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Abstract

Catalytic processes are present in a wide range of aspects, from fundamental
biological processes to modern chemical synthesis. In practical terms, catalysis
has thrived as a rapidly growing industry. However, a significant gap in our un-
derstanding of catalytic processes exists between the molecular and industrial
scales, arising from the complexity at the nano- and micro-levels of catalytic nan-
oparticles and their supports. Heterogeneous catalysts, where the catalyst is in
a different phase than the reactants, are widely used due to their ease of retrieval
from reaction mixtures. However, they typically require high temperatures and
pressures to operate efficiently. Enhancing the efficiency of heterogeneous cata-
lysts could have significant environmental and economic benefits.

In this thesis, a novel approach to designing and developing solid-state nano-
structures for catalysis is presented. It encompasses three main components: the
generation of catalytic nanoparticles, the fabrication of nanostructure supports,
and post-processing techniques to enhance stability. Aerosol methods, specific-
ally spark discharge generation, are employed to produce nanoparticles with
high control over size, composition, and crystallinity. The fabrication of sup-
port structures, using epitaxial growth, resulted in close-packed tapered gallium
phosphide nanowires and nano-trees that elevate catalytic nanoparticles, enhan-
cing their accessibility to reactants during reactions. The thesis also addresses
the challenge of stability for the catalytic nanoparticles in reaction environ-
ments, both for the use of planar supports and with high-aspect-ratio nanowire
supports. The work includes the development of a method to study stability un-
der reaction conditions, enabling the determination of suitable material systems.
Finally, the catalytic evaluation of nanowire-supported palladium nanoparticles
reveals promising results for the nanostructured catalysts, with a 15-fold increase
in catalytic activity compared to using a planar support.
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Popular summary in English

Catalysis permeates most aspects of our world here on Earth. In our bodies,
catalysts are called enzymes and play a crucial role in allowing us to extract
energy from the food we eat, among other, more or less vital, functions. In
industry, catalysts are used both in the production of automotives’ fuel and in
cleaning emissions from their combustion, in the manufacture of medicines and
vitamins, as well as in a wide range of other processes for producing everything
from plastics to fertilizers. Catalysis is a well-explored subject thanks to its
practical applications, but due to its complexity, there is still much we do not
understand. If we can increase our understanding, there is the potential to save
a lot of energy and money in a wide range of manufacturing processes.

So — what is a catalyst? A catalyst is a substance that changes the speed
of a reaction without being consumed itself. Often, one wants to speed up a
reaction to produce more material in a certain time or to run the reaction at a
lower temperature and/or pressure, thus saving energy in the production. The
catalyst accomplishes this by allowing the molecules that are to react to attach
to its surface, and when they do, the bonds between the atoms in the molecules
weaken, making it easier for them to react with each other and form a new
molecule, as illustrated in Figure 1.

The catalyst can be a molecule, an enzyme, or, as in this thesis, a metal. Good
catalysts are often noble metals like platinum and palladium. However, these
metals are expensive, so there is an interest in reducing the amount of material
required. Since reactions occur on the surface of the catalyst, all material that is
not surface is unnecessary. Therefore, nanoparticles are often used for catalysis

Figure 1: lllustration of the catalytic process where two molecules adsorb onto the surface and react with each other to
form a new molecule that subsequently desorb from the surface.
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because they have more surface area per gram (or microgram) of metal compared
to larger particles. For example, a 10 mm particle has a surface-to-volume
ratio of 600 m?/m?, while a 10 nm particle has a surface-to-volume ratio of
600,000,000 m?/m3. It is clear that using nanoparticles is an effective way to
get a lot of surface area from one’s material.

As already mentioned, the choice of metal is important for how the catalyst
functions for different reactions, and the possibilities are nearly endless. In
this work, we have used aerosol methods to generate nanoparticles, specifically
one called the spark discharge generator, where nanoparticles are created when
sparks strike between two metal rods. The particles consist of the same ma-
terial as the rods, and it is possible to mix and match materials as you like
to create bimetallic nanoparticles, particles consisting of two different metals.
These particles have entirely new properties compared to pure metals, and these
properties have been investigated in this thesis.

One problem with nanoparticles is
that they tend to stick to any surface
they come into contact with, includ-
ing other nanoparticles. Therefore, it
is practical to have the particles at-
tached to a well-chosen surface so that
they can be easily handled and moved,
for example, to and from the container
where the chemical reaction is to take
place. A commonly used support is Figure 2: Catalytic nanoparticles attached on well-defined
powder of some material that is not nanostructures.

itself catalytically active, such as sil-

icon oxide. The problem with powders is that they are random in their structure,
which means that some nanoparticles will be well-positioned to participate in
the reaction, while others will be hidden and therefore not contribute to the
same extent. This makes it difficult to determine exactly how good catalysts
the nanoparticles are. In this work, I have looked for more precise information
about the catalyst’s performance to better understand how it works and, ulti-
mately, to influence how it works. For this purpose, I have developed so-called
nanostructures as supports for the catalytic nanoparticles. The technique used
to grow these nanostructures offers flexibility to adjust the structures with high
precision.

The result was a forest of nanotrees adorned with catalytic nanoparticles, and
how well they perform - you can read about in the thesis!



Populirvetenskaplig sammanfattning pa svenska

Katalys genomsyrar det mesta i var vérld hiar pa jorden. I var kropp kallas
katalysatorerna for enzymer och spelar en avgorande roll for att vi ska kunna
tillgodogora oss energi fran maten vi dter samt andra mer eller mindre livsvik-
tiga funktioner. Inom industrin anvinds katalysatorer bade vid tillverkning av
bilar brénsle och for att rena avgaserna vid dess forbrénning, vid framstéllning
av mediciner och vitaminer samt vid en stor méngd andra processer for fram-
stallning av alltifran plaster till godningsmedel. Katalys ar ett val undersokt
fenomen tack vare dess praktiska tillimpningar men pa grund av dess komplex-
itet sa dr det mycker vi fortfarande inte forstar. Om vi kan 6ka var forstaelse
sa finns det mojlighet att spara mycket energi och pengar i en lang rad av
tillverkningsprocesser.

Sa vad dr egentligen en katalysator? En katalysator &r nagonting som &ndrar
farten pa en reaktion utan att sjélv forbrukas. Ofta vill man snabba upp en
reaktion for att kunna producera mer material pa en viss tid, eller for att kun-
na kora reaktionen vid en lidgre temperatur och/eller tryck och dédrmed spara
energi vid produktionen. Det hir astadkommer katalysatorn genom att lata mo-
lekylerna som ska reagera att fiasta vid dess yta och nir de gor det sa forsvagas
bindingarna mellan atomerna i molekylerna vilket gor att de lattare kan reagera
med varandra och bildar en ny molekyl, som illustrerat i Figur 1.

Katalysatorn kan vara en molekyl, ett enzym eller, som i den hér avhandligen, en
metall. Bra katalysatorer &r ofta ddla metaller som platina och palladium. Dessa
metaller &r dock dyra och det finns darfor ett intresse av att minska méngden
material som behovs. Eftersom reaktionerna sker pa ytan av katalysatorn &r allt

¥ ¢ 9 @« <« 25 S
Y 4 ¢ § § § § ¢ ¢
000.0.0
..\r...A'\.O

o ¢ 9 W
MM AN RIOOEY
()
28 X Q;‘. N .‘...O.o o
¥ € ¥ =

Figur 1: lllustration av den katalytiska processen dir tvd molekyler fister vid ytan, reagerar med varandra for att bilda en
ny molekyl som sedan sldpper fran ytan.
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material som inte &r yta onddig. Déarfor anviands ofta nanopartiklar for katalys,
eftersom de har mer yta per gram (eller mikrogram) metall, jAimfort med storre
partiklar. Till exampel, en partikel som &r 10 mm har en yta-till-volym-ratio
pa 600 m?/m?® medan en partikel som &r 10 nm har en yta-till-volym-ratio
pa 600.000.000 m?/m3. Det ér tydligt att anvindning av nanopartiklar dr ett
effektivt séitt att fa mycket yta fran sitt material.

Som redan ndmnt dr valet av metall viktigt for hur katalysatorn fungerar for
olika reaktioner, och héar dr mdojligheterna nést intill odndliga. I det hér arbetet
har vi anvint oss av aerosolmetoder for att generera nanopartiklar, specifikt
en som kallas gnistgeneratorn dar nanopartiklar skapas nir gnistor slar mellan
tva metallstavar. Partiklarna bestar av samma material som stavarna och hér
kan man mixa och matcha material lite som man vill for att skapa bimetalliska
nanopartiklar, dvs partiklar som bestar av tva olika metaller. Dessa partiklar
far helt nya egenskaper jamfort med de rena metallerna och de hir egenskaperna
har undersokts i den hér avhandlingen.

Ett problem med nanopartiklar &r att
de tenderar att fastna pa vilken yta de
dn kommer i kontakt med och &ven i
varandra. Déarfor dr det prakiskt att
ha partiklarna fista pa en vil vald
yta sa att man enkelt kan hantera
och forflytta dem, t ex till och fran
behallaren dér den kemiska reaktio-
nen ska ske. Ett underlag som ofta
anvinds dr pulver av nagot materi- , o

Figur 2: Katalytiska nanopartiklar fasta pa valdefinierade na-
al som inte sjilv dr katalytiskt aktiv, nostrukturer.
t ex kiseloxid. Problemet med pulver
dr att de ar slumpartade i sin struktur vilket innebér att vissa nanopartiklar
kommer hamna vél tillgdngliga for att delta i reaktionen, medans andra kom-
mer att hamna undangdmda och dérmed inte bidra i samma utstrickning. Detta
gor det svart att avgora exakt hur bra katalysatorer nanopartiklarna &r. I det
hér arbetet har jag varit ute efter mer precis information om katalysatorns pre-
standa for att béattre forsta hur den fungerar och, i férlingningen, kunna paverka
hur den fungerar. For det hér syftet har jag utvecklat sa kallade nanostruktu-
rer som underlag till de katakytiska nanopartiklar. Tekniken som anvénds for
att vixa de hir nanostrukturerna erbjuder en flexibilitet for att kunna justera
strukturerna med hog precision.

Resultatet var en skog av nanotridd dekorerade med katalytiska nanopartiklar,
och hur vil de fungerar — det kan ni ldsa om i avhandligen!
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Chapter 1

Introduction

Catalytic processes pervade most aspects of life on this Earth, from fundamental
biological processes to modern chemical synthesis. Catalysis is conceptually
well-understood on the molecular level due to the advancement of surface science
techniques and computational chemistry [1, 2]. Furthermore, it is practically
highly developed as catalysis has been a large and rapidly growing industry
ever since the development of the ammonia synthesis in the early 20" century
[3]. However, between these two regimes, the field possesses a huge gap in
understanding because of the complexity that arises on the nano- and micro-
level of catalytic nanoparticles and their supports [4].

Understanding the relationship between the structure of a catalyst and its per-
formance during a reaction is paramount in comprehending catalysis as a whole.
To unravel the intricate mechanisms underlying catalytic reactions, researchers
have employed a wide array of techniques to study the processes occurring on
the surface of the catalyst [5]. However, the study of catalytic processes on
the surface of a catalyst poses significant experimental challenges. Catalytic
characterization necessitates the investigation of catalyst behavior under vari-
ous reaction conditions, including different pressures and temperatures. These
conditions are crucial factors that influence the catalyst’s activity, selectivity,
and stability. Bridging the gap between fundamental studies conducted on single
crystals in ultrahigh vacuum environments and the practical demands of high-
pressure industrial processes represents a significant challenge in the field of
nanocatalysis [6].

In principle, there are two directions in catalysis research — heterogeneous and
homogeneous — the heterogeneous catalyst is in a different phase as the re-



actants, typically a solid catalyst and liquid or gas-phase reactants; and the
homogeneous catalyst is in the same phase as the reactants, such as molecular
complexes in solution [7]. Heterogeneous catalysts are practical to work with as
they are easily retrievable from the reaction mixture and does thus not generate
issues with separation between metallic species and product, something that is
a key issue with homogeneous catalysts. However, a drawback of heterogeneous
catalysts is that they typically require high temperatures and pressures to oper-
ate efficiently and it was not until the development of nanoscience in the 1990s
that supported nanoparticle catalysts was developed to withstand the high pres-
sures associated with industrial production [8]. Due to these high temperatures
and pressures, there is a lot to gain, both environmentally and financially, by
increasing the efficiency of heterogeneous catalysts.

1.1 Nanostructures for catalysis

Heterogeneous catalysis takes place on surfaces. Thus, in order to increase
the frequency of catalytic events, nanostructures can be used to maximize the
amount of exposed surface. As an example, consider a piece of catalytic material
with the dimensions 1x1x1 mm which has a surface area is 6 mm? and a volume
of 1 mm?®. However, using the same volume to make nanoparticles with a radius
of 10 nm would result in a total surface area of about 600,000 mm?. Clearly
this is a more efficient use of the expensive catalytic material.

Nanocatalysts offer more than just an increase in surface area. The ability to
manipulate the size of the catalytic structures grants the power to modify the
catalytic properties of the surface. Scaling down in size allows for the manip-
ulation of structural properties, including shape, morphology, and phase of the
catalyst [9-11]. Such properties affect various aspects of the catalyst’s surface,
such as the coordination environment, valence state, and geometric configura-
tion of the active sites which will have a substantial impact on the reaction rate
and selectivity for a specific chemical transformation. Additional tailoring of the
catalytic performance can be achieved by the use of bimetallic materials which
enable variation of chemical composition [12, 13]. The ability to control these
key parameters at the nanoscale offers immense potential for designing highly
efficient and selective catalysts for a wide range of chemical processes.

In heterogeneous catalysis research, the catalysts are commonly composed of
metal nanoparticles supported on a high-surface-area material, such as car-
bon, zeolites, or metal oxides [14]. The high-surface-area material is typic-
ally prepared using various methods like precipitation, sol-gel, impregnation,



or deposition, while the active components are introduced onto the support
material through impregnation, deposition-precipitation, or other techniques.
Such conventional methods exhibit certain drawbacks. Firstly, these methods
lack control over the precise positioning of particles on the support, leading
to random distribution and varying accessibility of nanoparticles to reactants.
Consequently, the resulting catalytic response represents an average of multiple
positions. Secondly, these methods involve the use of different chemicals and
components, increasing the likelihood of introducing contaminants into the final
catalyst product. These limitations highlight the need for advanced synthesis
techniques that offer better control over particle distribution and minimize the
introduction of unwanted impurities, ultimately leading to a better understand-
ing of the mechanisms behind catalytic activity and selectivity.

1.2 Solid-state synthesis methods for fabrication of
nano-catalysts

Using physical methods and nanofabrication methods to synthesize solid-state
catalyst allows for high structural precision with small variations over large sur-
faces. This enables detection of small variations in the catalytic morphology.
Furthermore, contamination can be kept at a very low levels if the fabrication
takes place in a gaseous environment as it is easier to keep at high purity com-
pared to a liquid environment.

Physical methods for nanoparticle production can achieve a higher purity than
chemical methods since no liquid chemicals are involved. The physical methods
used for the work presented in this thesis are often referred to as aerosol meth-
ods as the processes involves condensation of a vapor in an inert gas, resulting
in nanoparticles suspended in a gas — an aerosol. The vapor can be generated
in various ways, e.g., by laser ablation [15], arc discharges [16], or, as in this

Figure 1.1: Nanoparticle generation by spark discharges. Small primary particles are formed directly after the spark which
coalesce and grow into larger nanoparticles.



thesis, thermal evaporation [17] or spark discharges [18]. The primary particles
that are formed immediately after the spark due to the rapid temperature gradi-
ent will coalesce and grow into larger nanoparticles (Figure 1.1) and the final
size distribution can be controlled by changing parameters such as carrier gas
flow, spark energy and frequency (for vapor generated by spark discharges), and
temperature (for vapor generated by thermal evaporation) [17, 19, 20]. Further
manipulation of size distribution, oxidation state, and crystallinity can also be
done using common aerosol instruments [21].

Particle-assisted epitaxial growth of compound semiconductor nanostructures
has been an important processing method for the support development. Epi-
taxial growth of nanostructures is well understood because of the intense re-
search on the subject in the past decades [22-24]. A myriad of applications have
sprung that are based on one-dimensional nanostructures called nanowires, such
as solar cells, micro-LEDs, and sensors for diagnostics [25-27]. In this thesis,
the fairly unexplored application of nanowires as supports for catalytic nano-
particles is studied. The purpose is to take advantage of the mature field of
nano-processing that can provide highly controlled structures on the nanoscale.
These can be used to study nanoparticle-support interaction and other possible
synergy effects.

1.3 Scope of the thesis

The work in this thesis aims to design and develop solid-state nanostructured
catalysts that can be used to gain understanding of heterogeneous catalysts.
The catalysts 1 developed in this work are model catalysts fabricated with a
modular approach, so that the catalytic nanoparticles and their support can be
modified independently. The catalytic nanoparticles were generated using an
aerosol method, which provided a high versatility in regards to size distribution,
crystallinity, and chemical composition. This, in combination with the nanopro-
cessing techniques used to develop the supports, has facilitated the fabrication of
highly specialized catalysts. For all of these development steps it has been vital
to use a number of different characterization methods, which will be described
in Chapter 2.

The rest of this thesis is organized by the different components of the nanocata-
lysts, starting with the generation of aerosol nanoparticles in Chapter 3. In
this chapter I also present my work on compositional tuning of Pd-Cu bimetallic
nanoparticles (Paper I), which are interesting for catalytic application because
of the synergistic effects of palladium and copper.



The supports were fabricated using epitaxial growth, specifically metal-organic
vapor phase epitaxy of tapered gallium phosphide nanowires. These support
structures would serve by elevating the catalytic nanoparticles, increasing their
accessibility to the reactants during reaction. The design and development
of these structures, starting from gold-seeded nanowires and ending up with
palladium-seeded nanotrees (Paper II), are presented in Chapter 4.

Because of the novel nature of the approach used here, there were many un-
knowns in the beginning of the project. For example, the use of semiconductor
nanostructures in combination with aerosol-generated nanoparticles was new
and their stability in reaction conditions were not known. This stability is ex-
tremely important for the application of catalysis, and is treated in Chapter 5.
In the first part of the chapter, based on Paper III, a method was developed
to study the stability of supported aerosol-generated nanoparticles, based on
a combination of identical-location scanning electron microscopy and size and
density analysis to detect any changes in the samples before and after exposure
to common reaction conditions. This method could then be used to determine
suitable reaction conditions for the material systems I developed. In the second
part of the chapter I discuss the challenge when using high-aspect ratio nano-
structures in the relatively harsh conditions in which catalytic reactions take
place, specifically, the mechanical and chemical stability of the structures.

In Chapter 6 I finally review the catalytic performance of the developed nano-
structures. This chapter is based on Paper IV and includes the optimization
study, kinetics evaluation, and three phase test of heterogenicity. Following this
is the final Chapter 7, which includes my conclusions on the work presented
in this thesis, along with an outlook for the future work on this subject.






Chapter 2

Materials characterization

Working with material science, and specifically with nanostructures, some in-
formation can be acquired by looking at a sample with the naked eye. For
example, when growing gallium phosphide (GaP) nanowires on a planar GaP
substrate, the polished, light orange, semi-transparent surface is replaced by a
matte, darker, opaque surface and the shade of orange will depend on the length
and thickness of the nanowires. Thus, a first estimate of whether a change in
the growth recipe has had any effect can be achieved immediately. However, in
order to gain deeper, more detailed information regarding the sample, such as
morphology, chemical composition, and crystal structure, a wide range of tools
and techniques can be applied. In this chapter, a selection of microscopy and
spectroscopy techniques will be described.

2.1 Electron microscopy

Conventional optical microscopes, which the term microscopy most often refers
to, do often not have sufficient resolving power for imaging nanostructures. In
an optical microscope, visible light and optical lenses are used to magnify an
object so that small features can be observed and imaged. However, due to
diffraction effects, the resolution of microscopes is limited to about half of the
wavelength of the light used, although there are different techniques used in op-
tical microscopy to overcome this limitation to some degree [28, 29]. In order to
achieve the resolving power necessary to successfully study nanostructures, elec-
trons are used. Electrons have wavelength of a few picometer (1 pm = 1072 nm)
when accelerated to the energies typically used in an electron microscope. The



wavelength is thus no longer the limiting factor. There are two main types of
electron microscopes (with a myriad of variations): The scanning electron mi-
croscope (SEM), which is an excellent tool for shape and size characterization of
nanostructures, with nanometer resolution [30]; and the transmission electron
microscope (TEM), in which features down to the atomic level can be resolved,
making the tool ideal for studying the crystal features of nanostructures or
particles [31].

Early development of electron microscopy took place in the beginning of the
20th century and for this work, Ernst Ruska received the Nobel Prize in Physics
in 1986 [32]. Since then, the energy of the electron beam has been increased from
300 eV to about 300 000 eV in a typical transmission electron microscope and
more advanced features have been added in order to achieve higher resolution,
although the principle is still the same. The electron microscope consists of an
electron gun, where electrons are generated, and accelerated by an electric field.
The electron beam is focused by electromagnetic lenses and directed towards
the sample.

In a scanning electron microscope (SEM) electrons are accelerated to an energy
of 0.1-30 keV and focused using electromagnetic lenses to a single spot on the
sample, resulting in emission of secondary electrons and backscattered electrons
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Figure 2.1: Schematics of an SEM and a TEM, highlighting the similarities and the differences of the two microscope
types.



from the excited region [33]. As the focused electron beam is scanned over the
imaged area by scan coils, the emitted electrons are collected by a detector and
an image is created from the intensity of emitted electrons from each position of
this area. Depending on the detector used, different information can be deduced,
from more topological to more compositional [34]. A simplified schematic of the
SEM can be found in figure 2.1 which illustrates the key elements of the tool.

For a transmission electron microscope (TEM) the resolving power is increased
significantly compared to the SEM as the electrons are accelerated to reach an
energy of about 100400 keV [35]. The resolution is also enhanced by the fact
that the electrons are transmitted through the specimen (that must be thin,
below about 100 nm, or below 50 nm for high-resolution imaging), which means
that the high electron energy will not contribute to a large excitation volume, as
would be the case in an SEM. The sample is placed above the objective lens and
the electrons are irradiated through the sample and an image is projected on
a fluorescent screen. This means that the sample needs to be prepared, either
by using a thin self-supporting specimen or by depositing the specimen onto a
supporting grid designated for the TEM. A supporting grid typically consists of
a metal grid onto which there can be a thin film, e.g. amorphous carbon. The
grid often consist of copper, but other metals can also be used. The specimen
preparation, the high energy electron beam, and the advanced correctors all
contribute to enhancing the resolution of the TEM, enabling atomic resolution.

A TEM can also be equipped with the hardware and software required for scan-
ning TEM (STEM). In this mode the beam is made even finer and advanced
objectives are used to scan the sample, while keeping the incidence of the beam
parallel to the optical axis. In this work, the STEM mode has mostly been
used as a ground for analytical electron microscopy. There are several analyt-
ical techniques related to transmission electron microscopy, but the one that is
most relevant to and extensively used in this thesis is energy-dispersive X-ray
spectroscopy (EDXS), which will be discussed in the section below.

2.2 Spectroscopy and diffraction

Spectroscopy methods enable the collection of chemical information about a
sample by irradiation of electromagnetic radiation or electrons while recording
the energy of the absorbed or emitted radiation [36]. It is the study of the
interaction between the radiation and the matter and, depending on the type
of spectroscopy, information regarding chemical composition, and physical and
electronic structure can be provided.



For the results presented in this thesis, a few different spectroscopy methods
have been used. EDXS, as mentioned in the previous section is often used in
a (S)TEM. As the sample is irradiated with electrons in the TEM or STEM
mode (TEM-EDXS or STEM-EDXS), secondary electrons are generated and
leave vacancies. These vacancies are consecutively refilled by electrons from
higher energy levels and X-rays with an energy equal to the difference between
the two energy levels are emitted (Figure 2.2a). These X-rays can be detected
to generate a spectrum from which chemical information about the sample can
be deducted.

X-ray fluorescence (XRF), a high precision analysis method for determining the
elements present in a sample [37], was used for the evaluation of bimetallic nan-
oparticles. XRF has a similar working principle as (S)TEM-EDXS, although
with the difference that the vacancies are created when irradiating the sample
with X-rays instead of with electrons (Figure 2.2b). When the sample is irradi-
ated the atoms in the sample are set into an excited state. As the atoms relax
into their ground state, radiation is emitted and measured by a spectrometer.

In X-ray photoelectric spectroscopy (XPS) the photoelectric effect is employed
to study the binding energy of the core level electrons of a material [38]. As the
sample is irradiated by X-rays, photoelectrons are emitted (Figure 2.2c). The
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Figure 2.2: Visualization of the working principles of the spectroscopy methods a) (S)TEM-EDXS, b) XRF, and c) XPS,
showing the incoming radiation in blue and the measured radiation in red, and the effect on occupancy of the
energy levels as a result of the interaction between the radiation and the matter.
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emitted electrons will have a kinetic energy energy, K F, equal to the difference
between the photon energy, vh, and the energy required for ionization, i.e. the
binding energy, BE, plus the working function ¢:

KE = vh — (BE + ¢) (2.1)

The resulting core level spectra provide information about the atoms in the
material and their chemical environment. The method is highly surface sensitive
due to the short mean free path of the electrons in solid materials, making it
suitable to study catalysts, for which the surface is the significant feature.

By studying diffraction, information regarding chemical composition and crystal
phase of a sample can be gained. A diffraction pattern is generated as radiation
(typically X-rays or electrons) is reflected on or transmitted through a sample.
The periodic arrangement of atoms in the sample act as a grating and the
radiation interferes constructively only at specific angles, corresponding to the
orientations and distances of the atomic planes. The resulting intensity peaks
form a diffraction pattern that is recorded by a detector. For powder X-ray
diffraction the grains, or nanoparticles, in the powder are arranged randomly.
Therefore there will not be distinctive spots in the diffraction pattern as there
is for single crystalline samples. Instead, the pattern will consist of diffraction
rings that can be transformed into a spectrum displaying the intensity as a
function of the angle, as is shown in Figure 2.3.
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Figure 2.3: Powder X-ray diffraction pattern of Pd nanoparticles with an fcc crystal structure.
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Chapter 3

Engineered aerosol-generated
nanoparticles

Aerosol particles are nano- and micro-sized, liquid or solid, particles suspended
in a gas. They are constantly generated around us, from the trees and the oceans,
as well as from industries and traffic. NPs can also be generated for a specific
purpose, e.g., for sensors [39], printed electronics [40], biomedical applications
[41], or catalysts [42]. In order to engineer the NPs for a specific application,
control over the properties, such as the material, size, and crystallinity, is ne-
cessary. This control is particularly important for the application of catalysis,
as the catalytic performance is highly sensitive to the surface structure.

When using aerosol methods to generate particles, the particles are suspended in
a gas, which makes it possible to manipulate the particle size, shape and crys-
tallinity before deposition onto a suitable support. In the methods discussed
below the generated particles have a size range of about 1-100 nm, i.e., nano-
particles (NPs). For these methods the source material is a piece of metal (shape
depending on method) that is vaporized, followed by nucleation and growth of
NPs by condensation and coalescence.

3.1 Aerosol methods for nanoparticle generation

Aerosol methods for NP generation hold many advantages over the more tradi-
tional chemical methods. An important advantage, in particular for the purpose
of using the NPs in catalysis, is the absence of reduction agents and stabilizing

13



agents which might be toxic for the catalyst. In addition, aerosol generation
methods are typically continuous, making them suitable for scaling up [43].
There are many different methods for producing aerosol NPs, e.g. laser abla-
tion [15], flame spray pyrolysis [44, 45], electrospray [46], magneto-sputtering
[47, 48], thermal evaporation [17, 49], and spark ablation [18, 20]. In the work
presented in this thesis the latter two has been used, and their working prin-
ciples are covered in this section. These methods are both based on vaporization
of a metal or semiconductor, followed by rapid cooling by a carrier gas resulting
in nucleation and growth of NPs by condensation and aggregation.

Carrier gas

Ii

a)

g

Carrier gas

[
Figure 3.1: Two aerosol methods for generating NPs. a) Evaporation/Condensation, where a metal is heated in a high-

temperature furnace to generate a vapor that condenses and coalesces into NPs. b) Spark discharge generator
that utilizes a discharge circuit to generate discharged between two electrodes to generate the vapor.
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3.1.1 Evaporation/Condensation

The method evaporation/condensation (E/C) relies on thermal evaporation of
the material in a high temperature furnace. A piece of the material is placed
in a crucible and heated to the temperature required for vaporization. An inert
carrier gas transports the vapor away from the heated region, and the rapid
cooling causes supersaturation of the metal vapor, resulting in nucleation into
atomic clusters that grows into NPs. The NPs will grow as they collide and
coalesce until they reach a critical diameter at which the particles start to stick
together by van der Waals force to form agglomerate particles [50, 51]. This
process is illustrated in Figure 3.1 a). The size distribution of the generated NPs
will depend on the partial pressure of metal vapor which, in turn, depends on the
temperature of the high temperature furnace. This dependence was studied for
gold NP formation by Magnusson et al. [17] and in the resulting graph, shown in
Figure 3.2, the mode diameter shift with temperature is demonstrated; from sub-
10 nm particles for temperatures in the range of 1400-1450 °C to around 30 nm
for a temperature of 1650 °C. As the temperature increases, so does the number
concentration, making it possible to extract even larger particles with the use
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Figure 3.2: Temperature dependence of particle concentration and size distribution. Image retrieved from Magnusson et
al. [17].

of a differential mobility analyser, which is described below (section 3.1.3). The
E/C method can be used for a wide range of metals, although, the tool used
in the work described in this thesis operates for gold only and is mostly used
to generate seed particles for seed-assisted nanowire growth, which is described
further in Chapter 4.

3.1.2 Spark discharge generator

The spark discharge generator (SDG) is based on spark ablation, a highly ver-
satile and scalable method for generating mono-, bi-, or even multimetallic NPs
of any non-insulating material [43, 52, 18, 53-56]. The SDG has a simple design
with a pair of feedstock electrodes connected in an RLC circuit and positioned
in a housing with an inlet for the carrier gas and and outlet for the carrier gas
and particles, as illustrated in Figure 3.1 b). The vapor is ablated from the
electrode pair by spark discharges. The carrier gas flushes the vapor away from
the electrode gap and the rapid cooling results in very high supersaturation
and spontaneous condensation of the vapor, followed by growth by coalescence
and, finally, agglomeration. Since the vapor is ablated from the electrodes, the
electrode materials are chosen based on the target NP material and, since the
electrodes can be composed of basically any non-insulating material, includ-
ing mixtures and alloys, the method provide an immense versatility in terms
of chemical composition. Multi-metallic NPs can be generated either by using
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electrodes of different materials, or by using pre-alloyed electrodes, consisting of
the desired mixture. Similar to the E/C, the SDG operates at atmospheric pres-
sures, making it compatible with common tools for size-selection and thermal
manipulation.

An electric discharge results in a certain mass of ablated material. The ablated
mass depends both on the circuit settings, which will affect the energy of the
spark, F,, and on material dependent properties which will affect the fraction
of the spark energy that goes towards ablating material, and on how much
material is ablated with that fraction of the energy. The spark energy, given
by Equation 3.1, depends on the capacitance, C, and the discharge voltage, V;
[18].

E, = %Cvj (3.1)

The proportion between energy input and the ablated mass from the electrode
is referred to as the ablatability and is material dependent [20]. It depends on
the melting and boiling temperature, 7;,, and Tj, the specific heat capacity, c,,
the thermal conductivity, k, and melting and evaporation enthalpies, H,, and
H,. This is due to the energy losses during the spark discharges by radiation
as light or as heat convection in the surrounding gas, by absorption as latent
heat in the electrode material and by conduction along the electrode by metallic
thermal conduction. These dependencies were investigated by Llewellyn-Jones
et al., who arrived at the balance equation given by Equation 3.2 [57].

aB, — o Ty — 2mrrk(Ty, — T)

3.2
= Am[CpS(Tm - T) + Cpl(Tb - Tm) + H,, + Hv] ( )

The left side of Equation 3.2 describes the distribution of the energy from the
spark, where aFj is the fraction of the energy transferred to the electrode (the
rest is dissipated in the plasma). The energy losses by radiation and heat dis-
sipation through the electrodes are considered by the second and third term,
where r is the radius of the spot from which the material is ablated (the "hot
spot”), o5 is the Stefan-Boltzmann constant, 7 is the duration of the spark, and
T is the temperature at the hot spot. The right hand side describes how much
mass is ablated with that energy.

The ablatability, Cpq:, of different materials is important when synthesizing
bimetallic NPs using electrodes o different materials. Several attempts have
been made to make predictive models based on Equation 3.2. For example,
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Feng et al. [43] arrived at a linear relation between ablated mass and the energy
of the spark, E, above a threshold value, Ejy, by:

Am = aCpat(E — Ey) (3.3)

In summary, the circuit setting and material properties determine the ablated
mass per spark and the spark frequency. This affects the vapor pressure in the
gas and the resulting particle size-distribution. As an example, a lower discharge
voltage (which can be achieved by a smaller electrode gap) results in a decreased
energy per spark, and a lower ablated mass per spark. The size distribution of
the generated NPs will thus be shifted towards smaller sizes, although with a
lower total particle concentration.

3.1.3 Compaction, size-selection, and deposition

One of the great advantages with the E/C and the SDG is their compatibility
with common aerosol tools for manipulation, filtering, counting, and deposition.
The set-up used in this work is shown schematically in Figure 3.3 and is described
in several publications [58, 59]. After generation in the E/C or the SDG, the NPs
pass through a 3 emitting Ni® neutralizer that provide the NPs with a known
charge distribution [60]. The NPs need to be charged for the size-selection and
deposition techniques used in this set-up.

The NPs are size-selected using a differential mobility analyzer (DMA), a stand-
ard tool for classifying charged aerosol NPs based on their electrical mobility,
which is related to their mobility diameter [61]. The mobility diameter is the
diameter of a spherical particle with the same mobility, defined as the particle
velocity produced by a unit external force, as the particle in question [62]. The
DMA is useful, not only to select particles with a narrow distribution around
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Figure 3.3: Schematics of the aerosol system used for the work described in this thesis.
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a specific size, but also for analysis of an unknown size-distribution. A major
drawback of the method is the large particle losses that result from passing the
aerosol through a DMA, not only of particles with the wrong size, but also of
the particles with the target size but with with the wrong charge. However, an
important advantage of the DMA is that the particles remain airborne during
the size-selection, which is necessary for further manipulation and deposition on
the target support.

The aerosol generated in the E/C or SDG consists of agglomerate particles. In
order to reshape and compact the agglomerates into spherical, single crystalline
particles, they are transported through a tube furnace for compaction [17]. As
can be seen in Figure 3.4, the compaction begins already at close to ambient
temperatures and complete compaction is achieved well below the melting tem-
perature. The compaction temperature, the temperature required to reach full
compaction, is material dependent and is related to the vapor pressure of the
material, which is size-dependent on the nanoscale, and thus, the compaction
temperature is also size-dependent [50]. For easily oxidized materials, a higher
oxidation state typically results in significantly higher compaction temperatures.
The oxidation can be avoided by by mixing small amount of hydrogen (5 %) in
the carrier gas [21].

When the particles has reached the target size and morphology, the charged
particles can either be directed to an electrometer that counts particles by meas-
uring the current from the charged particles. Alternatively, the particles can be
deposited by an electrostatic precipitator (ESP). The ESP collects the charged

250000 10—
b) DMA1
200000 a5{
m —_—
£ €
L £
* 150000 5 40| *
5 T *
S £
o k]
£ 100000 T 351 .
g 3 -
8 = .
50000 | 301 e e e .
e e e e
0 T T T T 25 T T T T T T T
10 20 30 40 50 60 XQQ 100 300 D(QQ ‘)0() 600 10Q %“0 gOQ

Diameter [nm
tnm] Temperature [C]

Figure 3.4: a) Scans showing the size distribution of palladium NPs for different compaction temperatures, as measured
by scanning DMA2 while keeping DMAL set to 50 nm. For temperatures > 700C°, thermal charging occurs,
resulting in an increase in multiply charged particles, which is observed as particles with apparently lower
diameters. b) The mode diameters for different compaction temperatures, showing the shift in mobility diameter
as the NPs are compacted.
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NPs in the aerosol onto a stage onto which a voltage is applied [63]. The spot
size formed by the deposited NPs can be controlled by the voltage applied on
the stage, which is typically a few kilovolts. Preger et al. showed that the
concentration profile has a top-hat shape, meaning that the NP concentration
is constant over the spot size and rapidly drops to zero at a radius, which is
determined by the gas flow rate, @), the distance from the inlet to the depos-
ition plate, h, the applied electrical potential to the plate, ¢, and the electrical
mobility of the NPs, Z (Equation 3.4) [64].

dspot == I'ifj; (34)
One of the large advantages with deposition in ESP, is the immense flexibility
of the support, as the support material does not have a large impact on the
deposition. However, differences in electrical resistance as well as sharp edges
can lead to local build-up in charges causing deflection of the NPs as they are
being deposited. This can be utilized, e.g., in order to achieve three-dimensional
printing of nanostructures [65].

3.2 Bimetallic nanoparticle generation by spark ab-
lation

Bimetallic NPs have emerged as a fascinating class of nanomaterials with unique
properties and versatile applications in various fields, ranging from catalysis and
sensing to biomedicine and electronics [66-69]. Among the various synthesis
methods available for making bimetallic NPs, spark ablation has gained signi-
ficant attention due to its ability to produce NPs with control over composition,
size, and structure. However, in order to control the composition of the bimet-
allic NPs, one needs to understand the material-dependent and -independent
factors that affect the ablation of the material from the electrodes. Over the
past 15 years, several relevant studies have been published on this matter [52—
54, 70, 56, 71].

Byeon et al. [52] showed that, for monometallic NPs, the rate at which particles
are generated follows a distinct order: Ag > Pd > Pt > Au, related to the
ionization energy of the materials. Moving beyond monometallic NPs, Tabrizi
et al. [53] explored effective mixing in bimetallic systems using alloyed and pure
electrodes. They successfully synthesized Au-Pd and Ag-Pd NPs using pure
electrodes and they found that more material was ablated from the cathode
electrode, due to the higher mass of the ions compared to the electrons, carrying
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more kinetic energy that could contribute to ablating material. Notably, in the
same publication the authors reported that the NPs generated with alloyed
electrodes had a composition that reflected the composition of the electrode,
despite differences in the vapor pressures of the materials. Tabrizi et al. [54]
extended the exploration of mixed NPs to metals that are immiscible in the bulk
state.

Interestingly, spark ablation enabled the creation of crystalline phases that do
not exist on the macroscale. For instance, Au-Cu and Au-Pt formed mixed
crystalline phases, which do not exist in the bulk, demonstrating the potential
of spark ablation to engineer nanoscale structures with unique properties. Al-
though Cu-W did not exhibit macroscale mixing, successful mixing was achieved
at the nanoscale, further expanding the capabilities of spark ablation. This could
be explained by the results by Xiong et al. [70] who studied the thermodynamics
of bimetallic particle formation and found a relationship between particle size
and the formation enthalpy and Gibbs free energy of formation. As particle size
decreased below a critical size, they found that both formation enthalpies and
Gibbs free energies exhibited a decline, leading to thermodynamically favourable
conditions for formation of otherwise immiscible materials.

Feng et al. [56] contributed to the field by developing a model (based on Equa-
tion 3.3) that takes into account both material-dependent and circuit-dependent
factors to explain and control the composition of mixed NPs synthesized from
electrodes of different materials. The authors concluded the following formula
for the fraction of material contribution from the cathode electrode:

1

:70
1+ 745

wc (3.5)

where C'4 and C¢ are calculated from Equation 3.2 for the anode and cathode
material, respectively, and k is the asymmetry of the current waveform of the
spark discharges. The model provides a comprehensive understanding of the
factors governing NP composition, enabling increased control over the synthesis
process. This model has, however, been criticised for only considering the cur-
rent waveform when estimating the energy delivered to the electrodes and the
mixing model was extended by Kohut et al. to include the voltage fall over the
anodic and cathodic electrodes to better predict the experimental results [71].
The authors further proposed that control of the circuit resistance could lead
to full range tuning, although, their demonstration only showed small shifts in
particle composition. They suggested that exploring more electrode configura-
tions might be the key to achieving the desired control.
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The studies reviewed here collectively demonstrate the capabilities of spark ab-
lation in generating bimetallic NPs with tailored properties. By understanding
the influence of electrode materials, thermodynamics, and mass transport dur-
ing the synthesis process, researchers aim to optimize the NP generation for
specific applications. The ability to synthesize mixed NPs of immiscible metals
to create unique nanoscale crystalline phases would open up exciting possibil-
ities for engineering materials with unprecedented properties. In the pursuit of
achieving full compositional range tuning of bimetallic NPs, the field still faces
some challenges. In our study, we have taken this challenge head-on and present
an approach that involves various electrode configurations.

3.2.1 Compositional tuning of Pd-Cu nanoparticles

In this section, the results from Paper I are summarized.

As established in the previous section, bimetallic NPs are promising components
for functional materials. Compositional control is a vital part for optimization
of these particles for tailored properties and performance. This section aims
to delve into the details of progress on compositional tuning of Pd-Cu bimet-
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Figure 3.5: STEM micrographs with overlaying STEM-EDXS line scans, showing the composition across the particles
generated with different electrode configurations, shown above as "anode+-cathode”.
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allic NPs using spark ablation. The investigation encompasses the analysis of
chemical composition at both ensemble and individual NP levels, exploring the
implications particularly for catalytic applications.

The study utilized time-resolved X-ray fluorescence (XRF) measurements at the
ensemble level to determine the chemical composition of the synthesized NPs.
By employing different electrode pairs, including pure and alloyed electrodes, we
successfully demonstrated the ability to tune the composition within a range of
approximately 80:20 at. % to 40:60 at. % (Pd:Cu). Transmission electron micro-
scopy energy dispersive X-ray spectroscopy (TEM-EDXS) analysis of individual
NPs confirmed that the deviation in composition between individual NPs was
negligible. Scanning TEM-EDXS line scans further revealed the well-mixing of
Pd and Cu within individual NPs, indicating a homogeneous distribution of the
two metals (see Figure 3.5).

To gain insights into the outermost atomic layers, which are crucial for cata-
lytic applications, X-ray photoelectron spectroscopy (XPS) and X-ray absorp-
tion spectroscopy (XAS) were employed on the NPs synthesized using alloyed
electrodes. The analysis, based on XPS performed with different photon ener-
gies, showed that the composition of the outermost atomic layers was consistent
with that of the deeper layers, suggesting a uniform composition throughout
the NPs. This finding is significant since it ensures the surface composition ac-
curately reflects the overall NP composition, reinforcing the potential catalytic
efficacy of the bimetallic NPs.

Time-resolved XRF measurements provided valuable insights into the dynamics
of composition changes during the ablation process. The NPs generated using
a Pd anode and a Cu cathode exhibited a shift in composition over time. It is
not trivial to explain this result, since many different factors could contribute
to this effect. A vapor cloud is formed between the electrodes as material is ab-
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Figure 3.6: a) Schematic illustrating the ion and electron exchange during a spark discharge. b) Copper electrode after
being used as a cathode together with a palladium anode, showing the re-deposition of palladium.
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lated between them. This vapor can diffuse and condensate onto the electrodes.
This effect could be diminished by increasing the electrode distance. There are
also a large amount of ions in this vapor cloud, which could be attracted to
and deposited onto the electrode with opposite charge. Finally, there is a direct
transfer of ions and electrons between the electrodes during the spark discharge,
see Figure 3.6. Since the initially anodic electrode is positive for a longer dura-
tion in total, there will be more ions transferred from an electrode if it is initially
anodic, although, the ablatability is also an important contributing factor. This
finding highlights the significance of time-resolved composition measurements
and emphasizes the influence of electrode configuration on NP composition. To
minimize such composition changes, the use of pre-alloyed electrodes is recom-
mended when feasible.

This study successfully demonstrated the ability to tune the composition of Pd-
Cu bimetallic NPs using spark ablation. The comprehensive analysis of chemical
composition, both at the ensemble and individual NP levels, revealed the homo-
geneity and well-mixing of Pd and Cu within the NPs. The investigation of the
outermost atomic layers ensured that the surface composition accurately repres-
ented the overall composition, crucial for catalytic applications. The expansion
of the electrode set and the exploration of time-resolved composition changes
further enhanced our understanding of compositional tuning. These findings
provide valuable insights for the development of efficient and cost-effective bi-
metallic catalysts and lay the foundation for future studies on other binary metal
systems.
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Chapter 4

Epitaxial growth of gallium
phosphide nanowires

Compound semiconductor nanowires (NWs) are versatile building blocks with
an array of applications spanning diverse fields, e.g., advanced solar cells [25],
high-performance photodetectors [72], and cutting-edge transistors [73]. These
nanostructures, characterized by their high aspect ratios, large surface area, and
a morphology that can be controlled with high precision, make them interesting
candidates for support structures in model catalysts.

NWs can be synthesized either by a top-down or a bottom-up approach. Top-
down synthesis typically incorporates some kind of milling [74] or etching [75]
from a bulk material, to carve out the target structure. Bottom-up means that
the structures are self-assembled, typically by epitaxial growth such as molecular
beam epitaxy (MBE) [76] or metal-organic vapor phase epitaxy (MOVPE) [77].

In this work we use close-packed tapered gallium phosphide (GaP) NWs as
supports for catalytic NPs. GaP NWs has previously been used in several
biological applications, such as directed drug delivery and diagnostics, and have
demonstrated chemical stability [78, 79]. The design was optimized with two
aspects in mind, the first being chemical and mechanical stability, and the other
to make the catalytic NPs accessible to the reactants. The catalytic application
is presented in Chapter 6.
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4.1 Metal-organic vapor phase epitaxy

MOVPE is one of the most common methods for compound semiconductor NW
growth due to its versatility and precision. The process is based on the injection
of gaseous precursors in an inert carrier gas into a reactor with a laminar flow.
If the conditions are favourable, which can be controlled by growth parameters,
the precursors react on the substrate, resulting in growth of epitaxial layers,
i.e., layers that adopt the crystal structure of the underlying layer [80]. Within
MOVPE, numerous growth mechanisms are possible, including:

e selective-area growth, where the surface is masked except for in specific
areas where the epitaxial growth is intended [81];

e self-nucleating growth, where the growth is catalyzed using the same, or
one of the same, material as the grown material [82];

e aerotaxy, a substrate-free method operating at atmospheric pressure and
associated with high growth rates. The growth occurs in the gas-phase
and is catalyzed by aerosol metal particles [83, 84]; and

e particle-assisted growth [85, 86], which is the mechanism used in the re-
search presented in this thesis.

This chapter includes an overview of the key factors in MOVPE growth, particle
assisted growth, beginning with an illustration of its fundamental principles and
on the different growth regimes. Following this background, is a presentation of
experimental results of the growth of tapered close-packed NWs and of the Pd
seeded NWs and branched growth.

4.1.1 Key factors in MOVPE

The process of MOVPE growth is highly complex and includes thermodynamic,
kinetic, and mass-transport components, as well as transitions over multiple
phases. However, due to tremendous efforts over the last decades, the basic
processes are fairly well understood [87-89].

Thermodynamics determines the driving forces in epitaxial growth. Any closed
system has a thermodynamic equilibrium associated with it, which describes the
state of that system given enough time. In the equilibrium state, the Gibbs free
energy per mole is minimized, and this sets the limits for the maximum growth
rate, resulting alloy composition, and crystal structure. Thermodynamics can
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thus be used to understand the relationship between the various phases in a
system, and use that to control the driving forces for epitaxial growth.

However, MOVPE is a non-equilibrium process, and the steps involved to move
towards equilibrium can be described by the kinetics of the chemical reactions
and of the mass-transport. Considering the kinetics, the rate constant, k, of the
chemical reactions for the pyrolysis of the precursors can be expressed by the

Arrhenius equation:
k = Ae Fa/ksT

where A is called the preexponential factor, E, is the activation energy, ky
is Boltamann’s constant, and 7' it the temperature. The kinetics parameters
are closely related to the thermodynamic properties of the system, e.g., the
difference in activation energy of the forward and reverse reaction is equal to the
difference in the thermodynamic enthalply of the two states; and at equilibrium
the rates of the forward and reverse reaction are equal.

For the mass-transport in a MOVPE reactor, the macroscopic gas flow is gov-
erned by hydrodynamic effects, which describes how fluids interact with each
other and with solid surfaces, and includes principles governing fluid flow beha-
vior. However, to understand the growth rate when limited by mass-transport,
one need to consider the migration of precursors close to the surface. For
this purpose, the boundary layer-model is commonly used, in which the mass-
transport to the surface occurs by diffusion [90]. This process is close to tem-
perature independent.

When studying epitaxial growth, it is possible to gain knowledge about the
system by testing how the growth rate depends on different factors, including:
precursor partial pressure, which for an ideal gas is the total pressure multiplied
by the molar fraction of the precursor molecule; temperature, which affects
both the equilibrium state and the kinetics of the growth; and flow rate, which
is especially important when the growth is limited by the mass-transport. As
an example, the growth limiting process can be determined by studying the
temperature dependence of the growth rate. If the growth rate increases with
temperature, the growth is kinetically limited; if the growth rate decreases with
temperature, the growth is thermodynamically limited; and if the growth rate is
independent of temperature, the growth is mass-transport limited, as gas-phase
diffusion is nearly temperature independent [90].
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4.1.2 Particle-assisted growth

In order to further control the epitaxial growth, one can rely on particle-assisted
growth, which enable growth in one direction, resulting in NWs. It was first
developed by Wagner et al. in the 1960s [91], with the first bottom-up growth
of what was at the time referred to as ”"whiskers”. In particle-assisted growth,
the seed particles act as a collector of the precursors and facilitates growth at
the interface between the particle and the substrate [92].

The mechanisms involved in particle-assisted growth include adsorption of pre-
cursor species, either directly onto the seed particle, or on the substrate or
NW side-walls, adatom migration to and through the seed particle by diffusion,
followed by epitaxial growth at the particle-NW interface. For the typical con-
dition, where the seed-particle is in a liquid phase during growth, this growth
mechanism is referred to as vapor-liquid solid (VLS) growth, which refers to the
phases involved during the growth. An illustration of these processes are shown
in the inset in Figure 4.1, along with the MOVPE system EpiQuip used for this
work.

In parallel, a competing process of direct surface growth, or vapor-solid (VS)
growth, on the substrate or the NW side-walls, can occur. If growth condi-
tions allow for both VLS and VS growth, the resulting NWs will have a tapered

Group V
hydride

Hydrogen
carrier gas

Group V
bubbler

Vertical growth

Precursors in Radial growth

Figure 4.1: Schematics of the MOVPE system EpiQuip and the processes during particle-assisted growth, illustrating the
adsorption, diffusion, and desorption of species onto, along, and from the support as well as the growth
evolution of the NWs.
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shape, where the base is wider than the tip of the NW. This effect is normally
not desired, as the radial growth generally have poorer crystal quality compared
to the axial growth. Therefore, research has mainly been focused towards sup-
pressing the radial growth [23, 93-96]. Since the seed particle acts as a catalyst
for the growth, the seeded growth can take place also at temperatures at which
VS growth does not occur, resulting in NWs with the same diameter along the
entire length.

So far, we have assumed a liquid seed particle during growth. However, it
is possible to achieve growth also with a solid seed particle, which is referred
to a vapor-solid-solid (VSS) growth. The phase of the seed particle has been
found to have a large impact on the resulting growth, where VLS is generally
related to higher growth rates in the vertical direction and high axial control
[97-99], while VSS growth tend to result in unstable growth direction (kinking)
[100, 101]. Because of the difference in growth behaviors between the VLS and
VSS mode, it is important to consider the melting point of the seed particle
when choosing the growth parameters. The melting point of the seed particle
depends on the size of the NPs, as well as their composition, as new phases
will form in the seed particle when the precursors are introduced in the reactor.
These phases can be controlled by the partial pressures of the group III and
group V precursors.

4.2 Growth of tapered gallium phosphide nanowires

The purpose of the NWs developed in this work was to be used as support
structures for catalytic NPs to elevate the NPs from the support surface to
increase their accessibility to reactants. In order to maximize the amount of
reaction solution surrounding the NPs on the NW tips, an initial design with
narrow (~10 nm diameter) NWs was tested, as the one shown in Figure 4.2 a).
However, when these structures were immersed into a liquid solution, they did

Figure 4.2: NWs before (a) and after (b) immersion and retrieval from liquid solution (acetonitrile). c) Tapered NWs for
enhanced mechanical stability. Scale bar is 0.5 pm.
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not have the mechanical stability necessary to withstand the forces imposed on
them by the liquid and they would break off from the surface, see Figure 4.2 b).
By simply increasing the diameter of the entire NWs would lead to less accessible
solution or less surface area (if the number density would be decreased), which
is not desired in this case. As an alternative, a tapered design was proposed, as
imaged in Figure 4.2 c¢). This, typically unwanted, feature would here be useful
as it provides mechanical stability, while keeping the volume surrounding the
tips free and accessible to reactants.

For the purpose of using these NW structure as supports in a model catalyst, it
was not only important to find the optimized design, but also to achieve the con-
trol over the NW growth to enable independent tuning of the NW dimensions.
This would provide the necessary tools to study the influence of the support
design on the catalytic response. Therefore, it was important to gain further
understanding of the growth of close-packed, tapered NWs.

4.2.1 Controlling nanowire dimensions: gold-seeded growth

Gold (Au) as a seed particle material dominates the literature on particle-
assisted growth. This is partly because of historical reasons, it was used early
on and thus became well-studied [102], although, more importantly, Au has
properties that makes it suitable for VLS growth. For example, Au has the
ability to form low-temperature alloys, and many precursor materials used in
growth is soluble in Au [103]. Because of the flexibility of Au-seeded growth,
Au was chosen as the seed particle material for the initial NW development
presented in this work. The focus of the development was to find the paramet-
ers to control the length, width, and tapering of close-packed NWs. The high
concentration of NWs increases the competition for the precursors, and thus,
the significance of mass transport of precursors to the substrate and the seed
particle-NW interface, where the growth takes place.

General procedure for tapered nanowire growth

The samples were prepared for NW growth by deposition of seed particles with a
diameter of 10nm, generated by E/C and deposited electrostatically, by meth-
ods described in Chapter 3. The electrostatic deposition results in randomly
distributed NPs and the average concentration was 40 pm~2. The NW growth
was done in an EpiQuip MOVPE. After placed in the reactor, the sample was
annealed at 600°C for 10 minutes. The annealing step is done to remove the
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surface oxide layer on the substrate and to initialize the nucleation of the crys-
tal growth. During the annealing step, there is a partial pressure of phosphine
(PH3) in the gas flow to avoid decomposition of the surface. After the anneal-
ing followed a growth step at a temperature of 560 — 600 °C, for which trimetyl
gallium (TMGa) was introduced along with the PHs. The growth time varied
from 1 to 13 minutes, depending on the growth parameters used and on the
target NW shape. The grown NWs were imaged by SEM and the micrographs
were analyzed using ImagelJ.

Effect of V/III ratio on nanowire growth morphology

The effect of the V/III ratio on the resulting NW morphology was studied for
a range from 50 to 320. The growth temperature was 600 °C and the growth
time was 3 minutes for all growths. In Figure 4.3 we see that increasing the
V/III ratio resulted in shorter and wider NWs, i.e., more radial growth and
less vertical growth. The most significant shift was observed in the range of
V/III = 100 — 200. For the seeded growth the gallium is first collected in the
seed particle. This shift from more vertical growth to more radial growth can
be explained by considering the supersaturation of Ga at the seed particle-NW

v/ill = 100
Ll

' §
}

Figure 4.3: NW growth at different V/Ill ratio, grown at 600 °C, showing a clear shift from high to low aspect ratio as the
V/Ill ratio is increased. Scale bar is 500 nm.
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interface, which is the driving force in VLS growth. For the lower V/III ratio,
the supersaturation is high, resulting in a higher growth rate (GR). For the
higher V/III ratio, the supersaturation is lower, resulting in lower GR. The
large excess of PH3 available for high V/III ratios also increases the probability
for the TMGa to react with PH3 before reaching the Au seed, which would
promote radial/VS growth.

Nanowire length and tapering: growth time and temperature effects

The NW length and tapering was studied for different growth times and tem-
peratures. The temperature interval 560-600 °C was chosen since it is the range
where both vertical and radial growth generally occurs for GaP, resulting in
tapered NWs. The measurements were made ex situ, so each data point in
Figure 4.4 a-b) comes from different growths.

The resulting NW length for different growth times and growth temperatures
are shown in Figure 4.4 a), and the slope of the fitted line can be interpreted
as the vertical GR. It can be seen that the vertical GR decreases both with
temperature and with time. The decrease in GR with increasing temperature
indicate that the growth is thermodynamically limited within this temperature
range. This is in agreement with what was observed by Berg et al. [93] for
growth of GaP NWs. The decrease in vertical GR as growth time increases
is not as easily interpreted, although it could be attributed to mass-transport
limitations as more material is consumed by the competing radial growth. As
growth time increases, the NWs grow longer and there is more surface area
available for VS growth.

In Figure 4.4 b), the tapering of the NW is presented for different growth times
and growth temperatures. The tapering decreases slightly for higher growth
times. This this can be explained by the lower vertical GR, which provides
longer time for radial growth in the top part of the NW. This effect can be
seen for the NWs shown in Figure 4.4 ¢) and d), that had been grown under
the same conditions for 6 minutes and 7.5 minutes, respectively. For the NW
with the longer growth time, the top parts of the NWs are thicker compared to
the shorter growth time. The ultra-tin tips could thus be avoided by increasing
the growth time to the range where the vertical GR is lower, thus allowing
time for radial growth also at the top parts of the NWs. This was important
for the stability of the NWs when used in catalytic reaction, as is discussed in
Chapter 5.
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Figure 4.4: Vertical length (a) and tapering (b) of NWs grown with V/Il1=200, and varying growth times and growth
temperatures. SEM images of NWs grown with a growth temperature of 590 °C, V/I11=200, and a growth
time of a) 6 minutes and b) 7.5 minutes. Showing how the increased thickness of the top part of the NWs,
explaining the decreasing in tapering for longer growth times.

4.2.2 Palladium-seeded growth

The work presented in the remainder of this chapters is based on Paper II and
covers the growth of GaP NWs and branched nano-trees using palladium (Pd) as
the seed material. The focus of this work was to optimize the growth conditions,
with the objective to utilize the GaP NWs and nano-trees for catalysis.

Pd was chosen as an alternative seed particle material because it is an effective
catalyst for various reactions [104-107]. However, a challenge when replacing
Au with Pd is that the same growth conditions can no longer be applied. For
example, the Pd-Ga alloy have a higher melting temperature compared to Au-
Ga for most compositions, which is clear when studying the equilibrium phase
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Figure 4.5: SEM images of Pd-seeded GaP NWs, using Pd seed particles with a diameter of 10 nm, at different growth
times and V/III ratio. Image retrieved from the Supplementary Information of Paper II.

diagrams [108, 109]. For the Pd-Ga alloy, the Pd concentration needs to be
lower than 22 at.% for the alloy to have a melting point below 600 °C.

In order to achieve a higher Ga concentration in the Pd seed particle, the V/III
ratio was reduced significantly from what was used for the Au seeded growth.
In Figure 4.5 are the growth results from using a V/III ratios of 1.30 — 3.03
(TMGa molar fraction fixed at 8.56 - 10, while the PH3 molar fraction varied
between 1.11-1073 — 2.59 - 107?) and temperatures of 560 — 600 °C. For the
higher V/III ratios there are a lot of kinked NWs and excessive surface growth,
which is characteristic for VSS growth (solid seed particle). The highest yield
of straight NWs was achieved with a growth temperature of 560 °C and a V /III
ratio of 1.30. Surprisingly, a higher growth temperature resulted in a higher
fraction of kinked and curly NWs, which indicates non-continuous growth.

At a V/IIT of 1.30, the limit of the EpiQuip MOVPE was reached. In order to
study the effect of further decreasing the V/III, another MOVPE was used, an
Aixtron CCS 18313. With this MOVPE it was found that a lower V/III ratio
resulted in inflated seed particles (lollipop-shaped NWs). This effect was likely
due to a shift in the balance between the precursors, leading to a higher Ga
incorporation in the Pd seed particle, combined with insufficient PH3 available
for growth that can consume the Ga in the seed particles.
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4.2.3 Branched growth

In order to increase the total surface area of the support, a three-dimensional
design was developed with branches grown from Pd seed particles deposited
onto the core NWs.

The core NWs were grown using the optimized conditions presented in the
previous section, with a V/III ratio of 1.30 and a temperature of 560 °C. Pd
NPs were deposited onto the core NWs, using the same procedure as for the
core growth, although with a higher NP particle concentration, ranging from
100 — 1000 pm~2. The SEM images in Figure 4.6 show the Pd NP-decorated
core NWs (a-d) and the resulting nanotrees (e-h), grown with the different NP
concentrations and using the same growth conditions as for the growth of the
core NWs but with a growth time of 10 s. Since the core NWs were not very
close-packed, only a small fraction of the deposited seed particles were collected
by the NWs, and could contribute to the branch growth.

It was observed that the branch growth had a GR of about 0.5 pm/min, which
can be compared to the GR of the core NWs of about 0.9 pm/min. The low GR
of the branches indicate competition of the precursor material among the seed
particles, pushing the growth into the mass-transport limited regime. A similar
effect was observed when comparing the growth branches for the different NP
concentration in Figure 4.6 e-h), where the higher NP concentrations resulted

100 #/pm? 300 #/pm?2 500 #/pum? 1000 #/pm?

200nm

200 nm

Figure 4.6: a)-d) SEM images of core NWs seeded by 10 nm Pd seed particles and decorated with Pd NPs for branched
growth with concentrations of 100, 300, 500, and 1000 pum~2 Pd NPs, respectively. e)-h) the resulting nano-
trees from the respective cores. Image retrieved from the Supplementary Information of Paper Il
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in shorter branches, compared to the lower NP concentrations.

Interestingly, top-view SEM images (see Paper 11, Figure 5), display a six-fold
symmetry of the grown branches. This symmetry arise from the preferential
growth in the three <111>B directions [110]. Due to stacking faults in the core
NW, the <111>B direction is rotated 60°, resulting in a six-fold symmetry.

The successful growth of Pd-seeded NWs and nanotrees is highly promising for
the application of catalysis. The Pd seed particles are well-attached to the core
NWs and branch tips, and thus, no NP migration or clustering is expected.
However, it is feasible that the Pd-seed particles have different catalytic proper-
ties compared to the as-deposited Pd NPs due to possible Ga or P incorporation
in the particles during NW or branch growth. The evaluation of these struc-
tures, both in terms of stability and catalytic performance is, however, outside
the scope of this thesis.
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Chapter 5

Stability of supported
aerosol-generated
nanoparticles in liquid media

In this chapter the work performed on the stability of supported aerosol-generated
NPs in liquid media is presented. The first part of the chapter is based on Pa-
per III and focuses on the stability of particles on planar supports. In the
second part of the chapter, the stability associated with the nanowire supports
is presented.

5.1 Importance of stability in catalysis

The stability of NPs and their supports is a critical aspect for the successful
use of them in liquid environments. Typical stability issues in NP catalysis are
NP clustering and sintering, atomic leaching, and poisoning [111]. Coalesce of
clustered NPs into larger particles has also been found to deactivate the catalyst
[112, 113].

Another effect that can cause issues for the catalyst during exposure to liquids
is atomic leaching of the NPs, resulting in single atoms or atomic clusters being
released into the solution. These atoms or clusters are often highly catalytically
active and might contribute to the catalytic conversion, making it difficult to
isolate performance of the solid catalyst [114]. Leaching of catalytic material
might also impose issues in regards to the strict regulations that exist on heavy
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metals in pharmaceuticals [115]. Finally, maintaining the structural integrity
of the catalyst is an important criteria for the ability to re-use the catalyst,
which is an aspect that significantly decreases the cost connected with using the
catalyst.

Understanding the impact of solvents on the stability of NPs on a support is
essential for optimizing their performance and ensuring their reliability. The
stability of the support is also relevant when studying the catalytic properties
of the supported NP catalysts, here referred to as NP chips. Both because the
stability of the surface can affect the stability of the NPs, i.e., if the surface is
etched it is very likely that the NPs will come off as well, but also because the
surface often has an effect on the catalytic activity of the NPs [116, 117].

To identify reaction conditions where the NP chips are stable, a large systematic
mapping on the effect of NP chip exposure to different solvents was carried out.
This was done for different support and NP materials. In addition, since many
reactions require basic or acidic conditions, the effect of changing the pH of
the solution was investigated. Finally, the effect of heat treating the NP chips
post-deposition, before exposure to the solvent, was tested.

5.2 Stability: planar supports

The stability of aerosol-generated metal NPs on semiconductor or oxide supports
was studied as they were exposed to various solvents commonly used for different
applications. A systematic approach was developed, for which identical location
scanning electron microscopy (IL-SEM) was used in combination with density-
and size analysis to comprehensively analyze the stability of the NPs and their
supports. The combination of particle and support material plays a crucial
role in determining the stability of NPs in different liquid environments. The
study elucidates the importance of carefully selecting compatible combinations
to withstand specific solvents. For each NP—support system investigated, both
protic and aprotic solvent conditions were identified for which both the particle
and support demonstrated sufficient stability. The addition of organic acids was
found to be well tolerated, while basic additives showed a negative impact on
stability in some solvents.
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5.2.1 Identical-location SEM

To detect small NP movements that might not be detected by ensemble meas-
urements of the NP size and density analysis, identical location imaging was
performed with a scanning electron microscope (Hitachi SU8010). SEM im-
ages were acquired of the NP chip in the exact same location before and after
treatment in solution. Examples of the results are shown in Figure 5.1. Keep
in mind that, in order to resolve the 10-nm sized NPs, high magnification is
required. The micrographs in Figure 5.1 display an area of about 1.25 pm?,
meaning that one sample could fit more than 50 million such micrographs, none
of them showing the same area. Thus, a reference marking was used in order to
navigate on the sample and find the same location. Two fine lines, made with
a diamond pen, forming a cross over the sample, were used as markings. An
image was acquired in each of the quadrants around the cross.

IL-SEM

Solvent
exposure

Before

After

Minor movement fi ; Y Etched particles

Figure 5.1: Schematic illustrating the principle of IL-SEM and examples of results from solvent exposure with minor NP
movement and etched NPs.
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Figure 5.2: Histograms showing size distribution of Au NPs on Si before and after treatment in acetonitrile (room tem-
perature) for 24 hours, showing a clear shift towards smaller NP sizes due to atomic leaching of the NPs.
Distributions are based on 268 and 203 particles, respectively.

5.2.2 Size- and density analysis

A weakness of the IL-SEM is that the reference areas were imaged before the
treatment, exposing that area, including the NPs, with a scanning 15 kV electron
beam, resulting in local heating of the sample [118]. This could have an affect
on the NP adhesion to the surface, increasing their stability in solution. In order
to control for such an effect, images were acquired in additional areas after the
treatment. These areas did not allow us to track single NPs, however, it was
possible to track if the NPs were evenly dispersed on the surface or if there had
been linking or clustering of the particles. The additional imaged areas were also
used for analysing any shift in density or size-distribution of the NPs. Examples
of such size-shift, resulting from atomic leaching of the NPs during exposure to
acetonitrile (MeCN), one of the tested solvents, are shown in Figure 5.2.

5.2.3 Result summary

The results of our study demonstrate that the choice of solvent has a significant
impact on both the NPs and their supports. Commonly used solvents and
additives were found to influence the behavior and stability of aerosol-generated
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NPs. This observation underscores the critical role of solvent selection in NP
applications. The stability of the NP supports was also found to be strongly
dependent on the solvent in which they were immersed. Variations in solvent
properties, such as polarity and acidity, affected the adhesion of NPs to the
support surfaces.

From the results, it was clear that some solvents affected the NPs, e.g., res-
ulting in movements on the support, other solvents affected the support, e.g.,
by etching of the surface, and some solvents did not affect the NP chips at all.
Overall, the NPs were stable in most solvents, but there were some exceptions
and noteworthy findings:

e Exposure to water at room temperature and elevated temperature (95 °C):
When exposed to water at room temperature, new NPs found in the ob-
served areas on the surface, indicating that particles has migrated over
the surface. At 95 °C, the silicon surface became slightly roughened, and
the particle size increased, possibly due to gold particle overgrowth with
silicon.

e Stability in cell growth media (PBS Buffer): Immersion in phosphate-
buffered saline solution (PBS buffer) resulted in salt residues remaining
on the surface, preventing imaging and conclusive evaluation of stability.

e NP etching: The NPs were resilient to most organic solvents tested, ex-
cept for acetonitrile (MeCN), which led to significant etching of the NPs.
Triethylamine (Et3N), a soluble organic base, was well tolerated, while
inorganic bases caused severe etching.

e Effect of support materials: Gold NPs on gallium phosphide showed in-
stability in water, causing corrosion. NPs on silicon and alumina both
showed good stability. Palladium NPs exhibited different stability com-
pared to gold NPs in some solvents.

e Thermal annealing: Thermal annealing of gold/silicon supports was found
to significantly improve NP adhesion and enhance their resilience to water,
even at elevated temperatures. This finding suggests that thermal treat-
ment can be a useful strategy for enhancing the stability of supported
NPs in solvent-based applications. However, annealing did not enhance
resilience to the etching in acetonitrile.

The study on the stability of aerosol-generated NPs in liquid media provided
insights into the behavior of supported NPs in different solvents and conditions,
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shedding light on factors influencing stability and potential applications in vari-
ous chemical environments. Considering the prevalence of gold and palladium
NPs in heterogeneous catalysis, our findings re-emphasize the importance of
stability and metal leaching in catalyst design and performance. The observed
influences on NP adhesion, etching, and support material integrity underscore
the importance of understanding the interplay between NPs, support mater-
ials, and solvents. The findings presented in this chapter and in Paper III
offer essential guidance for future developments of high-performing supported
aerosol-generated NPs for solvent-based applications.

5.3 Stability: NW supports

The NW structures were optimized to withstand the conditions during catalytic
evaluations. As discussed above, the stability of the catalysts is important to cor-
rectly interpret the results when performing ex situ measurements. Therefore,
the different nanowire designs were evaluated on their morphological stability
and NP adhesion as they were immersed in methanol for 24 hours. The samples
were characterized in SEM before and after exposure.

For the NPs on NW supports, it was not possible to perform a quantitative size-
and density analysis or IL-SEM, as for the planar supports. Instead, a qualit-
ative investigation of the stability was performed, where NW morphology and
NP clustering and/or removal was investigated. A wide range of NW designs
were tested, to find the optimized design to support the NPs during reaction.
The criteria for the NW support design was: good NPs stability, i.e., no signi-
ficant clustering or removal of the NPs; and similarly for the NWs, no severe
NW clustering, and no morphological degradation. An excerpt of the results,
where the samples had been immersed in methanol for 24 hours before removal,
is presented in Figure 5.3.

It was found that, for very short wires, below ~ 0.5 pm, all NPs were not
collected by the NWs. Thus, although showing good NPs stability, such support
designs are not suitable to use as catalyst supports. For very long wires and
thin wires the immersion in methanol resulted in severe clustering, which is also
not suitable for the catalytic evaluation. The designs which were concluded to
be the most promising based on this study, was the designs shown in Figure
5.3 b) and c¢). These designs had complete collection of the NPs and had only
a small amount of NW clustering, or none at all.
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Before treatment After treatment

& S B

Growth conditions:
t=2 min, T=600 °C, X=1
NW length = 0.4 um

a)

Before treatment:
Not all NPs collected by the
NWs

After treatment:
No clustering, Stable NPs

Growth conditions:
t=3 min, T=600 °C, X=1.5
NW length = 0.7 um

Before treatment:
Good collection of NPs,
No clustering

After treatment:
No clustering, Stable NPs

Growth conditions:
t=3 min, T=600 °C, X=2
NW length = 1.0 um

Before treatment:
Good collection of NPs,
Minor clustering

After treatment:
Some clustering, Stable NPs

Growth conditions:
t=1 min, T=580 °C, X=1.5
NW length = 1.1 um

Before treatment:
Some NW clustering before
solvent exposure.

After treatment:
NW clustering, Stable NPs

Figure 5.3: Pd NPs supported by different NW designs before and after treatment in methanol for 24 hours. The NWs
were grown with different growth time, ¢, growth temperature, T', and precursor molar fraction, X (normalized
to one for the lowest molar fraction). The V/III ratio was kept constant at 160.
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After finding the optimal design based on the immersion into methanol, it was
relevant to test the designs as catalysts in reaction. The reaction performed was
hydrogenation of phenyl acetylene and more details on the general procedure
is found in Chapter 6. The optimal design based on previous tests, was used
as a catalyst. Although the catalyst displayed high catalytic activity, the post-
reaction characterization in SEM showed that the nanowires were not stable
during reaction. It appeared as if the tips had decomposed, see Figure 5.4 a).
Because the tips were so narrow, the deposited NPs were positioned very densely
on the tops. In particular, since the NWs behaved as antennas during the elec-
trostatic deposition of the NPs, effectively collecting most of the NPs on the
top parts of the NWs. Therefore, there was a high catalytic activity concen-
trated to the narrow tips, and any heat dissipated from the reaction might have
contributed to the decomposition of the tips. This effect highlight the width
of aspects that need to be considered when designing the nanostructures to be
used as catalyst supports.

In order to remove the weakness of the structures, which in this case were the

Before reaction After reaction
¥ 2 r : = e Growth conditions:

& t=3 min, T=600 °C, V/I11=160
NW length = 1.0 um

Before reaction:
Good collection of NPs

After reaction: Poor stability!
NW decomposition, NP
clustering

Decrease temperature,
Increase growth time and V/III ratio

Growth conditions:
t=7.5 min, T=590 °C, V/11I=200
NW length = 2.3 um

Before reaction:
Excellent collection of NPs

After reaction: Good stability!
Good NW and NP stablity

Figure 5.4: The optimized design from the immersion test, was used as catalyst for hydrogenation of phenyl acetylene.
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narrow tips, the NWs were further developed. The V/III ratio was increased
to increase the thickness, however, the resulting wires were too short. The
temperature was decreased, which made the nanowire narrower but still too
short. The growth time was increased, resulting in tall nanowires which were
thick all the way to the tips, see Figure 5.4 b). This design was tested in reaction
and showed good activity and stability, and this is the nanowire design used in
the catalytic evaluation presented in Chapter 6.

5.3.1 Increased nanoparticle adhesion by RTP

As for the NPs on planar supports, the NP-NW system benefited in terms of
enhanced stability by thermal processing. After deposition of the Pd NPs, the
samples were annealed at 300 °C for 60 minutes in nitrogen gas. The effect of the
annealing on the stability was tested by measuring the leaching during reaction.
For this test, samples with two different NW support designs were included
both with and without the final annealing step. After 10 hours of reaction,
an aliquot of solution was removed from the reaction mixture and placed in
a separate vial, and the catalytic conversion was measured. After a total of
24 hours, the catalytic conversion was measured again, both of the reaction
mixture and of the removed aliquot. Leaching was determined by comparing
the catalytic conversion of the aliquot after 24 hours with that of the reaction
mixture measured at 10 hours. If the conversion in the aliquot was higher,

Table 5.1: Test of two different NW support designs, short and long, as well as the effect of rapid thermal processing
(RTP) on leaching.

Sample info Conversion of starting material (%)*
Catalytic reaction Aliquot taken at
t=10 h**

Sample NW RTP 10 h 24 h 24 h Leaching
No. type (Y/N) (Y/N)
Al Short Y 4.4 30.7 4.1 N

A2 Short N 22.7 86.7 29.2 Y

A3 Short Y 5.2 53.8 5.3 N

B1 Short N 0.9 6.5 4.8 Y

B2 Long Y 15.9 64.2 15.6 N

B3 Long N 8.2 52.2 35.4 Y

C1 Long N 21.0 74.5 29.1 Y

* All samples were analyzed using GC-FID (Bruker) against naphthalene as an internal
standard.

** A sample was taken and transferred to a new vial under a hydrogen atmosphere. It was
analyzed at 24 h point using GC-FID against naphthalene as an internal standard.
Conversion of >0.5 % compared to the 10 h mark indicates release of catalytically

active species from the catalyst.
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it showed that the conversion had continued even after removing it from the
catalyst, indicating that the reaction was catalyzed by leached atoms or NPs.

The results, presented in Table 5.1, show that there was significant leaching
only for the samples that were not annealed, regardless of the NW type. It
was therefore possible to conclude that the post-processing step was important
for the stability of the catalyst. However, this test was a crude measure of the
leaching and could not detect very small amount of leaching. In order to confirm
heterogeneity of a catalytic reaction, further testing is usually performed as part
of the catalytic evaluation. This was also done for our catalyst, and is discussed
in Chapter 6.
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Chapter 6

Catalytic evaluation of
solid-state nanostructures

Catalysts are vital components in a wide range of industrial processes [119].
Furthermore, many of these chemical processes include at least one hydrogena-
tion step [120]. Semi-hydrogenation is an important group of reactions for the
synthesis of fine chemicals, including pharmaceuticals and vitamins [121]. In
particular, semi-hydrogenation of phenyl acetylene, which was the benchmark
reaction chosen to evaluate the catalysts developed in this work, is an indispens-
able process in the polymer industry [122]. Improving the catalyst to increase
the conversion efficiencies for these reactions would result in substantial savings
both in cost and energy.

In the chapters leading up to this one, the different aspects of the development
of the catalysts are treated. Here, they are combined in a modular fabrication
approach and the catalytic performance is evaluated. The results in this chapter
are based on Paper IV.

6.1 Nanocatalysis

A catalyst changes the rate of a reaction by offering an alternative pathway for
the reaction. In heterogeneous catalysis, the alternative pathway typically in-
cludes adsorption of the reactants onto the catalyst surface, effectively reducing
the strength of the internal bonds and, thereby, decreasing the activation energy
of the reaction.
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The term nanocatalysis refers to catalysis by structures that are nano-sized (in
at least two directions), leading to effects such as high surface-to-volume ratios
and high energy surface sites, which are beneficial for the catalytic performance.
In an industrial reactor, the catalyst often consists of NPs embedded in a porous
oxide, and is exposed to high pressures and temperatures. Such catalysts can
achieve very high activity [123], however, fundamental evaluation of an industrial
catalyst is difficult. The NPs are typically distributed onto an irregularly shaped
support, thus, the catalytic response will be an average response from many
different types of active sites with various accessibility from the reactants.

Simplified model systems, such as single crystals, have been used to study the
reaction on specific surface sites [124]. From the studies of single crystals it has
been possible to understand the relative reactivity of the surface, as well as how
the molecules are adsorbed onto the surface. The field of surface science has
evolved to enable in situ studies of catalytic reactions with the more complex
structures of curved surfaces, nanocrystals, and NPs [125-128]. Such studies
provide valuable information about the sites at low-index planes and facets,
which are typically more catalytically active. However, in order to perform
these detailed surface studies, the conditions need to be very far from those
of industrial reactors in terms of pressure and temperature, and the reactions
studied are, to a large extent, relatively simple gas-phase reactions. To study
the reactions involving more complex organic synthesis, the approach need to be
more deductive since the evaluation is performed ez situ. For this approach it is
beneficial to have a model catalyst where the different parameters involved, such
as size, chemical composition, and crystallinity can be controlled individually.

A challenge in catalyst development is to achieve high chemoselectivity for the
specific chemical reaction. Chemoselectivity refers to the ability to selectively
react with one functional group in the presence of multiple functional groups in
a molecule and it plays an important role in reducing waste and energy [129]. In
the case of semi-hydrogenation, the challenge often lies in avoiding overhydro-
genation. For the semi-hydrogenation of acetylenically unsaturated compounds
a functional catalysts was developed by Lindlar and named thereafter [130].
The Lindlar catalyst is based on Pd NPs that are partially deactivated by lead,
resulting in increased chemoselectivity [131]. However, since there are clear
policies to remove all use of lead in production, there is much research focusing
on finding alternatives that are more environmentally friendly [132].

As is shown in the catalytic evaluation below, the Pd NPs generated by the
spark discharge generator, show a remarkable selectivity in favor of the partially
reduced product. Since the method of spark ablation is free of any chemical
waste product, these particles are interesting candidates for a green replacement
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to the Lindlar catalyst. The combination with the NW supports which provide
high control over the morphology over large surface areas, equips us with a highly
interesting model system for systematic studies of catalyzed organic synthesis.

6.2 Modular fabrication of the catalyst

The purpose of this work was to explore a new modular approach to develop-
ing catalyst that enables isolated tuning of the parameters that have an effect
on the catalytic performance. As a proof-of-concept, a comparison was made
between the catalytic response from Pd NPs deposited on a planar support to
NPs elevated from the surface by tapered NWs.

In this section, the fabrication of the catalysts is summarized, and more details
on the methodologies used for NP generation, NW growth, and stability evalu-
ation is found in the previous chapters. The catalyst fabrication included three
parts, preparation of the supports (Figure 6.1 a), NP generation and deposition
(Figure 6.1 b), and post-processing (Figure 6.1 c).

a)

o.‘O.,‘.

L, 4, .
o °

Figure 6.1: Modular fabrication of catalysts, including three main components: a) design, development and preparation of
the nanostructured support; b) generation and deposition of catalytic NPs; and c) post-processing for increased
stability during reaction.

Preparing the supports

The supports were based on GaP (111)B wafers, cut into 8 mm x 8 mm pieces
using an automatic dicing saw (Disco DAD 3320). Gold seed NPs with a dia-
meter of 10 nm were deposited by E/C with a concentration of 40 pm~2. The
NWs were grown at 590 °C for 7.5 minutes, using TMGa and PHjs precursors.
The planar supports were produced according to the same procedure as for the
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NWs, with the one difference that no TMGa was introduced during the growth
step, so that no NWs were grown. In all other aspects, the NW and planar
supports were prepared in the same way.

Generating the catalytic nanoparticles

After the NW (or planar) growth, the samples were transferred to the ESP
connected to the SDG. In the SDG, the catalytic NPs were generated, sintered
into a spherical shape, size-selected for a narrow size distribution, and deposited
electrostatically onto the support. For the results presented here, Pd NPs were
used, size-selected to 10 nm and deposited with a concentration of 1000 pm~2.
For the NW supports, the NWs acted as antennas and attracted the NPs to be
positioned mostly on the top part of the NWs during deposition. The strength
of this effect could in principle be controlled by the voltage applied to the ESP.

Post-processing

Finally, the sample was placed in a Rapid Thermal Processing (RTP) system
(RTP-1200-100 from UniTemp GmbH) for annealing of the deposited particles
at 300 °C for 60 minutes. This was done to increase the adhesion of the NPs to
the support and to enhance the stability of the catalyst during reaction, as was
discussed in Chapter 5.

6.3 Catalytic evaluation

In this section, the work on evaluating the catalytic performance of the catalysts
is presented.

6.3.1 Metrics for evaluating the catalytic activity

When evaluating the catalytic performance, there are a few important metrics
that need to be defined. The conversion, C(t), of a species with initial concen-
tration, Ag, and concentration, A;, after time, t:

CAg— A

Clt) ==

(6.1)
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The selectivity, S, in favor of product Aj, between two possible products, Aj,
and Ao, at time, t, is given by:

Arg

S==—""7"
Zn:LQ An,t

(6.2)

When studying the catalytic activity, it is interesting to consider the amount of
converted product in relation to the catalytically active material, which is given
by the Turn-Over-Number (TON):

TON — converted product (mol)

catalyst (mol) (6:3)

There are some variations in the literature on how the amount of catalyst used
in the TON is determined. In some cases, only the surface atoms are given, or,
in some cases, only the active sites. This results in higher TON as compared to
using the total amount of catalytic material, as is used here. This is something
that needs to be considered when comparing different results from literature.

The rate of the reaction, or the Turn-Over-Frequency (TOF), can simply be
expressed as the TON divided by the time of reaction:

~ TON (mol - mol1)

TOF = — .
time of reaction (s)

(6.4)

Also in the case of TOF, there are variations in the definition, mostly in terms
of time range, where the momentary TOF' in the beginning of the reaction can
yield different results than the total average rate, which was used in this work,
if the reaction rate is not constant.

6.3.2 Experimental set-up

The catalytic properties of the NW-system were evaluated in partial hydrogen-
ation of phenylacetylene. A high-vacuum/hydrogen line, shown in Figure 6.2 a)
and schematically in b), was used to provide a hydrogen to the reaction mix-
ture with a constant pressure. This was necessary, since the reaction rate was
found to be very sensitive to the hydrogen pressure. In an initial set-up, regular
balloons filled with hydrogen were used to provide hydrogen to the reaction. In
this case, the pressure dropped as the hydrogen was consumed, resulting in a
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Figure 6.2: The set-up for the catalytic evaluation consisted of a high vacuum/hydrogen line and orbital shaker shown in a)
and schematically in b). This set-up feeds the reaction mixtures with a constant hydrogen pressure, resulting
in a constant conversion rate, as compared to the decreased rate with time when the hydrogen was provided
by hydrogen-filled balloons. (c).

decrease in reaction rate, as can be seen in Figure 6.2 ¢). Oven-dried microwave
vials were used for the reaction mixture and were placed in an orbital shaker.
The orbital shaker provided good mass-transport to the catalyst and was used
as an alternative to a traditional stirring magnet, which could cause mechanical
damage to the catalyst.

The kinetics of the catalyzed reactions were evaluated using gas chromatography
(GC), performed using a Bruker 430-GC. GC is a common tool for chemical ana-
lysis and gives a quantitative measure with a low limit of detection of the com-
pounds present in the reaction mixture. In some cases, where a more qualitative
measure was relevant, H! nuclear magnetic resonance (NMR) was employed, us-
ing a Bruker AVANCE II 400 MHz. This was used specifically when evaluating
the three-phase test of heterogenicity.
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6.3.3 Results

The first part of the catalytic evaluation was a solvent screening to identify
the optimal solvent for this system. Seven different solvents, both polar and
apolar, were included in the optimization study, and the resulting conversions
and selectivity achieved by the NW-catalyst are found in Table 6.1. Acetone,
which is a cheap and environmentally benign solvent, was the solvent used in the
reaction with the highest reaction rate along with excellent selectivity (> 98 %
of the partially hydrogenated product). It was thus chosen as the solvent for
the kinetic studies of the different type of catalysts.

Table 6.1: Solvent optimization conducted with a PANP-GaPNW catalyst.®

-~ Catalyst,
©// H, 1.05 bar ©/\ . ©/\
—_ I
35h

1 2 3
Entry Solvent Conversion (mmol)  Selectivity (2/3)
1. Acetone 0.073 98.3/1.7
2. Methanol 0.031 98.2/1.8
3. 1-Butanol 0.031 98.2/1.8
4. Dioxane 0.033 97.3/2.7
5. Dichloromethane 0.0017 Not determined
6. Hexane b -
7. Toluene b -

a) General procedure: The catalyst was activated by exposure to Hz (1.05 bar) for 15 min.
Phenylacetylene (0.01 pL, 0.09 mmol) was then introduced along with the indicated solvent
(2.0 mL). Reaction progress was monitored by GC using bicyclohexyl as an internal standard.
b) No conversion observed.

The next step was to evaluate the performance of the NW catalyst as com-
pared to the planar catalyst and the Lindlar catalyst. The Lindlar catalyst
was included as a reference since it is the benchmark catalyst for hydrogenation
of alkynes. The resulting TOFs, displayed in Figure 6.3, show that the NW-
catalysts had a 15-fold increase in activity as compared to the planar-catalysts,
and a 10-fold increase in activity compared to the Lindlar catalyst. This is a
remarkable difference achieved by elevating the NPs about 2 pm from the planar
surface. In addition to being elevated from the surface, the NPs are also po-
sitioned on a curved surface, which means that the contact angle between the
NPs and the support changes, which can give rise to more active centers for
catalysis [133].
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Figure 6.3: TOF for NW-catalysts, planar catalysts, and Lindlar catalyst in the reduction of phenylacetylene. TOF values
were calculated from rate constants obtained from the linear regression of In(C:/Cy) and given as mean +
SEM (n = 4, two replicates in each).

Before and after used in reaction, the catalysts were characterized by SEM and
(HR)TEM, in order to detect any morphological changes. It was found that
the NPs remained on the NWs without any significant changes. The NW mor-

a) Before reaction b) After reaction

Figure 6.4: SEM and (HR)TEM a) before and b) after use for hydrogenation of phenylacetylene. SEM images show that
the general morphology is stable during reaction. From HRTEM it is also clear that the NPs are mainly intact.
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phology also remain the same as before reaction. However, HRTEM on the NP
decorated NWs after reaction reveal that some of the NPs have merged with
the NW (see Figure 6.4). This was observed only for NPs very close to the tips
of the NWs, where the NWs are the thinnest and also most accessible to the
reaction mixtures. It is possible that these NPs have caused some decompos-
ition of the NWs and that this is the same effect that caused the more severe
decomposition for the NW design with the thinner tips, shown in Figure 5.4.
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Figure 6.5: Three-phase test of heterogenicity. Only signals corresponding to non-reduced alkyne 4 are seen in the NMR
spectrum after hydrolytic release (left). Efficient partial hydrogenation of alkyne 6 confirmed by signals cor-
responding to vinylene 7 after hydrolysis (right).

A three-phase test was conducted to evaluate the heterogenicity of the catalytic
reaction [134, 135]. This test is important as it answers the fundamental question
— is the reaction catalyzed by the solid catalyst (heterogeneous catalysis) or by
leached atoms (homogeneous catalysis) For the three-phase test, the substrate,
which here refers to the molecule which is the subject for the catalyzed reaction,
is bound to a solid, in this case silica, support and separated from the solid
catalyst by the solvent. Then the reaction is conducted according to the general
procedure and after a certain time, 500 hours in this case, the reaction is stopped
and the substrate is hydrolyzed, effectively removing the substrate from the solid
support, so that it can be analyzed. The same is done for the corresponding
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substrate in solution, as a reference.

The analysis was performed with NMR and the resulting spectra from the solid-
bound substrate and for the substrate in solution are found in Figure 6.5. The
spectra reveal that there had been no hydrogenation of solid-bound spectra,
while the substrate in solution had been completely consumed. From these
results it is possible to conclude that the catalyzed reaction is completely het-
erogeneous, and no leaching of the catalyst occurs.

In summary, in this chapter I have shown that the NW-supported Pd NPs are
highly catalytically active, with a conversion rate 15 times that of the planar-
supported catalyst. The NW-supported catalyst are also highly selective, ex-
ceeding even what has been reported for the Lindlar catalyst. Finally, charac-
terization by electron microscopy and three-phase heterogenicity test show that
the catalyst is highly stable in reaction.
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Chapter 7

Conclusions and Outlook

The goal of this thesis was to develop a new approach to catalyst design by
integrating nanotechnology with organic synthesis. As I complete the end of my
doctoral studies it is appropriate to evaluate this approach and its future.

In this doctoral thesis, I am presenting a novel approach to the design and
development of solid-state nanostructures for catalysis. This method offers a
comprehensive framework for isolating and understanding the various paramet-
ers influencing the catalytic response of the nanostructures, and it encompasses
three main components: the generation of catalytic nanoparticles, the fabrica-
tion of the nanostructure support, and post-processing techniques designed to
enhance stability.

Starting with the production of nanoparticles. I have used aerosol methods,
particularly the spark discharge generator, based on spark ablation, as a ver-
satile tool for tailoring the nanoparticle properties. The choice of aerosol-based
methods for generating nanoparticles can easily be motivated as solvent-free al-
ternative to chemical synthesis methods. However, it is perhaps more relevant
to benchmark spark ablation to other gas-phase methods, such as magneto-
sputtering, which can also provide high purity nanoparticles with good com-
positional control. What I have experienced during my research, is that the
spark discharge generator is a low-maintenance, stable, and easily adaptable
tool which is compatible with many aerosol instruments for analysis of vari-
ous kinds. From my measurements I have also observed that the quality of
the generated nanoparticles is pristine in terms of crystallinity, mixing, purity,
reproducibility.

The property I chose to focus on was the chemical composition of Pd-Cu bimet-
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allic nanoparticles. Through systematic investigations, I have demonstrated the
remarkable level of control achievable by simply altering the electrode materials,
switching between pure and alloyed electrodes. This versatility has paved the
way for precise tuning of nanoparticle characteristics. From the time-resolved
XRF measurements it was observed that, in general, the compositional stability
was very high. However, while studying the generation of bimetallic nano-
particles by spark ablation, it has also became clear that the processes that oc-
cur during the moment of the spark and the brief moment afterwards, is highly
complex and encompasses aspects related to a wide range of fields, including
electronics, plasma physics, fluid dynamics, and — of course — aerosol physics.
To truly understand these processes, a combination of modelling, simulations,
and systematic experimental studies will be necessary.

For the development of the support-structures, where close-packed tapered GaP
NWs were utilized, the key aspect was to develop structures that were mech-
anically and chemically stable, both in solution and during reaction. This,
seemingly simple task ended up being one of the largest obstacles to achieving
stable catalysts for evaluation. One of the most surprising aspects during the
development of the nanowire supports structures was the impact of the cata-
lytic activity. A catalyst that was perfectly stable in the reaction environment
was found to severely decompose once the reactants were added and catalytic
conversion occurred. The final design was developed to have a thick top part,
which contributed not only to increased mechanical stability, but also to spread
out the NPs a bit more over the surface, and this design was shown to be stable
in reaction.

For the catalytic evaluation I was pleased to report such promising results for
the NW-supported Pd NP catalyst. The effect from elevating the Pd NPs from
the surface resulted in a TOF which was an order of magnitude higher than for
the planar-support, as well as for the Lindlar catalyst, which is the benchmark
catalyst for semihydrogenation of alkynes. The complete absence of leaching
as measured by the three phase test of heterogenicity is also promising for the
potential of recyclability of the catalyst.

Looking ahead, this research opens exciting questions for further exploration and
development. I anticipate that the insights gained from our work will serve as
a foundation for refining and expanding the capabilities of this novel approach.
The ability to isolate and manipulate key parameters responsible for the cata-
lytic performance holds large potential in the field of catalysis. Future research
can focus on refining and extending the control over the different components
of the modular catalyst.
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The effect of the bimetallic nanoparticle composition and crystal structure on
their catalytic performance should be evaluated. The system current set-up
allows for separation of the compositional tuning from any other changes of the
catalyst, to truly isolate its effect. Furthermore, the bimetallic system can easily
be extended to multimetallic, by using two pre-alloyed electrodes of different
materials. This way, high entropy alloys could be achieved which might have
very interesting catalytic properties [136].

The Pd-seeded nanowires and nanotrees have yet to be tested as catalysts.
The first step would be to replace the Au-seeded nanowires by the Pd-seeded
nanowires, to see if the the presence of Au had any effect on the catalytic
performance. Furthermore, the nanotrees should be tested on their own, letting
the Pd-seed particles act as the active catalysts. In this case, careful evaluation
of the seed particles composition and crystal structure is necessary, as both Ga
and Pd might be incorporated in the particles, resulting in interesting phases.

Further investigations on the catalytic applications of the nanoparticle-decorated
nanowires should be performed, expanding their applications to other reactions,
both hydrogenation reactions, and C—C coupling reactions. For these reactions
it will also be relevant to compare the activity for our catalysts with the ones
used in industry. In this work we have compared the developed catalysts to the
benchmark catalyst for this reaction, and concluded that it performs very well.
However, we do not yet know how he catalysts would compare in the high pres-
sures and temperatures typically associated with industrial processes. Do we
find that they are efficient enough to use at ambient pressure and temperature?
Such a catalyst would have the potential to save a lot in energy and cost in the
processes.
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The energy landscape of a catalytic process can be related to a mountain range,
with many possible pathways downwards.
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