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Preface

At the start of each Master, every student knows that in the end a master thesis needs to be
delivered. Without this final project no student can call him- or herself a Master of Science.
But where to start or moreover, how to start? What I noticed when I started orienting on what
I could do for my master thesis, was that there is so much yet to be discovered in the field of
chemical engineering. Since my bachelor thesis I was interested in the world of nanoparticles,
but that is still a very broad and vague term and so I was still a long way off from having a nicely
demarcated research topic.

Luckily at that point in time I came into contact with Aaike van Vugt. He told me about his
thesis research; how he was in the end phase of writing his report and that he was looking
for someone who could continue on his work. One thing led to another and after an initial
conversation with Andreas Schmidt-Ott, I started reading on the topic. A summer full of articles,
papers and reports followed and in August last year I handed in my thesis proposal.

Then started months of brainstorms, experiments, bugging people for help, presentations
and in the end of course writing this report. Some highlights in this journey:

• Creating my own set-up, it felt like playing with meccano again!

• Zooming in with an electron microscope and seeing with your own eyes the wonders of
the nanoscale world.

• Performing Transmission Electron Microscopy (TEM) and getting the conformation that
what you thought would happen actually is right.

• Sending in an abstract for a conference and being chosen to give a poster presentation.

These are just a handful of examples, but I could honestly say that (for the largest part) I had a
great time doing my master thesis research. And of course I would like to thank a few people
for their help during the course of this project. First of all Andreas Schmidt-Ott, Wilson Smith
and Ruud van Ommen for doing me the honor of being part of my thesis committee. Aafke den
Hollander for providing love and mental support during the whole project. Christien Braams for
helping me in the lab, family and friends for listening to me talk about ’boring’ science stuff and
the girls in my office (Eva, Jessica and Eline) for welcome distractions in the everyday work life.
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Abstract

A highly porous fractal-like nanostructured metal oxide catalyst support with characteristic di-
mensions of a few nanometers is formed by producing metal nanoparticles in the gas phase,
oxidizing them and depositing/sintering them on a nanofiber network. By admixing nanoparti-
cles in the aerosol phase, these can evenly be distributed in the fractal-like metal oxide structure.
The nanofiber network is a polymer and is produced by electrospinning [77]. It serves as an
initial support, while the structure supports itself after forming a certain thickness. Spark dis-
charge is used to produce the active nanoparticles as well as the support [11]. Rapid diffusion
limited aggregation governs the deposition process, guaranteeing formation of the fractal-like
structure [38]. Due to the flexible nature of the spark discharge process, a virtually unlimited
number of combinations of oxide supports, metals, alloys and bi-catalysts can be made. The
method proved to work for titanium dioxide, aluminium oxide and magnesium oxide catalyst
supports. Combinations of these metal oxides with gold and platinum proved the broad appli-
cability of the method. The process can be called environmentally friendly, since it does not use
any solvents or produce any hazardous waste.

Initial photocatalytic experiments on titanium dioxide nanostructures were carried out to
test the catalytic activity of the material. It was observed that the titanium dioxide nanostruc-
tures were amorphous, but still exhibited catalytic properties. Adding gold nanoparticles to the
nanostructures lowered the catalytic effect. In-situ annealing of amorphous titanium dioxide
nanoparticles, before admixing gold nanoparticles, yielded highly porous fractal-like crystalline
titanium dioxide nanostructures with gold nanoparticles on the surface.
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Chapter 1

Introduction

Catalysis is everywhere; catalysts are present in chemical reactions on a scale that ranges
from the largest chemical processes to the smallest organisms that can be found on this planet.
Catalysis can be defined as: ”The increase in the rate of a chemical reaction due to the par-
ticipation of an additional substance called a catalyst” [4]. Catalysts are being used in various
reactions and only looking at large scale industrial chemical processes, catalysts are being
used in approximately 90% of all chemical reactions. It is stated that 80% of these catalysts are
for heterogeneous catalysis, which is defined as ”Catalysis in which the phase of the reactants
differs from the phase of the catalyst(s)” [4]. Why is this relevant? The total market of catalysts
is expected to grow to $ 27.59 billion by 2020; a huge market with lots of possibilities [5].

Van Vugt [2] developed a method to synthesize catalysts in a clean and efficient way. This
method was based on combining the processes of polymer electrospinning and spark discharge
nanoparticle generation. He showed that by combining these methods, highly fractal-like gold
nanostructures (consisting of nanoparticles produced by spark discharge) could be made on
top of a nanomaterial support (the electrospun polymer fibers). Both methods are explained in
this thesis, in chapter 2. The method provided the possibility to create structures with high cat-
alytic surface area and flexibility in catalyst material. Next to that (even more important) these
promising structures were made without the downsides current (co)precipitation and impreg-
nation/coating techniques production methods have: liquid waste streams and contaminated
catalytic material. Below a summation of the main conclusions by van Vugt is given:

• The method yields highly fractal-like gold structures on polymer nanofibers.

• Combination of different metals is possible, providing a synthesis path for a metal oxide
support for gold coatings.

• The synthesized microstructures seem to be stable up to 400 ◦C.

Of course every new invention has its downsides when first being discovered and this method
was no exception. Although the overall conclusions were very promising, three main problems
were identified. The main problems found by van Vugt were:

• Sintering of gold nanostructures, to improve the stability, induces loss of fractal-like nanos-
tructure.

• Oxidation of a metal backbone to support the gold nanoparticles causes nanostructures
to collapse.
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• Gold nanoparticles become submerged in the metal oxide backbone upon oxidation.

These three observations gave enough ground to continue the research and encourage other
scientists to come up with a solution to these problems. Therefore these three observations
form the motivation of this master thesis research. The research objective of this master thesis
can be described by the following sentence.

Design a general method to produce fractal-like metal oxide nanostructures with metal
nanoparticles on the surface.

To achieve this goal, a dual spark chamber set-up with gas phase oxidation of the metal oxide
support was proposed as the solution to the problems caused by the oxidation of the metal
nanoparticles as observed in previous research [2].

To test whether this method proved to be the desired solution and at the same time make
the next step towards applying the method in the field of catalysis, it was chosen to try and
synthesize (in the first place) fractal-like titanium dioxide nanostructures on polymer fibers with
gold nanoparticles on the surface of this titanium dioxide matrix. Nano-sized titanium dioxide
exhibits interesting photocatalytic activity and was therefore chosen to be tested first.

Another part of the research objective is the desire to design a method for producing fractal-
like metal oxide nanostructures that is applicable to all sorts of metal oxides, not only titanium
dioxide. Therefore it was chosen to test the method also with other metals that tend to oxidize
rapidly, for example aluminium and magnesium.

This thesis report consists of the following sections. First a literature overview is given
that provides the theoretical framework of the thesis. In the second chapter, the experimental
approach, results and discussion are being discussed. In chapter four, the conclusions of this
thesis work are given and chapter five lists the recommendations for future research. Also
added are various appendices that provide additional information.
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Chapter 2

Literature Review

In this thesis various concepts, methods and phenomena are dealt with and used throughout
the research. Many of these concepts are already thoroughly investigated by other researchers
and many of these results are published. This chapter will give a short overview on these
phenomena, concepts and methods that are already discussed in the literature. The outline is
as follows:

• Spark discharge and electrospinning methods

• Aluminium and titanium nanoparticle oxidation

• Diffusion limited aggregation

• Fractal dimension

• Catalytic activity of gold nanoparticles on titania and alumina

• Applications of Au-TiO2 and Au-Al2O3 catalysts

2.1 Spark discharge and Electrospinning method

2.1.1 Spark discharge
Two promising methods to efficiently produce nano size materials are spark discharge and
electrospinning. Spark discharge is a method that has its roots already in the early 20th century
[6], but was not used specifically for synthesis of nano-sized materials. It was not until the
1980’s before the first publications on the use of spark discharge for the purpose of synthesising
nanoparticles emerged [7, 8]. This early research showed that this method was able to produce
nanoparticles as small as 1nm, from that point on other researchers set out to optimize the
technique and extend the size range of produced particles [8, 9].

Spark discharge is a process where nanoparticles are generated with the use of spark
generation between two electrodes. The process is based on the ablation of the electrodes
upon the generation of a spark between them. When a spark is generated, it produces a plasma
that will induce a sudden temperature increase up to approximately 20000K and even higher,
for a duration of typically a few micro seconds [10]. This sudden increase causes ablation of

3



(a) Spark discharge mechanism (b) Electrode configurations and nanoparticle mixing

Figure 2.1: Spark discharge nanoparticle generation

the electrodes, generating nanoparticles in the size range of a single atom to 100 nm [9]. A
schematic overview can be found in figure 2.1. The mechanism of spark discharge is relatively
easy; a current source builds up a charge between the two electrodes to be ablated until the
capacitance reaches a certain voltage. At this voltage, the so called gas breakdown voltage,
a spark will transfer between the two electrodes discharging the capacitor and causing the
ablation of the electrodes. A drawback in this design is that the breakdown voltage is not
consistent and thus the energy per spark differs. Another drawback is that operation above
a frequency of 500 Hz is not possible. A concept which better controls these drawbacks is
available, however this is considered to be unnecessary for the small scale production in this
thesis [1].

When looking more closely at the spark discharge mechanism, a few different parameters
can be identified as being of influence on the particle size and composition. Research has
shown that the primary size of the particles, just after the spark discharge, can effectively be
controlled by the energy of the spark and the turbulent inert gas flow as shown in figure 2.2 [11].
The energy per spark determines the amount of ablated particles and the gas flow determines
the size of the agglomerate. Particles that are ablated from the electrodes coagulate in the gas
phase, so more particles in the gas phase would yield larger agglomerates. However, a larger
flow causes more turbulence, reducing chances of particles coagulating [11, 12]. Although
this is not done in this thesis research controlling the size of the particles can be done by
mobility size classification in a Differential Mobility Analyser (DMA). Furthermore, changing the
material of the electrodes will change the particle composition. Two alike electrodes will produce
nanoparticles of the electrode material, but using two electrodes of different materials will create
a variety in mixed nanoparticles; atomic mixed nanoparticles, nanoscale mixed nanoparticles,
core-shell nanoparticles etc. as depicted in figure 2.1 [1, 13, 14].

2.1.2 Electrospinning
Electrospinning is a method that has been investigated for some time and is a process that
is based on the uniaxial elongation of a jet from the surface of a polymer solution, due to the
presence of an electric field between the polymer solution and a conductive collector [15, 16].
Elongation of a jet from the polymer surface happens when an electric field, that is applied
between the polymer solution and the collector, is bigger than the surface tension of the spe-
cific polymer solution [17–19]. The Coulombic repulsion stretches the jets that elongate from
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Figure 2.2: Particle mean diameter as function of Ar mass flow rate (C = 5 nF, d = 0.5 mm, f =
10 Hz). Taken from Pfeiffer et al. [1].

the polymer solution, creating nanometer scale polymer fibers. Due to the low order of mag-
nitude (nanometer scale) of the jets the solvent of the solution evaporates, leaving practically
dry polymer nanofibers [20]. A schematic representation of the electrospinning set up is given
in figure 2.3. The figure shows a syringe with a metal needle attached, both are filled with the
polymer solution and placed at a certain height above the collector. A syringe pump controls
the flow rate of the polymer solution. The applications and industries in which nanofibers have
been successfully used are nanocatalysis, tissue engineering scaffolds, protective clothing, fil-
tration, biomedical, pharmaceutical, optical electronics, healthcare, biotechnology, defense and
security, and environmental engineering [20].

Various kinds of polymers can be used for the electrospinning process. Previous research
by van Vugt [2] used the polymer Poly Vinyl-Alcohol (PVA) as the backbone for deposition of
the nanoparticles due to its low toxicity and solubility in water. These polymer nanofibers were
however not stable at temperatures higher than 120 ◦C. A research by R. Saur [21] has shown
that the polymers Poly Acrylo-Nitril (PAN) and a mixture of crosslinked PVA and Poly Acrylic-
Acid (PAA) gave higher stability for the polymer nanofibers.

2.2 Aluminium and titanium nanoparticle oxidation
One of the limitations that occurred in previous research to produce fractal-like metal nanostruc-
tures on top of the polymer nanofibers is oxidation of aluminium nanoparticles once deposited
on the polymer fibers [2]. Oxidation of the metal nanoparticles resulted in two things: 1. melting
of the fractal-like nanostructures, causing them to collapse 2. submergence of gold nanoparti-
cles placed on top of the structures into the aluminium oxide matrix. Therefore one of the main
goals of this thesis was to overcome the problems the oxidation of the nanoparticles caused.
Below a short overview of the literature of both aluminium and titanium nanoparticle oxidation
is given.

2.2.1 Aluminium nanoparticle oxidation
Properties of particles drastically change once they enter the nanoparticle regime. Once in this
size regime, most macroscopic properties and effects change and the normal way of treating
these materials is not applicable anymore. Especially aluminium is a metal that has interesting
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Figure 2.3: Electrospinning set-up, taken from van Vugt [2].

properties when the particles get in the nano-sized regime. Aluminium is nowadays used as an
additive to propellants and explosives because of its high reaction enthalpy [22–25]. This made
the material an interesting research topic and many research has been done on the reaction
mechanism of aluminium. The mechanism on the combustion of aluminium was investigated
by Yetter et al. [26, 27] in which they confirmed the gas phase combustion of micron size
aluminium. Trunov et al. [3] studied the oxidation process with a core shell model, where the
metal particle is surrounded by aluminium oxide shell. They stated that the oxidation process
is based on the diffusion of oxygen and aluminium through this aluminium oxide shell, as is
depicted in figure 2.4. This was opposed to the vapour phase phenomenon that was used by
previous researchers.

All research up until this point focused on the oxidation process of micron sized aluminium,
however as stated above, smaller particles means changing material properties. It has been
reported that small sized metal particles (< 100 nm) are highly reactive and decreasing primary
particle size increases reactivity [28]. Furthermore, making use of this high reactivity, it has
been investigated that adding aluminium nanoparticles to propellants increases the propellant
burning rate by a factor of 5-10 [22]. This has interested other researchers to investigate the
oxidation of nanoparticle aluminium to better try to understand this process. Rai et al. [29, 30]
wrote papers on understanding the process of aluminium nanoparticle oxidation, where they
looked at the oxidation process from a mechanistic point of view. With previous data and new
experiments they concluded that the oxidation proceeds in two regimes. They stated that at
temperatures below the melting point of aluminium, the oxidation is limited by the diffusion of
oxygen through the aluminium oxide shell. At higher temperatures this is described by the
diffusion of both aluminium and oxygen, which may be enhanced by rupture and thinning of
the oxide shell. The measurements and modelling of this process was for particles with a size
bigger than 40nm. The research showed that temperatures of 400 ◦C were needed to fully
oxidize the particles [30]. However, the particles used in this thesis are of the primary particle
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Figure 2.4: Core-shell model of aluminium nanoparticle oxidation, taken from Trunov et al. [3].

size of ±5nm and in this size regime no previous research has yet been done.

A.W. van Vugt [2] did not do significant research in the oxidation behaviour of aluminium nanopar-
ticles, but reported that an interesting phenomenon was observed when aluminium was de-
posited on PVA nanofibers. It was observed that the aluminium nanoparticles oxidize rapidly
and something much like a runaway reaction takes place on the fibers. During this process it
looks like the aluminium nanoparticles react with the oxygen in air and sinter together to form
a dense strucuture of aluminium oxide. When combining aluminium nanoparticles with gold
nanoparticles it is hinted that the same phenomenon occurs and due to this sintering the gold
nanoparticles submerge under a thin layer of aluminium oxide [2].

2.2.2 Titanium nanoparticle oxidation

As stated above, certain nanoparticles tend to react rather rapidly when exposed to oxygen and
titanium is one of these materials. Titanium nanoparticle oxidation has not been researched
often in the past and much is therefore unknown about the oxidation process on a nanoscale.
Eventhough titanium nanoparticles have not (yet) been investigated in much detail, studies on
the combustion and oxidation of micronsize particles can be found [31, 32]. Some of this re-
search focuses on the synthesis of titanium dioxide nanoparticles via combustion of micronsize
titanium, other research has focused on the addition of titanium to solid propellants (just like alu-
minium nanoparticle combustion research) [32]. The main goals of these studies were therefore
not the oxidation mechanism of titanium particles, but using the oxidation process as a way of
achieving other goals.

However an interesting phenomenon that was observed in several studies (and should be
taken into account in this research) is the formation of titanium nitrogen bonds when a mixture of
nitrogen and oxygen is used as the reactive gas [32]. As for the oxidation mechanism, one can
state that the same ”core-shell” model that is used for aluminium nanoparticles could possibly
also be applicable for titanium nanoparticles. Thus when making smaller particles, further into
the nanosize regime, rapid oxidation of these titanium nanoparticles is expected to occur.
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2.3 Diffusion limited aggregation

The particles that are produced in the spark discharge process need to be deposited on the
backbone of nanofibers that is produced by electrospinning. The nanoparticles are carried
by the transporting gas flow to the fibers where they deposit on these fibers. This deposition
process is thought to be influenced by four different mechanisms: Brownian motion, electrostatic
forces, impaction and interception. In previous research it was investigated what the main force
behind the deposition mechanism was and it was shown that deposition and aggregation of the
particles was limited by Brownian motion only [2].

Diffusion limited aggregation (DLA) is a phenomenon that was first described in the early
1980’s by Witten and Sander [33] and can be explained as a process where particles undergo a
random walk due to Brownian motion and cluster together to form larger agglomerates. Brown-
ian motion in this case refers to the random motion of a particle due to collisions with molecules
in a liquid or a gas. Branch-like structures that are observed when simulating an aggregation
process limited by diffusion, are often referred to as Brownian trees. Any system where diffusion
is the primary means of particle transport can be described by DLA.

In the case of this research it is not only the clustering of the nanoparticles to one another
that is important, but also the clustering and adhesion of the nanoparticles to the nanofiber
backbone. One can assume that the deposition of the particles on the surface of the polymer is
comparable to the deposition of particles on a flat surface, since the polymer diameter is a factor
40 larger than the mean primary particle size (±5nm). DLA computer simulation has made its
entrance in the late 1980’s, when (home) computers were able to quickly calculate the Brow-
nian motion of particles in a fluid. The models that were developed over the years have been
optimized and with the use of new numerical analysis software like MATLAB and Python, it has
become increasingly easier to simulate three dimensional DLA systems that closely resemble
real systems. In appendix H a MATLAB simulation of the nanoparticle deposition process and
the structure growth on the polymer fiber is given.

2.4 Fractal dimension

A concept that is closely related to diffusion limited aggregation and more specifically brownian
trees, is the concept of fractal dimensions. Fractal dimensions can be defined and used in var-
ious ways, but in the light of this research the most relevant manner of using fractal dimension
is to use it as a measure of the space filling capacity of a (fractal) structure [34]. The fractal
dimension tells in this case how a fractal structure scales differently from the space it is em-
bedded in and thus tells us a lot about the porosity of a fractal structure [35]. The concept of
porosity is especially interesting in this research, because a high porosity means high surface
area with respect to the volume, e.g. a property of a good catalyst.

The concept of fractal dimensions has a lot to do with an atypical view on scaling and
dimension. In traditional geometry a line has a dimension of 1, a square a dimension of 2 and
a cube a dimension of 3. If one looks at scaling in a traditional way, measuring a line first with
stick of length L and then with a smaller stick that is 1/2 L, will give for the smaller stick a total
length of the line that is 2 times as many sticks long as with the first stick. This also holds for
two and three dimensions as one can see in figure 2.5 (a).

The traditional view on scaling, as in the example above, can be mathematically explained
by a general scaling rule given below in equation 2.1. In this equation, N stands for the number
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(a) Example of the traditional view on fractal di-
mension

(b) First four iterations of a Koch
snowflake

Figure 2.5: Examples of fractal dimensions

of new sticks (2 in the example), ε is the scaling factor (1/2 in the example; 1/I in figure 2.5 (a))
and D is the fractal dimension.

N ∝ ε
−D (2.1)

In the traditional view the concept of fractal dimensions comes rather intuitively and in the
example above the fractal dimension of the line is 1; for a square D = 2 and for a cube D = 3.
This same rule applies to fractal geometry, however this feels less intuitively; for example a line
measured with one stick of lenght L measured in new sticks with length 1/3 L needs instead
of three, four times as many scaled sticks. This can be visionilized by the Koch curve and
snowflake, designed by the swedish mathematician Helge von Koch [36], as shown in figure
2.5 (b). In this case N will be 4, ε will be 1/3 and D can be found by substitution of N an ε in
equation 2.1. This gives for D the value of 1.2619, wich is the approximate fractal dimension of
the Koch Snowflake.

Intuitively, fractal dimensions are already hard to understand for ordered iterations like in
the Koch snowflake. On top of that in real life systems these iterations are less ordered and
even harder to understand, but to have an indication about the porosity of artificially synhesized
structures an estimate needs to be made about the fractal dimension of these systems. One
of these estimation models is the Minkowski-Bouligand dimension, also known as the box-
counting dimension. To imagine this, one can have a look at figure 2.6. The box-counting
dimension of a fractal, in this case the coast of Great Britain, can be calculated by counting the
amount of boxes that are needed to cover the coast of Great Britain and see how this number
changes as the grid (the size of the boxes) becomes smaller. This can be done by applying a
box-counting algorithm to the fractal that needs investigation.

The example of the coast of Great Britain is an example of a fractal in a two-dimensional
space, however the same method of box-counting holds for fractals in a three-dimensional
space. Therfore this method of determining the fractal dimension can be used for fractals
created by diffusion limited aggregation; the fractals created in this thesis research. Generally
a fractal created in a diffusion limited aggregation system has a fractal dimension of 2.5 [37].

Interesting results have come from recent research on the fractal dimension of 3-dimensional
DLA systems. It was observed in simulations of diffusion limited aggregation systems that the
porosity (and with this the fractal dimension) varies within a fractal deposit [38]. The authors
stated that the build-up of a fractal, characterized by plotting the packaging fraction as a func-
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Figure 2.6: Box-counting of the coast of Great Britain

tion of the film thickness, could be described in three regimes. The first region, typically for low
amounts of particle deposition, is a region where the packing fraction begins at its maximum
value (relatively low porosity) and quickly decays to a constant value. In the second region, the
packing fraction stays at a relative constant value and is unaltered after more particle deposi-
tion. Finally in the third region, with a subsequent deposition of new particles the film is still
growing and this results in a decay of packaging fraction to zero.

Previous research [39–41] above reported that the scaling relation holds valid along the
porous film’s thickness. The recent research however suggests otherwise, stating that the scal-
ing only applies to the first and third region [38]. After a sufficient number of deposits, the
porosity becomes constant with the film thickness and in this second region (which occupies
the majority of thicker films) it was found that the porosity of the fractal was solely depen-
dent on the variables particle inertia, advection, and thermal motion. These variables were
expressed in two dimensionless parameters; the diffusive Knudsen number KnD and χF ; the
ratio of translational kinetic energy to the thermal energy. By changing these two parameters
various porosities can be made, independent of the roughness of the substrate the fractal is
build upon. This indicates that in situ changing of these parameters could yield various different
fractals with different porosities and therefore different properties.

The above findings are of particular interest in the current research since a combination of
change in porosity (by varying the above parameters) and a change in deposited nanoparticles
(by varying spark electrodes) could yield an endless amount of new catalytic materials, where
not only changes in catalytic material within one film can be made but also changes in physical
properties within the same film is a possibility.

2.5 Catalytic activity of gold nanoparticles on TiO2 and
Al2O3

Various research has been done on the catalytic effect of both aluminia and titania and the effect
that gold nanoparticles on top of these structures have on the catalytical properties. This section
will therefore describe in more detail the interesting catalytical properties of both aluminia and
titania nanostructures with gold nanoparticles.
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2.5.1 Catalytic activity of TiO2 with gold nanoparticles
As will be discussed in section 2.7, the main use of TiO2 is in the field of photocatalysis. Most
research of the last decades on the material TiO2 has thus been on (improving) the photocat-
alytic effect and many review articles have been written [42–45]. When looking at the interesting
properties of the proposed electrospinning and spark discharge combination to synthesize the
catalysts, one of the obvious advantages is the production of nanostructures. Various research
has shown that the use of nanomaterials (nanotubes, nanorods, spherical nanoparticles etc.)
as a photocatalyst is much more effective than using bulk TiO2 [46]. It is proposed that when
the particle diameter falls below 10 nm, the particles behave quantummechanically as a particle
in a box [47] and it increases the bandgap of the material and shift the band edges to yield a
higher redox potential [48].

Other interesting findings are the reported improvements in the photocatalytic effect when
noble metals are added to the TiO2 photocatalyst [43, 49–55]. Because the fermi levels of noble
metals are generally lower than that of TiO2, the excited electrons can be transferred to these
quantumdots while the holes in the valance band stay in the TiO2. Hereby the fast recombina-
tion of electrons and holes in the TiO2 matrix is prohibited resulting in more efficient seperation
of holes and electrons and thus increasing efficiency [42]. Combining this with the fact that
nanomaterials show exceptional catalytic properties, research has shown that noble metal par-
ticles with a diameter of <20nm form composites that show exceptional catalytic behaviour [56].
Increases in efficiency of up to 30% are reported when adding gold, with respect to plain TiO2

photocatalysts [57, 58]. Other research shows that only a few Au particles (0.5 wt% Au-TiO2,
with small Au particles) in electronic contact with the titania structure are enough to enable the
charge transfer to the solute, thus acting as an efficient electron relay [59, 60].

2.5.2 Catalytic activity of Al2O3 with gold nanoparticles
When looking at the catalytic activity of Al2O3, it is clear that there are much less applications
known for Al2O3 as a catalyst [61]. However, the importance of alumina as a catalyst support
is still widely recognized, especially since it is used as a support in the Claus process of hy-
drodesulfurization, hydrodenitrogenation and hydrocracking reactions [62, 63]. With Al2O3 as a
support it is of great relevance that the pore size of the alumina can be controlled, since opti-
mal pore size varies with the desired reaction [64, 65]. Various kinds of metals can be used in
different kinds of catalysts with an alumina (nano)structure as its backbone and especially gold
turns out to be an interesting material to use as a catalyst in the nanosize regime of <10nm for
various reactions [66–68]. However these structures were often made in a multi-step production
process in contrast to the possibilities that this research provides.

By using a combination of electrospinning and spark discharge to synthesize the catalyst
or catalyst supports, it is possible to generate alumina structures with controlled pore sizes.
Next to that the spark discharge process provides the opportunity to make alumina supports
for virtually any kind of metal. Therefore this research can provide a clean and flexible way to
synthesize gold catalysts with an alumina catalyst support.

2.6 Annealing of TiO2

As is discussed in the previous section, the photocatalytic activity of titanium dioxide is of great
importance. Research has shown that the crystalline phase of the titanium dioxide has a big
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impact on the photocatalytic activity of the material [69].
Titanium dioxide is the only naturally occurring oxide of titanium and exists in three poly-

morphs; anatase, rutile and brookite, of which rutile is the stable phase. However, anatase
and brookite are both metastable and can easily be created by a process that is called anneal-
ing. Annealing is a heat treatment procedure that alters the physical properties of the material.
Heating the material to above its glass transition temperature, so it is possible for the atoms to
rearrange their structures, and subsequently cool the material to ”freeze” the atoms in their new
state induces the changes in physical properties.

In the case of titanium dioxide, the three different crystalline phases can be generated by
heating the material at different temperatures. When increasing the temperature at which the
material is being annealed, anatase is the first crystalline structure to be formed. Transforma-
tion from amorphous titanium dioxide to anatase is reported to occur at temperatures as low
as 250 ◦C [70]. The transformation from anatase to rutile has also been widely studied. Re-
ported transition temperatures vary in range between 400 ◦C and 1200 ◦C, because of the use
of different methods of determining the transition temperatures, processing methods and raw
materials [71–73]. Brookite is harder to synthesize and so is seldom studied.

The different phases can be distinguished from each other by performing X-ray diffraction
(XRD) measurements. An explanation of the technique behind XRD is given in appendix B.
When analyzing the anatase to rutile transition, the difference in peak intensity of the most
prominent signal of both materials is used to determine the weight fractions of anatase and
rutile.

Annealing of titanium dioxide is an essential part of creating highly active titanium dioxide
photocatalysts, since amorphous material exhibits little to no photocatalytic activity [69]. When it
comes to crystalline titanium dioxide, the anatase phase is considered superior to rutile when it
comes to photocatalytic performance. Having said this, some papers have shown that a mixed-
phase photocatalyst consisting of anatase and rutile have enhanced photoactivity relative to
single-phase titania [70].

2.7 Applications of Au-TiO2 catalysts and Au-Al2O3

Apart from the improvements in the field of science, research (preferably) also needs to have
a direct link to modern day applications. This section is on the promising applications of the
synthesized Au-TiO2 catalysts, when produced correctly.

Titanium is the ninth-most abundant material on earth, making up for approximately 0.6
mass% of the earth its crust [74], which makes the material relatively cheap. Next to that the
oxidized form of titanium, titanium dioxide, is a popular photocatalyst and has been investigated
thoroughly over the past decades since these properties were first observed by Akira Fujishima
in 1972 [75]. This gives also to the most obvious and promising application of this thesis re-
search, the use of titanium dioxide nanoparticles on PVA nanofibers to produce photocatalysts
with enhanced photochemical properties. As discussed in section 2.5, the photocatalytic activ-
ity of titanium nanoparticles rises when small amounts of gold nanodots are placed on top of
the surface of the titanium dioxide. The combination of nanofibers and deposition of primary
nanoparticles on top of these fibers creates a rather favourable surface to volume ratio. Elec-
trospun polymer fibers and nanoparticle deposition via the spark discharge mechanism could
therefore be a promising method to create these kind of photocatalysts.

As discussed in section 2.5.2, aluminium oxide in itself has no catalytic properties, but it is
used in various reactions as a catalyst support. The biggest and most known process where
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aluminium oxide is used as a catalyst support is the Claus process of hydrodesulfurization,
hydrodenitrogenation and hydrocracking reactions [62, 63]. This alone makes it worthwile in-
vestigating the possibilities of synthesizing a fractal-like aluminium oxide nanostructure that in
the future could serve as a support in this process.
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Chapter 3

Experimental, Results and Discussion

This chapter will discuss the experimental part of this thesis research. First in section 3.1 the
formation of a fractal-like metal oxide nanostructure by the proposed method of gas phase ox-
idation is investigated. In section 3.2 the method is tested on its applicability to synthesize
fractal-like metal oxide nanostructures with metal nanoparticles on the surface. In these ex-
periments polymer fibers act as the backbone for these structures. Section 3.3 discusses the
photocatalytic activity of the, by the proposed method, produced titanium dioxide and mixed
titanium dioxide-gold samples. In the last section, section 3.4 an analysis was done on the
annealing of the titanium dioxide structures.

3.1 Metal-oxide nanoparticle structures on PVA fibers
The research of this report has had its focus on the synthesis of a TiO2 fractal-like nanostructure
on top of PVA nanofibers. To prepare these samples a one spark chamber set-up was used,
a detailed overview of the set-up is given in appendix A.2. To determine if the hypothesis of
a runaway reaction occurring when the nanoparticles are oxidized in air while on the fibers is
true, this process was investigated.

3.1.1 Titanium nanoparticle oxidation after deposition
To investigate the deposition of titanium nanoparticles on polymer nanofibers and their oxidative
behaviour, solid titanium electrodes were used in the spark discharge process and oxidized after
deposition on the polymer nanofibers.

Sample preparation

These samples were prepared with the settings that are described in appendix A.1 and ap-
pendix A.2. The schematic overview of the process is given in appendix A, where in this case
two titanium electrodes were used to produce the desired titanium dioxide nanostructures. The
optimal spark settings were calibrated on 7 mA, 1.0 kV (corresponding to a breakdown voltage
of approximately 1 kV), 6 nF and a deposition time of 25 minutes to ensure enough material
was deposited on the fibers. After deposition of the titanium nanoparticles, the metal mashes
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(a) SEM analysis with secondary electrons of ti-
tanium dioxide microstructures

(b) SEM analysis with backscattered electrons of
titanium dioxide microstructures

Figure 3.1: SEM images of fractal-like titanium dioxide nanostructures

were then taken out of the sample holder and instantaneously exposed to air. More details on
the gas flows and set-up can be found in appendix A.2.

Results

Scanning electron microscopy (SEM) was used to analyze the titanium dioxide microstructures.
Figure 3.1 shows the SEM pictures that provide a global overview of the structures on a mi-
croscopic scale. From these pictures it can be seen that fractal-like microscopic structures are
formed. To examine the fractal-like structures on a nanoscale, transmission electron microscopy
(TEM) can be used. An overview of these analysis techniques is given in appendix B. TEM was
not performed on these samples, since it will not add much value in achieving the main goal of
this thesis research. As SEM was easily accessible it was chosen to use SEM to get a quanti-
tative insight in the amount of material that is being deposited with the used settings, as basis
for the spark settings that could be used in subsequent experiments. TEM was not used for this
specific sample as it was less easily accessible and analogies can be made between this sam-
ple and the sample described in section 3.2.1. It was therefore chosen only to test the sample
produced in section 3.2.1 with TEM. These images show that no fractal-like nanostructures are
formed with this synthesis method; oxidation of the nanoparticles after deposition. The images
show a dense, melted structure. No change in color from the initial state was observed when
taking the sample out of the sample holder. Exposing the sample to the outside air also did not
induce a color change of the sample.

Discussion

Looking at the images in figure 3.1, one can see that there are fractal-like microstructures
formed on a the polymer nanofibers. The images shown are of the same area of the sample,
one with secondary electron analysis and one with backscattered electrons. The observation
of fractal-like micromaterial is in line with the findings of both van Vugt [2] and Saur [21] who,
on a microscale, observed branch-like structures when depositing aluminium nanoparticles on
nanofibers. One can see on the SEM images in figure 3.1 that on a microscale the titanium is
evenly distributed on the polymer fibers, forming a branch like structure with the polymer fiber
as a base.
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As mentioned before, analogies can be made between this experiment and the experiment
discussed in section 3.2.1 when it comes to the oxidizing behaviour of the titanium nanoparti-
cles. In this picture, figure 3.5, it can be seen that the titanium nanostructures clearly show a
melting-like behaviour when the particles are oxidized, with a high oxygen concentration (20%
of oxygen), after they are deposited on the polymer nanofibers. In line with these findings it can
be argued that the structures in this section are indeed oxidized after they were exposed to air
and due to the rapid oxidation they are not fractal-like at a nanoscale.

Conclusion

To conclude on this section, it can be argued that oxidizing titanium nanoparticles, after they
are deposited on the nanofibers, is not desirable to achieve the main research objective. In line
with the literature [31, 32], titanium nanoparticles tend to oxidize quite rapidly and the same
oxidizing phenomenon observed for aluminium can be observed for the titanium nanoparticles
[2]. Fractal-like structures on a microscale are observed, but in light of this research these struc-
tures are undesirable. Eventhough these microstructures can be of use for other applications,
in this research the goal is to produce fractal-like structures on a nanoscale.

3.1.2 Titanium nanoparticle oxidation before deposition
Since oxidation of the nanoparticles after deposition proved to be unsuitable to produce fractal-
like nanostructures on the polymer fibers, oxidation of the metal needs to occur in the gas
phase before deposition. This section will focus on synthesizing fractal-like nanostructures of
pure titanium dioxide, oxidized in the gas phase before deposition. These samples needed to
be synthesized under the same conditions as for the mixed nanoparticle structures on polymer
fibers to be able to compare photocatalytic effect and other properties of the different samples.

Sample preparation

The preparation of this sample is a little different from the previous section. In the preparation
of these samples two variations occur with respect to the oxidation of the titanium nanoparticles
after deposition. First this sample is made as if it were a two spark chamber set-up as described
in appendix A.3; maintaining the flows described in this appendix, but only running one spark
with the settings of 7 mA, 1 kV (breakdown voltage of approximately 1 kV) and 6 nF. The second
change with respect to the previous section, which is also explained in appendix A.3, is the
addition of a second gas stream consisting of an argon/oxygen mixture to oxidize the titanium
nanoparticles in the gas phase before deposition. The gas flows of the various streams are
mentioned in this appendix and the nanoparticle production time is 30 minutes (the variation of
production time with the previous discussed samples is due to the needed similarity with the
experiment discussed in section 3.2.3).

Results

To examine these samples, various kinds of analysis techniques were used. First, a light gray
color was observed when taking the sample out of the sample holder. To examine the micro-
scopic and nanoscale structures, electron microscopy was used on the samples. Both TEM
and SEM measurements have been performed, these images are shown in figure 3.2. One
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(a) TEM image of titanium dioxide nanostructures (b) TEM image of titanium dioxide nanostructures

(c) SEM image of titanium dioxide microstructures

Figure 3.2: Micrograph images of titanium dioxide nanostructures, oxidized after deposition

can see in these figures that fractal-like structures are formed both on a microscopic and on a
nanoscale.

To examine the extent of oxidation, energy dispersive x-ray diffraction (EDX) was performed
on the sample. EDX was performed to check whether the particles had fully oxidized and not
core-shell particle had formed. This was done on both the large sphere shown in figure 3.2 (b)
and another on the separate nanostructures build up of smaller particles shown in the figure
(a). The figure shows that the smaller particles are completely oxidized and the larger particle
oxidizes partly. This can be concluded from the respective counts of oxygen and titanium. For
the small particle EDX these are relatively equal, while for the large particle a high titanium
count with respect to oxygen can be observed.

To examine the catalytic effect of the sample, a propane oxidation reaction was performed
on the sample, these tests show that a conversion of 154 ppm of CO2 is formed in 30 minutes.
Because these results are quite interesting they will be discussed in more detail in a sepa-
rate section; section 3.3. More elaboration on the propane oxidation reaction can be found in
appendix B.3.
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(a) EDX measurement on titanium dioxide nanostruc-
ture

(b) EDX measurement on large titanium dioxide
sphere

Figure 3.3: Energy dispersive x-ray diffraction (EDX) graphs of the titanium dioxide fractal-like
nanostructure and large titanium sphere

Discussion

The images shown in figure 3.2 give a promising result when it comes to the creation of fractal-
like nanostructures. Small primary particles of approximately 5-10 nm are produced in the spark
discharge process and an average fiber diameter of 200-400 nm can be observed. As expected
the small nanoparticles form fractal-like structures on a micro- and nanoscale on top of the poly-
mer fibers, as shown in the figure 3.2. It can be stated that the structures are fractal-like, as the
deposition process in these experiments is similar to the deposition process that was used in the
simulations by Hogan et. al. [38]. From the TEM images it looks as if the structures consist of
primary particles sticking together, not forming sintered necks between the particles, indicating
that the particles are oxidized before forming larger agglomerates. Arguably, these same TEM
images show that the titanium dioxide nanoparticles produced are amorphous, something that
is line with the findings of the photocatalytic experiments done on the titanium dioxide samples,
described in section 3.3. However, previous research has shown that nanoparticles produced
by spark discharge is usually in a crystalline phase [1].

Next to these results it can be concluded from the EDX measurements that the small par-
ticles have been oxidized due to the high oxygen count in the EDX measurements, shown
in figure 3.3 (a). Figure 3.3 (b) shows the EDX measurements of the larger titanium dioxide
sphere. It can be observed that the oxygen particle count is a lot lower with respect to the tita-
nium particle count for the large titanium dioxide sphere than for the EDX measurements on the
small particle nanostructures in figure 3.3 (a). It can thus be concluded that the larger particles
only partly oxidize and form a protective titanium dioxide shell that is less penetrable for both
oxygen and titanium atoms [3]. Nice to notice here is thus that, in line with the literature, the
assumption of a core-shell model for the oxidation of titanium particles is correct [3].

The larger titanium sphere most likely originates from the fact that during the spark dis-
charge process some of the produced particles recirculate in the spark chamber and therefore
grow to larger sizes than the particles that exit the spark chamber almost immediately after be-
ing generated by the spark. The EDX results also show some peaks that indicate the presence
of gold and copper. The presence of gold can be explained by the fact that the set-up was
not entirely clean and some gold nanoparticles were still in the set-up after previous use. The
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signal for copper can be explained by the fact that the TEM-grids are made of copper.

Conclusion

It can be concluded from this section that with the designed spark method, of in the gas phase
oxidation of the metal nanoparticle before deposition, fractal-like titanium dioxide nano- and
microstructures can be produced, arguably consisting of amorphous material. The primary
particles of approximately 5-10 nm are oxidized in the gas phase and form a fractal-like nanos-
tructure on top of the produced polymer fibers of approximately 200-400 nm in diameter. In the
oxidation of titanium nanoparticles, it can be assumed that a core-shell model is a suitable way
of depicting the oxidation process of the nanoparticles. Both the SEM- and TEM images and
the EDX graphs support these conclusions.

3.1.3 Aluminium nanoparticle oxidation before deposition

Van Vugt [2] observed an interesting phenomenon when trying to produce fractal-like nanos-
tructures with aluminium and gold. It was observed that when the aluminium nanoparticles are
exposed to the oxygen in air, the particles oxidize rapidly, creating ’melted’ structures. This
reduces not only the total surface area of the structures, but it was observed that the created
alumina encapsulates the gold nanoparticles. To determine if one can control this oxidation
process, the experiment discussed in this was done. Apart from this it also provided an insight
in the applicability of the proposed method of in the gas phase oxidation of nanoparticles. The
experiment in this chapter resembles the experiment discussed in section 3.1.2, however in this
case not titanium, but aluminium electrodes were used.

Sample preparation

These samples were prepared in the same manner as the samples in section 3.1.2, but with
different electrodes. In this case solid aluminium electrodes were used to generate aluminium
nanoparticles. The aluminium nanoparticle sample was made as if it were a two spark chamber
set-up as described in appendix A.3; maintaining the flows described in this appendix, but only
running one spark with the settings of 7 mA, 1 kV (breakdown voltage of approximately 1 kV)
and 6nF. After the spark chamber, a second gas stream is added, consisting of an argon/oxygen
mixture to oxidize the aluminium nanoparticles before deposition. The gas flows of the various
streams are mentioned in this appendix and the nanoparticle production time is 30 minutes.
The choice for this spark time is based on earlier findings by van Vugt [2].

Results

Taking the samples out of the sample holder did not induce a color change on the sample;
the sample could be indicated as light gray. The micro and nanostructures of the sample were
analyzed by SEM and TEM; these images are shown in 3.4. The images show highly fractal-
like structures on both a microscopic level and a nanoscale. No further analysis was done to
characterize these samples, as the main objective of these experiments can be extracted from
these figures.
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(a) TEM image of aluminium oxide nanostruc-
tures

(b) TEM image of aluminium oxide nanostruc-
tures

(c) SEM image of aluminium oxide microstructures

Figure 3.4: Micrograph images of aluminium oxide nanostructures, oxidized after deposition

Discussion

The images shown in figure 3.4 show fractal-like aluminium oxide micro- and nanostructures, in
contrast to the findings of van Vugt [2]. The difference with the production method of van Vugt
was the point of oxidation of the aluminium nanoparticles, which in the case of this research
was before deposition on the polymer nanofibers. The images (a) and (b) clearly show, just as
for the titanium dioxide nanostructures in section 3.1.2, fractal-like nanostructures consisting of
primary particles of approximately 5-10 nm. Just as observed in section 3.1.2, no necks are
formed between the primary particles.

Although no EDX was performed on these samples, it can be argued from previous re-
search that the aluminium nanoparticles oxidize in the same way as the titanium nanoparticles;
according to a core-shell oxidation mechanism [3]. In previous research it was observed that
the aluminium nanoparticles sinter together when they are oxidized, which makes the fractal-like
nanostructures collaps [2]. Since figure 3.4 shows fractal-like structures on a nanoscale, and
the only change in production method is the place of oxidation, the oxidation of the nanoparti-
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cles must have occured before deposition.

Conclusion

From the images shown above, it can be concluded that fractal-like aluminium oxide micro- and
nanostructures can be made with the proposed method of the gas phase oxidation of the, by
spark discharge produced, aluminium nanoparticles. Fractal-like nanostructures of aluminium
oxide consisting of primary particles of 5-10 nm in diameter on top of polymer fibers of 200-400
nm in diameter are produced. Oxidation of the primary particles has occured in the gas phase
before deposition on the polymer fibers.

3.1.4 Conclusion section 3.1
To conclude this section, a fair assumption can be made that the proposed experimental design
is suitable for producing the desired metal oxide nanostructures on top of polymer nanofibers.
Metal nanoparticles are produced by spark discharge with a size of 5-10 nm. Polymer nanofibers,
functioning as supports for deposition of the metal nanoparticles, are produced by electrospin-
ning and have a diameter ranging from 200 to 500 nm. Oxidation of the metal nanoparticles
occurs in the gas phase when a second stream, consisting of an argon/oxygen mixture, is intro-
duced. This method ensures the formation of fractal-like structures on a micro- and nanoscale,
where the formation of the fractal-like structures is in line with the literature on diffusion limited
aggregation [33]. In line with previous research, the same fractal-like nanostructures cannot
be made when the metal particles are oxidized after deposition on the, by electrospinning pro-
duced, polymer nanofibers [2].

The produced titanium dioxide nanoparticles seem to be amorphous, which is in contrast to
previous works in the field of spark discharge generation of nanoparticles [1]. This result would
indicate that the oxidation of the crystalline metal nanoparticles causes a change in crystallinity
to the amorphous phase.

Strong evidence is found to assume that a core-shell oxidation model is a feasible way
of depicting the oxidation mechanism of the metal nanoparticles. According to the literature,
rapid oxidation occurs when the nanoparticles come in contact with oxygen [3]. From EDX
measurements it can be assumed that the produced small metal nanoparticles are fully oxidized
before deposition. Larger metal particles only oxidize partly due to the formation of a, for metal
and oxygen atoms, difficult to penetrate metal oxide layer.

The proposed method has shown to yield good results for a few different metal oxides,
indicating the possibility of the method to be applicable for other metal oxides.

3.2 Mixed nanoparticle structures on PVA fibers
This section will focus on the synthesis of mixed fractal-like metal oxide nanostructures with gold
nanoparticles on top of electrospun PVA fibers. As explained in section 2.5, mixtures of metal
nanoparticles or metal nanoparticles on metal oxides could be favourable structures in catalyst
production. The electrodes used in this process are made of gold and titanium and various mass
ratios are investigated. Two different set-ups were used in these measurements, which can be
found in appendix A. As is explained in chapter 2, various metal nanoparticles tend to oxidize
rapidly when exposed to air. One of the hypotheses of van Vugt was that the rapid oxidation
causes gold nanoparticles to submerge in the formed metal oxide support. To examine this,
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various configurations of electrodes and spark chambers are used and the following set ups will
be discussed in more detail:

• Gold and titanium electrodes in one spark chamber

• Gold and titanium electrodes in separate spark chambers

• Gold and aluminium electrodes in separate spark chambers

As for the first experiment (gold and titanium electrodes in one spark chamber), two variations
have been investigated: 1. oxidation of the titanium nanoparticles after deposition on the fibers
and 2. oxidation of the titanium nanoparticles before deposition on the fibers.

3.2.1 Gold and titanium electrodes in one spark chamber (1)
As a first explorative experiment, based on the research of van Vugt [2], the spark discharge
process was done with two different electrodes. As is explained in the literature study of this
thesis it is expected that by ablating two different electrodes, a gaseous mixture of the two sep-
arate materials is formed. This experiment explores the fractal-like nanostructures of gold and
titanium dioxide made on the fibers with oxidation of the titanium nanoparticles after deposition
on the fibers.

Sample preparation

The samples were made in the same way as described in section 3.1 and explained in appendix
A.1 and appendix A.2. The electrodes used were a titanium electrode and gold electrode. The
optimal spark settings used in this experiment were a voltage of 0.75 kV (corresponding to a
breakdown voltage of 1.5 kV), a current of 5 mA, a capacitance of 4 nF and a production time of
25 minutes. The particles were then deposited on the nanofibers and oxidized in air after they
were taken out of the sample holder.

Results

When the samples were taken out of the sample holder a dark gray colour was observed; no
colour change was observed by the eye after exposion to air. The analysis of these samples
was done in various ways. First a SEM image was made to analyze the microstructure of
the deposited particles, depicted in 3.5 (a) and (b). From these pictures a relatively open mi-
crostructure can be observed. The EDX function of the scanning electron microscope was used
to determine the relative atom percentages in the observed sample, which is depicted in table
3.1. An atomic ratio of approximately 1:10 for Ti:Au can be observed. The SEM does not give
an insight in the nanoscale morphology of the synthesized sample, therefore TEM was used to
examine the nanostructure of the sample. TEM images of the sample are shown in figure 3.5
(c) and (d). The TEM image shows that there is no fractal-like nanostructure formed.

Discussion

Looking at the images in figure 3.5, a few things catch the eye. First of all, figures 3.5 (a) and
(b) show that on a microscale, metal oxide structures have formed on the polymer nanofibers.
One could indicate these structures as flocks or clouds of metal oxide nanoparticle clusters.
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(a) SEM image of mixed titanium dioxide-gold mi-
crostructures

(b) SEM image of mixed titanium dioxide-gold mi-
crostructures

(c) TEM image of mixed titanium dioxide-gold
nanostructures

(d) TEM image of mixed titanium dioxide-gold
nanostructures

Figure 3.5: Micrograph images of mixed titanium dioxide-gold nanostructures, single spark set-
up, oxidized after deposition

However the figures 3.5 (c) and (d) show that on a nanoscale the structures are not fractal-like.
Using the findings of section 3.1.2, it can be assumed that the produced titanium dioxide is in
an amorphous phase. It seems as thought the structures, build up of titanium dioxide particles
ranging in diamter of 5 to 10 nm and gold nanoparticles of 2 to 5 nm, have melted and collapsed.

This is in line with the previously found results by van Vugt, who showed that when a mixture
of aluminium and gold nanoparticles is deposited on polymer nanofibers and these structures
were oxidized after deposition, the structures collapsed and the produced gold nanoparticles
were embedded in the aluminium oxide [2]. This might be explained by the fact that the oxidation
process is an exothermic process and because of the rapid oxidation the sample might heat-
up locally, causing the structures to melt and collapse. Combining these results with (and
projecting them on) the results from the experiment in section 3.1.1, it can be stated that the
oxidation of titanium occurs rapidly when exposed to a high oxygen concentration. This is in
line with previous research on the oxidation of titanium nanoparticles [31, 32].

As figures 3.5 (c) and (d) show, dark gray and light gray particles can be distinguished.
It is assumed that the darker particles are gold nanoparticles and the light gray particles are
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titanium dioxide nanoparticles. The difference in colour between the two is related to the extent
that a particle blocks the electron beam of the TEM. Gold is a relatively large atom (especially
in comparison to titanium) and will therefore block the electron beam more than the titanium
particles [76].

The images shown in this report do not conclusively yield the same results as van Vugt; it
looks as if there are also gold particles on the surface of the material. This might be explained
by the fact that the atom ratio for the two experiments was different [2]. In the case of this
experiment, more gold was deposited than aluminium. One could argue that if enough gold is
added, some of the gold nanoparticles are bound to end up on the surface of the aluminium
oxide structures. No further investigation into this phenomenon is done however, since the
mixture does in any case not yield the desired fractal-like structures on a nanoscale.

The atom ratio between gold and titanium also needs some discussion. A single spark
set-up, with one gold and one titanium electrode, was used. Previous research showed that,
when using a pair of different electrodes, the cathode is always ablated more strongly [1]. In
this set-up the gold electrode was the cathode, explaining the higher concentration of gold in
the sample.

Figure 3.5 (b) also shows some ’beads’ in the microstructures. These beads occur during
the electrospinning process and are related to the viscosity of the polymer solution. A too low
viscosity results in the formation of these beads [77]. Even though not many of these beads can
be observed, it might indicate that the polymer solution needs further optimisation. However this
was outside of the scope of this thesis project.

Conclusion

A few conclusions can be drawn on the basis of the previous results and discussion. First of
all, SEM and TEM images show that on a microscale flock like structures are formed on the
polymer nanofibers, however on a nanoscale the samples do not appear to be fractal-like. In
line with previous research it is expected that the oxidation of the titanium nanoparticles causes
the fractal-like structures to collapse [2]. The formed structures consist of primary particles
roughly ranging in diameter between 5 to 10 nm (for the titanium dioxide nanoparticles) and 2
to 5 nm (for the gold nanoparticles) and can be assumed to be amorphous. The particles can be
distinguished from each other by their contrast in the TEM figures. The dark gray parts resemble
gold nanoparticles and the lighter gray areas resemble the titanium dioxide nanoparticles.

Table 3.1: Atomic percentage of mixed titanium dioxide-gold nanostructures, single spark set-
up, oxidized after deposition (EDX). * Background signal of the metal mash support
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It is observed from EDX measurements, that the atomic ratio between titanium and gold
is 1:10 respectively. It therefore can be concluded that a mixture of titanium dioxide and gold
structures can be made on top of polymer nanofibers by combining spark discharge and elec-
trospinning. The found atomic ratio results in a high loading of gold. The high gold loading can
be explained by the fact that the gold electrode was the cathode in the experiment, which ab-
lates the most in each spark system [1]. In contrast to previous research it cannot conclusively
be said that all the gold is embedded in a titanium dioxide matrix, completely covering the gold
nanoparticles [2]. This is most probably due to the high gold loading.

Formation of beads in the electrospinning of polymer fibers is observed, concluding that the
parameters in the electrospinning process need more optimisation with respect to (especially,
but not only) the viscosity of the polymer solution [77].

3.2.2 Gold and titanium electrodes in one spark chamber (2)
This section also describes experiments done with gold and titanium electrodes in one spark
chamber, however the difference with the previous section is the place of oxidation of the ti-
tanium nanoparticles in the synthesis process. This section describes the experiment which
explored the synthesized fractal-like nanostructures when titanium nanoparticles are oxidized
before deposition on the fibers.

Sample preparation

The samples were made in the same way as described in section 3.1 and explained in appendix
A.1 and appendix A.2. The electrodes used were a titanium electrode and gold electrode. The
optimal spark settings used in this experiment were a voltage of 0.75 kV (breakdown voltage of
approximately 1.5 kV), a current of 5 mA and capacitance of 4 nF and a production time of 25
minutes was used. The particles were then oxidized in the gas phase before deposition on the
nanofibers. The samples were then taken out of the sample holder.

Results

When the sample was taken out of the sample holder a dark gray colour could be observed. No
change in colour was observed after being exposed to air. This would indicate that the titanium
nanoparticles had oxidized before exposition to air. For this experiment SEM was performed on
the sample to investigate the fractal-like structure on a microscale, as shown in figures 3.6 (a)
and (b). A relatively open and spiky structure can be observed in these images. The sample
was prepared in the same way as in section 3.2.1, the titanium to gold atomic ratio therefore was
approximately 1:10 respectively, as depicted in table 3.1. Images taken with the transmission
electron microscope are given in figures 3.6 (c) and (d). The TEM image shows a fractal-like
structure on a nanoscale.

Discussion

Just like the previous experiments, SEM analysis shows fractal-like structures on a microscale.
However if one compares the result of figure 3.6 (a) and (b) to the results from section 3.2.1, ox-
idation after deposition, more spiky structures are formed, instead of the flocky structures found
in figure 3.5. This indicates that already on microscale there is an influence of the moment of ox-
idation in the process on the fractal-like structures that are formed. Zooming in on the structures
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(a) SEM image of mixed titanium dioxide-gold mi-
crostructure

(b) SEM image of mixed titanium dioxide-gold mi-
crostructure

(c) TEM image of mixed titanium dioxide-gold
nanostructure

(d) TEM image of mixed titanium dioxide-gold
nanostructure

Figure 3.6: Micrograph images of mixed titanium dioxide-gold nanostructures, single spark set-
up, oxidized before deposition

confirms this assumption, yielding a fractal-like structure on a nanoscale, as depicted in figures
3.5 (c) and (d). Structures formed of titanium dioxide nanoparticles (approximately 5-10 nm in
diameter) and gold nanoparticles (approximately 2-5 nm in diameter) can be observed. The
structures clearly consist of primary particles agglomerated together, but not forming sintered
necks between them.

Comparing these results to the results in section 3.2.1, fractal-like structures are formed also
on a nanoscale, consisting of a mixture of titanium dioxide and gold nanoparticles. Therefore
the oxidation of titanium nanoparticles occurs most likely in the gas phase, before deposition
on the polymer nanofibers. This is also in line with the results found in sections 3.1.2 and
3.1.3, where fractal-like nanostructures of titanium dioxide and aluminium oxide were formed by
oxidation of the respective metal nanoparticles in the gas phase before deposition on polymer
nanofibers. From these same experiments it can be assumed that the formed titanium dioxide
matrix consists of an amorphous phase.

It can be seen that gold nanoparticles appear on the surface of the fractal-like nanostruc-
tures, this could be due to two reasons. The first would be that fractal-like structures of titanium
dioxide are formed and gold particles are deposited on these structures. However since the
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titanium nanoparticles are mixed with the gold nanoparticles in the gas phase before oxidation,
a case can be made that most of the gold is still embedded in a titanium dioxide matrix. Only
due to the large gold loading some gold particles are placed on the surface of the titanium
dioxide matrix. In general embedded particles could of course have an application, but gold is
an expensive material and as the embedded particles do not have any catalytic effect it is in
light of this research undesirable the have embedded particles. The high gold loading can be
explained by the fact that the cathode was again the gold electrode and the anode was made
of titanium.

Conclusion

To sum up, the following conclusions can be drawn. The method of in the gas phase oxidation of
metal nanoparticles is also applicable to a system with one spark with two different electrodes.
A single spark system with a gold and a titanium electrode, where oxidation of the titanium
nanoparticles occurs before deposition, yields fractal-like nanostructures of a mixture of titanium
dioxide and gold (particles of 5-10 nm and 2-5 nm in diameter respectively). With respect to the
experiment in section 3.2.2 a change in material, induced by the place of oxidation, can even
be seen in the difference in structure on a microscale (more spiky structures).

It looks as if there are gold nanoparticles on the surface of the produced fractal-like nanos-
tructures. For this observation two explanations can be given. The first explanation is the fact
that the titanium oxidizes and gold nanoparticles are placed on these structures. However,
the gold nanoparticles are mixed with the titanium nanoparticles even before oxidation of these
nanoparticles occurs, so another explanation seems more likely. Since the atomic ratio between
the two materials is approximately 1:10 (titanium to gold) some gold particles are bound to end
up on the surface of the material. Changing the atomic ratio between the two materials could
give a definitive answer on this question.

3.2.3 Gold and titanium electrodes in separate spark chambers
To overcome the problem of an unfavourable titanium to gold ratio when producing the mixed
nanoparticles on PVA nanofibers in one spark chamber, a dual spark system was proposed. In
this section the experiments will be discussed where gold and titanium are produced in separate
spark chambers. The previous experiments have shown that oxidation after deposition does not
provide the desired results, therefore it was chosen only to experiment with titanium nanopar-
ticle oxidation in the gas phase before deposition on the fibers. On top of that it is suggested
that mixing of the gold and titanium nanoparticles before oxidation might be unfavourable in the
process, thus mixing occurs after oxidation of the titanium nanoparticles.

Sample preparation

The experimental approach is similar to the various experiments described in the previous sec-
tions. However in this case two separate spark chambers, placed in parallel, are used to pro-
duce the nanoparticles. The process used in this experiment, a set-up with two parallel spark
chambers, is described in Appendix A.3.

The electrodes used were two solid titanium electrodes in one spark chamber and two
hollow gold electrodes in the other spark chamber. Various experiments have been done to
determine the influence of different spark settings on the ratio of titanium to gold, as is described
in Appendix A.4. The spark settings that were ultimately used were a current of 7 mA, voltage
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Figure 3.7: TEM images of mixed titanium dioxide-gold nanostructures, dual spark set-up, oxi-
dized before deposition

of 1 kV (breakdown voltage of 1 kV) and a capacitance of 6 nF for the spark chamber for
production of titanium nanoparticles and 1 mA and 0.35 kV (breakdown voltage of 0.7 kV) in
the chamber where gold nanoparticles were produced. Experiments where the time was varied
determined that a deposition time of 30 minutes was optimal with respect to amount of deposited
material. Titanium nanoparticles were oxidized before being mixed with the gold nanoparticles,
after which the mixture was deposited on PVA nanofibers. After the above mentioned run time
of deposition, the samples were taken out of the sample holder.

Results

When the samples were taken out of the sample holder, a light gray colour could be observed.
Indicating the presence of gold nanoparticles on the titanium dioxide. To analyze these samples,
various tools have been used. Both SEM and (high resolution) TEM is used to visualize the
nanoscopic structures. HR-TEM was used to get an even better insight into the nanoscale
structures that are formed. The images produced by these analysis techniques are shown in
figures 3.7 and 3.10. The figures show that highly porous titanium dioxide nanostructures are
formed, with gold particles on the surface. The EDX function on the SEM was used to determine
the titanium to gold ratio, a detailed overview of the various ratios that can be achieved by
varying the spark settings can be found in Appendix A.4. The samples tested here had an
approximate titanium to gold ratio of 13:1.

To analyze the catalytic properties of the samples propane oxidation under the influence
of light was done. As these structures should have an increased performance, due to the
fractal-like structure on a nanoscale and the addition of gold nanoparticles, this sample was
examined on its catalytic properties. It was found that for a sample made under the above
described conditions, the oxidation of propane to CO2 was 80 ppm in 30 minutes of reaction
time. The settings of the oxidation reactor and a broader overview of these measurements are
described in appendix B.3. To examine the extent of oxidation of the titanium nanoparticles,
EDX measurements were also performed by the TEM. These results are shown in figure 3.8.
Full oxidation of the titanium nanoparticles can be assumed according to this graph.

Elemental mapping was done to determine the dispersity of the gold nanoparticles, figure
3.9 shows that the gold nanoparticles are well dispersed in the titanium dioxide matrix on a
nanoscale.
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Discussion

If one takes a look at the images produced by TEM, figure 3.7, one can see that highly porous
structures on a nanoscale are produced; consisting of a mixture of titanium dioxide nanoparti-
cles (5-10 nm in diameter) and gold nanoparticles (2-5 nm in diameter). The titanium to gold
ratio was 13:1, yielding highly dispersed gold particles that are, according to figure 3.7, on the
surface of the titanium dioxide matrix. As discussed in section 3.2.1, the gold nanoparticles
can be distinguished from the matrix by the colour in the TEM images. Dark gray particles are
gold, light gray particles can be indicated as titanium dioxide nanoparticles. The SEM images in
figure 3.10 also show a more porous and fractal-like structure on a microscale than the images
in section 3.2.2.

A fair assumption can be made that this matrix indeed consists of (arguably amorphous)
titanium dioxide, as the production method was the same as in section 3.1.2. The titanium
nanoparticles are oxidized in the gas phase before they are mixed with gold nanoparticles and
subsequently deposited on the polymer nanofibers. This also points out one of the differences
between this experiment and the experiment done in section 3.2.2, where oxidation of the tita-
nium nanoparticles occured after mixing with gold nanoparticles (which happens right after the
spark). In comparison to the fractal-like nanostructures created in section 3.2.2, the structures
produced by the dual spark method in this experiment are even more porous.

This result could be explained in two ways. One explanation is the difference in atomic ratio
between the two experiments. In the first experiment, in section 3.2.2, the structures consisted
of more gold atoms than titanium atoms. Since gold nanoparticles behave almost liquid like,
the high gold loading could have had an effect on the overall porosity of the structures. In the
second experiment, this was changed and a real fractal-like titanium nanostructure was created
with only a few gold particles placed throughout the material. If one compares the results of
this experiment with the structures produced in section 3.1.2, it can be seen that (except for the
addition of gold nanoparticles) the fractals are similar; indicating that this might be the correct
explanation.

Another explanation could be that, because the gold and titanium nanoparticles are mixed
before oxidation of the titanium particles, the gold is still incorporated in a titanium dioxide matrix
which would change the morphology of the created fractal-like nanostructures. This could be
investigated in more detail by changing the electrode configuration (anode and cathode switch)
to change the atomic ratio between the gold and titanium, as is already discussed in section
3.2.2.

Figure 3.8: Energy dispersive x-ray diffraction (EDX) graphs of the mixed titanium dioxide - gold
fractal-like nanostructure
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Figure 3.9: Elemental map of the mixed titanium dioxide-gold nanostructures

Elemental mapping was done to determine the dispersity of the gold particles throughout
the titanium dioxide matrix. It can be seen from figure 3.9 that the gold nanoparticles are well
distributed throughout the matrix on a nanoscale, indicating that the gold does not form larger
agglomerates and are more or less immobilized on the surface of the titanium dioxide.

A discussion on the lower catalytic effect of these samples in comparison to the samples
produced in section 3.1.2 can be found in section 3.3, where the photocatalytic measurements
on the different samples is discussed in more detail.

Conclusion

To conclude this section, it can be stated that a dual spark set-up with gas phase oxidation
of titanium nanoparticles is suitable to produce highly porous titanium dioxide nanostructures
with gold nanoparticles on the surface of the titanium dioxide nanostructure. It can be stated
that the formed titanium dioxide nanoparticles have an amorphous crystalline structure. The
titanium dioxide primary particles have a diameter in the range of approximately 5 to 10 nm, the
produced gold nanoparticles are in the range of approximately 2 to 5 nm.

In comparison to earlier experiments, the fractals produced were more porous than the
sample produced in section 3.2.2 and exhibited the same fractal-like structure as the struc-
tures produced by the experiment in section 3.1.2. These two observations combined would
suggest that a high gold loading, in combination with the moment of oxidation of the titanium
nanoparticles (before or after mixing with gold) induces the differences with section 3.2.2.

The elemental mapping of the fractal-like mixed titanium dioxide-gold nanostructures sug-
gest that the gold nanoparticles are well distributed throughout the whole structure on a nanoscale.
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(a) SEM overview image of the fractal-like
mixed titanium dioxide-gold nanostructures

(b) High Resolution SEM image of
the fractal-like mixed titanium dioxide-
gold nanostructures

Figure 3.10: (High Resolution) SEM images of mixed titanium dioxide-gold nanostructures, dual
spark set-up, oxidized before deposition

3.2.4 Gold and aluminium electrodes in separate spark chambers

The previous section (section 3.2.3) showed that a dual spark system is suitable for producing
a titanium dioxide nanoparticle matrix with gold nanoparticles on the surface. As this report
aims on providing a general method to produce fractal-like supports of metal oxides, more ex-
periments were done on the applicability of this method to other metals. In the light of previous
research by van Vugt it was chosen to test the method with aluminium oxide and gold nanopar-
ticles.

Sample preparation

The samples prepared for these experiment were prepared in exactly the same way as the
samples prepared in section 3.2.3, but the titanium electrodes were switched to aluminium
electrodes. The process used in this experiment, a set-up with two parallel spark chambers, is
described in Appendix A.3.

The main objective of these experiments was not to produce a sample consisting of fractal-
like aluminium oxide nanostructures with gold nanoparticles on the surface. It is therefore that
not an exact aluminium to gold atomic ratio is needed; the most prominent requirement is a
high aluminium to gold atomic ratio. This way one could get around the same problem that
occured in section 3.2.2, where a too high gold loading might have lead to gold particles on
the surface by accident. Since the spark settings in section 3.2.3 provided a high atom ratio
between titanium and gold it was chosen to hold onto the spark settings used in section 3.2.3.
The spark settings used were a current of 7 mA and voltage of 1 kV for the spark chamber
for production of aluminium nanoparticles and 1 mA and 0.35 kV in the chamber where gold
nanoparticles were produced. The optimal run time of the process turned out to be 30 minutes
[2]. Aluminium nanoparticles were oxidized before being mixed with the gold nanoparticles,
after which the mixture was deposited on PVA nanofibers. After the above mentioned run time
of deposition, the samples were taken out of the sample holder.
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(a) SEM image of mixed aluminium oxide-gold mi-
crostructure

(b) SEM image of mixed aluminium oxide-gold mi-
crostructure

(c) TEM image of mixed aluminium oxide-gold
nanostructure

(d) TEM image of mixed aluminium oxide-gold
nanostructure

Figure 3.11: Micrograph images of mixed aluminium oxide-gold nanostructures, dual spark set-
up, oxidized before deposition

Results

When the samples were taken out of the sample holder a light gray colour could be observed.
The samples were analyzed by both TEM and SEM, these micrographs are given in figure
3.11. The figures show that the particles are well distributed along the polymer fiber, generating
fractal-like nanostructures of aluminium oxide. The images also show that gold nanoparticles
are on the surface of the aluminium oxide.

Discussion

It can be seen from the images in figure 3.11 that fractal-like structures of aluminium oxide
and gold is formed. These structures consist of a fractal-like base structure of aluminium oxide
particles (approximately between 5 and 10 nm) and gold nanoparticles on top of the surface
(approximately 2 to 5 nm). We assume here that aluminium oxide is formed, since previous
research had shown that if the particles are exposed to oxygen they tend to oxidize rapidly
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[2, 3, 29, 30]. Next to that, the experiments done in the previous sections show that oxidation
of titanium nanoparticles fully oxidize in the gas phase, providing a basis to assume the same
happens to aluminium nanoparticles.

In line with the previous experiments from section 3.1.3 fractal-like structures are formed on
a nanoscale. Next to that, the structures look like the fractals made in section 3.2.3, indicating
that the method of a dual spark set-up, with oxidation of the (in this case aluminium) nanopar-
ticles before mixing and deposition on polymer nanofibers, is applicable to a wider range of
metals.

No measurements on the crystallinity of the material are done, since the experiment was
mainly done to prove the wide applicability of the system and not to synthesize a specific ma-
terial. However one can argue that due to the oxidation of the aluminium nanoparticles, the
crystalline state is amorphous. This phenomenon was observed for titanium nanoparticles in
section 3.1.2 and because of the similarity in structure and the oxidative behaviour of the differ-
ent nanoparticles a case can be made to assume that the aluminium oxide matrix is amorphous.
To make sure that this is indeed the case, measurements should be done on the crystallinity of
the material.

Conclusion

It can be concluded that fractal-like aluminium oxide nanostructures can be made with gold
nanoparticles on its surface. Aluminium oxide nanoparticles of approximately 5-10 nm in dia-
mater agglomerate together on polymer nanofibers to form a fractal-like nanostructure on which
gold nanoparticles of approximately 2-5 nm are placed. The same sort of fractal-like structures
are formed for this experiment as for the experiments in sections 3.2.3 and 3.1.3, in which the
differences were the fractal-like base material (titanium in section 3.2.3) and the addition of gold
(with respect to pure aluminium oxide in section 3.1.3).

The method of a dual spark system with oxidation of aluminium nanoparticles before mixing
with gold nanoparticles and deposition on polymer nanofibers seems to work very well to pro-
duce the desired fractal-like structures. In combination with the findings in 3.2.3 it can be stated
that the method is applicable to a wider range of metals, to yield the same kind of fractal-like
metal oxide nanostructures with gold nanoparticles on the surface.

3.2.5 Gold and magnesium electrodes in separate spark chambers
The method of in the gas phase oxidation of metal nanoparticles has proven to work for both
titanium and aluminium nanoparticles. To test the method validity for other nanoparticles, mag-
nesium (whose nanoparticles readily oxidize when exposed to oxygen) was used as electrode
material.

Sample preparation

The samples prepared for these experiment were prepared in exactly the same way as the
samples prepared in section 3.2.3, but the titanium electrodes were switched to magnesium
electrodes. The process used in this experiment, a set-up with two parallel spark chambers, is
described in Appendix A.3.

Just as explained in section 3.2.4 the main objective of these experiments was to check
whether fractal-like nanostructures are formed by the magnesium oxide and if the produced
gold particles are on top of these nanostructures. Therefore the same spark settings were used
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Figure 3.12: TEM images of mixed magnesium oxide-gold nanostructures, dual spark set-up,
oxidized before deposition

as in sections 3.2.4 and 3.2.3, to ensure more magnesium nanoparticles were produced than
gold nanoparticles.

Results

With TEM the nanostructures were analysed. The best images were taken from fractal-like
structures deposited on the TEM-grid, figure 3.12 shows these micrographs. It can be seen
that very open and fractal-like structures of, arguably, magnesium oxide are produced. The
same micrograph shows that the gold nanoparticles are on the surface of the magnesium oxide
matrix.

Discussion

Looking at the micrographs generated by transmission electron microscopy, it can be stated that
with the proposed method of in the gas phase oxidation of the produced magnesium nanopar-
ticles a fractal-like magnesium oxide nanostructure can be formed. Adding a second stream of
gold nanoparticles, after the oxidation of magnesium, yields highly porous magnesium nanos-
tructures with gold nanoparticles on the surface. This is in line with what is observed in the
previous sections 3.2.3 and 3.2.4. This once again provides a basis to assume that the method
is applicable to many other metals.

Conclusion

To conclude this section it can be stated that the proposed method is a useful tool to produce
magnesium oxide nanostructures with gold nanoparticles on the surface. The section once
again points out the possibilities that lie in the proposed method.

3.2.6 Platinum and magnesium electrodes in separate spark chambers
The previous sections proved that with the proposed method a fractal-like metal oxide matrix
can be made with gold nanoparticles on the surface. To show the applicability to other metals,
platinum electrodes were used instead of gold. The goal of this experiment was therefore to
produce a magnesium oxide matrix with platinum nanoparticles on the surface.
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Figure 3.13: TEM images of mixed magnesium oxide-platinum nanostructures, dual spark set-
up, oxidized before deposition

Sample preparation

The sample is prepared in the same manner as discussed in section 3.2.5, however the gold
electrodes are replaced by electrodes made of platinum.The process used in this experiment,
a set-up with two parallel spark chambers, is described in Appendix A.3.

The same spark settings were used as in section 3.2.5 to ensure the ratio of magnesium to
platinum is sufficiently high. Creating a magnesium oxide framework for platinum nanoparticles
and not the other way around.

Results

No observable colour change on the sample was noticed when the sample was taken out of
the sample holder and exposed to air, indicating the magnesium was already oxidized. TEM
was used to examine the nanostructure of the samples. Figure 3.13 shows the TEM images
and it can be noticed that the structures are very porous and look fractal-like. Selected area
diffraction SAD was performed on the sample to examine whether the samples were crystalline,
these images are shown in figure 3.14. Information on SAD can be found in appendix B. It can
be seen that a crystalline mixture is formed of both crystalline magnesium oxide and platinum.

Discussion

The images made by TEM show that the proposed method is also applicable for producing
fractal metal oxides with nanoparticles on the surface other than gold. In this case platinum
was used and it can be seen from figure 3.13 that the platinum nanoparticles are on top of the
metal oxide matrix.

Table 3.2: XRD data of crystalline magnesium oxide, platinum and the mixed titanium dioxide-
gold sample, annealed in-situ at 500 ◦C. Data from webmineral.com
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Figure 3.14: TEM image and corresponding SAD pattern of mixed magnesium oxide-platinum
nanostructures

An interesting observation can be obtained from the SAD pattern, depicted in figure 3.14. It
can be noticed that a clear crystalline material was made, which is in contrast to earlier findings
in sections 3.1.2 and 3.2.3. Table 3.2 shows the specific d-spacing values for magnesium
oxide, platinum (taken from literature) and those of the produced sample consisting of a mixture
of platinum and magnesium oxide. If one should assign the peaks in the SAD pattern, one could
argue that both crystalline platinum (in line with literature [1]) and crystalline magnesium oxide
are formed. Especially the second observation, crystalline magnesium oxide, raises eyebrows.
One should expect from the earlier observations in sections 3.1.2 and 3.2.3 that amorphous
magnesium oxide is formed. This is however not the case and indicates that more research
needs to be done on the oxidation of various nanoparticles. Magnesium is known to burn
rather well and it might be that high local temperatures cause the particles to anneal due to
the oxidation. That this is not observed for titanium nanoparticles might be because titanium
oxidizes less easily.

Conclusion

This section once again underlines the flexibility of the proposed method. Fractal-like magne-
sium oxide nanostructures with platinum particles on the surface are produced. In contrast to
earlier results these structures were highly crystalline, indicating that understanding the oxida-
tion process might be of use when producing crystalline nanomaterials.

3.2.7 Conclusion section 3.2
From this section it can be concluded that a fractal-like nanostructure of a mixture of different
metal nanoparticles can be made on top of polymer nanofibers. The results show that this
can be done in either a one spark set-up with oxidation of the (to be oxidized) metal before
deposition on polymer nanofibers or in a dual spark set-up where oxidation also occurs before
deposition. This is a prerequisite of the set-up, since oxidation after deposition did not yield the
fractal-like structures on a nanoscale.
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Both set-ups show promising results when it comes down to the porosity of the structure
on a nanoscale. However with respect to the mixing of the nanoparticles, the results show that
the dual spark set-up is favourable over a single spark set-up. For one, the dual spark set-up
makes it easier to control the amount of produced nanoparticles, making it easy to change the
atomic ratio between the elements of the nanoparticles that are produced in the separate spark
chambers. Next to that, the dual spark set-up gives conclusive evidence of gold nanoparticles
on the surface of the metal oxide support, where oxidation of the metal (titanium or aluminium)
takes place before mixing with the other metal nanoparticles (in this case gold). This is not
conclusively shown by the single spark set-up, where mixing occurs before oxidation.

The fractal-like nanostructures in these experiments consisted of metal oxides (titanium and
aluminium) with gold nanoparticles on the surface of the fractal. The diameter of the metal oxide
nanoparticles ranged from 5 to 10 nm and the gold nanoparticles where in the range of 2 to 5
nm. The fractals exhibit the same structure as the fractals described in literature for a diffusion
limited aggregation system [33]. Next to that, when produced in a dual spark set-up, with a low
gold atomic percentage and oxidation before mixing and deposition, the fractals have the same
structures as can be found in sections 3.1.2 and 3.1.3.

The last two sections focused on demonstrating the wide applicability of the method. It was
shown that the method also produces fractal-like magnesium oxide nanostructures with gold
nanoparticles on the surface. Next to that it was proven that other metal nanoparticles can be
placed on the surface throughout the structure by switching gold with platinum; still obtaining
the same results.

3.3 Photocatalytic measurements on TiO2 and Au-TiO2 sam-
ples

To measure the photocatalytic effect of the produced titanium dioxide and the mixed titanium
dioxide-gold samples, some propane oxidation experiments were done with the help of Bindikt
Fraters from the University of Twente. In these measurements, the formation of CO2 was inves-
tigated when a gas with a small percentage of propane was transferred over the samples under
irradiation of light. A comparison was made between the titanium dioxide, the mixed titanium
dioxide-gold samples and a good performing reference sample yielding high conversions. The
main idea of these measurements was to get a first estimate of the photocatalytic effect of the
samples and if addition of gold nanoparticles would have an effect on the photocatalytic activity.

Sample preparation

Two samples were tested in the photocatalytic measurements; one with fractal-like titanium
dioxide nanostructures and one sample with mixed titanium dioxide-gold nanostructures. These
samples were prepared in the same was as discussed in sections 3.1.2 and 3.2.3 for the tita-
nium dioxide and mixed nanostructures respectively. Making use of these preparation methods
it can be assumed that the only difference between the samples is the addition of gold; the
titanium dioxide amount on both samples was the same.

A reference sample was prepared by Bindikt Fraters; this sample consisted of a 2 microm-
eter thick coating with approximately 1 mg of titanium dioxide. The titanium dioxide had a crys-
talline structure that was 100% anatase. Samples produced with these properties had relative
conversions between 1300-1400 ppm.
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Results

Table 3.3 shows the different CO2 conversions for the different samples. It can be seen that both
the prepared samples by the proposed method perform less than the best performing reference
sample of titanium dioxide. The fractal-like nanostructures with solely titanium dioxide had
a relative conversion of 172.2 ppm. Next to that the measurements show that the samples
prepared with gold perform less than the samples with only titanium dioxide. These mixed
nanostructures had a relative conversion of 93.6 ppm.

Discussion

The most interesting result is that the nanostructures produced by the dual spark method with
gas phase oxidation exhibit significantly lower photocatalytic activity than the best performing
reference sample. A hypothesis to explain this phenomenon could be the fact that the titanium
dioxide of the samples is not crystalline. The anatase phase is preferred over amorphous phase
in the propane oxidation reaction, which would explain the lower catalytic effect. However there
is still some catalytic activity in the samples which is quite interesting. One could argue that the
fractal-like nanostructures are suitable as photocatalytic material and might even have higher
conversions when the material was not amorphous but anatase. To test this, crystalline titanium
dioxide fractal-like nanostructures need to be synthesized.

Another interesting result is the lowest catalytic effect for the mixed titanium dioxide-gold
nanostructures. Indicating that addition of gold nanoparticles lowers the catalytic effect of the
samples, which is contradictionary to the findings in previous research [43, 49–55]. However a
yet to be published PhD thesis by Bindikt Fraters, from the University of Twente, observed the
same lower catalytic effect. One could try to explain this lower catalytic effect in two ways; the
first would be the size of the gold nanoparticles. It could be the case that the majority of the
gold nanoparticles is of a too large size. If this is the case, the addition of the gold particles
would only do more bad than good by covering part of the titanium dioxide nanostructure and
do not exhibit the quantummechanical properties of the smaller particles.

The second explanation is linked to this, which is a too high loading of gold. The mixed
fractal-like nanostructures were produced to prove that placing gold nanoparticles on the sur-
face of a metal oxide matrix was possible. If one looks at the literature, weight percentages of
around 0.5 % gold nanoparticles is the optimal loading. If one looks at the samples produced
for this experiment, the weight percentage of gold is approximately more than 15 % (calculated
from an atomic ratio of 13:1 for Ti:Au). Again the gold would take up too much of the surface
area of the titanium dioxide matrix, lowering its photocatalytic properties.

An upside from these experiments is the fact that, if the hypthesis is true, it would indicate
that the gold is indeed on the surface of the titanium dioxide nanostructures, instead of being

Table 3.3: Photocatalytic measurements on titanium dioxide and mixed titanium dioxide-gold
nanostructures
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burried under a layer of titanium dioxide (forming the core-shell structures found by van Vugt
[2]).

Conclusion

To conclude on the photocatalytic measurements, it can be stated that the fractal-like nanostruc-
tures produced in a dual spark method with oxidation before deposition do not exhibit extraordi-
nary photocatalytic activity. The produced samples have a photocatalytic activity of roughly 10
times lower than the best performing reference sample provided by Bindikt Fraters.

The low catalytic activity can be due to the structure of the material. In the case of the
produced samples it was most likely amorphous, while the reference was of a 100 % anatase
crystalline phase. Knowing that the titanium dioxide particles in the sample are amorphous, the
relatively high conversion is surprising and would be very promising if the material can be made
anatase.

Next to this, it can be concluded that the addition of gold in the samples only lowered the
catalytic effect. This could be due to two reasons, the size of the nanoparticles (too large;
too small) and the high loading of gold. However both would indicate that the gold would be
on the surface of the material, lowering the catalytically active area of the titanium dioxide
nanostructures and thereby lowering the total photocatalytic effect.

3.4 Annealing
One of the conclusions from the previous sections was that there is strong evidence to believe
that the produced titanium dioxide nanoparticles are amorphous. Especially in photocatalytic
catalysis the anatase phase of titanium dioxide is desirable. Therefore two experiments were
carried out to anneal the titanium dioxide nanoparticles to get fractal-like structures with a crys-
talline phase. The two experiments that were carried out are:

• Annealing of TiO2 and Au-TiO2 fractal-like nanostructures

• In-situ annealing of TiO2 nanoparticles

The first experiment focuses on first building the fractal-like nanostructures and then pro-
ceeds to annealing them in an tube oven. The second experiment investigates the annealing
behaviour of the primary titanium dioxide nanoparticles by annealing them before deposition on
the polymer fibers.

3.4.1 Annealing of TiO2

To investigate the possibility of producing crystalline titanium dioxide fractal-like nanostructures,
an experiment was carried out to anneal the fractal-like nanostructures that are formed when
carrying out the experiment discussed in section 3.1.2. This experiment mainly focused on pro-
ducing a crystalline material and determining the temperature at which the fractal-like structures
would anneal. To investigate the degree of crystallinity, selected area diffraction was performed
on the sample with a transmission electron microscope.
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(a) Titanium dioxide annealed at
200 ◦C

(b) Titanium dioxide annealed at
300 ◦C

(c) Titanium dioxide annealed at
400 ◦C

Figure 3.15: TEM images and associated SAD pattern of titanium dioxide annealed at different
temperatures

Sample preparation

Samples were made in the same way as discussed in sections 3.1.2 and 3.2.3, for TiO2 and
Au-TiO2 fractal-like nanostructures respectively. After the deposition process, the metal meshes
were placed in a tube oven for 30 minutes at various temperatures. The heat-up rate of the
oven was set at 5 ◦C per minute. The annealing of the samples was done under an argon
atmosphere. The various temperatures that were investigated were 200, 300 and 400 ◦C, all
with the same temperature settings. After annealing, material was scratched off the metal
support and put onto a TEM grid for further investigation.

Results

When the samples were taken out of the oven, a colour change of the metal grids could be
observed. Furthermore it could be seen by the bare eye that for the largest part the polymer
fibers had disappeared, indicating that the PVA fibers cannot withstand the heat of the oven.
This occured for oven temperatures of 300 and 400 ◦C, but not for 200 ◦C, which is in line with
previous research [2, 21]. TEM was used to analyze both the structures on a nanoscale and to
determine the crystallinity of the material (by SAD). It can be seen from figure 3.15 that fractal-
like structures remain intact to a certain extent. From the same figure it can be concluded that
a temperature increase induces the crystallinity of the material.
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Table 3.4: XRD data of different crystalline phases of titanium dioxide and the titanium dioxide
samples annealed at different temperatures. Data from webmineral.com

Discussion

The most interesting result from this experiment is the formation of crystalline material. Even
though this is in line with previous research, the dimensions of the titanium dioxide nanoparticles
would suggest that crystalline material would form at even lower temperatures. No crystalline
material was found when the sample was annealed at 200 ◦C. However it can be clearly seen
from the images in figure 3.15 that at 300 and 400 ◦C a crystalline phase was formed. The
circles that can be seen in figure 3.15 (b) and (c) represent the corresponding d-spacing of the
crystalline lattice of the tested material (supposedly titanium dioxide). Looking at the different
values in the figure and the intensities of the circles, one cannot conclusively point out the
corresponding crystalline phase of the titanium dioxide.

Table 3.4 shows the different d-spacing values of the three possible crystalline phases of
titanium dioxide (anatase, rutile and brookite) and the d-spacing values found for the tested
samples. The table shows that the most prominent signal in the SAD patterns, of both annealing
at 300 and 400 ◦C, corresponds to a rutile phase. This is not in line with the literature, since it
can be found that the rutile phase regularly does not form until the sample is heated up above
550 ◦C. This might indicate that indeed the nanoparticles exhibit different annealing properties.

From the other signals of the SAD pattern, two interesting observations can be made. The
first observation is that there is a shift in the second d-spacing value between the sample an-
nealed at 300 ◦C and 400 ◦C. Annealing at 300 ◦C would suggest that the signal comes from an
anatase material, while annealing at 400 ◦C suggests an rutile phase. The second observation
is that the third strongest d-spacing signal for both annealing temperatures suggest an anatase
phase.

Combining all of these observations, no conclusive answer can be given on which crystalline
phase the samples are made of. The most obvious explanation would be a combination of both
phases, where increasing the temperature from 300 to 400 ◦C changes the ratio of occurrence
between the phases in the sample. This would also suggest that annealing the material at
higher temperatures than 400 ◦C would yield a high percentage of rutile material and annealing
at lower temperatures, between 200 and 300 ◦C, yields a higher percentage of anatase, both
not in line with what is found in literature [71–73].

Nice to mention is also the fact that it is definitely not the heating up of the structures by the
electron beam that induces the formation of crystalline material. Three different SAD patterns
are observed for samples, pre-treated in different ways, indicating it is not the electron beam
that causes a change in structure.

The TEM images in figure 3.15 (b) and (c) show that the nanostructures are still relatively
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fractal-like. It can even be seen in figure (b) that the polymer fiber is still intact after being
annealed at 300 ◦C. However, when comparing these results with the not annealed material in
section 3.1.2, the structures look more dense (especially figure (c)).

Conclusion

Some interesting conclusions can be drawn from this section. The SAD patterns show that
annealing at different temperatures can induce the crystallinity of the material. No crystalline
material was observed when annealing was done at 200 ◦C, whilst different crystalline phases
were observed for annealing at 300 ◦C and annealing at 400 ◦C.

No conclusive answer can be given on the crystalline phase of the material, however most
likely a combination of anatase and rutile is formed when annealing the fractal-like titanium
dioxide nanostructures at 300 ◦C and above. The d-spacing values for the samples show a shift
when annealed at different temperatures, indicating a change in crystalline structure. According
to what can be found in literature, the shift in peaks can be credited to the various d-spacing
values of anatase and rutile. When looking at previous research, the results presented here
are consistent with previous research [78]. The appearance of circles in the SAD pattern for
rutile and de gradual decrease in intensity of anatase material is frequently found in literature
[70]. Arguably a transition from anatase to rutile is occuring between 300 to 400 ◦C and maybe
even beyond. In combination with the information from the sample annealed at 200 ◦C, a solely
anatase phase should be formed when annealing the sample somewhere between 200 and
300 ◦C.

Fractal-like structures remain relatively intact when annealing at 300 and 400 ◦C, indicating
that the material is quite stable. The structures on the TEM images in figure 3.15 look denser
than what is observed for the structures in section 3.1.2, indicating that some sintering occurs.

Nice to mention in this section is that literature has shown that a combination of both rutile
and anatase phase could actually be favourable for the photocatalytic properties of the material.

3.4.2 Annealing of Au-TiO2 fractal-like nanostructures
As the previous section shows, it is possible to make a crystalline material by annealing after
deposition of the nanoparticles on the polymer fibers. However the next step would be to de-
termine if the gold nanoparticles stay on the surface of the titanium dioxide matrix when the an-
nealing process takes place. Previous research showed that upon oxidation gold nanoparticles
become submerged in the formed aluminium oxide matrix. This could be due to the oxidation
process itself, but might also be caused by the fact that upon oxidation the temperatures locally
rises to above the glass transition temperature of the aluminium oxide causing the gold particles
to ”sink” in the matrix. This experiment will also provide an insight in this phenomenon.

Sample preparation

The samples are prepared as described in section 3.2.3; a titanium dioxide fractal-like nanos-
tructure with gold nanoparticles on the surface. After which these samples were transferred to
a tube oven to be annealed for 30 minutes at 300 ◦C. The heat-up rate of the oven was set at
5 ◦C per minute. The annealing of the samples was done under an argon atmosphere. After
annealing, material was scratched off the metal support and put onto a TEM grid for further
investigation with a TEM.

42



Figure 3.16: TEM images of mixed titanium dioxide-gold nanostructures, annealed at 300 ◦C

Results

A colour change could be observed when taking the sample out of the oven. The colour had
changed from light gray to reddish in colour. This might indicate that the gold nanoparticles
are distributed inside the titanium dioxide matrix as was also observed by van Vugt for gold
nanoparticles in aluminium oxide [2]. The sample was further analyzed by performing TEM.
As figure 3.16 shows, the nanostructures have remained relatively intact, however the gold
nanoparticles have submerged in the titanium dioxide matrix. Figure 3.17 shows the SAD
pattern of the fractal-like nanostructure and the corresponding TEM image, indicating that the
sample has increased in crystallinity.

Discussion

The most prominent change of this sample upon annealing is the fact that the gold nanoparticles
submerge into the titanium dioxide matrix. This would indicate that the elevation in tempera-
ture causes the gold nanoparticles to ”sink” into the titanium dioxide matrix. With respect to
the earlier research by van Vugt this results would conclude that it is not the oxidation of the
aluminium matrix itself that is the cause of an aluminium oxide layer on the gold nanoparticles.
It is the secondary effect of a locally elevated temperature, due to the oxidation, that causes
this phenomenon.

Furthermore it can be observed that the fractal-like nanostructures are more or less intact
after the annealing process. However, looking more closely it can be seen that the particles
sinter together to form denser structures than before they were annealed (as shown in the

Table 3.5: XRD data of different crystalline phases of titanium dioxide, gold and the mixed
titanium dioxide-gold sample, annealed after deposition at 300 ◦T. Data from webmineral.com
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(a) SAD pattern of mixed TiO2-Au
nanostructures

(b) Corresponding TEM image of
mixed TiO2-Au nanostructures

Figure 3.17: TEM image and corresponding SAD pattern of mixed titanium dioxide-gold nanos-
tructures, annealed at 300 ◦C

figures of section 3.2.3). It can be stated that the process of annealing does have an influence
on the structure, but at the tested temperature(s) it does not completely destroy the fractal-like
nanostructures. This would also indicate that annealing at different temperatures can be used
to influence the degree of sintering and can thus be used to increase the stability of the material.

Looking at the SAD pattern in figure 3.17, it can be seen that the material has increased
in crystallinity. Apart from the circles, that can also be observed in figure 3.15 in section 3.4.1,
small dots are present in the SAD pattern. This indicates an even higher degree of crystalline
material in the sample. As the only difference between the sample from figure 3.17 and the
sample discussed in figure 3.15 (b) is the addition of gold nanoparticles, the dots in the SAD
pattern must (for the larger part) be due to the signal coming from the gold nanoparticles.

In table 3.5 the three main signals of the sample and the reference x-ray signals from liter-
ature are given. Comparing the main signals from the sample to the values found in literature,
one can argue that the first signal is most probably caused by the gold nanoparticles. The sig-
nal could also be attributed to the third strongest signal of anatase titanium dioxide (assuming
a little error in the measurement), however looking at table 3.4 this seems less likely. In this
table the third strongest signal of anatase titanium dioxide was measured at a higher d-spacing
value (2.361) and on top of that no specific dots (indicating specific particles) were identified.
The second signal would clearly indicate the presence of anatase titanium dioxide in the sample
and the same peak was also observed in the sample annealed without gold nanoparticles. The
third signal has a low intensity, but could be best attributed to the gold nanoparticles present in
the sample.

Conclusion

Three main conclusions can be drawn from these annealing experiments. First, it can be stated
that the gold nanoparticles submerge in the titanium dioxide during the annealing process at
300 ◦C. This indicates that in previous research it was the oxidation that only indirectly caused
the submergence of the gold nanoparticles; it was mainly caused by the locally increase in tem-
perature due to the oxidation [2]. The fractal-like structures seem to stay intact at the annealing
temperature (as was also observed in section 3.4.1). However it is safe to say that this path of
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synthesizing a crystalline fractal-like titanium dioxide nanostructure with gold nanoparticles on
the surface is not possible.

Secondly, as expected, clear signals from the gold nanoparticles can be seen in the SAD
pattern of the sample. Less clear but in line with what was found in section 3.4.1, there is
evidence to assume that the titanium dioxide matrix has become (to a certain extent) crystalline.

3.4.3 In-situ annealing of TiO2 nanoparticles
The previous section has shown that annealing of the large fractal-like structures is a possibil-
ity to get a crystalline material. However there were some downsides to the proposed method.
Upon annealing the structures become more dense, resulting in higher stability, but lower poros-
ity. Next to that it was not possible to synthesize a crystalline material with gold nanoparticles
on the surface of the matrix; the gold nanoparticles became submurged upon annealing. To
overcome these problems it was proposed to anneal the titanium dioxide nanoparticles before
mixing with gold nanoparticles and subsequent deposition on the polymer nanofiber support.
This section discusses the in-situ annealing of only titanium dioxide nanoparticles.

Sample preparation

These samples were prepared in the same manner as discussed in section 3.1.2. The dif-
ference with the synthesis of the samples discussed in this section was the in-situ annealing
of the titanium dioxide nanoparticles with the aid of a tube oven (Vecstar furnaces), that was
placed in synthesis process before deposition of the particles. The oven was 35cm in length
and the oven diameter was 1.2 cm. With the flowrates used in the experiment this resulted in an
average annealing time of approximately 0.6 s. Annealing was tested at a temperature of 300
◦C, this temperature was chosen because literature and previous results show that at higher
temperatures the preferred anatase phase would probably not form.

Results

No obvious change in colour of the sample could be observed when taking the sample out of
the sample holder. Transmission electron microscopy was performed to get an insight in the
fractal-like nanostructures of the titanium dioxide matrix. As shown in figure 3.19, it can be
seen that highly porous structures are formed with the method of in-situ annealing. Selected
area diffraction was used to determine the crystallinity of the structures. Figure 3.18 shows
the SAD patterns and it can be observed that crystalline material is formed at the investigated
temperature.

Discussion

From figure 3.19 it can be concluded that highly porous structures are formed when the particles
are annealed in flight before deposition. At 300 ◦C the structures are fractal-like on a nanoscale,
consisting of titanium dioxide nanoparticles. When comparing these structures with the struc-
tures found in section 3.1.2, the structures made in this section look even more porous. This
could be explained by the fact that during the annealing process the nanoparticles coalesce
and form large agglomerates. These agglomerates are more porous than when the individual
particles are deposited on the fiber support (the reasoning behind this is further explained in
appendix H). Fractal-like nanostructures made of these larger agglomerates could therefore
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Figure 3.18: TEM images and associated SAD pattern of titanium dioxide nanostructures and
splash particle, annealed in-situ at 300 /degree C

be more porous than the structures build up of individual primary particles. No conclusive an-
swer can be given on this matter for now, because that would require an in-situ analysis of
the agglomeration process of the particles or a quantitative measurement of the porosity of the
different samples.

The second major result from this section is the production of crystalline material. Figure
3.18 shows the SAD patterns of the fractal-like nanostructures and splash particles in these
structures for an annealing temperature of 300 ◦C. Table 3.6 shows the observed d-spacing val-
ues of the different samples. Striking is the mismatch between the diffraction peaks of titanium
dioxide (anatase and rutile) found in literature and the values observed in the SAD patterns.
As the only difference between this sample and the sample in section 3.1.2 is the annealing
process; previous experiments show that the material must be titanium dioxide. One could ar-
gue that the oven could cause impurities in the sample, however that would not mean that one
part of sample would consist of only impure material. Looking at the d-spacing values of the
titanium dioxide nanostructures annealed at 300 ◦C, with a little imagination one could assign
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(a) Titanium dioxide annealed at 300 ◦C (b) Titanium dioxide annealed at 300 ◦C

Figure 3.19: TEM images of produced fractal-like structures of titanium dioxide, annealed in-situ
at 300 ◦C

the first and second peak to the second and third values of crystalline titanium dioxide found in
literature. By eye one cannot state that the intesities of the observed values can be assigned
to either anatase or rutile. Literature would suggest that the formed phase is anatase, but no
conclusive answer can be given based on the findings in this section.

Comparing the observed d-spacings of the splash particle to values found in literature, it
would suggest that it is an impurity in the material. Running the observed values in a search
query on webmineral.com gives an almost 100 % match with chromium, giving a base to as-
sume that the observed splash particle is an impurity consisting of (crystalline) chromium.

Conclusion

Three conclusions can be drawn from the results in this section. In-situ annealing of titanium
dioxide nanoparticles, produced by spark discharge, is a method suitable for creating fractal-
like nanostructures of crystalline material. Annealing at different temperatures has an effect on
the crystallinity of the material; it is observed that a higher annealing temperature increases
the crystallinity in the end product. Literature would suggest that the formed crystalline phase

Table 3.6: XRD data of different crystalline phases of titanium dioxide and the samples of
titanium dioxide, annealed in-situ at different temperatures. Data from webmineral.com
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of titanium dioxide, annealed at 300 ◦C, is anatase. The SAD patterns do however not yield a
conclusive answer on this hypothesis.

3.4.4 In-situ annealing of Au-TiO2 fractal-like nanostructures
The previous section showed that in-situ annealing of titanium dioxide nanoparticles produces
(semi-) crystalline material. Combining this with the problem that arose in section 3.4.2 (the
submerging of gold nanoparticles in the titanium dioxide matrix upon annealing), it should be
possible to synthesize a fractal-like titanium dioxide with gold nanoparticles on the surface with
this method of in-situ annealing.

Sample preparation

This sample was prepared in practically the same way as the samples in section 3.2.3. The
difference was the addition of a tube oven, just as discussed in section 3.4.3. This tube oven
was placed after the place of oxidation of the titanium nanoparticles, but before the stream of
gold nanoparticles is mixed in. The stepwise process would thus look like:

Titanium nanoparticle production→ oxidation→ annealing→ mixing with gold nanoparticles
→ deposition

The oven was 35cm in length and the oven diameter was 1.2 cm. With the flowrates used in the
experiment this resulted in an average annealing time of approximately 0.6 s. Annealing was
tested at 500 ◦C, this temperature was chosen to rule out the possibility that a too low annealing
temperature could be the cause of the gold nanoparticles not submerging in the titanium dioxide
matrix.

Results

The samples were analyzed by transmission electron microscopy on their crystallinity and
nanostructure. The TEM images given in figure 3.22 show the fractal-like structures made by
the proposed method. It can be seen that highly porous structures are made with gold nanopar-
ticles on top of the titanium dioxide matrix. Selected area diffraction was used to determine the
crystallinity of the material. The SAD pattern and associated TEM image is shown in figure
3.23. The figure shows that both the investigated nanostructures and splash particle consist of
crystalline material.

Discussion

It can be observed from the TEM images that the proposed method of in-situ annealing of tita-
nium dioxide before mixing with gold nanoparticles yields the desired fractal-like nanostructures
with gold nanoparticles on the crystalline titanium dioxide matrix. That the particles are indeed
on top of the titanium dioxide matrix and not, as described in section 3.4.2, embbeded in the
titanium dioxide matrix can be concluded from the TEM images in figure 3.22.

The fractal-like structures observed in this figure are quite similar to what is observed in
section 3.4.3, only the addition of extra gold nanoparticles can be observed. An interesting
phenomenon can be seen in figure 3.22 (a), where various larger splash particles can be ob-
served. Although in the previous section a SAD measurement stated that such a particle was
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an impurity of chromium, it is expected that most of these larger splash particles are due to the
in-situ annealing of the titanium dioxide. Due to the induced heat the particles coalesce in flight.
When two same size particles meet, the particles will coalesce with the intermediate step as
depicted in figure 3.20 below.

Figure 3.20: Schematic process of coalescence of same size particles

This intermediate is energetically favourable than proceeding immediately to the large sphere.
Putting in more energy (in this case heat) will cause the complete process to irreverisbly move
to the right. However when a larger particle meets a much smaller particle, this intermediate
step does not exist (or better: can be neglected) and the smaller particle will be gobbled by the
larger particle, as described in figure 3.21.

Figure 3.21: Schematic process of coalescence of large and small particle

From these assumptions it can be assumed that the presence of these larger spherical splash
particles in the sample are due to the recirculation of titanium dioxide particles in the oven,
causing them to grow. Removing the oven from the process would, according to this reasoning,
yield structures with less to no splash particles at all, which is exactly the case for the experiment
from section 3.2.3.

When looking at the fractal-like nanostructures themselves, it is hard to say wheter the
particles are partly sintered together (the intermediate step in figure 3.20). Partial sintering of
the sample would enhance the stability of the nanostructures. The structures are highly porous
and arguably more porous than what was observed in section 3.2.3. These titanium dioxide
nanostructures are in line with what was observed in section 3.4.3, where a case is made
that the fractal-like structures are build up of agglomerates instead of primary titanium dioxide
nanoparticles. In any case, the structures produced by this method are more porous than the

Figure 3.22: TEM images of mixed titanium dioxide-gold nanostructures, annealed in-situ at
500 ◦C
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(a) TEM and SAD pattern of fractal-
like mixed titanium dioxide-gold
nanostructure

(b) TEM and SAD pattern of splash
particle

Figure 3.23: TEM images and associated SAD pattern of mixed titanium dioxide-gold nanos-
tructures, annealed in-situ at 500 ◦C

structures produced by annealing after deposition, as described in section 3.4.2, making this a
more suitable method to produce the desired end product.

The SAD pattern shows a relatively high degree of crystallization, especially when com-
pared to the in-situ annealing at 300 and 400 ◦C in section 3.4.3. Table 3.7 shows the observed
d-spacing values of the sample and the expected d-spacings taken from literature. The results
only show an increase in crystalline material due to the annealing. Assigning the various peaks
to a certain material would be speculating without a real basis. One could argue that most of the
bright dots in the SAD pattern are due to the presence of gold. In line with this one could state
that the first and second signal can be assigned to gold. Next to that there should be a signal
for crystalline titanium dioxide as crystalline material was observed with in-situ annealing for the
synthesis of only titanium dioxide nanostructures, as discussed in section 3.4.3. Knowing this,
one could argue that the first peak should be assigned to the titanium dioxide.

Comparing the SAD pattern of the splash particle and the SAD pattern of the nanostructures
it can be observed that one two peaks coincide. This would indicate that these peaks should
be assigned to crystalline titanium dioxide, as the larger splash particles are most likely formed
in the oven during the annealing process. It should be noted that this splash particle could also
be an impurity, just as discussed in section 3.4.3. This seems unlikely as for these assigned
peaks no clear match can be found for any material on webmineral.com.
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However all these assumptions and discussion would make any statement about the find-
ings presented here very weak. Literature has little to no information on the annealing of very
small nanoparticles (<10nm) and it is therfore suggested to do more research on the annealing
process to get a better insight.

Conclusion

To conclude, it is possible to synthesize a fractal-like crystalline titanium dioxide matrix with gold
nanoparticles on the surface. This can be done by annealing titanium dioxide nanoparticles
in-situ before mixing with gold nanoparticles and subsequent deposition on the polymer fiber
support. The structures have a, to the eye, very high porosity, arguably more porous than
the structures made when the particles are not annealed before deposition. Selected area
diffraction suggest that crystalline material is present in the sample. With the obtained data it is
however not possible to give a conclusive answer on the crystalline form of the material.

3.4.5 Conclusion section 3.4
This section examined the possibilities of annealing the amorphous titanium dioxide nanos-
tructures and design a method that would make it possible to synthesize fractal-like crystalline
titanium dioxide nanostructures with gold nanoparticles on the surface. To achieve this goal,
two different approaches were tried. One was annealing after deposition of the particles and
one was annealing in-situ before deposition.

Annealing after deposition yielded relatively porous titanium dioxide nanostructures that
increased in crystallinity when annealing occurred at higher temperatures. A temperature higher
than 200 ◦C was needed to anneal the material. A shift in crystalline phase (anatase to rutile)
was observed when the annealing temperature was increased from 300 to 400 ◦C. A difference
in porosity could be observed when annealing occurred at different temperatures; usually the
higher the temperature, the denser the material.

It was not possible to synthesize crystalline titanium dioxide nanostructures with gold nanopar-
ticles on the surface with this method. Upon annealing of the material at 300 ◦C, the gold
nanoparticles submerge in the titanium dioxide matrix. The fractal-like nanostructures stay in-
tact and the material shows some crystallinity, but in light of this research the submergence of
gold nanoparticles is undesirable.

Annealing in-situ, e.g. before deposition, yields highly porous crystalline titanium dioxide
nanostructures. The material became more crystalline after annealing at a higher temperature,

Table 3.7: XRD data of different crystalline phases of titanium dioxide, gold and the mixed
titanium dioxide-gold sample, annealed in-situ at 500 ◦C. Data from webmineral.com
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just as was observed when annealing after deposition. The main difference between annealing
in-situ and after deposition, is that the annealing temperature does (for the tested temperatures)
not influence the porosity of the nanostructures when annealing is done in-situ.

This method proved to be suitable for synthesizing fractal-like crystalline titanium dioxide
nanostructures with gold nanoparticles on the surface. When annealing of titanium dioxide is
done before mixing with gold nanoparticles (and subsequent deposition on the polymer fiber
support), the desired material was synthesized. A concluding answer on the crystalline phase
of the titanium dioxide could not be given, but the point here is that a crystalline material was
observed. This result alone points out the possibilities of the method and the annealing process
needs further optimization.
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Chapter 4

Conclusions Summary

This chapter gives an overview of the conclusions that can be drawn from the experimental
results of the previous sections. The experimental section of this research was divided into four
parts: metal-oxide nanoparticle structures on PVA fibers, mixed nanoparticle structures on PVA
fibers, photocatalytic measurements on TiO2 and Au-TiO2 samples and annealing of TiO2 and
Au-TiO2 nanostructures.

The main conclusion from the first section is the fact that the proposed method of in the gas
phase oxidation of, by spark discharge produced, metal nanoparticles before deposition on the
PVA fiber support yields fractal-like metal oxide nanostructures. The method proved to yield
fractal-like structures for both titanium and aluminium nanoparticles, suggesting a wide range
of metal oxide nanostructures might be possible. Synthesized titanium dioxide nanostructures
had an amorphous crystalline phase.

Section two discussed mixed nanoparticle structures on PVA nanofibers. It could be con-
cluded from this section that the proposed catalyst production method, with a dual spark cham-
ber set-up, can be applied to synthesize highly porous metal oxide nanostructures with metal
nanoparticles on the surface. The method is applicable to a wide range of metal oxides (tita-
nium, aluminium and magnesium) and it was possible to put both gold and platinum nanopar-
ticles on the surface of these metal oxide nanostructures throughout the whole structure. In
contrast to amorphous titanium dioxide, crystalline magnesium oxide was formed. Indicating
that the oxidation process is of influence on the crystalline structure of the metal oxide.

Photocatalytic experiments were done on the synthesized titanium dioxide and mixed tita-
nium dioxide-gold nanostructures. It turned out that the material did not exhibit much catalytic
activity. This was probably due to the fact that the synthesized titanium dioxide was amor-
phous. Next to that, the mixed titanium dioxide-gold sample performed less than a sample of
only titanium dioxide.

The last section focused on the annealing of titanium dioxide. The proposed catalyst synthe-
sis method, extended with in-situ annealing of titanium dioxide nanoparticles (before admixing
gold nanoparticles and subsequent deposition on PVA nanofibers) proved to be suitable for
synthesizing fractal-like crystalline titanium dioxide nanostructures with gold nanoparticles on
the surface.
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Chapter 5

Recommendations

As for almost every research, each result and subsequent new knowledge raises even more
questions and provides new possibilities in various fields of research. As for this research, it is
no different. The main result of this thesis research is the design of a method with which fractal-
like metal oxide nanostructures can be synthesized with metal nanoparticles on the surface.
This result opens up a whole new range of possible research topics, of which a few are listed
below:

• Although in this research PVA nanofibers were used as a backbone for the metal-oxide
nanostructures, research can be done on the applicability of the method on other back-
bone materials. One can for example think of synthesizing metal oxide nanostructures on
carbon nanofibers, textiles and other materials than can be suitable as a catalyst support.

• The samples prepared in this research are classified as ”fractal-like”, because of the
similarity in the synthesis process with previous research [38]. More research should be
done on the actual fractal properties of the material.

• In this research the rate of production was too low to be able to for example conduct a
BET analysis. A possibility for future research could therefore be scaling up of the process
and get a better insight in the characteristic properties of new catalytic materials.

• As the method is designed for the production of various catalysts, more research should
be done in synthesizing catalysts that are being used in the everyday life. Optimizing and
synthesizing a catalyst with extraordinary catalytic properties should be the goal of such
a research.

• In line with the previous point, synthesis of an excellent performing titanium dioxide pho-
tocatalysts with the proposed method could be the basis for further research. One could
investigate doping of the titanium oxide with for example nitrogen [49].

• Oxidation of (small) nanoparticles is still a topic that has not been researched very of-
ten. Interesting results in this research show that the oxidation process can influence the
crystalline phase of the material. A thorough research should be done on the oxidation
behaviour of different metals.
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• Crystalline phase transitions. due to annealing, of titanium dioxide nanoparticles seems
to occur at different temperature ranges than what can be found in literature for larger
particles. To optimize the catalyst synthesis process, this phenomenon needs further
investigation.

• As catalysts are often subject to extreme conditions (high temperatures, high pressures),
more research should be done in the stability of the produced nanostructures. Can these
materials withstand such extreme conditions, or are the catalysts produced by the pro-
posed method only suitable for chemical reactions under mild conditions?

These are just a handful of examples of new research topics for future scientists. It is still a
long way to industrial catalysts production with the proposed method, but the possibilities are
virtually endless and are worthwile investigating.
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Appendix A

Experimental Set-up

During this research various experimental methods were used in series. First there is the elec-
trospinning process to produce the supporting polymer nanofibers, then the spark discharge
mechanism was used to produce the desired nanoparticles and these two combined formed
the production process of the mixed gold-metal oxide nanostructures. The nanoparticles pro-
duced during the spark discharge process are transferred via a transporting gas to a metal
mash on which the nanofibers are spun. A schematic overview of this process is given below
in figure A.1. Next to that, both the electrospinning set-up and the spark discharge set-up are
depicted in the figures below. The various parts of- and alterations to this process that were
performed during the time span of the project are discussed in this appendix.

Figure A.1: Schematic overview of the experimental process
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Figure A.2: Experimental set-up for spark discharge

A.1 Electrospinning
The electrospinning set-up that was used in this research is shown in figure A.3 (a). The legend
next to the figure shows the different parts of the set-up. The fibers were spun on a metal mash
that was placed upon the aluminium collector plate to be able to later deposit the nanoparticles,
produced via spark discharge, onto these fibers. The optimal operating conditions that were
used for the electrospinning throughout the experiments are as follows:

• Flow rate: 5 mL/h

• Polymer solution: 15wt% of PVA, dissolved in toluene

• Applied voltage: 20 kV

• Operating height: 13 cm

To perform TEM measurements, the fibers needed to be spun on the TEM grid and later on
placed in the spark discharge set-up. To be able to do this, the TEM grids were placed on the
metal mashes and on top of that the fibers were spun, as shown in figure A.3 (b). The metal
mashes were made of stainless steel and were punched from a larger sheet to make circles
with a diameter of 14 millimeter that would fit the sample holder of the spark discharge process.

A.2 Spark discharge - one spark chamber
The first of two experimental spark discharge processes that was used is a process where
nanoparticles are created in one spark chamber and than transferred to the polymer nanofibers.
With this experimental set-up different different electrode configurations can be tested to form
agglomerates of different kinds of particles before oxidation. In light of this research two sets of
electrodes were used:

• Two titanium electrodes

• separate titanium and gold electrode
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(a) Experimental set-up for elec-
trospinning

(b) Schematic overview of
fiber deposition on TEM
grids

Figure A.3: Experimental set-up of electrospinning

Below, in figure A.4, an overview of the used set-up is given. A gas inlet controls the
flow of the carrier gas flowing through the spark discharge chamber where the nanoparticles
are formed. The carrier gas transfers the nanoparticles to the sample holder where the metal
mashes with the polymer nanofibers are being held. During this process a second inlet controls
the flow of the O2. The operating conditions that were used for these experiments were:

• Gas flow of carrier gas: 5 L/min of Argon

• Spark settings: various (discussed in section A.4)

• Gas flow of oxygen inlet: 2 L/min of Ar/O2 mixture of 80/20 vol% (resulting in ± 5 vol% of
O2 in final flow).

• Total gas flow at the nanofibers: 7 L/min Ar/O2 mixture of 95/5 vol%.

A.2.1 Two titanium electrodes

To investigate the oxidative behaviour of titanium, titanium electrodes were used to produce the
needed nanoparticles. After the spark discharge process and the production of the nanoparti-
cles, the nanoparticles were either:

1. Oxidized before deposition on the fibers with a low O2 vol%.

2. Oxidized after deposition on the fibers with a high O2 vol%.

More on this subject will be discussed in the experimental section where the results of the
different experiments are shown.
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Figure A.4: Experimental set-up for one spark

A.2.2 Separate titanium and gold electrodes
In this research, a configuration was used were a titanium and a gold electrode were the positive
and negative electrode in the spark discharge chamber. This electrode configuration was used
to investigated the possibility of producing both titanium and gold nanoparticles with each spark
at the same time and then coagulate to form primary particles and agglomerates. A schematic
overview of such a two different electrode configuration is given in figure A.5.

For this process the same experimental set-up was used as in section A.2 (figure A.4) to
place the particles on top of the polymer nanofibers, but with different electrodes. For this
electrode configuration both oxidation before deposition on the fibers with a low O2 vol% and
oxidation after deposition on the fibers with a high O2 vol% was performed.

Figure A.5: Spark discharge process with two different electrodes

A.3 Spark discharge - parallel spark chambers
The second experimental process is a process where two different spark chambers were used
to produce the Au-TiO2 catalysts. With the use of a second spark chamber, the oxidation of
titanium nanoparticles, the point of addition of Au and the TiO2/Au ratio can be better monitored
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Figure A.6: Schematic overview of a dual spark set-up

and tuned. The process described in A.2 is altered by the addition of a second spark chamber,
this ”new” process is depicted in figure A.6. The optimal operating conditions used in these
experiments were:

• Gas flow of carrier gas through spark chamber nr. 1: 2.8 L/min of Argon

• Gas flow of carrier gas through spark chamber nr. 2: 1.9 L/min of Argon

• Spark settings: various (discussed in section A.4)

• Gas flow of oxygen inlet: 1 L/min of Ar/O2 mixture of 80/20 vol% (resulting in ± 3.5 vol%
of O2 in final flow).

• Total gas flow at nanofibers: 5.7 L/min Ar/O2 mixture of 96.5/3.5 vol%

Figure A.7: Experimental set-up for two sparks

A.4 Spark Settings
To investigate the effect the spark settings had on the deposition process of the produced
nanoparticles (Ti-Au ratios, amount of particles etc.), the settings of the spark generators in
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Figure A.8: Power supply for a two spark set-up

the dual spark set-up were varied. In the tables below, various settings and their respective Ti-
Au atomic ratios are shown and from these tables the optimal settings for the spark discharge
process were derived. Furthermore, figure A.8 shows the power supply for the (dual) spark
discharge process.

With an oscilloscope the spark breakdown voltage, frequency and consistency were mea-
sured. Figure A.9 shows the oscilloscope graph from which these parameters can be measured
and calculated.

• The gold electrodes had an average breakdown voltage of 0.75 kV.

• The titanium electrodes had an average breakdown voltage of 1 kV.

• The frequency of the spark between the gold electrodes was approximately 133 Hz.

• The frequency of the spark between the titanium electrodes was approximately 2250 Hz.

• The spark between the gold electrodes was relatively consistant; the breakdown voltage
was in a range of 0.7 - 0.8 kV and the frequency was relatively steady.

• The spark between the titanium electrodes was not very consistant; the breakdown volt-
age was in a range of 0.8 - 1.2 kV and the frequency varied a lot.

Table A.1: Au-Ti ratios for various voltage and current combinations

(a) Ti-Au ratios for variable current

0.35 kV
mA 5 3 2 1

1 kV
5 2.21 4.14 8.01 9.31
7 2.13 6.23 9.86 13.13

(b) Ti-Au ratios for variable voltage

5 mA
kV 0.35 0.5 0.6

5 mA
1 2.21 1.51 -

1.5 1.74 0.85 0.41
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Figure A.9: Graphical representation of the spark discharge mechanism

Several mathematical relation are being used to relate the different parameters of the spark
discharge process. The various parameters that can be calculated with these equations are
energy (E), current (I) and the frequency ( f ) of the spark [11]. These relations are given in
equations A.1 through A.3.

E =
1
2

CV 2
d (A.1)

Ic =C
dVd

dt
(A.2)

f =
I

CV 2
d

(A.3)

With the help of these equations, the spark settings can also be calculated instead of mea-
sured.
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Appendix B

Overview of Characterization Techniques

To analyze the various samples that were made during the course of this project, different
characterization techniques were used. These techniques, ranging from structure analysis by
transmission electron microscopy to catalytic activity testing by both CO and propane oxidation.
The following analysis techniques will be discussed:

• Transmission Electron Microscopy (TEM)

• Scanning Electron Microscopy (SEM)

• CO and propane oxidation

B.1 Transmission Electron Microscopy (TEM)
To analyze the produced samples on a nanoscale (magnifications up to 300.000x) TEM was
used. With TEM the primary particles (<10nm) produced by the spark discharge process could
be visualized and with this the fractal-like nanostructures can be analyzed. The fundamental
principle of TEM is the transfer of a high energy electron beam through the sample that needs
investigation. The interactions of the electrons in the beam with the particles in the sample result
in a two-dimensional image that is displayed onto either a fluorescent screen, photographic film
or a sensor/camera. The sample needs to be thin (<100nm) to be able to construct a useful
2-D image of the 3-D sample, since particles that lie behind eachother are viewed as one. The
electrons are scattered elastically (meaning their kinetic energy is conserved, but their direction
is modified) or inelastically (meaning their kinetic energy is not conserved upon collision) and
these two can be used to generate the two-dimensional image.

Next to creating an image on a nanoscale, TEM can also be used to perform Selected Area
Diffraction (SAD). In SAD the electrons in the beam are visualized as waves passing through
the sample. The wavelength of electrons is approximately a hundred times smaller than the
spacing between atoms and will therefor easily pass through the sample. However the atoms
in the sample act as a diffraction grating for the electron beam and will therefor diffract (part of)
the electrons. By scattering the electrons to particular angles (defined by the crystal structure
of the material), while others continue through the sample without being diffracted, a pattern
can be made that depicts the crystalline structure of the material.
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Figure B.1: Schematic representation of SEM and TEM, from A.W. van Vugt [2]

B.2 Scanning Electron Microscopy (SEM)
For this research scanning electron microscopy was used to determine the micro structure and
roughly the amount of nanoparticles deposited on the polymer nanofibers. The microscope
that was used was the device located at the Chem-E faculty of the TU Delft which is a Philips
JOEL-JSM 6010 LA. SEM is a process were electrons are being shot at the sample that needs
to be analyzed. The narrow focused electron beam scans the surface of the sample to generate
a three dimensional picture with a high resolution, revealing details of nanometer sizes. The
acceleration of the electrons can be controlled and usually the applied voltage that is used for
the electron beam ranges from 5kV to 20kV. There are three types of signals that are used
by SEM to characterize the sample, these consist of Secondary Electron (SE), Back-Scattered
Electron (BSE) and characteristic X-ray signals.

• Secondary Electrons are electrons generated by ionization of a material. Low energy
(<50 eV) secondary electrons that are ejected from the k-shell of the atoms of the sample
by the primary electrons of the electron beam of the SEM. These SE are collected to
yield the images shown by the microscope and are generally used to generate the surface
picture of the sample.

• Back-Scattered Electrons are high energy electrons of the initial electron beam that
are reflected or so called back-scattered by the sample that is being analyzed. Heavy
elements (”bigger elements”) reflect the electrons more easily than lighter (”smaller”) el-
ements and thus give a higher intensity. BSE is often used to detect areas of different
chemical composition in one sample.

• Characteristic X-ray signals are used to determine the chemical composition of the
sample. The X-rays that are produced by the electron beam interactions with the sample
are collected and can be used in a process that is called energy-dispersive X-ray spec-
troscopy (EDX). EDX is the name of the analytical technique to determine the chemical
composition of the sample. The fundamental principle behind this technique lies in the
fact that each element has a unique atomic structure that corresponds with a unique x-ray
emission pattern allowing the characterization via X-ray emission.
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B.3 Propane oxidation reaction
To analyze the samples on photocatalytic activity, the conversion of propane to carbon dioxide
under the influence of light was tested in a propane oxidation reaction. These measurements
were performed by Bindikt Fraters from the University of Twente. An overview of the procedure
is given below.

• The gas mixture used consisted of 0.5% vol. propane, which was mixed with 19.5% vol.
oxygen diluted in nitrogen.

• The samples were placed on the bottom of the reactor and the gas mixture was led over
it.

• The oxidation reaction was induced by A 365 nm UV-LED at an intensity of 25 mW/cm2

for a reaction time of 30 minutes.

• An Agilent 7820 GC system was used to analyze the product gas. The Agilent 7820 GC
system had a Varian CP7584 column and a Methanizer-FID combination for detection.
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Appendix C

Dual Filter Test

To determine the penetration of the nanoparticles through the PVA filters and get an estimate
of the total uptake of nanoparticles by these filters a so called ’filter test’ was done. In this
experiment, two samples with PVA fibers were placed behind each other and compared to
each other to determine the filter efficiency of the samples. The analysis of the nanoparticle
penetration was done by performing scanning electron microscopy on both samples. A dual
spark experiment was done on the samples with the following spark settings. In spark chamber
1, two solid titanium electrodes were used with a spark voltage of 1 kV and a current of 7 mA.
In spark chamber number 2 two hollow gold electrodes were used and a spark voltage of 0.35
kV and a current of 1 mA. The SEM images are shown in C.1. Van Vugt [2] stated that the
nanoparticle penetration was related to the particle (or agglomerate) size. Assuming that the
filter efficiency of two filters approaches 100%, it can be stated that the efficiency of a single
filter is about 66 %

3.148+3.148+3.680+2.550
4

1.358+1.844+1.504
3 + 3.148+3.148+3.680+2.550

4

= 66% (C.1)

However one can argue that the penetration of nanoparticles is related to the fiber density of
the sample, meaning that a higher fiber density gives a lower penetration rate of the particles.
Since it is hard to control this fiber density, this experiment could provide a lower boundary of
particle deposition.

(a) SEM image of filter #1 (b) SEM image of filter #2

Figure C.1: Micrograph images of filter test with mixed titanium dioxide-gold nanostructures
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Appendix D

Large Filter Test

The samples produced in the experimental section of this report are rather small. The amounts
of deposited material are not measurable on a weighing scale and the experimental set-up was
not prepared for in detail particle counting before and after the filter to indicate the amount of
deposited particles. To still make an estimation of the amount of material that is deposited on
the fibers, a long run experiment was done on a large fiber filter. A larger filter was needed,
because only a small amount can be deposited on the 14 mm filters without them becoming
overgrown with particles. A larger filter would ensure that no closing up of the filters would take
place and still a measurable quantity could be deposited.

Sample Preparation

Usually a metal mash substrate of 14 mm for the polymer fibers was used, in this experiment
however the metal support for the polymer fibers was 90 mm in diameter. The metal support
was covered with a layer of PVA nanofibers and placed in the same dual spark set-up used
in the other experiments, replacing the small sample holder. Subsequently the same proce-
dure was followed as described in appendix A.3, only running one spark; once with titanium
electrodes and a second time with aluminium electrodes. The flow through the second spark
chamber kept on running, to precisely replicate the conditions the metal oxide nanoparticles are
subject to in the other experiments. The difference with the other experiments was the run time,
because of the variance in filter size. A total run time of 420 minutes with titanium electrodes
and 480 minutes with aluminium electrodes ensured a measurable quantity was deposited on
the filters. The quantities were measured at certain times during the experiment by stopping
the experiment, taking out the filter, weighing the filter, putting the filter back in the set-up and
continue the experiment. This was done three times, ending the experiment after weighing point
three.

Results

The main goal of this section was to get an insight in the amount of nanoparticles produced
and deposited on the polymer nanofiber filters. The graphs in figure D.1 show the material build
up over time of the different materials tested. The results show that total amounts of 0.33 mg
of titanium dioxide was deposited after 420 minutes and 0.49 mg of aluminium oxide after 480
minutes. By adding a linear trendline through the experimental data, the production per minute
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(a) Titanium dioxide deposition over time (b) Aluminium oxide deposition over time

Figure D.1: Production rate of titanium dioxide and aluminium oxide on large polymer fiber filter
over time

Figure D.2: SEM images of the large polymer fiber filter test with titanium dioxide nanostructures

of the spark discharge process can be calculated. A production of 0.0009 mg/min of titanium
can be observed and a production of 0.0012 mg/min of aluminium. Taking these numbers, one
can calculated back what the total amount of material on the other samples was. For example,
the findings of this experiment would suggest a production of 0.024 mg for a titanium dioxide
sample for which the runtime was 30 minutes.

To check if the conditions were the same, SEM measurements were done on large filter
with titanium dioxide. These images are shown in figure D.2. The figure shows that the same
(micro-) structures can be observed for the large sample as are observed in the experiment on
a smaller sample with titanium dioxide in section 3.1.2.

Discussion

This experiment indicates that the total amount of material that is being made is very small, only
several milligrams per day. However in light of the current research the experiment does give
a nice insight in the amount of material being produced under the conditions used in the other
experiments. It was found that the production rate of titanium dioxide is 0.0009 mg/min and the
rate of production for aluminium dioxide is 0.0012 mg/min.

The R-squared of the regression analysis on both samples is due to an anomaly that is
observed in both the aluminium large filter test and the large filter test with titanium electrodes.
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In both samples it can be observed that the weight of the filter is lower than the weight at the
interval measurement before that. This could be due to the fact that the weighing scale is not
precise enough. The weighing scale that was used was accurate until tenths of a milligram,
making the total error in the measurements relatively large. However the experiment was run
for quite some time, generating enough material that could be collected on the polymer fibers to
do a relatively accurate measurement. Looking at the R-squared value of both measurements,
both are still in the 95 percentile of a normal distribution. Both the R-squared value of titanium
dioxide (0.8506) and of aluminium oxide (0.8361) result in a standard deviation below 5% (3.8%
and 4.04% for titanium dioxide and aluminium oxide respectively). Knowing that one minus R-
squared is the variance of sample in a linear regression, the standard deviations are calculated
using the following formula.

σ =
√

1−R2 (D.1)

One could argue that the fiber density of the filters has an influence on the amount of
particles that are deposited on each filter. This is true and since the process of electrospinning
cannot easily be controlled, which could result in a relatively large error. To minimize this error,
the samples were at least produced with the same electrospin settings. To get an insight into
the influence of the fiber density on the total amount of particles deposited on the filter, more
research needs to be done in controlling the electrospinning, measuring the fiber density and
the filter efficiency of a fiber. However these parameters were outside of the scope of my project.

Results

The main results acquired from this experiment were the production rate of titanium dioxide
and aluminium oxide on the polymer fiber filters. The same settings were used as in the other
experiments, resulting in a generalizable production rate with which deposition amounts for
other experimental samples can be calculated. It was found that, with the desired spark settings,
flow rate and electrospin settings, the production rates were 0.0009 mg/min and 0.0012 mg/min
for titanium dioxide and aluminium oxide respectively. Both production rates were in the 95%
confidence interval according to the R-squared value of the linear regression analysis.
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Appendix E

Sample Instability induced by TEM

To analyze the various samples that were made during this project, transmission electron mi-
croscopy was used. As is explained in appendix B.1, TEM makes use of a high energy electron
beam to analyze structures on a nanoscale. The obvious upside of this analysis method is
that one can make images of the nanostructures, making the nanoworld very touchable and
understandable. A downside of this technique is the influence the beam has on the structure
itself; part of the energy of the electrons is being transformed to heat, inducing changes in the
material. In figure E.1 one can see the influence that zooming in (increase in beam energy) has
on the sample.

Figure E.1: TEM images of mixed titanium dioxide - gold nanostructures. Increasing in intensity
from left to right.

The figure above shows that the structure significantly changes when zooming in. One can
see that a gap in the structure (the part shown in the block) closes with increasing intensity,
forming a more stable structure for the nanoparticles. If one looks more closely, more changes
in morphology can be observed; closing and opening up of gaps, overall creating a more stable
(energetically favourable) environment for the particles.
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Appendix F

Nanoparticle mixing

When making the nanostructures on top of the polymer nanofibers, the particles needed to
be mixed. In this research, mixing is done before the particles hit the polymer nanofiber filter.
This is done because it is expected that ones the fractal-like nanostructures are formed, other
particles cannot diffuse far into the structure. If one, for example, would first make a titanium
dioxide fractal-like nanostructure and in a second run try to add the gold nanoparticles, these
gold nanoparticles cannot diffuse far into the titanium dioxide matrix. The gold nanoparticles are
thus expected to stay in the outer region of the titanium dioxide matrix. No specific experiment
is done to test this hypothesis, however from figure F.1 it can be argued that the hypothesis is
indeed correct.

Figure F.1: TEM image of titanium dioxide nanoparticle agglomerate mixed with gold nanopar-
ticles

The figure shows a titanium dioxide agglomerate with only gold nanoparticles in the outer re-
gions of this agglomerate. The size of the agglomerate suggests that the agglomerate had
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been circling in the spark chamber for quite some time, causing it to grow to the current size
(> 500nm in diameter). However, since the agglomerate had not left the spark chamber while
growing, there was no possibility for synthesized gold nanoparticles to mix with the titanium
nanoparticles. Only when the agglomerate left the chamber, there was time for the gold to mix
and diffuse into the agglomerate. As one can see in figure F.1 the gold is only observed in the
outer region of the titanium dioxide agglomerate, assuming that the darkest dots represent gold
nanoparticles. This supports the hypothesis that the fractal-like structure formed by the titanium
dioxide is not easily penetrable for other nanoparticles added later. An upside of this could be
that a layered structure can be formed, consisting of different types of nanoparticles (e.g. a
layered structure of titanium dioxide, then gold and again titanium dioxide).
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Appendix G

SEM and TEM deposition differences

Looking at the different TEM and SEM micrographs, one of the first things that catches the eye
is the difference in amount of deposited particles. Figure G.1 shows TEM and SEM images of
the same sample; the TEM image is taken from the nanostructures on fibers on TEM grid and
SEM from nanostructures of fibers deposited on the metal mash, a schematic overview is given
in figure G.1. Even though both samples are synthesized in the same way, a big difference in
amount of deposited material can be observed (TEM shows less than 1 micron of material in
diameter around the fiber, while SEM are more than 2 microns).

Figure G.1: TEM and SEM images (left and right respectively) of mixed titanium dioxide - gold
nanostructures

The difference in deposited material on the polymer fibers can be explained by taking into
account that the flow of gas and nanoparticles looks for the path with the least resistance.
Since the TEM-grids used in this case have a carbon film as a support, the flow needs to pass
through holes with a diameter of approximately 1.5 microns. This will most likely cause the flow
to pass around the grid, making most of the nanoparticles flow around the TEM grid.
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Appendix H

Diffusion Limited Aggregation
Simulation

In this appendix a description of the simulation of the DLA system is provided. Simulating the
DLA process for the nanoparticles and fibers was useful for two reasons. First it could provide
an insight in the structure on a nanoscale; it might be especially useful to get an indication about
the fractal dimension. Secondly it might give an insight in the amount of particles deposited on
the fibers for certain diameters of the fractal-like structures. To simulate the diffusion limited
aggregation system, a MATLAB model was made. The MATLAB software version used was
R2013b and this data was processed in OriginPro 9.0. Below the simulation scatter graphs
made in OriginPro is given (shown in figure H.2).

The model is based on a the assumption of discrete movement of the particles. Each
particle enters the simulation space (a 3-dimensional grid) at a certain radius from the polymer
fiber and makes discrete steps towards the fiber, based on the process of diffusion. When the
particle hits the fiber (and later in the process the fractal-like structure) it sticks and the process
is repeated. The process was monitored by plotting the 3-dimensional scatter graphs for every
20000 particles, these graphs are shown in figure H.2. The lattice size is chosen to be the size
of the primary particles that are produced in the experiments, which is taken to be 7 nm.

Figure H.1: Graphical representation of the fractal dimension as a function of amount of de-
posited particles on a polymer fiber
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(a) 3D Simulation with 20000 particles (b) 3D Simulation with 40000 particles

(c) 3D Simulation with 60000 particles (d) 3D Simulation with 80000 particles

Figure H.2: Simulated structure growth of the fractal-like nanostructures on a polymer fiber

The fractal dimensions were calculated for these structures, which was done with a box-
counting model. The results of these simulations are shown in H.1, where the fractal dimension
is taken for the smallest box size. It can be seen that, if the model is indeed correct, the fractal
dimension of the larger structures will level out at a value of approximately 2. This is lower
than the fractal dimension for 3-dimensional diffusion limited aggregation systems that can be
obtained from literature (around 2.5). However this could be explained by the fact that in this
system, the particles cannot really grow in three dimensions. They are deposited on the larger
fibers, in contract to the assumptions in literature where the structures grow from one particle
in all directions.

Other than the (to the eye) similarity in fractal-like nanostructures, no experimental data on
the fractal dimension or porosity of the material was available. Therefor it was not possible
to test the model on its validity and/or reliability. Furthermore it would have been nice to see
whether the fractal dimension matches the result found by Hogan et al. [38]. To test this larger
amounts of particles needed to be deposited, which was not possible with the current model
and computing power of the desktops that were available.
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Appendix I

Catalyst Synthesis Process

To already provide the next step to an industrial applicable process a schematic overview of
the catalyst synthesis process by the proposed method is made. Figure I.1 shows this generic
pathway, where rectangles represent actions and diamonds represent choices in the process.

Figure I.1: Flowchart of the catalyst synthesis process
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