at perimeter sites was found to be activated, but only with
a small barrier of ~0.9 eV.

2.3.2 Au Size Effect
Gold exhibits a superior catalytic activity for particles below 5 nm, as demonstrated
by Haruta et al. [4]. The results does not make it clear if this size effect is due to
the fact that smaller NPs intrinsically have a higher percentage of perimeter and
low coordination corner and edge sites or if there could also be a ‘real’ size effect.
Corners and edges have a lower amount of neighboring atoms meaning a lower
coordination number and more dangling bonds aiding adsorption. This phenomena
was further studied by Goodman et al., in 1998 produced particles with a diameter
varying from 2.5 to 6 nm supported on TiO2 and showed that activity spikes for
particles with 3 nm in diameter. Moreover, they found that these particles were in
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2. Theory

the shape of two atomic layer islands. Clusters below 3 nm showed an increased
band gap, uncharacteristic of bulk metal as measured by STM, providing evidence
for a quantum size effect. The results indicate that gold NPs may be highly active
if one dimension is smaller than three atomic spacings. Additionally, such an effect
has been shown, by Sanchez et al. [34], to have a major influence on the adsorption
of CO on gold clusters.

The band gap of a NP can be approximated by the equation

δ = 4εf

3N
, (2.4)

where δ is the band gap, εf is the fermi energy and N is the number of atoms in
the cluster. For small Au clusters, the band gap can exceed the thermal energy
(δ > kbT ) explaining the loss of metallic properties for small clusters, e.g. at 273 K
this occurs for clusters consisting of ~300 atoms corresponding to a diameter of 2
nm [28].

The origin of the Au size effect was also studied by Mavrikakis in 2000 [11], using
density functional theory (DFT). They found that steps (low coordination) more
strongly adsorb gas phase molecules as compared to sites on terraces (higher co-
ordination number). They also found an expansive strain on small gold particles
supported on TiO2 caused by a mismatch in lattice parameter to have the same
effect. This is due to the expansive strain causing the d-band to shift up in energy
due to smaller overlap of atomic orbitals increasing the adsorption energy of CO on
the surface, this might be beneficial since Au in known to weakly bind CO [3, 28].
Mavrikakis found the quantum size effect to have no significant impact on the ad-
sorption of gas phase molecules. These results suggests that the higher step density
of smaller particles or a strain-effect may in fact be the cause of highly active gold
nanoparticles.

The Au particle size effect was also studied by Yao et al. in 2015 [12]. They used
atomic layer deposition on top of AuNPs of sizes 3, 5 and 10 nm supported on TiO2
only exposing the perimeter sites to reacting gas. Particles with a diameter of 3 nm
with an overcoat outperformed bare particles of a larger diameter. These results
rule out low coordination sites or changes in oxidation state as responsible for the
Au size effect. The authors suggest a size related change in the number of perimeter
sites to be a possible explanation for the unusually high activity but they could not
rule out neither a quantum size effect nor the effect of strain.

7
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2.3.3 Support Material
It is known that the interaction between gold particles and support is crucial in
producing highly active gold catalysts. The use of metal oxides have been immensely
studied, which can be classified as reducible and non-reducible. Reducible MOx

supports has the benefit of the lattice oxygen being able to assist the reaction as
discussed in section 2.3.1. Of the reducible MOX supports, TiO2 has been shown to
be the most active for CO oxidation at low temperatures. Non-reducible supports
can not support CO oxidation without the presence of water which plays a major
role assisting in the reaction [28].

The thickness of TiO2 has been shown to not have an influence on the reaction if
greater than ~2 nm. Films with a thickness of 10 nm exhibit the desired bulk prop-
erties while at the same time retaining the conductivity of the underlying medium,
which is important for several surface analysis techniques such as SEM and XPS [10].

TiO2 can have three crystalline structures, anatase, rutile and brookite, neither of
these influence the catalytic activity of Au. The structure may however affect the
decoration of Au with Au preferring the rutile over anatase, surface defects may also
play a role in the growth of NPs from solution, acting as a nucleation site (the initial
seed upon which NPs can be grown) of Au [28].

2.4 Solid State Dewetting
Solid state dewetting is the phenomenon in which a thin film spontaneously agglom-
erates, much like water forming droplets on a plane of glass. This can be exploited
as a simple method of creating metal nanoparticles supported on a surface. The av-
erage size of particles can be controlled by tuning the annealing time, temperature,
nominal film thickness and the support material used (state of strain on the film).
The driving force is the reduction of free surface energy. A thin film is only stable
in ideal conditions such as being defect free, infinite and under zero stress. A ‘real’
thin film will contain defects, be under stress and is obviously finite. Consequently,
it will reduce its surface energy by decomposing into droplets if mass transport is ac-
tivated through sufficient heating. The process has three steps: formation of voids;
void growth; and the formation of beads due to the structure becoming unstable.
Due to the stochastic nature of this process, particles of varying sizes and distance
to their nearest neighbors will be formed. [35]

Laukaitis et al. [36] investigated the formation of Au nanostructures on TiO2 and
the influence of surface rougness and crystallinity. They found that the these fac-
tors influence the formation of NPs differently depending on initial film thickness.
For very thin Au films with a nominal thickness of 5 nm, the mean diameter and
distance to the nearest neighbor of NPs, was the lowest when the films were an-
nealed on amourphous TiO2. This is due to a higher hole formation speed caused

8
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by there being more grain boundaries at low thicknesses and a lower surface en-
ergy for amourphous TiO2. For thicker films, above 10 nm in nominal thickness,
the surface roughness of TiO2 was the dominant factor influencing the formation of
AuNPs.

Schmuki et al. [37] used solid state dewetting of Au on TiO2 in order to create AuNPs
for studying plasmonic photoelectrochemical water splitting. They found that using
an initial film thickness of 0.5 nm and annealing at 450 ◦C for 1h produced Au
NPs with a mean diameter of 3 nm. This, along with the results from Goodman
et al. [10] and Laukaitis et al. [36] points to the optimal parameters for solid state
dewetting of Au for CO oxidation to be 0.5 nm of Au deposited onto amorphous
TiO2 and annealed for 1 hour in 450 ◦C.

2.5 Localized Surface Plasmon Resonance
A Localized surface plasmon resonance (LSPR) is the collective oscillation of con-
duction electrons in metal nanoparticles, as demonstrated in figure 2.3. These modes
can be excited by light in the visible spectra, resulting in an absorption peak at a
specific wavelength. These resonances are sensitive to the shape, size and material
of the NP as well as the local environment. Due the field of the plasmon rapidly de-
caying beyond the particle, LSPRs are highly sensitive to surface absorbates, which
is detected by a red shift in the plasmon extinction peak, opening the door for
molecular plasmon sensing. [38]
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Figure 2.3: Model of an LSPR showing the oscillation in the ’sea’ of free electrons in a
metal nanoparticle excited by the electric field of light.
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3

Fabrication of Support and
Nanoparticles

There are many ways to create Au NPs. In catalysis, the most common way has
been the deposition-precipitation (DP) method, where Au NPs are grown out of a
solution. This method is able to produce well dispersed AuNPs with a diameter of 3
nm on TiO2 and is proven to produce highly active gold particles [4]. The method,
however, uses chloroauric acid, HAuCl4, leaving behind residual chlorine requiring
thorough washing [4, 12, 28]. A novel approach was instead opted for, producing
Au NPs by solid state dewetting of a thin Au film deposited onto TiO2 through
annealing. The benefits of using solid state dewetting is the reduced amount of
contamination, especially when performed in a clean room facility, as well as being
able to be incorporated into nanoscale devices and being relatively easy to upscale.
A drawback is a potentially larger distribution in size compared to DP, which is
critical in producing highly active Au catalysts, as previously discussed in section
2.3.2. For a detailed description of the process, see appendix A.

3.1 DC Magnetron Sputtering

A FHR MS 150 DC magnetron sputter was used to deposit a thin film of TiO2.
Sputtering is a physical vapor deposition (PVD) technique where a plasma collides
with a target in order to eject material on to a sample.
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Figure 3.1: Schematic view of the working principles of DC magnetron sputtering. An
inert gas, typically argon, is released into a sputtering chamber under vacuum. The gas
is ionized by the strong electric field in between the anode and the cathode, forming
a plasma. A cathode accelerates the Ar+ ions towards the target. The bombardment
removes material from the target which subsequently is deposited onto the substrate,
connected to the anode. DC magnets trap the plasma closer to the target, improving the
sputtering efficiency. Metal oxides and nitrides can be deposited by reactive sputtering
where a the reacting gas is introduced to the chamber during the process and is allowed
to react with the metal [39].

3.2 Electron Beam Evaporator

The deposition of gold was done on a Kurt J. Lesker PVD225. Electron beam
evaporation involves, as the name suggests, the use of an electron beam, transferring
large amounts of heat to the source material causing it to thermally evaporate. The
PVD225 used allows for finer control of the amount of deposited material compared
to the FHR MS 150 DC magnetron sputter. This is in part due using a quartz crystal
microbalance, measuring the deposition rate with sub ångström, precision but also
due to the ability to tune the rate of deposition through varying the intensity of the
electron beam. These attibutes are ideal for depositing the very thin films required
in the present work, in order to produce highly active gold nanoparticles through
solid state dewetting, as discussed previously in section 2.4.
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Crucible holder
Ingot

Magnetic field

Electron beam

Filament

Evaporated material

Anode

Figure 3.2: Schematic overview of an electron beam evaporator. A high current is
passed through a tungsten filament, creating a cloud of electrons around due to thermionic
emission, these are extracted by an anode. The electron trajectory is curved by a strong
magnet, aligning the beam with the surface of the ingot. The electron beam is finely
controlled by tuning the current running through two coils in X-Y-configuration, also
allowing the beam to be swept around the surface of the target for uniform heating. A
rotatable crucible holder allows for the selection of different metals to be deposited. The
system is placed in a vacuum chamber pumped down at 5 · 10−7 Torr [40].
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4

Characterization

4.1 Mass Spectrometry

A Pfeiffer GSD 320 qudrupole mass spectrometer was used to analyze gas products
produced by the catalyst. The all-in-one ultra-high vacuum system uses a filament
to ionize incoming gas particles, which are then captured by a mass sensitive ion
trap. This allows for the detection of a single particle species at a time, giving a
readout containing information of particle species and counts in the form of an ion
current.

4.1.1 Quadrupole Mass Selection

The quadrupole mass filter is a vital component in many mass spectrometer setups,
where mass filtering is enabled by to the fact that the stability of trajectories depends
on the mass-over-charge ratio (m/z). One caveat of this is that there can be multiple
molecules with the same m/z-ratio. This can be deciphered by comparing with the
relative abundance of certain molecular species. Four electrodes are connected to a
DC and an RF source, as shown in figure 4.1.
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-

-
++

Figure 4.1: Illustration of a quadropole used for mass filtering, showing four parallel
electrodes connected a DC and an AC voltage source. Two ion trajectories are seen where
the red arrow represent a stable and the blue arrow an unstable trajectory. Adapted and
modified from [41]

The stability of ion confinement depend not only one the m/z-ratio but also on the
properties of the ion trap. The general idea is that the ions see a saddle potential
created by the electrodes, this potential oscillates with the radio frequency (RF)
creating a restoring force that always pushes ions towards the center if the trapping
conditions are met. The reasonance of an ion in this type of a trap can be determined
by solving the Mathieu equations, yielding the so called a-q-parameters

ax = −ay = 4QU0

Mr2
0Ω2 , qx = −qy = 2QVrf

Mr0
2Ω2 , (4.1)

where ax, ay, qx and qy are dimensionless trapping parameters, Q and M are the
charge and mass of the ion, respectively, Vrf is the RF voltage, Ω is the RF. r0 is
the distance from the center of the trap, U0 is a offset voltage used for tuning the
region of stability for mass selection. [42]

4.1.2 Ion Detection
A quadrupole mass spectrometer (QMS) can use a Faraday cup for the detection
of ions. The operating principle of the device is shown in figure 4.2 and is rather
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straightforward. It consists solely of a conducting cage, connected to a DC power
source, where the signal is read by an electrometer. A neutralization event occurs
when an ion collides with the surface of the cup. This will cause a change in current
which can be detected if the flux of ions is sufficiently large.

Neutralization event
- +

Electrometer

Figure 4.2: Basic working principle of a Faraday cup. Positive incoming ion (not to
scale) shown in blue.

If one desires to detect very small amounts of ions, such as in a system under UHV,
a secondary electron multiplier (SEM) is typically required as a Faraday cup is not
sensitive enough. A SEM is constructed as a series of dynodes, connected by a
chain of resistors such that the first dynode has a strong negative potential, with
a sequential decrease of potential size. As shown in figure 4.3, the incoming ion
hits the initial surface, releasing secondary electrons. The electrons are accelerated
towards the first dynode, further releasing even more electrons, which are guided
down the line of dynodes. For each step, multiple more electrons are released, and
the final amplification factor of this device is of many orders of magnitude.

-1200V-1400V

-1000V

- 800V

-600V

-400V

-200V

Figure 4.3: Working principle of a secondary electron multiplier comprised of several
dynodes. An ion collides with the first dynode, causing the emission of secondary electrons
and if these hit the next dynode, it can cause the emission of one or more secondary
electrons. These electrons will then be accelerated towards the second dynode because of
the potential difference, this causes a cascading effect increasing the signal manyfold.
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4.2 Gas Flow Reactor
A gas flow reactor, depicted in figure 4.4, is connected to the QMS, and was used to
accurately control the composition and amount of gas reaching the sample, as well
as the temperature, during both the annealing phase and reactions.

Figure 4.4: Schematic view of the gas flow reactor. Gas is fed in from the inlet on the
left hand side using several mass flow controllers (MFCs) which reaches the pocket where
samples are placed. A resistive heating coil is wrapped around the quartz tube housing
the set up. A thermocouple is placed in the pocket, near the sample and gives feedback to
a Eurotherm 3508 temperature controller, resulting in a stable temperature. An optical
port is placed on the side of the reactor enabling in-operando monitoring of the optical
transmission signal of the sample. From Tiburski [43], used with permission.

For the spectroscopic transmission experiments, an Avantes SensLine AvaSpec-HS-
TEC high-resolution, fiber-optic coupled spectrometer was used with an Avantes
Avalight-HAL broad-spectrum unpolarized halogen light source. A bright reference
was captured using samples with TiO2 deposited onto fused silica. This is done in
order to separate the contribution from AuNPs and the support. A dark reference
was taken using a beam blocker to account for non-uniformities in the detector.

The system is controlled using a LabVIEW program that enables fine control and
monitoring of both temperature and gas flow. In experiments, this was used to sweep
through different gas concentrations, starting in an oxygen dominated environment,
transitioning to CO-rich and then back again. As shown in figure 4.5, the CO
concentration is increased at the same time as O2 is decreased in steps of 0.2% or
vice versa, with a maximum concentration of 2% for both gas species. The time
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step length between changes in concentration was 900 s. Argon was used as an inert
buffer gas through all experiments to keep a constant flow rate of 200 ml/min. The
annealing step consists of a ramping and soaking and cooldown phase, where the
temperature is first increased by 10 ◦C/min, the temperature is then kept stable for
a certain amount of time and after which the temperature is allowed to equilibrate
with the ambient environment. For experiments where annealing length is varied,
the annealing time only takes the amount of time spent in the soaking portion of
the annealing process into account.

Figure 4.5: An example of a program used featuring an initial four hour argon flush,
followed with a gas sweep in order to get a baseline before forming particles in the annealing
phase. After annealing, there is a cooldown phase where the system is flushed with argon
before again introducing reactants. The difference in O2 and CO flow rate is due to the
gases being supplied at concentrations of 100% O2 and 10% CO.

4.3 Scanning Electron Microscopy
A Zeiss Gemini 450 field emission scanning electron microscope (SEM) was used
to directly capture images of the surface topography at up to on million times
magnification. The idea behind any electron microscope is to harness the short de
Broglie Wavelength of the electron in order to capture images of extremely small
objects.

λ = h

mv
(4.2)
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The de Broglie Wavelength is defined by equation (4.2) where λ is the wavelength,
h is the planck constant, m is the mass and v is the velocity [44]. For an electron
with an energy of 30 keV, λdB = 6.98 pm, which is much smaller than even a single
atom. Such a high resolution is not possible in reality due to other limitations such
as lens errors and vibrations. The resolution of the InLens detector of the SEM used
is 0.9 nm at an energy of 30 keV.

Anode

Magnetic 
Condeser Lens

Backscattered 
Electron Detector

Secondary Electron 
Detector
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Stage with 3D 
Movement
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Electron 
Source
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Figure 4.6: Schematic diagram of a FE-SEM showing the electron column. The electron
beam is generated by extracting thermoelectrons by placing an anode close to a heated
zirconium oxide coated tungsten tip [45]. A magnetic condenser lens focuses the beam cre-
ating a smaller diameter for a higher resolution. Scanning coils sweep scan the beam across
the surface of the sample. After interacting with the sample both primary backscattered
electrons and secondary electrons are collected by two different detectors. The electron
count determines the contrast seen in the final image. [46]
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4.4 X-ray Photoelectron Spectroscopy
X-ray photoelectron Spectroscopy (XPS) is a surface probing technique where a
surface is irradiated with monochromatic X-rays, causing the emission of electrons.
A hemispherical energy analyzer separates ejected electrons based on kinetic energy
and a detector measures the number of electron emissions at a certain energy. This
details information about the chemical composition, as well as the bonding and
electronic state of atoms. This technique is surface sensitive since X-rays have a
maximum probing depth of about 10 nm [47]. Experiments were performed using a
PHI 5500 VersaProbe III scanning XPS microprobe (ULVAC-PHI) equipped with a
monochromatic aluminum Kα X-ray source with an energy of 1486.6 eV.

Photoionization can occur when an X-ray interacts with a surface, as seen in figure
4.7.

1s

2s

2p

Figure 4.7: Schematic of the interaction between an X-ray and an atom on a surface. The
energy of an incoming photon is absorbed by an electron in the 2p shell and is sufficiently
large, such that the electron is ejected.

This interaction can be explained by the photoelectric effect, as seen in equation
(4.3), where Ebinding is the binding energy of the electron, Ephoton is the energy of
the incoming X-ray, Ekinetic is the kinetic energy of the ejected electron, ϕ is the work
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function or the minimum amount of energy required to remove an electron from the
surface.

Ebinding = Ephoton − (Ekinetic + ϕ) (4.3)

In XPS, the energy of the X-rays is known since monochromatic light is used. The
kinetic energy of the electrons is measured by the instrument and the work function
is just a constant defined by the material analyzed and the instrument, allowing the
binding energy to be calculated. This gives information about the local electronic
environment of the surface since chemical bonding shifts electron binding energies,
even for inner shell electrons.
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5

Results & Discussion

5.1 Catalyst Performance

The catalytic performance was studied by varying annealing parameters and reaction
conditions using the techniques outlined in chapter 4. One of the most important
and demanding conditions in which the catalyst has to perform under is the CO
oxidation at room temperature. The QMS measurement of all gases partaking in
the reaction are shown in figure 5.1.
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Figure 5.1: Ion currents measured by the QMS for sample placed in the gas reactor.
The preparation method was as described in appendix A with an annealing temperature
450◦C with a one hour (3600 s) soaking time. Each of the measured gas species and
temperature are plotted individually. Note that the scale for ion current is logarithmic
while temperature is linear. 30 ◦C was used as a stable and reproducible room temperature.

The CO2 signal in figure 5.1 shows that there is an increase in CO2 production of
close to one order of magnitude right after annealing. This is clear evidence for
the formation of active gold nanoparticles. This curve is asymmetric, even though
the sweep trough gas concentration is symmetric. This loss of activity could be
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caused by two different phenomena, the first being sintering of Au NPs due to
exposure to oxygen which has been shown to cause significant surface reconstruction
by Goodman et al. [10]. The second reason is by CO poisoning, in which the effect
would be transient with the reaction resuming as CO desorbs from the surface
given enough time or an increase in temperature. Interestingly, the CO2 signal does
not reach the baseline level in the middle of the sweep sequence, when no oxygen
is supplied. The reason for for this is likely related to the volume of gas in the
reactor. It is relatively large compared to the volume of gas flushed through the
reactor under the duration of this step. This would mean that there is still available
molecular oxygen for the reaction to proceed, but since the volume is small, it gets
consumed and is not detected. This is supported by the detection of atomic oxygen
(which is not an active species, see section 2.3.1) at much higher level than baseline
during this step. This indicates that there is in fact molecular oxygen present
since the concentrations of atomic and molecular oxygen are proportional. There is
noticeably some CO2 produced during the first sweep even though particles have not
been formed yet. This is likely not due to CO oxidizing on the sample but rather
due contamination inside of the gas reactor and has to be seen as the background
signal. In order to further investigate this, a sample with TiO2 prepared under the
same conditions but without the deposition of gold was placed in the reactor. The
CO2 signal measured is shown in figure 5.2.

Figure 5.2: CO2 ion current for bare TiO2 measured by the QMS. As expected, the
curve is almost identical pre and post annealing.

As can be seen in figure 5.2 the curves for bare TiO2 is almost identical to the signal
pre annealing in 5.1. This excludes gold NPs on the samples from being responsible
for the background signal.

5.1.1 Reaction Temperature
The influence of temperature on the reaction is investigated in order to examine if
different regimes in temperature could be detected and how the rate of CO2 produc-
tion changes with temperature. As detailed in section 2.3.1, the mechanism in which
CO oxidation occurs changes depending on reaction temperature. The adsorption
of molecules is also generally dependent on temperature, as higher temperatures
increases the likelihood of desorption. This means that reactants are more likely
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to desorb from the surface before reacting but, at the same time, also lowering the
likelihood of poisoning the reaction.

Figure 5.3: CO2 signal from the QMS for different samples using the same gas flow and
annealing parameters but letting the reaction proceed at different temperatures. There’s a
clear trend showing an increase in activity for higher temperatures which is expected due
to the increase in thermal energy. The deactivation of particles decreases for increasing
temperatures with the CO2 signal almost being symmetrical when the reaction takes place
at 130 ◦C. All samples were from the same batch of production.

At lower temperatures, as seen in figure 5.3, the maximal rate of reaction occurs at
the initial αCO of 0.1 or as soon as there is available CO, the rate then decreases
for an increasing αCO. At higher temperatures, the CO2 curve is more symmetric,
likely caused by a lower CO sticking coefficient. This supports the theory that
the asymmetry seen at lower temperatures is caused by CO poisoning and not by
the sintering of gold particles. It is not clear in what way the reaction mechanism
affects the performance from these results. It is also difficult to determine how
sintering affects the catalyst. This effect could be studied by subjecting the catalyst
to several gas sweep cycles in succession. The role of lattice oxygen is also not
clear from these results. In order to further study the deactivation of the catalyst
it would be interesting of performing a lattice oxygen depletion experiment, where
at first only CO is supplied, depleting the lattice oxygen. Oxygen can then be
supplied, refilling the vacancies produced, as done by Konova et al. [48]. This test
was not performed because the large volume of gas in the setup used would dilute
the products beyond the limit of detection. Such a measurement would be an ideal
to perform in a nanofluidic channel where the dilution of products is minimal.
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5.1.2 Annealing Time

The effect of annealing time on CO2 production is shown in figure 5.4, where three
different samples annealed for 900, 1800 and 7200 s where studied.

Figure 5.4: Comparison of different annealing times, 15 minutes of annealing at 450◦C
gives a peak CO2 signal 40% higher compared to annealing for 30 minutes at 450◦C and
400% higher than the sample annealed for 2 h at 500◦C. The reaction temperature was
30◦C for all measurements and the samples where all from the same batch of production.

These results show that annealing at 450◦C for one hour (3600 s) hinders catalytic
performance. In addition, this implies that the mass transport at this temperature
is fast enough that small NPs are formed when annealing for just 15 minutes (900 s).
It is not clear whether this trend would continue for even shorter annealing times,
this would also be of interest to study. These results infer that further annealing
beyond 900s, causes the agglomeration of small particles, reducing the amount of
highly active AuNPs. This could be investigated by SEM in order to measure how
the size of the particles changes and if the distribution on the surface is the same.

5.1.3 Annealing Temperature

The influence of using three different annealing temperatures on CO2 production
was studied, annealing at 350, 400 and 450 ◦C for the duration of (1h) 3600 s, as
shown in figure 5.5.
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Figure 5.5: Comparison between three different annealing temperatures, 350, 400 and
450 ◦C. The CO2 production for the 350 and 400 ◦C samples is almost identical with the
350 ◦C sample performing slightly better in the CO-poisoned region. The 450 ◦C sample
performs worse overall, with a difference in initial CO2 signal of about 40%. All samples
were from the same batch of production.

From figure 5.5 it is clear the trend in annealing temperature is not as strong as
for different annealing times shown in figure 5.4. These results are in line with
the findings of Laukaitis et al. [36], where no relationship between the parameters
of AuNPs on TiO2 and temperature is found. As discussed in the article and in
section 2.4, this is due to the formation of AuNPs strongly depend on the properties
of the TiO2 support, with annealing temperature affecting the properties (surface
roughness, island dimensions and wetting angle) of TiO2 non-linearly.

5.1.4 Optical Response in-operando

The in-operando (while the catalyst is operating) spectroscopic experiments measure
the change in the LSPR over time and were performed as described in section 4.2.
The centroid (center of mass) position of the LSPR extinction peak was monitored
using the algorithm proposed by Höök et al. [49] in order to lower the noise level,
(implemented by Athanasios Theodoridis).
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(a)

(b)

Figure 5.6: (a) Spectral shift (thick lines) and CO2 ion current plotted against time
with arrows indicating the type of signal. The different signal pairs shown, correspond to
three different annealing times i.e. same as in figure 5.4. There is a red shift of the LSPR
corresponding to an αCO = 0, i.e., an oxygen dominated environment, where there is no
CO2 being produced. For gas mixtures of O2 and CO, where CO2 is produced, there is a
LSPR blue shift. The amount of blue shift correlates with catalytic activity. All samples
were from the same batch of production. (b) Shows the change in the composition of the
reactants over time.

Figure 5.6 demonstrates how the shift in LSPR resonance changes depending on
activity. The red shift of the LSPR is likely due to oxygen adsorption, which in-
creases the the dielectric constant causing a shift to a lower frequency, as described
in chapter 2. The cause of the blue shift is likely not due to changes in particle size
or shape, as discussed in section 5.1.1, sintering is not expected to be significant in
the time frame of these experiments. It is also not caused by the adsorption of CO,
as this would result in a red shift. Changes in the temperature of the nanoparticles
are also not likely the cause, as plasmon decay results in heating, resulting in red
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shift. The shift is therefore believed to be caused by the reduction of TiO2, causing
a change in the dielectric constant, as discussed by Li et al. [50]. This would explain
the large shift in wavelength at the onset of catalytic activity, as a higher amount of
CO2 production increases the amount of oxygen vacancies created. The O2 concen-
tration could also play a role, in which the the wavelength shift is the largest when
there is no available oxygen to replace these vacancies.

Figure 5.7: Hysteresis plot of the LSPR spectral shift and CO2 ion current plotted
against αCO swept from 0.1 and back with a step size of 0.1 for the sample annealed for
30 minutes seen in figures 5.6 and 5.4. Red arrows indicate the initial and final states,
(1) & (2). There is a correlation between optical signal and wavelength initially, for
0.1 ≤ αCO ≤ 1. For the sweep from αCO = 1 back to αCO = 0.1 the correlation ceases.

Figure 5.7 shows the hysteresis of spectral shift and CO2 production. The LSPR
peak is blue shifted throughout the entire region of αCO shown. If this shift is
caused by the formation of oxygen vacancies, the ability to replenish these would
govern the amount of hysteresis. This irreversible spectral shift could also be caused
by permanent structural changes of the sample which could be responsible for the
lower activity. In the case of catalytic activity at room temperature, the hysteresis
in the CO2 signal could also be caused by CO poisoning as discussed in section 5.1.1.
It would be of interest to perform this measurement at higher temperatures in order
to examine how the hysteresis changes with less CO poisoning.

5.2 Surface Topology
Using SEM, the surface could be studied directly, revealing the particle size, size
distribution and surface coverage. An image was captured of a sample prepared
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using the process described in appendix A, using a Si substrate instead of fused
silica to avoid charging effects. Annealing for 3600 s at 450 ◦C, initially thought to
produce the highest amount of highly active 3 nm AuNPs.

Figure 5.8: SEM image of Au NPs prepared by the method described in appendix A,
annealing for 1h (3600 s) at 450 ◦C. A working distance of 4 mm and an acceleration
voltage of 10.00 kV was used with the InLens detector and 2M times magnification. Au
particles seen in white.

As apparent by figure 5.8, the SEM struggles fully resolving the Au particles. It is
therefor difficult to determine the exact sizes and size distribution of these particles.
The image analysis tool ImageJ [51] was used to find particles and calculate their
area, the result of which is shown in figure 5.9. It is important to note that since
the particles are not fully resolved, there is overestimation of the area of unknown
proportion, due to smearing. It should also be noted that for the same reason, very
small particles are lost when performing this analysis.
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Figure 5.9: ImageJ analysis of the area of AuNPs on the surface. Particles numbered
from 1 to 197 shown on the x-axis and area in nm2 on the y-axis. Red lines show a ±30%
deviation from the area of a circular NP with a diameter of 3 nm. This analysis reveal
that only 44 out of 197 particles or 22% lie in this interval.

As can be seen in figure 5.9, these results show that the sizes of particles are dis-
tributed quite broadly with only 22% of particles being within 30% of the optimal
size, meaning only a small portion of all particles are highly active. This is expected
and is a consequence of the spontaneous nature of solid state dewetting, as discussed
in section 2.4, and is one of the major drawbacks of using this fabrication method. It
has to be assumed that this distribution in size is similar for different samples. This
was ensured by only comparing samples of similar history, meaning from the same
batch of production, it would be interesting to confirm this by performing more
SEM measurements for different samples. It would also be interesting to perform
measurements using transmission electron microscopy (TEM) as this has a much
higher resolution. The effects of different annealing times on particle sizes, shown
in section 5.1.2 could also be interesting to further study using SEM or TEM as
this could elucidate exactly what effect shorter annealing times has on the size of
particles.
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5.3 Role of the Chemical Composition of TiO2

It is known that oxygen vacancies play a major role in the oxidation of CO using
AuNPs on reducible supports, see section 2.3.1. The effects of annealing the catalyst
in an oxidizing environment was therefore investigated, both on the production of
CO2 (shown in figure 5.10) but also on the chemical state of the catalyst using XPS.

Figure 5.10: CO2 signal for two samples, one annealed in argon and one in argon and 5%
oxygen, both at 450 ◦C for 3600 s. The volume of oxygen the catalyst is exposed to during
the annealing phase equates 600 ml. The sample annealed in argon perform significantly
better with a difference in initial CO2 signal of 90%. Both samples where from the same
batch of production.

As seen in figure 5.10 there is significant deactivation following oxygen exposure
during annealing, the origin of this could be oxygen induced sintering of NPs as
discovered by Goodman et al. 1998 [10]. The role of oxygen vacancies in Au/TiO2
catalysts can be important for the reaction, providing adsorption sites for oxygen,
as discussed in section 2.3.1, figure 2.2. This is also discussed in Goodman et al.
1997 & 1998 [10, 52], finding that the oxidation of slightly oxygen deficient TiO2
hinders the adsorption of oxygen at 300 K, likely exacerbating the deactivation of
the catalyst.

For the XPS measurements four samples where fabricated, three with only the TiO2
film and one with gold as well, using a Si substrate to avoid charging the samples.
The first sample was pristine, as-deposited TiO2. The remaining three samples
where all annealed in an environment of Argon with 5% oxygen, with one also being
exposed to a sweep of O2 and CO, the final sample being decorated with AuNPs.
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Figure 5.11: XPS spectra of the Ti 2p level, measured on four different samples, Pristine
TiO2, Au decorated and bare TiO2 annealed for one hour at 450◦C in 5 % oxygen and
TiO2 annealed and exposed to one αCO sweep as seen in figure 5.10.

Figure 5.11 show the Ti 2p spectra for the four different samples. The spectra
were fitted with an asymmetric fitting function to further study these results, using
reference data from the X-ray Photoelectron Spectroscopy (XPS) Reference Pages
[53]. The results of which can be seen in table 5.1, where Pos is the the position of a
peak in eV, separation is the peak-to-peak distance in eV, FWHM is the full width
half max of a peak in eV, Int is the intensity of the peak in arbitrary units and area
is the area of the peak given in arbitrary units.

Table 5.1

TiO2 2p data fit
Parameter Pristine Annealed Annealed & Gas Annealed w\Au
Pos 2p3/2 458.58 459.07 459.10 459.11
Int 2p3/2 6105 7545 7326 5051
Pos 2p1/2 464.33 464.78 464.79 464.85
Int 2p1/2 1762 1863 1850 1238
Separation 5.75 5.72 5.68 5.74
FWHM 2p3/2 1.22 0.95 1.02 0.94
FWHM 2p1/2 2.09 1.92 1.97 1.94
Area 2p3/2 8880 8936 9289 5896
Area 2p1/2 4298 4230 4305 2593

The Ti 2p spectra shown in figure 5.11 and table 5.1 reveal several changes in the
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binding of Ti. Changes in the intensity (number of electrons detected) is propor-
tional to the number of atoms in a certain state. It was found that for samples
comprised of bare TiO2 annealed in oxygen, the intensity of the Ti 2p3/2 peak is
increased by a factor of 1.22 on average as compared to pristine TiO2. This indi-
cates an increase in the number of atoms in the Ti4+ state [53, 54]. Both the Ti
2p3/2 and 2p1/2 peaks are attenuated for the sample decorated with gold. This is
probably due to gold either absorbing or scattering electrons to other energies due
to photoelectrons having a short mean free path. The kinetic energy of electrons
can be calculated using equation (4.3), assuming the work function is zero. Plug-
ging this energy into the universal mean free path relation as described by Seah
and Dench [55] gives a mean free path of ~2 nm, which is comparable to the size of
AuNPs, meaning this effect is most likely the cause for the change in intensity. The
higher level of the background signal for the gold decorated sample is then probably
a result of this scattering effect. The presence of Au on the surface was confirmed
by taking the Au 4f spectra, shown in figure 5.12.

There is also a shift to the right in the Ti 2p spectra with an increase in binding
energy of about 0.5 eV for all annealed samples as compared to pristine TiO2. An
increase in binding energy is linked to a chemical shift and in this case, infers that
oxidation has occurred. The oxidation state of Ti increases upon oxidation making
the 2p orbital shift to a higher binding energy [56]. These results confirm that there
is a chemical shift post annealing in oxygen, meaning that the deactivation of the
catalyst, seen in figure 5.10 could indeed be caused by the loss of oxygen vacancies.

Figure 5.12: XPS Au 4f spectra showing both the 4f 7/2 and 4f 5/2 peaks. Measured
using the annealed and decorated with Au sample.
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6
Conclusions

6.1 Conclusions
In this work, a method of fabricating nanoscale gold particles on TiO2 was developed,
relying on solid state dewetting, for the purpose of low temperature CO oxidation
catalysis. It could be demonstrated that highly active gold nanoparticles could
be formed by annealing 5 Å thin films of Au deposited on ~10 nm films of TiO2
produced by reactive sputtering onto fused silica. The performance towards CO
oxidation was evaluated by employing mass spectrometry in combination with a
gas reactor to measure the production of CO2. It was found that the activity of the
catalyst greatly depends on the temperature at which the reaction is carried out and
the annealing time, with differences of as much as 400% in peak CO2 signal. The
catalyst suffered from CO poisoning at reaction temperatures of 40, 100 and 130
◦C, but the effects of this was reduced at 100 ◦C and almost disappeared completely
at 130 ◦C. Examining different annealing temperatures on the production of CO2
does not result in a clear trend, although temperatures below 450 ◦C seem to be
favorable.

The LSPR of the AuNPs was monitored in-operando, a blue shift of the extinction
peak was found to correlate with the amount of catalytic activity, with an increasing
shift in wavelength for more active samples. The author attributes this effect to the
reduction of TiO2 during the reaction. This could be an interesting area of further
study as the LSPR opens a window into changes of the chemical composition of the
support without the need for advanced surface probing techniques such as XPS.

To gain a better understanding of the morphology of the samples, scanning electron
microscopy (SEM) was used to measure the size and size dispersion of gold particles.
Annealing for 3600 s at 450 ◦C produces a surface of randomly distributed particles,
as is expected using solid state dewetting. The portion of particles exhibiting high
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activity towards CO Oxidation, meaning being close to 3 nm in diameter, was only
22%. It is unclear how the distribution changes under different annealing conditions.

The role of the chemical composition of TiO2, specifically the importance of oxygen
vacancies was investigated. It was found that annealing samples in environment
of 5% oxygen in argon significantly reduces the catalytic activity. By employing
XPS, it was found that the oxidation state of Ti increases under these annealing
conditions. These results indicate that stoichiometric TiO2 hinders the reaction and
that oxygen vacancies are crucial for CO oxidation to proceed on AuNPs supported
on TiO2.

To conclude, Au/TiO2 catalysts can be fabricated using solid state dewetting. The
catalyst is active for the oxidation of CO at room temperature and performs the
best when annealed for shorter times (900 s) than initially expected, it is vital that
the catalyst is not exposed to oxygen during this period. The main limitation using
this method is a large distribution in size meaning a low percentage of particles
are highly active. Further studies would be required in order to determine if this
number can be increased and if so, under what conditions.
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A
Appendix 1

A.1 Fabrication Process
All nanofabrication was done in the Chalmers MC2 Cleanroom. A fused silica
wafer was cut in squares with dimensions 0.9x0.9x0.5 mm, these where used as a
substrate for all experiments. When a conductive substrate was required, such as
for SEM imaging and XPS, Si of the same size was used. The pristine glass was first
sonicated in methanol for 5 minutes at a low frequency setting, this was followed
by sonication in isopropanol using the same parameters, then the samples where
dried using a pressurised nitrogen gun. TiO2 was the deposited on both sides of
the samples in order to maximize the surface area of the catalyst. This was done
using the TiO2 reactive sputtering program using a sputtering power of 1 kw using
the FHR MS 150 DC magnetron sputter. The deposition time was 60 s yielding a
film thickness of ~10 nm. The samples where then mounted in the Kurt J. Lesker
PVD225 PVD tool for the deposition of Au, a program with a deposition rate of 0.3
Ås−1 was used, since it was found that this produces more repeatable results. An
Au film thickness of 5 Å was deposited on both sides of the samples. The samples
where then annealed in the gas reactor pocket, see figure 4.4.
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