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Abstract
This PhD thesis investigates catalytic reactions under reaction conditions
that is comparable to industrial catalysts.

Heterogeneous catalysis plays a pivotal role in the transition to a renewable
energy future, moving away from fossil fuel­based energy sources and con­
tributing to clean energy access for all, in accordance with United Nation
(UN) Sustainable Development Goal 7 (SDG 7). In this thesis, a Si­based
µ­reactors is used to investigate heterogeneous catalysis, bridging the pres­
sure gap between traditional academic surface science and industrially vi­
able catalytic reaction conditions.

The µ­reactor, a state­of­the­art testing platform, allows for activity testing
and analysis of catalytic reactions under a wide range of conditions. In this
work, the primary study is the investigation of AuTi mass selected nanopar­
ticles in the size range of 2­8 nm for their potential application in thermal
catalysis. By alloying Au with Ti, AuTi nanoparticles is expected to exhibit
enhanced stability compared to Au on SiO2, which is then evaluated sys­
tematically for their catalytic performance using the µ­reactor.

The key reaction studied in this thesis is CO oxidation, a well known process
with industrial applications.

Through this work, the µ­reactor platform has demonstrated the versatility
and potential as a powerful tool for investigating heterogeneous catalysis it
is.

During this work, it has been important to enhance the technical aspects
of the µ­reactor. This research examines the calibration processes of the
quadrupole mass spectrometer (QMS). An understanding of this procedure
is important, as it sets the stage for accurate and reliable data analysis in
subsequent experimental stages. Complementing this is the validation the
molecular flow through the capillary of the µ­reactor to enable calibration of
gasses not available as a pure gas or as a gas mixture for direct calibration
in the QMS. Technical effort is put into setting up and optimising protocols for
using the µ­reactors in catalysis research. Detailed attention is given to the
heating methods and monitoring of temperatures in vacuum, ensuring that
the reactors are heated homogeneous and the true temperature is reported
for optimal performance across various experimental scenarios.

The platform relies heavily on the anodic bonding procedure to hermetically
close the reactor prior to testing. This step has proven to include huge vari­
ation and unreliable catalytic testing for the AuTi system investigated and
effort is put into designing and conceptualising a new re­usable µ­reactor­
platform for thermal catalysis as is the case for Electrochemical Catalysis
(EC) and is proven to work for Photocatalysis.
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Resume
Denne PhD­afhandling undersøger katalytiske reaktioner under reaktions­
betingelser, der er sammenlignelige med industrielle katalysatorer.

Heterogen katalyse spiller en afgørende rolle i overgangen til en fremtid
baseret på vedvarende energi, hvor man bevæger sig væk fra energikilder
baseret på fossile brændstoffer og bidrager til adgang til ren og billig energi
for alle, i overensstemmelse med FN’s verdensmål for bæredygtig udvikling
(SDG 7). I denne afhandling udforskes brugen af Si­baserede μ­reaktorer
til at undersøge heterogen katalyse, som kan agere bindeled i mellem tra­
ditionel UHV forsøg og industrielle katalytiske reaktionsbetingelser.

μ­reaktor platformen muliggør aktivitetstest og analyse af katalytiske reak­
tioner under forskellige reaktionsbetingelser med høj tryk og hurtig temper­
aturændringer. I dette arbejde er AuTi masse­selekteret nanopartikler i stør­
relsesorden 2­8 nm undersøgt for deres potentielle anvendelse i termisk
katalyse med fokus på stabilitets potentialerne for metallegerigner med Ti.
AuTi legeringen og Au nanopartikler er evalueret for deres katalytiske ak­
tivitet og undersøgt for deres stabilitet på SiO2,

Den primære reaktion, der studeres i denne afhandling, er CO oxidation, en
velkendt proces som også bruges i industrien.

Gennemdette arbejde har μ­reaktorplatformen demonstreret potentialet som
et kraftfuldt værktøj til at undersøge termisk heterogenkatalyse.

Under dette arbejde har det været vigtigt at forbedre de tekniske aspek­
ter af μ­reaktoren. Denne afhandling undersøger kalibreringsprocesserne
af kvadrupol­massespektrometeret (QMS). En forståelse af denne proce­
dure er vigtig, da den danner grundlaget for nøjagtig og pålidelig dataanal­
yse i de efterfølgende eksperimenter. Dette suppleres af valideringen af
flowet gennem μ­reaktorens kapillar for at muliggøre kalibrering af gasser,
der ikke er tilgængelige som en ren gas eller gasblanding til direkte kali­
brering i QMS. Der er optimeret protokoller til opvarmningsmetoderne og
temperaturermålingerne i μ­reaktoren i vakuum, som sikrer, at reaktorerne
opvarmes homogent, og den korrekte temperatur rapporteres for optimal
udnyttelse af platformen på tværs af forskellige eksperimentelle scenarier.

Platformen er stærkt afhængig af anodisk bonding procedure for hermetisk
at lukke reaktoren før aktivitets testning. Dette trin har vist sig at give stor
variation i udfaldet af succesfulde μ­reaktorer og er den primære kilde til
upålidelig katalytisk aktivitets testning for AuTi­system. Der er derfor lagt
påbegyndt en indsats i at designe og udvikle en ny μ­reaktorplatform til gen­
brugelige μ­reaktorer til brug i termisk heterogenkatalyseforskning. Det er
blevet gjort med succes for μ­reaktorer til brug i fotokatalyse.
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Chapter 1

Introduction
As the world faces an energy crisis both to meet the increasing energy de­
mand in the terawatt scale while moving away from fossil fuel based energy
source, it is important to develop new, sustainable ways to produce chem­
icals and fuels [1, 2, 3]. Catalysts, which are usually nanoparticles with a
high number of under­coordinated surface atoms, are necessary for chem­
ical reactions to occur efficiently.

Catalysis plays a vital role in the energy transition towards a more sustain­
able future. As we shift from fossil fuels to renewable sources of energy,
it is essential to develop efficient and cost­effective ways to convert these
sources into usable chemicals. Catalysis enables us to achieve this by ac­
celerating chemical reactions and increasing their selectivity, thus reducing
waste and improving energy efficiency [4].

However, catalysis research faces an inherent problem between academic
research, which is typically conducted on well­defined single crystals and
under well­controlled atmospheres in ultra high vacuum chambers; and, in­
dustrial catalysis, which occurs at high pressures, temperatures, and with
less well­defined atmospheres and catalysts. This so­called ”pressure gap”
and ”material gap” pose significant challenges in translating fundamental
insights gained from model systems to practical applications.

Several articles [5, 6, 7, 8] discuss the need to bridge this gap both compu­
tationally and experimentally and highlight the opportunities and challenges
that is. These articles emphasize the importance of designing catalysts
that can operate under industrial conditions, understanding the fundamen­
tal principles that govern intrinsic catalyst performance, and developing new
experimental techniques that can capture the dynamic behavior of catalysts
under real­world conditions.

Overall, catalysis research has a crucial role to play in the transition to a
more sustainable energy future. The pressure and material gaps pose sig­
nificant challenges that require innovative solutions, and the articles dis­
cussed above provide valuable insights into the opportunities and challenges
associated with bridging these gaps. By developing new catalysts and un­
derstanding the fundamental principles that govern their performance under
industrial conditions, we can make significant strides towards achieving a
more sustainable and cleaner energy future.

Exploring new catalysts for conversion of sustainable energy in µ­reactors 1



CHAPTER 1. INTRODUCTION

By producing well­characterized mass­selected nanoparticles, we can ma­
nipulate the activity of these catalysts and study their relationship between
structure and reactivity. The µ­reactor developed at SurfCat allows for mea­
suring the activity of these nanoparticles, which is necessary for studying
processes such as the hydrogenation of CO and CO2 into methanol or
higher alcohols [9]. In this PhD project the cluster source at SurfCat has
been used to produce these mass­selected atoms, clusters, and nanopar­
ticles for testing in the µ­reactor setup. The goal is to increase the under­
standing of catalytic activity and selectivity of mass­selected catalysts and
potentially develop new catalysts for converting CO, CO2, and N2 into chem­
icals and fuels through hydrogenation.

1.1 Heterogeneous catalysis
Heterogeneous catalysis is a type of catalysis in which the catalyst and the
reactants involved in the chemical reaction are present in different phases,
usually as a solid catalyst and gaseous or liquid reactants. This contrast dis­
tinguishes it from homogeneous catalysis, where the catalyst and reactants
exist in the same phase [10].

In heterogeneous catalysis, the reactant molecules interact with the surface
of the solid catalyst, forming temporary bonds. This interaction typically
leads to a weakening of the reactant’s chemical bonds, making it easier
for the reaction to occur. A potential energy diagram can be seen in figure
1.1 where the activation energy Ea for the reaction pathway with a catalyst
is lower than without. The process can be broken down into several key
steps:

Adsorption: The reactant molecules adsorb onto the catalyst’s surface, which
means they attach themselves through weak physical or stronger chemical
interactions.

Dissociation: As the reactant molecules adsorb onto the surface, their bonds
are weakened or broken, lowering the energy barrier needed for the reaction
to occur.

Reaction: The activated reactants undergo the desired chemical reaction
on the catalyst’s surface, forming the product molecules.

Desorption: The product molecules detach from the catalyst’s surface, free­
ing up active sites for new reactant molecules to adsorb and repeat the
process.

A significant advantage of heterogeneous catalysis is that the solid catalyst
can often be easily separated from the reaction mixture, making it conve­
nient for industrial applications. Heterogeneous catalysis plays a vital role in
numerous industrial processes, such as the production of ammonia through
the Haber­Bosch process, the catalytic cracking of hydrocarbons in oil re­
fining, and the reduction of automobile exhaust emissions [10].

2 Exploring new catalysts for conversion of sustainable energy in µ­reactors



1.1. HETEROGENEOUS CATALYSIS
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Figure 1.1: Simple potential energy diagram of an exothermic reaction.
Adapted and updated from [11].

1.1.1 Studying surface science and catalysis
The study of catalysis is highly complex due to the numerous intermedi­
ate states and possible by­products, the time­scale at which the reactions
occur and the diffusion on/off the catalytic surface making it challenging to
investigate catalysts in action and fully understand their underlying mech­
anisms. Traditionally, catalysis has been developed through trial and error
and knowledge of a catalyst’s effects in a specific reaction [10]. However,
to enhance academic knowledge and understand the physical properties
of catalysis, investigations must take place in a highly controllable environ­
ment such as a ultra­high vacuum (UHV) chamber in which the reaction can
occur.

To stress out the importance of good UHV to perform surface science ex­
periments the langmuir unit can be used. One langmuir (1 L) is defined
as the exposure equivalent of 10−6 Torr or 1.33 × 10−6 mbar in one sec­
ond. Assuming every molecule that hits the surface sticks to it, i.e., has
a sticking coefficient of one then, 1 langmuir corresponds to a monolayer
of adsorbates on the surface. To prevent contaminants from covering the
entire surface, the UHV pressure must be in the order of 10−10 mbar, which
provides only a few hours of work time [12] before the entire catalytic surface
has been exposed to crap from the vacuum chamber.

Although UHV is excellent for controlling the atmosphere, experiments con­
ducted with this method has limitations. The experiments can provide infor­
mation about the structural and electronic properties of surfaces and how
reactions are influenced by adsorbates on surfaces [6, 10], but a single

Exploring new catalysts for conversion of sustainable energy in µ­reactors 3



CHAPTER 1. INTRODUCTION

crystal catalyst may behave entirely differently in UHV than under industrial
conditions with high pressure (>30 bar) and high temperatures (>700 °C).
This difference between UHV experiments and real catalyst applications is
known as the pressure and material gap [6]. To bridge this gap, different
in­situ techniques have been developed, and the introduction of chemical
potential in density functional theory (DFT) has made it more common to
combine UHV techniques with ab initio calculations [13]. To overcome this
gap, the µ­reactor developed at DTU in the SurfCat group is an extremely
useful tool [9]. By reducing the reactor volume and increasing the area to
volume ratio, one can have better control of the reactants and their flow in
the reactor over the catalyst. The small reactor volume results in a short
residence time in the reactor, giving a fast time response. Moreover, by us­
ing this µ­reactor, one can study a catalyst under more realistic conditions.
It is easy to expose the sample to a pressure of 2­3 bar and temperatures
up to 300­500 °C and still use UHV techniques, such as a quadrupole mass
spectrometer (QMS), to investigate the products, yielding a high sensitivity.

1.1.2 Kinetics of chemical reactions
Chemical kinetics plays a role in the field of heterogeneous catalysis as it
helps to understand the rate and mechanism of chemical reactions occur­
ring on the surface of the catalyst. Thermal catalysis is a process in which
the reactants adsorb on the surface of a solid catalyst, and the resulting
chemical reaction occurs on the surface at elevated temperatures [10].

The rate of the reaction on the surface of a catalyst can be described by
the Langmuir­Hinshelwood mechanism, which is commonly used to model
surface reactions. This mechanism considers the adsorption of reactants on
the surface of the catalyst, the formation of an intermediate complex, and
the desorption of the product from the surface [10].

The rate of the reaction can be expressed as:

r = k · θA · θB (1.1)

where r is the reaction rate, k is the rate constant, θA and θB are the
fractional surface coverage of the reactants A and B, respectively. The
Langmuir­Hinshelwood mechanism assumes that the rate­determining step
is the reaction of the adsorbed intermediate complex.

In thermal catalysis, the reaction rate is also dependent on the temperature
of the system, which can be described by the Arrhenius equation:

k = Aexp
(
−Eact

kBT

)
(1.2)

where k is the reaction rate constant, A is the pre­exponential factor, Eact
is the activation energy, kB is the Boltzmann constant, and T is the abso­
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1.1. HETEROGENEOUS CATALYSIS

lute temperature. The activation energy, Eact, denotes the minimum energy
needed for a reaction to occur, while the pre­exponential factor, A, signifies
the theoretical rate at infinite temperature, also referred to as the frequency
factor. By plotting the natural logarithm of the reaction rate against the re­
ciprocal of the absolute temperature, the activation energy can be obtained
from the slope of the resulting straight line, as depicted in Figure E.1 in the
appendix. However, some reactions may display non­Arrhenius behavior,
where the slope fluctuates with temperature.

CO oxidation reactions at low temperatures exemplify this, as the reaction
rate is influenced not only by the activation energy but also by the reactant
coverage on the catalyst surface. At lower temperatures, CO molecules
tend to bind more firmly to the catalyst surface, causing a reduction in the
reaction rate. Conversely, at higher temperatures, the activation energy
prevails, and the reaction rate increases with temperature, adhering to the
Arrhenius equation [10].

Understanding the kinetics of the catalytic reaction is important for designing
and optimizing catalysts for industrial processes. By controlling the surface
structure and composition of the catalyst, it becomes possible to fine­tune
the reaction rate and selectivity to produce the desired outcome.

1.1.3 Nanoparticles
The surface properties of catalysts are essential, as reacting molecules bind
to their surfaces. Increasing the surface area leads to a higher number of
active sites available for reactions. Consequently, boosting the catalyst’s
activity can be achieved by enhancing the available surface area per vol­
ume of the catalyst material [4]. Furthermore, since many state­of­the­art
catalysts comprise non­abundant elements, this approach also improves
the economic feasibility of catalytic processes. This has led to the develop­
ment towards smaller catalyst particles, as the surface area­to­volume ratio
for a sphere with radius r scales accordingly:

A
V

∝ 1

r
. (1.3)

As a result, the smaller the particle, the more precious material like Pt or Au
is at the surface and able to participate in catalytic processes. Nanoparti­
cles, which range from 1­100 nm in size, have various shapes, so the ratio
of surface atoms to volume does not strictly follow equation (1.3). For a
catalytic material to have a significant global impact, it must be abundant,
easily accessible, and cost­effective, enabling its use for terawatt­scale en­
ergy conversion [3].

The Wulff­construction model is a common method for modeling nanopar­
ticle structure. This method scales the relative areas of different crystalline
facets based on their surface energies to minimize the total surface energy
of the nanoparticle. One intriguing aspect of catalytic nanoparticles is that

Exploring new catalysts for conversion of sustainable energy in µ­reactors 5



CHAPTER 1. INTRODUCTION

as the particle size reduces to less than tens of nanometers, the distribution
of various undercoordinated sites increases due to the insufficient number
of atoms forming low­energy facets. These diverse undercoordinated sites
possess different binding energies, suggesting that particle size can influ­
ence catalytic properties. This phenomenon, known as the particle size
effect, has been observed in nanoparticles for various reactions, such as
CO oxidation on Au particles [14, 15]. When particle size is further reduced
to below 1­2 nm, quantum mechanical effects may impact catalytic proper­
ties [16, 17]. Particles of these sizes are typically referred to as clusters.
Notable size effects have been reported in this size regime, with significant
differences in catalytic activity observed upon adding a single atom [18, 19].
Therefore, controlling nanoparticle and cluster size is vital for examining
fundamental catalytic properties.

6 Exploring new catalysts for conversion of sustainable energy in µ­reactors



Chapter 2

Experimental method
This chapter will first describe the design of the µ­reactor and emphasis the
strength of this. Secondly a detailed description of the experimental setup
used together with activity measurements with a quadruple mass spectrom­
eter and lastly a description of the UHV related techniques used to analyse
and characterise the catalyst.

2.1 The µ-reactor
The µ­reactor chip developed at CINF was first reported in 2009 [9], with a
comprehensive description of the device and its fabrication process avail­
able in [20]. The µ­reactor platform has been further developed at DTU by
multiple PhD students from CINF/SurfCat and is detailed in [9, 21, 20, 22,
23, 24]. Briefly, the µ­reactor is made from a 4” silicon wafer and can hold
up to 12 µ­reactors per wafer. The design features four holes: two inlets (I1
and I2) and two outlets (O1 and O2), as shown in Figure 2.1.

The Si­based µ­reactor, fabricated in a clean room, measures 27x16.1 mm
and includes two inlets, a mixing zone, an outlet, a reactor volume, and a
capillary for gas extraction from the reactor volume. The mixing and outlet
channels have a depth of 250 µm, while the reactor and capillary have a
depth of 3 µm. A 50 nm layer of SiO2 is grown on the entire structure to
serve as an inert substrate for the catalyst being tested.

The reactor volume, which measures 10 mm in radius and 3 µm in depth,
giving a total volume of 240 nL is located at one end of the reactor. A mean­
der like structured mixing channel extends between the two inlet holes and
the reactor volume, ensuring homogeneous gas mixing by diffusion before
entering the reactor volume. All reactants and products within the reac­
tor volume are directed out of outlet O2, which connects to a quadrupole
mass spectrometer (QMS) through a capillary. This capillary transitions the
high­pressure gas flow into molecular flows under ultra­high vacuum (UHV)
pressure conditions, allowing for accurate gas product analysis after the re­
action.

To maintain a constant pressure during reactions, a pressure controller is
connected to outlet O1. The channel leading to O1 connects with the chan­
nel from the two inlets in front of the reactor volume with a smaller tube
leading the gas into the reactor volume to prevent back diffusion [9]. This

Exploring new catalysts for conversion of sustainable energy in µ­reactors 7



CHAPTER 2. EXPERIMENTAL METHOD

Inlet 1

Inlet 2

Outlet 1

Outlet QMS

Reactor Volume

Capillary

Meanderstructure

Figure 2.1: The design of the µ­reactor. Image taken by Thomas Pedersen
[9]

design guarantees a constant ”buffer” of the gas mixture in front of the reac­
tor volume and ensures that all gas entering the reactor volume is analyzed
after leaving only through O2. The backside of the µ­reactor, seen in figure
2.2a, shows the placement of two heating elements and a four point probe
resistance temperature detector (RTD) for measuring the temperature of the
µ­reactor.

The unique design of the µ­reactor allows for highly sensitive measurements
by leading every molecule that enters the reactor volume into the mass
spectrometer, despite most of the incoming gas being pumped away im­
mediately. This design offers several advantages over traditional catalytic
reactors, such as a low thermal mass enabling rapid temperature changes,
the capability to measure small amounts of catalyst, and the ability to safely
handle explosive or dangerous mixtures. The glass lid also provides easy
optical access to the catalyst, making it suitable for photo­catalysis. Addi­
tionally, the diffusion length of the reactants and product gases in the reactor
volume ensures full contact with the catalyst. However, traditional surface
science techniques cannot be applied to the catalyst due to the hermetically
sealed reactor design. The maximum achievable temperature is theoreti­
cally limited by the lid’s melting point (approximately 700°C), much lower
than that of traditional UHV setups.

The µ­reactor’s design, featuring a high area­to­volume ratio, facilitates the
study of low catalyst loading required for mass­selected nanoparticles from
the nanobeam cluster source. The capillary design allows experiments to

8 Exploring new catalysts for conversion of sustainable energy in µ­reactors



2.1. THE Μ­REACTOR

(a) (b)

Figure 2.2: a) The design of the dual heater structure and 4 point probe
resistance measurement for the RTD temperature detection. b) The design
of the latest edition of the µ­reactor with 5 visible areas containing grids for
identical location inspection. Image taken by Thomas Pedersen.

operate at high pressures while maintaining ultra­high vacuum (UHV) con­
ditions on the backside, ensuring high sensitivity measurements of reaction
products and by­products with a quadrupole mass spectrometer (QMS).

2.1.1 Introducing catalyst into the µ-reactor
The µ­reactor is not effective without a catalyst to measure. Two methods
have been used to introduce a catalyst into the reactor: drop casting and
physical vapor deposition.

In drop casting, a catalyst (e.g., CuZn on alumina) is milled and sieved with
the smallest sieve available 50 µm before put in a solution of 18.2MΩ ul­
trapure water or 97% ethanol and sonicated. Ethanol solutions have the
advantage of lower surface tension, allowing for smoother flow to the reac­
tor chamber edges and more uniform catalyst distribution. However, if the
catalyst is highly reactive at room temperature, carbon from ethanol may
bind to it, forming carbides and reducing the catalyst’s activity. A rule of
thumb is to prepare a catalyst concentration of c = 1 g L−1 and drop a 40 µL
droplet. Different catalyst activities may require varying amounts to avoid
full conversion, which then becomes mass transport limited and hinder the
study of the properties of the catalyst.

Thin film deposition is another method for introducing catalysts, used at Sur­
fCat. This technique requires a vacuum, as it relies on a long mean free path
of the molecules. A target material (e.g., Ti) is mounted in the sputter cham­
ber, and ionized Ar gas is accelerated towards it to sputter off the metal. The
metal then moves towards the sample and deposits uniformly over the reac­
tor, creating a clean, homogeneous thin film. Introducing minute amount of
oxygen in the vacuum chamber creates an oxide thin film which can be used
to alter the support substrate of the nanoparticles in the µ­reactor (TiO2).

Exploring new catalysts for conversion of sustainable energy in µ­reactors 9
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Figure 2.3: Utilizing magnetron sputtering, the Nanobeam cluster source
sputter atoms off from a target, which then combine into clusters and
nanoparticles. These are then directed into a lateral time­of­flight mass fil­
ter, which separates particles according to their mass to charge ratio. The
system is tuned to a desired particles size, and the atoms are then deposited
onto a µ­reactor. Image courtesy of Jakob Kibsgaard.

Mass selected nanoparticles
To study size effects on catalyst one has to make well defined nanoparticles.
This is done by the Omicron cluster source team at SurfCat. The cluster
source has been operated by master’s student Jens Ringsholm and PhD
students Niklas Secher, Karl Toudahl, Julius Needham, and Rikke Ploug­
mann and post doc researcher Fransesco Presel for the deposition of parti­
cles on the µ­reactors.

Figure 2.3 presents a schematic illustrating the working principle of the clus­
ter source.

The cluster source uses magnetron sputtering to sputter of material from a
target. During this PhD work it has been either a pure Cu target, 50/50 AuTi
target, pure Pt target or dual target Cu and Co for study on CuCo in­flight
alloys.

During magnetron sputtering, a strong electric field accelerate ionized Ar+
ions towards a target, causing material to be sputtered into the vacuum.
The atoms and clusters subsequently engage in gas­phase aggregation,
resulting in the formation of various­sized clusters ranging from single atoms
to large nanoparticles [25, 26].

The gas­phase aggregation occurs in the aggregation zone, where the mag­
netron sputtering target is situated, as depicted in the left side in Figure 2.3.

Several particles exiting the aggregation zone carry an electric charge. The
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Unfiltered beam in

Plate 2

Plate 1

High m/z
Low m/z Filtered beam out

Figure 2.4: An illustration of a lateral time­of­flight mass filter in which an
unfiltered particle beam enters the time­of­flight chamber. Upon applying
an electrical pulse on plate 1 and plate 2 subsequently, the particles are
displaced based on their mass­to­charge m

z ratio. The the small exit slit
allowing for a precise range of masses to pass through. Adapted from [28].

charged particles are focused and accelerated using electrostatic lenses
and ion optic lenses. To achieve a narrow particle size distribution deposited
on the µ­reactor the particles enter a lateral time­of­flight mass filter, where
high­voltage pulses applied to two plates cause vertical acceleration based
on their mass­to­charge ratio (mz ). Particles are then laterally displaced and
filtered through a narrow exit aperture [27]. The working principle of the ToF
can be seen in figure 2.4.

Most of the charged particles carry one elementary charge, which effectively
results in a filtering based on the particle mass.

For more on the cluster source the reader is referred to former PhD students
dissertations [28, 29, 30]

2.1.2 Anodic Bonding
To ensure the necessary sealing from the outside atmosphere for the silicon­
based µ­reactors, a Pyrex lid is anodically bonded to the reactor’s surface.
Anodic bonding provides a hermetic seal, unlike o­rings which can allow
gas leakage through the polymer compound. During the anodic bonding
process, covalent bonds form between the sodium ions (Na+) in the Pyrex
lid and the oxide in the SiO2 layer, resulting in an atomically thin seal. This
process leaves a minimal height of approximately 3 microns, yielding a total
reaction volume of 240 nL. Figure 2.5 illustrates the working principle of an
anodic bonding process. The bonding takes place at temperatures around
450 ◦C, which unfortunately can cause most catalysts to sinter or change
their morphology.

To address this issue, a specialized setup for bonding while cooling the sen­
sitive active catalyst­containing area is employed, as shown in figure 2.6.
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Cathode

Pyrex lid

Silicon μ-reactor 

Heating element

I ~ 1 mA

U~ -1 kV

Figure 2.5: This schematics display the working principals of the anodic
bonding setup.

Aluminum cathode Silicon  μ-reactor
 Pyrex lid

14  mm

11 mm-1 kV

Hole for 
heating lamp

Copper pillar

Grounded copper heat sink

0.3 mm

Aluminum
Pyrex 0.003 mm air gap

Copper

0.5 mm

Figure 2.6: This figure displays the working principals of the cold anodic
bonding setup. Adapted from [31].
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Figure 2.7: Monitoring the temperature on top of the reactor and beneath
the reactor at the perimeter of the active area since the Cu­coldfinger is
taking up the space directly under the sensitive reactor area containing the
catalyst. This is the microreactor MR 65 loaded with 5% 160k amu, 3.5nm
AuTi on TiO2. The cooling water was kept at 11 ◦C to avoid condensation
on the outside of the equipment.

A copper block with an extruded finger is kept cold by 10 ◦C cooling water,
and heat paste is applied on top of the cold finger to ensure a good thermal
connection between the cooling block and the reactor’s sensitive area. The
reactor and Pyrex glass lid are then placed firmly on the cold finger. An
aluminum heating block with an 11 mm diameter cylindrical hole is placed
on top of the reactor, with the hole positioned over the heat­sensitive re­
actor area. The cathode is placed on top of the aluminum block to keep
the entire structure in place during bonding. The aluminum block is heated
to 350­450◦C by two light bulbs. In figure 2.7, a plot of an anodic bonding
process monitored by two thermocouples placed on top of the Pyrex lid and
underneath the µ­reactor at the perimeter of the catalyst­deposited reactor
area is shown.

The success rate of the anodic bonding process varies significantly and is
highly dependent on the operator’s expertise. Some operators may have a
success rate as low as 50%, while experienced ones can maintain a rate of
approximately 80%. Incomplete bonding is common, preventing the reac­
tor from being hermetically sealed and causing gas leaks. This incomplete
bonding is frequently attributed to particles or scratches in the µ­reactor that
prevent close atomic contact between the pyrex lid and the SiO2. Unsuc­
cessful bonding can also be the result from issues like misplaced pyrex lids,
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which occurs due to obstructed views from the heating block. To mitigate
this issue multiple attempts has been tried and failed to manufacture a form
in non­electrical conductivematerials to guide and place the pyrex lid exactly
on top of the µ­reactor. However, these attempts all increased the amount
of incomplete bondings lowering the total success­rate.

Currently, new operators undergo training using empty reactors, as well as
reactors with drop­casted catalysts and reactors with sputtered thin films.
This training is essential before they handle reactors containingmass­selected
nanoparticles from the cluster source.

2.2 Setup - microreactorNG
The µ­reactor is mounted in the various setups tailored to the specific type of
µ­reactor. The photo­reactor setup is used for photocatalytic catalysis, the
sniffer setup is used for electrochemical catalysis (EC­MS, electrochemi­
cal mass spectrometry) and the microreactorNG setup is used for thermal
catalysis together with another older designed setup. In this section, a de­
scription of the microreactorNG setup will be provided. While this setup is
the primary focus of the PhD research, some work has also been conducted
using the other setups.

In figure 2.8 a schematic of the entire gas handling of the microreactorNG
setup is displayed.

The microreactor is mounted in a steel interface block, as seen in Figures
2.9 and B.1. This block features eight (8) pogo pins that ensure electri­
cal connections to the two heaters and the resistance temperature detector
(RTD) on the µ­reactor’s backside.

Viton O­rings are used to seal the µ­reactor’s inlets and outlets to the inter­
face block. A steel bar and two screws carefully press the µ­reactor onto the
O­rings in the block, requiring cautious manual tightening to avoid breaking
the Pyrex glass on the µ­reactor.

The mounting block is positioned within a containment chamber that can be
evacuated or filled with Ar gas to control the atmosphere around the O­rings.
This ensures that any gas leaking through the O­rings is either inert gas
leaking in to the µ­reactor or gas directed out into the containment chamber,
preventing unrelated gas from entering the µ­reactor and subsequently the
mass spectrometer, which would lead to inaccurate measurements of gas
molecules unrelated to the chemical reaction.

The older design setups lack a containment chamber around the interface
block to control the atmosphere surrounding the O­rings. Instead, these
setups utilize argon as an inert gas to flush the O­rings, making sure that
only inert gas leaks into the QMS.
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O2
CO2

Ar

H2

NH3/D2

CO

MFC PC
CV

BV

BV

BV

BV

MFC

MFC

MFC

MFC

MFC
Carbonyl 

filter

Ar / Air

MKS220 Baratron

absolute pressure
QMS

Figure 2.8: The schematic of the gas handling system at the microreac­
torNG setup includes various components. Black valves represent man­
ual needle valves, while gray valves denote automatic pneumatic pressure
valves. MFCs are MKS mass flow controllers, ranging from 1 ml/min (CO
line) to 10 ml/min (CO2 and O2 lines). The Buffer Volume (BV) is utilized to
release large volumes of gas at high pressures, expanding the gas and re­
ducing the pressure by orders of magnitude (below 1 mbar range). TP and
RP stand for the different turbo pumps and roughing pumps, respectively.
PC is a Bronkhorst pressure controller with a capacity of up to 2.5 bar. A
Cu catalyst­based carbonyl filter is installed on the 6th gas flow line to elimi­
nate any carbonyls from the CO gas stream before entering themicroreactor
system. An MKS220 Baratron absolute pressure transducer is placed after
the capillary outlet and before the QMS to measure flow rates of various
µ­reactors and calibrate the mass spectrometer. The containment volume
(CV) is employed to address issues with leaking Viton O­rings, functioning
either as an evacuated chamber or with approximately 15 mbar Ar gas.
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Inlet 2

Outlet 2

Outlet 1

Ar flush

Pressure controller
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Interfaceblock

μ-reactor

Figure 2.9: Image of a mounted µ­reactor in the microreactorNG setup. The
containment volume is encapsulated within the visible stainless steel wall.

Table 2.1: PID settings for TC and RTD controlled heating
P I D

RTD 0.5 0.2 0
TC 0.1 0.01 0

2.2.1 Heating and temperature control
The heating of the µ­reactor is controlled by a Raspberry Pi, which receives
temperature readings from either the Resistance Temperature Detector (RTD)
or K­type thermocouple (TC), as well as user­defined set points. A PID
(Proportional­Integral­Derivative) algorithm calculates the required power
supply to achieve the desired temperature. The RTD is located on the back­
side of the µ­reactor, while the K­type thermocouple is positioned on the
Pyrex glass lid for enhanced reliability and safety.
Tuning strategy of the PID
After an SD­card malfunction, the PID settings were lost and needed to be
experimentally re­established. This involved conducting various tempera­
ture ramps while adjusting the Proportional and Integration terms, with the
Derivative term set to zero, to achieve optimal temperature control.

Two sets of PID settings were identified for stable temperature control. The
first set used the RTD as the feedback temperature for the PID controller,
while the second set relied on the TC for temperature control. See table 2.1.

The RTD is much faster at detecting temperature changes compared to the
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TC, which is slower due to the low thermal conductivity of the Pyrex glass lid.
Consequently, using the RTD­based PID settings with the TC would result in
significant overshoot and temperature oscillation. Therefore, the two sets of
PID settings were determined to ensure stable temperature control for both
input temperature sources.
Heating
The µ­reactor is heated by two resistance heating elements, Heater 1 and
Heater 2, situated on the backside of the reactor beneath the reactor vol­
ume. These heating elements are fabricated in the same process as the
Resistance Temperature Detector (RTD), consisting of a 10 nm TiO2 adhe­
sive layer and 100 nm of platinum on top. The two heating elements are
independently controlled using a CPX400DP PowerFlex Dual DC Power
Supply, which typically operates in the range of 0.1 A ­ 0.4 A and 5 V ­ 40 V,
providing up to around 16 W of power to heat the µ­reactor to approximately
350◦C.

To ensure even heating across the entire reactor volume, a brief study was
conducted using a thermal camera and various power settings. The test ex­
amined multiple power ratios, from power supplier 1 being 2.5 times higher
than power supplier 2, to the opposite ratio of 1:2.5. The temperature was
adjusted from 30°C to 300°C for each power ratio setting. The images were
analyzed using ImageJ processing software to estimate the settings that
yielded the most uniform heating across the reactor volume [32]. The op­
timal setting was found to be a 2:1 ratio, with the heating element closest
to the outlet and inlet holes receiving the most power, as shown in Figure
2.10. Although the most uniform heating was observed at a ratio of 1.8 to 1
at higher temperatures, the settings were fixed at 2 to 1 for all temperatures
due to the acceptable loss in uniformity compared to the additional program­
ming needed and the increased risk of software failure in the temperature
program that follows.
Resistance Temperature Detector
An RTD (Resistance Temperature Detector) works on the principle of the
temperature­dependent change in electrical resistance of certain metals,
such as platinum. As the temperature increases, the resistance of the metal
increases as well. This change in resistance can be measured and con­
verted to a temperature using the known temperature coefficient of resis­
tance for the metal. Platinum was chosen as the material for the RTD due to
its resistance changing approximately linearly within the temperature range
of interest (50 ­ 350◦C) following

RT = R0(1 + αT ) (2.1)

with a table value for alpha of 3.927 x 10−3 [33].

At the beginning of every experiment the RTD on the µ­reactor is calibrated
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Heat profiles at high and low temperatures at different heater settings
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Figure 2.10: 4 heating profiles of a µ­reactor obtained with a FLIR E50 cam­
era and analysed with ImageJ at various temperatures and power ratio set­
tings for heater 1 and heater 2. Top two profiles in blue are done at low
temperatures 65 ◦C and the two bottom profiles are done at high temper­
atures 285 ◦C. A power ratio of 2 to 1 (providing the most power to heater
1 closest to the mounting block) yields the most uniform heating of the µ­
reactor up until the higher temperature regime.
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using the Callendar­Van Dusen equation

RT = R0

(
1 +AT +BT 2 + C(T − 100)T 3

)
(2.2)

with

A = 3.985x10−3 (2.3)
B = −5.85x10−7 (2.4)
C = 0 (2.5)

because the temperature is above 0◦C [33].

To calibrate the RTD, its actual resistance is measured using a 4­point probe
resistance measurement with an Agilent 34410A. This measurement is then
compared to the actual temperature measured with a K­type thermocouple.
The calibration resistance and temperature are used in equation 2.2, which
includes table lookup values for constants A and B. This determines the
resistance at T = 0°C, denoted as R0. This value is used to calculate the
temperature at any given resistance during a catalytic activity experiment
performed with the µ­reactor.

The annealing process for the RTD on the µ­reactors was improved by post­
doc employee Hoà Lê Thanh, who developed a 24­hour procedure that
made the platinum more resilient to high temperatures and prolonged ex­
periments.

2.2.2 Gas flow in µ-reactor capillary
Catalytic reactions in industry often occur at high pressures. The reaction
rate and selectivity can be influenced greatly by the pressure of the reac­
tants. However, studying these reactions can be challenging as many ana­
lytical techniques require a highly controlled vacuum environment. To reg­
ulate the gas flow from the reactor volume, which can reach up to 3 bar
in the µ­reactor, into the UHV chamber, a narrow capillary is placed in be­
tween. Understanding the gas flow through the capillary is important, as it
can lead to noticeable artefacts in the total gas flow due to the properties of
the capillary and the gases flowing through it.

The flow through the capillary effectively determines the Gas Hourly Space
Velocity (GHSV). The µ­reactor has proven to be a valuable tool for inves­
tigating catalysis, and it can help bridging the pressure gap with its well­
designed capillary [34]. The capillary, located at the end of the channel
just before outlet O2, is designed to manage the gas flow and decreases
the pressure so the amount of products can be analyzed in the quadropole
mass spectrometer (QMS) in a UHV chamber.

Through the capillary the pressure transition from the bulk flow regime to
the molecular flow regime reducing the pressure by 10 orders of magnitude,
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from 1 bar to 1e−7mbar. The fabrication dimensions of the capillary in the
µ­reactor is

wcap = 5 · 10−6m
hcap = 3 · 10−6m
lcap = 1.5 · 10−3m (2.6)

with unknown uncertainties.

The equation for the molecular flux has been extensively investigated and
described in [9, 21, 20, 22, 34] and elaborated further more in [35]. The
following representation of the equation originates from [35]:

Ṅcap =
1

kBT

1

lcap

[ π
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]
(2.7)

This mathematical expression demonstrates that the changes in molecular
flux through the capillary are inversely proportional to the absolute temper­
ature, indicating the importance of accounting for temperature­dependent
artefacts.

Ṅcap ∝ 1

T
p1 (2.8)

In thermal catalysis studies in the µ­reactor, where catalytic activity is mea­
sured over a temperature range of 300 to 650 Kelvin, the molecular flux
decreases by a factor of two. It is important to be aware of this temperature­
dependent flux when studying a reaction, as a decrease in signal could result
from either deactivation and sintering effects or an inherent behavior of the
capillary.

The equation 2.7 is complex and dependent on multiple parameters, includ­
ing temperature, pressure, and dynamic viscosity of the gas composition,
which can be controlled to some degree during experiments. It is crucial
to recognize that these parameters directly impact the gas flow, with tem­
perature and pressure playing a particularly significant role as well as the
design parameters of the capillary. For instance, increasing the pressure in
the reactor leads to an increase in flow, while heating the reactor decreases
the gas flow. Such changes are significant because experiments typically
involve varying temperatures and therefore varying gas flow, which, in turn,
impacts the molecular residence time in the reactor and the reactant con­
version factor.

Through the capillary, the flow changes from a bulk laminar viscous flow,
mostly dominated by collisions between molecules, to a molecular flow,
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Figure 2.11: Visual figure to explained the flow through the capillary of the
µ­reactor. Adapted and updated from [9].

mostly dominated by collisions between the molecules and the wall. A
schematic of the capillary, adapted from [20], can be seen in Figure 2.11.

The figure provides a visual representation of the gas flow, which begins
with pressure p1, equivalent to the pressure in the reactor chamber, typically
ranging from 1 to 3 bar. At the opposite end, the pressure is labeled p3 and
corresponds to the pressure in the main chamber connected to the mass
spectrometer. The pressure in the main chamber is on the order of 10−7

to 10−10 mbar, allowing us to consider p3 effectively zero compared to p1.
The intermediate pressure, denoted p2, marks the point where the gas flow
transitions from viscous to molecular flow.

The nature of gas flow through a cylindrical tube with a cross­sectional diam­
eter of d can be understood through two different dimensionless numbers,
namely, the Knudsen number Kn and the Reynolds number Re, which are
defined as follows [36]:

Kn =
λ

d
(2.9)

Re =
ρνd

η
(2.10)

Here, λ is the mean free path of the molecules, and d is the cross­sectional
diameter of the tube. The last three parameters, ρ, ν, and η, are the density,
velocity, and viscosity of the gas, respectively. The flow can be in one of
three different states. The first state is the bulk or viscous state, which ap­
plies to gases with Kn < 0.01 [20, 37]. In the viscous regime, gas flow can
be either turbulent or laminar, determined by the Reynolds number (Re). If
Re exceeds 2200, the flow is fully turbulent, while Re below 1200 results
in entirely laminar flow, with gases mixing solely by diffusion. When the
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Reynolds number falls between these values, the flow can be either turbu­
lent or laminar, depending on the tube’s geometry and surface roughness.
The second state is the intermediate state, with a Knudsen number (Kn)
between 0.01 and 1. The third state is the molecular state, where the gas
has a Kn above 1, meaning that molecules, on average, collide with the wall
before encountering each other [34, 37].

The mean free path of molecules is given by

λ =
kBT√
2πd20P

(2.11)

where kB , T , d0, and P denotes Boltzmann’s constant, absolute tempera­
ture of the molecule, the diameter of the molecule (10−8 m), and pressure,
respectively. We can use this to calculate at which pressure the gas flow
goes from laminar and viscous flow through intermediate further down to a
molecular flow.

The expected flux of molecules into the main chamber with the QMS can be
calculated with Equation (2.7) using the dimensions of the µ­reactor in (2.6)
and choosing a gas like Ar at 1 bar at one end of the capillary 1. Ar has a
dynamic viscosity at room temperature T = 298.15 K of ηAr = 2.27 · 10−5

Pa·s . This gives a flux of molecules out of the capillary of

ṅ = 7.2 · 10−10mol
s

Ṅ = 4.34 · 1014molecules
s

.

The turbo pump attached the main chamber with the QMS has a pumping
speed of S = 68 L/s.

The base pressure expected in the mass spectrometer Pms can then be
calculated

Pms =
kBT

S
Ṅ

Pms ≈ 3 · 10−7mbar

This is in good agreement with the ion gauge measuring the pressure in the
main chamber.
Validation of the capillary equation
The calculated molar flow rates using the default expected design parame­
ters of the capillary is summarised in table 2.2.

1Preferably the reactor volume and not the main chamber.
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Table 2.2: Calculated flow rates through the capillary at outlet O2 on the
µ­reactor at room temperature. With a reactor volume of 240nL this yields
12s for the entire gas volume to be exchanged.

Gas η [Pa· s] ṅcalc [nmol/s]
CO 1.74e-5 0.909
O2 2.07e-5 0.798

CO2 1.50e-5 0.987
Ar 2.27e-5 0.720
H2 0.88e-5 2.20

To validate experimentally these numbers the molar flow rate through the
capillary in the µ­reactors are measured using a calibration measurement
involving the Baratron attached on the backside. The pressure rate is mea­
sured when the µ­reactor molar flow rate ṅ is collected in an unknown, evac­
uated volume V0 (the pressure rate is ṗ1) and with a known evacuated vol­
ume Vref (pressure rate ṗ2) added.

Using the ideal gas law, we get

ṗ1V0 = ṅRT (2.12)
ṗ2(V0 + Vref ) = ṅRT (2.13)

(2.14)

By eliminating the unknown volume V0, we obtain the experimental molar
flow rate

ṅexp =
Vref

RT
· ṗ1ṗ2
ṗ1 − ṗ2

(2.15)

The reference volume Vref is 26 mL. Using the fitted paramaters ṗ1 =
0.00081 mbar/s and ṗ2 = 0.00046 mbar/s seen in Figure 2.12 the unknown
volume V0 can be calculated to ≈ 34 mL.

The measured flux of five different gases (H2, CO, O2, Ar, and CO2) can
be compared to the calculated flux, as shown in Table 2.3. The ratio of the
calculated flux to the measured flux through the capillary is approximately
1.3 for all gases. This provides high confidence in the capillary equation,
and the difference between the calculated and measured fluxes is likely due
to the geometric assumptions of the fabricated microreactor.

A geometric correction factor can be determined for each of the five gases
(H2, CO, O2, Ar, CO2) using the capillary equation. This correction fac­
tor is incorporated into the length of the capillary, denoted as the effective
capillary length leffectivecap . Although the geometric difference between the
design parameters and the actual fabricated chips is more likely to be found
in the uncertainty of the height, the length is easier to manipulate in the
equation, so all geometric changes are placed in this term. The estimated
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Pressure increase 
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Figure 2.12: Baratron calibration measurements. The old chip from [9] is
mounted on the setup and the pressure increase on the backside through
the capillary with 1 bar of gas is measured with two methods. The Baratron
has a manual 0­10 V output for which I measured manually to keep in count
if the automatic programming I have made was measuring correct using
4­20mA output and controlled with a raspberry pi.
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Table 2.3: Calculated andmeasured flow rates through the capillary at outlet
O2 on the µ­reactor.

Gas Calculated flux ṅ [mol/s] Measured ṅ [mol/s] Ratio [a.u.]
CO 9.09e-10 6.97e-10 1.31
O2 7.98e-10 6.21e-10 1.28

CO2 9.87e-10 7.59e-10 1.30
Ar 7.20e-10 5.65e-10 1.27

H2 2.20e-09 1.72e-09 1.28

Table 2.4: Default capillary length compared to the effective capillary length
calculated from flow rates through the capillary at outlet O2 on the µ­reactor
at room temperature given in table 2.3 With a reactor volume of 240nL this
yields 12s for the entire gas volume to be exchanged. This yields a GHSV
n the order of 300.

ldefaultcap [mm] leffectivecap [mm] Ratio
ldefault
cap

leffective
cap

[a.u.]

1.50 1.94 0.771
1.50 1.91 0.784
1.50 1.94 0.774
1.50 1.90 0.790
1.50 1.91 0.784

effective capillary lengths for each gas are calculated and displayed in Ta­
ble 2.3. The default capillary length (based on the designed parameters) is
approximately 80

By updating the capillary length to an average of the effective capillary lengths
of each gas, which is 1.92 mm, the calculated flux from the updated capillary
lengths and the measured flux are remarkably consistent, with deviations of
no more than 3%. This can be seen in Figure 2.13, where the red lines
represent the difference between the calculated and measured flux.

2.2.3 The Quadrupole Mass Spectrometer
The quadrupole mass spectrometer (QMS) is the primary technique em­
ployed in this setup to analyze all products exiting the µ­reactor and entering
the main chamber through the capillary. The QMS functions as a mass fil­
ter that allows only a single mass­to­charge (m/z) ratio to be detected [38].
This is achieved by ionizing the molecules using a hot filament (tungsten is
used in this work) and then guiding them between four parallel rods, which
are electrically connected in pairs, as illustrated in Figure 2.14b.

The pair of rods connected to a positive DC potential stabilizes the trajectory
of molecules, while the RF potential destabilizes the trajectory of molecules
with a low m/z ratio [38]. Conversely, the pair of rods connected to a neg­
ative DC potential constantly attracts the molecules, and the RF potential
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Measured flux compared to calculated flux from capillary equation

Calculated lcap = 1.5mm

Calculated lcap = 1.92mmMeasured

Ratio default lcap=1.5mm

Ratio updated lcap=1.92mm

Figure 2.13: Graphical represntation of table 2.3. The measured flux
through the capillary is orange downwards triangles. The Calculated flux
throught the capillary at the default capillary length of 1.5mm is represented
by blue upwards triangles and the calculated flux from the updated capillary
length effectively at 1.92 mm is the green crosses. Left y axis is the flux in
mol/s and right y­axis is the ratio between calculated and measured flux.
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(a) Mass scan line. Adapted from [38]. (b) QMS four rods. Adapted from [39].

Figure 2.14: The grey area on the left figure represents a stable trajectory,
and the mass scan line shows the different masses that will be detected.
Only masses on the line that falls within the grey area will have a stable
trajectory and be detected. The right figure display the four rods in a QMS
generating the electrical field.

stabilizes the trajectory of molecules with a low m/z ratio but diverts heav­
ier molecules into an unstable trajectory. By adjusting the DC potential and
the frequency or magnitude of the RF potential, the QMS can sweep across
different masses and distinguish masses separated by as little as m/z = 1
[38].

The most common method of operating the QMS involves maintaining a
constant ratio between the DC and AC potentials, as demonstrated in Fig­
ure 2.14a, adapted from [38]. The two parameters governing the trajectory
of molecules through an ideal simple quadrupole with a hyperbolic cross­
section are a and q [38]. The y­axis parameter a is equal to 4eU/(mr2ω2),
while the x­axis parameter q is equal to 2eV /(mr2ω2), where U and V rep­
resent the DC and RF potentials, respectively, ω denotes the frequency of
the applied RF potential, r is the distance from the center of the z­axis to
any of the four rods, and m is the mass of the ions [38]. By adjusting the
ratio between the DC potential, U , and the RF potential, V , resolutions of
1 part in 1500 can be achieved [38]. Only masses on the mass scan line
within the grey area will have a stable trajectory through the QMS and be
detected.

The detector used in this setup is a Secondary Electron Multiplier (SEM),
which consists of multiple charged metal plates that induce electron emis­
sion [38].

Figure 2.15 displays a typical mass spectrum of methane (CH4) obtained
from the online database webbook.nist.gov. The cracking pattern reveals
that the intensity of massm/z = 15 is almost as high as the mass of methane
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Figure 2.15: Mass spectrum of methane CH4 with data from [40].

m/z = 16. This is because the less tightly bound hydrogen is lost, along
with some mass, during the ionisation of the molecule [38]. Mass 14, 13,
and 12 are less likely to be measured since the second and third hydrogen
atoms are more strongly bound. By understanding the cracking pattern of
the molecule being measured, the different molecules can be identified. For
instance, in the case of methane, the mass of oxygen (m/z = 16) is the same
as methane’s, so methane can be measured at the second­largest intensity,
m/z = 15, to avoid confusion regarding the measured mass. However, this
approach is not suitable for all molecules. An example is N2 or CO, both
having their primary mass signal at m/z = 28 and almost no cracking pat­
teren at m/z = 14 or m/z = [12, 16] respectively [38].

2.3 Measuring activity in the µ-reactor-setup
This section will describe how to quantify the raw signals in the mass spec­
trum to number of molecules per second entering the mass spectrometer
to quantify the products from the catalytic reaction of interest. The work
presented in this section was inspired by the previous PhD student, Søren
Scott [41], with whom I shared a passion for µ­reactor technology. He used
QMS mass spectrum calibration with the sniffer EC­MS chip at DTU and we
explored the possibility of applying the concepts of absolute quantification of
QMS mass spectrum signals using electrochemistry to the heterogeneous
thermal catalysis µ­reactor setup. There will be four concepts to be famil­
iarised with.

Internal calibration is a calibration where the exact amount of molecules en­
tering the mass spec is known or measured. This can be done frommeasur­
ing the current of an electrochemical reaction with 100% Faradaic efficiency
or with a MKS200d Baratron integrating the pressure increase in a known
volume V0 over time.

External calibration is the term used when the dimensions of the capillary is
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known and used to calculate the flux of molecules entering the QMS.

Chip calibration relates to calibrating the dimensions of the capillary on the
µ­reactor. This is needed as the fabrication varies and with that the dimen­
sions of the capillary as explained in 2.2.2.

Predictive calibration is used when themolecule of interest is not available to
be measured directly by internal or external calibration. This is done by cal­
culating a relative sensitivity factor, denoted f , based of the physical prop­
erty of the molecules ionization cross­section and relate this relative sen­
sitivity factor to as many experimentally measured sensitivity factors from
known internal and external calibrated molecules.

Absolute Quantification - Turn-Over-Frequency (TOF)
The ultimate goal in (thermal) heterogeneous catalysis is to determine the
Turn­Over­Frequency (TOF), a direct measure of the catalyst’s intrinsic abil­
ity to convert reactants into desired products. Quantifying mass spectrome­
ter signals involves relating the signal (measured in Ampere) to the molecu­
lar flux (measured in molecules/s) entering the main chamber, as detected
by the QMS.

The flux of known gases through a capillary in the µ­reactor was experimen­
tally determined to be around 1 nmol/s or approximately 1015 molecules/s in
a previous study [9]. However, due to fabrication uncertainties, capillary di­
mensions may vary, leading to different gas hourly space velocities for each
reactor (see section 2.2.2).

To address this issue, an inert carrier gas, such as helium or argon, is used.
The mass spectrometer signal for different analytes can then be normalized
to the inert gas. This also accounts for the temperature­dependent flux de­
crease through the capillary, which could lead to rising signals in catalytic
products even as absolute signals in the QMS decrease.

Although this method enables easy comparison of catalyst performance
measured in different µ­reactors, it prevents comparisons with literature val­
ues, as absolute numbers are lost during normalization, and no real TOF can
be calculated.

As a result, an alternative method was developed that employed electro­
chemistry to accurately account for the number of molecules, providing an
exact flux through the capillary of an EC­MS chip [41, 42].

Relating the mass spectrometer signal to a flux of molecules is an ideal
use case for capillaries from the microreactor platform, such as the thermal
µ­reactor, the EC­MS chip, or the optical microreactor at SurfCat. This is
because all the gas entering the reaction volume exits the µ­reactor through
the capillary and is detected by the QMS.

The sensitivity of different molecules is assumed to be linearly related to the
signal in the QMS, providing a sensitivity factor to correlate the signal with
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a flux of molecules. This can be written as

SM = Fi
Mṅ

i (2.16)

where SM represents the QMS signal for a given mass M , Fi
M denotes the

sensitivity factor of a specific molecule i measured in the QMS at the mass­
to­charge ratioM , and ṅi signifies the molecular flux of that molecule exiting
the capillary in the µ­reactor and entering the main chamber where the QMS
is installed.

Electrochemistry can be utilized to precisely count the molecules that exit
the EC­MS chip reactor, pass through the capillary, and are detected by the
QMS, which records a signal proportional to the number of molecules. A
comprehensive explanation of electrochemical calibration and subsequent
quantification can be found in Søren Scott’s thesis [41]. This electrochem­
ical calibration is referred to as an internal calibration. By employing this
internal calibration, the capillary of the EC­MS sniffer chip can be calibrated,
resulting in what is termed a chip calibration.

In the work presented in this thesis, we mounted the chip calibrated EC­
MS chip onto the µ­reactor setup to calibrate the QMS connected to the
microreactorNG setup. This was achieved by directly measuring air through
the EC­MS chip, as illustrated in figures 2.16 and 2.17, which display a mass
scan and a mass­time measurement, respectively.

The flux through the capillary of the chip calibrated EC­MS chip was mea­
sured as follows

ṅO2 = 1.17nmol/s
ṅair = 5.6nmol/s. (2.17)

However, this step only provides sensitivity factors for molecules predomi­
nantly found in air, such as nitrogen, oxygen, and argon in the mass spec­
trometer. Using the flux ṅ for oxygen in Eq. (2.17), we can estimate the
sensitivity factor for the mass spectrometer on the microreactorNG setup
for oxygen to be

FO2

32 = 12.5C/mol. (2.18)

This can also be observed in Figure 2.18, which displays a relationship be­
tween the relative sensitivity factor f derived from theoretical values of the
molecules ionisation cross section at 70 eV on the x­axis and the measured
sensitivity factor F for the setup­specific QMS. In Figure 2.19, the calibrated
signals from air are shown.
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Figure 2.16: The mass spectrum of air measured in the QMS 400A, which
is attached to the microreactorNG setup, was obtained through a calibrated
sniffer chip. All peaks are labeled in the spectrum. Nitrogen and oxygen
show the same magnitude because the cut­off signal was set to 1e−9 A to
increase the sensitivity, enabling the measurement of masses with minute
amount in air within the QMS.
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Figure 2.17: The QMS signal from air was measured through a calibrated
sniffer chip, providing valuable data for calibration.
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Figure 2.18: Transmission curve from calibrating QMS from air through the
sniffer chip. Oxygen is the trusted calibration and N2, and Ar is given as
point calibration for consolidation of the transmission factor M−1/2
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Figure 2.19: QMS calibrated signals using calculated sensitivity factors F
for each gas.[42]
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Figure 2.20: Raw QMS signals for calibration of µ­reactor MR 12 using
sensitivity factor F for oxygen calculated from previous known oxygen flux
through sniffer chip from air. CO, O2, Ar and H2 is measured each at 1 bar
of 6.0 pure gas for point calibration.

With the newly experimentally found sensitivity factor for oxygen, the sniffer
chip can be detached from themicroreactorNG setup, allowing any µ­reactor
to be mounted, calibrated, and measured as needed.

The procedure involves filling up the µ­reactor with 1 bar of oxygen to chip
calibrate the capillary of the µ­reactor. The reactor is then evacuated and
subsequently filled with 1 bar of Ar, CO, and H2. These gases will be used
to perform external calibration of the Ar, CO, and H2 molecules, as shown
in Figure 2.20.

Using the sensitivity factor for oxygen given in Eq. 2.18, a chip calibration
can be performed for the specific µ­reactor, estimating the effective length
of the capillary leff . This is possible because we know the FO2M32 for the
setup and can measure the raw QMS signal SM32, enabling the calculation
of the oxygen flux through the capillary.

ṅO2 =
S32

FO2

32
=

2.5nA

12.5C/mol
= 0.2nmol/s (2.19)

This value can then be compared with the calculated flux through an ideal
capillary using the expression in Eq. 2.7. The resulting scaling factor can
be applied to the capillary length in the formula for subsequent flux calcula­
tions of other molecules through that µ­reactor. This µ­reactor is now chip
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calibrated.

By setting the newly estimated effective length equal to the length of the
capillary in the mathematical expression for flux through the capillary (given
by Eq. 2.7), it is possible to do an external calibration of the gases (Ar, CO,
H2) by calculating the flux of each molecule and correlated that to the signal
in the QMS.

The latest installed Baratron from MKS 220d can be used to directly mea­
sure the gas flux through the µ­reactor, enabling a direct internal calibration
of gasses in the setup and use for chip calibration of the µ­reactor or the
photo­microreactor. This makes the use of a chip calibrated EC­MS chip
obsolete for calibrating the QMS and subsequently chip calibrating the µ­
reactor from the QMS. This enable faster calibration and more reliable cali­
bration of the sensitivity factors for in­house gasses.

Predictive calibration is well described in [41] and the main equation is:

f i
M =

SM

ṅi
= kσi

IiM∑
M ′ IiM ′

T (M). (2.20)

Where k is a proportionality factor, which is set in ECMS python package so
fN2

M28 = 1 for nitrogenmeasured at mass 28, σi is the ionization cross section,
IiM represent the intensity in the QMS of the molecule i, T (M) is a combined
function called the transmission function which combine the probabilities of
a molecule is ionised at the same time the quadropole mass spectrometer
filters out that mass to charge ratio and that the ionised molecule hits the
secondary electron multiplier. This transmission function is fitted every time
to the given data set but is mostly given by

T (M) = M−1/2 (2.21)

This can be seen in action in Figure 2.21 where O2, CO, Ar, and H2 has
been external calibrated and their corresponding calculated relative sensi­
tivity factor f is used to predict the sensitivity factor F for CO2 and methanol
(CH3OH).

Throughout this thesis the different methods for calibrating and interpreting
the raw mass spec signals has been used.

Historical normalization

Historically, normalizing signals to an inert gas within the system (Ar or He)
offered two advantages. First, temperature effects on flow rates were re­
moved, simplifying catalysis visualization (see section 2.2.2). Second, dif­
ferences in capillary dimensions due to manufacturing tolerances were nor­
malized, enabling inter­µ­reactor catalytic activity comparison. However,
the inability to determine the exact number of molecules limited the calcula­
tion of TOF and comparisons to other research publications.
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Figure 2.21: Calculated sensitivity factors from relative sensitivity factors
using measured sensitivity factors F for four gasses [H2, O2, Ar, CO] seen
in figure 2.20.

Quantitative calibration of QMS using an EC-MS sniffer chip

Calibrating the QMS with a sniffer chip allows direct molecule counting, but
the reliability of direct calibration from the oxygen signal from air through the
sniffer chip and estimation of capillary length for other µ­reactors is limited.

Improved chip calibration of the µ-reactors with a Baratron

Using a Baratron for direct flux calculation of different gases allows for di­
rectly measuring the QMS sensitivity factor, offering significant advantages
over the sniffer chip’s indirect method. However, variations in capillary di­
mensions between chips alter flux and GHSV, complicating direct compari­
son of two activity plots.

2.4 Related UHV techniques
The thesis utilized two main techniques for characterizing the samples: X­
ray Photoelectron Spectroscopy (XPS) and Ion Scattering Spectroscopy
(ISS). Additionally, to visually inspect any changes in the morphology of
the particles, migration, or sintering during the reaction, selected µ­reactors
were examined using Secondary Electron Microscopy (SEM) both before
and after the reaction.
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X-ray Photoelectron Spectroscopy (XPS)
X­ray Photoelectron Spectroscopy (XPS) is among the most widely used
techniques in surface science and catalysis [10]. XPS takes advantage of
the photoelectric effect, where electromagnetic waves interact with a solid
and kick out electrons to be detected. The kinetic energy of the detected
electron is given by:

Ek = Eλ − Eb − ϕ, (2.22)

where Ek is the kinetic energy of the detected electron, Eλ is the energy of
the incident photon (given by hν, where h is Planck’s constant and ν is the
frequency of the photon), Eb is the binding energy of the detected electron,
and ϕ is the work function of the analyzer [12]. This relationship enables the
identification of each element, and XPS can determine not only the elements
present in the solid but also their chemical composition, making it a highly
valuable characterization method.

In XPS, the X­ray source is typically an Al or Mg anode that emits X­rays
with energies of 1486.3 eV and 1253.6 eV, respectively. When the anode
is bombarded with electrons, atoms might become excited and later relax,
emitting a photon.

The excited electrons originate from the 1s shell, and the relaxed electron
comes from either 2p3 or 2p1. These transitions are denoted Kα1 and Kα2.
The two peaks are separated in energy due to spin­orbit coupling. Addition­
ally, the two peaks are not delta functions of energy but have a broadening
of approximately 0.7 eV for Mg anodes and 1 eV for Al anodes at full width
half maximum (FWHM) [10]. Other aspects to consider include ghost peaks
resulting from anode impurities and satellite peaks caused by the possibility
of ions in the anode being left in an excited state. These satellite peaks can
be limited by using a monochromator or synchrotron facilities.

The intensity of the incoming electron is given by

I = I0exp(−
x

λ
), (2.23)

where λ is the mean free path of the electron and x is sampling depth. The
mean free path of an electron in a solid follows the universal curve which
can be seen in figure 2.22. This curve indicates that, for kinetic energies
between 1000 eV and 2000 eV, the mean free path of an electron in a solid
is 1­3 nm. Consequently, electrons detected in XPS using either an Al or
Mg anode originate from the first five atomic layers, making the technique
highly surface­sensitive.
Ion Scattering Spectroscopy, ISS
Ion Scattering Spectroscopy (ISS) is a technique that utilizes binary elastic
scattering of ions on a surface, often using He+ ions. Heavier ions such as
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Figure 2.22: Universal curve. The figure depicts the variation in the mean
free path of electrons across different materials for varying kinetic energies.
Adapted from [43, 44].

Ne+ can also be employed, potentially increasing sensitivity when scatter­
ing on heavier elements, as shown in Figure 2.23. However, using heavier
probing ions like Ar+ and Kr+ increases the risk of sputtering, which occurs
when the ion impacts the surface with enough energy to remove surface
atoms. ISS can then reveal information about the elemental composition
and atomic­scale structure deeper than the top surface layer in a destruc­
tive way.

ISS holds a significant advantage over other surface analysis techniques
due to its primary focus on probing the surface layer. The technique is highly
surface­sensitive with a depth resolution of about 1­2 atomic layers. For in­
stance, when studying a 50­50 alloy, ISS makes it relatively easy to deter­
mine whether one component is segregating to the surface instead of the
other. However, the mass resolution of ISS is typically low, and distinguish­
ing between neighboring elements, such as nickel and copper, may not be
possible [10]. Assuming only binary elastic collisions, classical mechanics
can be used to derive the relationship between the incoming ion mass (Mi)
and energy (Ei), the surface atom mass (Ms), and the reflected ion energy
(Er), as energy andmomentum are conserved in two­body elastic collisions.

The detected energy is related to the surface atom mass through Equation
(2.24):
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Er = Ei

(
Mi cos θ ±

√
Ms2 −Mi2 sin2 θ

Mi+Ms

)2

. (2.24)

In this equation, θ is the angle between the initial velocity of the first particle
and the collision direction, and the± sign depends on the direction of the first
particle’s velocity after the collision. The scattering angle θ is instrument­
specific and depends on the geometry of the instrument. As Mi and Ei are
user­controlled,Ms can be determined. However, the binary collision model
is not entirely accurate, and some inelastic processesmight occur during the
collision, resulting in a peak shift towards lower energies compared to the
values calculated from the equation above.

Figure 2.23 provides a graphical representation of Equation 2.24 with θ =
146.7◦ and incoming energy Ei = 1000 eV. The lines represent different
incoming probing ions Mi = He+, Ne+, Ar+, Kr+, and colored bars display
the return energy detected from different surface atommasses probed using
He+.

ISS’s exceptional surface sensitivity is partly due to the high neutralization
probability [10]. Most atoms passing through the first atomic layer are neu­
tralized, so even if they are scattered back to the detector from a sub­surface
they do not give a signal in the detector.

The remarkable surface sensitivity of ISS is partially due to the high neutral­
ization probability [10]. Most atoms traversing the first atomic layer become
neutralized, so if they are scattered back to the detector from a sub­surface
layer, they remain undetected.

Nonetheless, sub­surface contributions can still occur when ions are neu­
tralized, pass through the surface, scatter off a subsurface layer, and then
become re­ionized as they exit the surface.
Scanning Electron Microscopy, SEM
Scanning electron microscopy (SEM) is an electron microscopy technique
that employs a focused electron beam to systematically scan a sample’s sur­
face. The interaction between the electron beam and the sample’s surface
generates secondary electrons, which are subsequently detected to create
a high­resolution image of the surface. SEM serves as a powerful tool for
characterizing surface morphology, topography, and chemical composition.

By imaging material surfaces before and after a reaction, SEM can reveal
whether particles have migrated, sintered, or undergone other transforma­
tions during the reaction process. The technique provides valuable insights
into particle size, shape, distribution, and aggregation on a surface, enabling
us to study the effects of these factors on catalytic activity and selectivity.
Moreover, SEM can be combined with other techniques, such as energy­
dispersive X­ray spectroscopy (EDX), to obtain additional information on
the elemental composition of the sample.
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Figure 2.23: A graphical representation of equation 2.24 with θ = 146.7 and
incoming energy Ei = 1000eV. The lines represent different incoming prob­
ing ions Mi = He+, Ne+, Ar+, Kr+. Coloured bars is showing the return en­
ergy detected from different surface atom masses probe using He+, which
is the primary usage in this work.
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Chapter 3

Improving stability of Au catalysis
This section detail the research efforts and ongoing investigation into Au/Ti
alloys aimed at enhancing the stability of Au nanoparticles for CO oxidation.

The work would not have been possible if it was not for the collaboration in
science. XPS and ISS spectra obtained from the thetaprobe equipment is
done by me where as XPS and ISS spectra obtained by the omicron equip­
ment is done so by the the colleagues operating the cluster source. XPS
data analysis is been done using CasaXPS software and handbook look
ups and ISS spectra is analysed with python scripts. SEM images of small
entities are mainly acquired by colleagues from NanoLab and data analysis
is done using ImageJ software. ETEM images are acquired by colleagues
from VISION.

The main research question: How does alloying Au with Ti prior to depo­
sition on a substrate affect the stability and catalytic activity of the resulting
catalyst for low temperature CO oxidation?

The challenge of Au as a catalyst can potentially be addressed by stabilizing
Auwith a secondmetal, such as Ti, before deposition on a support substrate.
This research investigates the catalytic activity of mass­selected Au and
AuTi nanoparticles on various substrates using the CO­oxidation as a model
reaction, employed to minimize the formation of undesired by­products.

Au catalysis
Au is a well­known material for illustrating size­effects in catalysis [47]. De­
spite being chemical inert, Au readily forms alloys and inter­metallic com­
pound with other metals [47]. Au was reported to facilitate the combination
of O2 and H2 as early as 1906 [48], and catalyze the oxidation of CO to
CO2 since 1925 [49]. However, it was not considered a catalyst until Haruta
and co­workers found that metal oxide supported Au nanoparticles could
effectively catalyze CO oxidation, even at ­70°C [14, 50, 51].

Experimental results of the CO oxidation activity of Au nanoparticles on dif­
ferent supports as a function of particle size show that Au particles are only
active below about 5 nm in diameter, and become more active as size de­
creases [52]. The size effect of the small Au nanoparticles can be seen
in Figure 3.1 with an optimum around 3 nm. This size effect is more pro­
nounced than the dependence of activity on the support material, and expla­
nations ranging from the perimeter length of Au­TiO2, uncoordinated sites,

Exploring new catalysts for conversion of sustainable energy in µ­reactors 41



CHAPTER 3. IMPROVING STABILITY OF AU CATALYSIS

Au nanoparticles on TiO2

Haruta, T = 300K

Goodman, T = 350K

1.0

0.8

0.6

0.4

0.2

0.0

2 3 4 5 6 7 8

N
o

rm
al

is
e

d
 T

O
F

Nanoparticle size [nm]

Figure 3.1: Normalized TOF vs. particle diameter for Au nanoparticles on
TiO2. Data is from literature [45, 46].

and quantum size effects, have been proposed for the source of the activity
of Au nanoparticles and its support dependence [51, 52, 53, 54].

A major issue with using Au particles as a catalyst is their rapid sintering.
Au atoms can migrate and form 3D islands on a TiO2 surface, even at low
temperatures [55, 56]. On TiO2, Au clusters sinter via Ostwald ripening
between 300 K and 410 K, with sintering accelerated in the presence of a
CO and O2 mixture [57]. Fewer studies exist on the behavior of Au on SiO2,
likely due to the lack of catalytic activity. However, research on Au growth on
thin SiO2 has shown that Au clusters preferentially occupy various defects
on the SiO2 surface [58]. Adding TiO2 to a SiO2 surface reportedly stabilizes
Au clusters and dramatically reduces their sintering rate [59].

Recently, our group, in collaboration with others, introduced a new method
based on alloying Au with Ti [60]. AuTi nanoparticles were deposited onto a
SiO2 support using a cluster source, demonstrating reduced sintering com­
pared to pure Au nanoparticles.

Inspired by this enhanced stability, we test the CO oxidation activity and
stability of AuTi nanoparticles in the µ­reactor by depositing mass­selected
AuTi nanoparticles on pristine SiO2 µ­reactors and TiO2 thin film coated µ­
reactors.

The particle size was adjusted to explore the previously reported size ef­
fect and to identify the optimal AuTi nanoparticle size, while considering
the structural differences compared to Au nanoparticles [61]. Moreover, we
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tested Au nanoparticles on both supports to establish a comparative refer­
ence for the AuTi particles.

While Au can catalyze a variety of reactions, CO oxidation is a commonly
studied reaction in surface science [10].

However, this study seeks to demonstrate that unstable particles can attain
self­anchoring by incorporating a stabilizing element through alloying.

CO oxidation as a model reaction
Researchers have studied Carbonmonoxide (CO) oxidation since the 1920s,
when platinum (Pt) was found to exhibit excellent catalytic properties for this
reaction [62].

CO oxidation is a critical chemical process that converts the toxic COmolecule
into carbon dioxide (CO2), as represented by the overall reaction in

CO+
1

2
O2 → CO2. (3.1)

This reaction is relatively straightforward, consisting of four reaction steps,
with ∗ representing an adsorption site on the surface of the catalyst:

CO+∗ ⇀↽ CO∗ (3.2)
O2+

∗ ⇀↽ O∗
2 (3.3)

O∗
2+

∗ ⇀↽ 2O∗ (3.4)
O∗ + CO∗ ⇀↽ CO2 + 2∗ (3.5)

The two primary applications of catalysts based on Au­nanoparticles for CO
oxidation reactions are: (i) Oxidation of CO in catalytic exhausts: Cold en­
gine starts account for approximately 80% of pollution caused by vehicles
and contribute significantly to air pollution[62]. (ii) Hydrogen purification: CO
negatively impacts the Pt electrodes in fuel cells. Au nanoparticles have the
potential to minimize CO­poisoning of the Pt­catalyst electrodes at low fuel
cell temperatures since Au nanoparticles supported on transition metal ox­
ides act as active catalysts for oxidation reactions at low temperatures [15].

Commercial automotive catalysts predominantly use platinum groupmetals,
such as platinum (Pt), palladium (Pd), and rhodium (Rh) [63]. One challenge
associated with this group of metals is their inactivity below 200°C, leading
to most pollutants being released within the first five minutes of engine op­
eration [64]. In search of an alternative, Au nanoparticles have garnered
interest for their capacity to catalyze CO oxidation [65].

The use of Au single atoms as catalysts exhibits remarkable preferential CO
oxidation, also known as CO­PROX, and appears to be a promising strategy
for removing excess amounts of CO from H2 gas streams before they are
used in fuel cells [66].

Exploring new catalysts for conversion of sustainable energy in µ­reactors 43



CHAPTER 3. IMPROVING STABILITY OF AU CATALYSIS

The AuTi bimetallic nanoparticles
The AuTi nanoparticles was deposited by the cluster source team at Surf­
Cat on both pristine µ­reactors and µ­reactors with 100 nm TiO2 thin film
sputtered on the SiO2 giving two different substrate supports to investigate.
AuTi and Au nanoparticles were deposited using a 50/50 at% Au/Ti alloy
target and a pure Au target, respectively.

The AuTi target’s 50/50 Au/Ti at% composition does not guarantee the same
composition in particles. XPS was used to check the ratio on 2.5 nm AuTi
on SiO2 samples, revealing an average Au/Ti atomic composition of 30/70
± 1.8%. The XPS spectra is subtracted a Shirley background to model the
inelastic scattering of electrons leaving the sample and the area is fitted
with a Gaussian function. Scofield relative sensitivity factors (RSF) is used
in CasaXPS for Au and Ti to determined the ratio.

A representative XPS spectrum is shown in Figure 3.2 with detailed scans
of the Au 4f and Ti 2p regions used for quantification. The position of the Ti
2p3/2 peak at 458.5 eV in the Ti 2p peaks suggests that Ti is in an oxidized
state. Ti 2p3/2 peak is shifted compared to metallic Ti at 454 eV. Simul­
taneously, the Au 4f7/2 peak located at 84 eV is indicative of metallic Au
[67].

Niklas Secher, conducted STEM characterizations of the mass­selected
AuTi nanoparticles after deposition using the cluster source. Figure 3.3a
displays a STEM image of a 4.5 nm AuTi nanoparticles. The TEM instru­
ment was set to dark field and hence heavier atoms with more mass appear
brighter. The particles have a bright clear core structure surrounded by a
less bright shell structure.

Furthermore, an EDS linescan across a 5.5 nm AuTi nanoparticle was per­
formed during the STEM characterisation session. This linescan is dis­
played in Figure 3.3c, presenting the distribution of Au and Ti across the
particle. From Figure 3.3a and c, it becomes evident that the AuTi alloy
segregates into a region containing Au and another containing Ti. The EDS
linescan implies that a Au particle is embedded within a Ti nest. This ob­
servation aligns with Tang et al. [68], who discovered that Au nanoparticles
on TiO2 surfaces tended to form a similar nested structure around the Au
nanoparticles, likely due to the strong metal­support interaction (SMSI) be­
tween Au and Ti.

The size distribution of the Au core for AuTi nanoparticles with sizes of 2.5
nm, 3.5 nm, 4.5 nm, and 5.5 nm is depicted in Figure 3.3b. Multiple STEM
images of the different sized nanoparticles is analysed using the ImageJ
software to identify the particles and measure the diameter to create the
histogram. This is done by applying the a ”Threshold” to create a mask with
the nanoparticles in question and ”Analyse Particles” to measure the area
of the particles.

For calculating the turn­over­frequency, the size distribution of the Au­core
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Figure 3.2: Region of survey XPS spectrum of 2.5 nm AuTi on SiO2. O, Ti,
N, Au, C, Si peaks are labeled. Detailed scans of Au 4f peaks and the Ti 2p
is inset. The spectrum was calibrated to adventitious carbon at 284.8 eV.
XPS spectra obtained with omicron.
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Figure 3.3: a) STEM image of the 4.5 nmAuTi nanoparticles. The brightness
was enhanced to show the dark shell. b) Au core size distributions for the
2.5, 3.5, 4.5 and 5.5 nm AuTi particles. c) EDS linescan across a 5.5 nm
AuTi nanoparticle showing the Au and Ti profiles. Adapted and updated
from [30].

within the AuTi nanoparticles is used to estimate the number of active sites.
This is because Ti is expected to be catalytic inert towards CO oxidation.

A comparison of intrinsic catalytic activity should ideally be made between
the Au­core of the AuTi nanoparticles and pure Au nanoparticles.

In industrial and commercial contexts, intrinsic activity becomes less sig­
nificant, where the focus shifts towards comparing activity per mass, as it
closely relates to cost, an essential consideration for commercial applica­
tions.

Figure 3.4 displays a TiO2 thin film sputtered µ­reactor with 3.5 nm AuTi
nanoparticles after deposition, but before anodic bonding and testing. Heav­
ier elements will appear brighter in the SEM image and the Au­core will light
up compared to the TiO2 substrate. The dark almost black parts of the im­
age is attributed to an in­homogenoues thin film deposition of the TiO2 sub­
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(a) SEM image of 3.5 nm AuTi on TiO2.
Scalebar is 400 nm.

(b) SEM image of 3.5 nm AuTi on TiO2.
Scalebar is 50 nm.

Figure 3.4: SEM images of 3.5 nmAuTi nanoparticles on TiO2 on a µ­reactor
prior to anodic bonding.

strate. From both 125k (a) and 600k (b) magnifications, it is evident that the
deposited nanoparticles are homogeneously distributed and well­dispersed
over the samples, with particle sizes ranging from 3 to 5 nm.

In Figure 3.5, AuTi nanoparticles on TiO2 are shown on a µ­reactor after ac­
tivity testing. The AuTi nanoparticles were catalytic active towards CO oxi­
dation. The nanoparticles have undergone sintering, resulting in a minimum
observed particle size of 10 nm and the majority measuring approximately
50 nm in diameter. The AuTi alloy is either catalytic active at larger dimen­
sions than what is observed for pure Au nanoparticles or smaller nanoparti­
cles are not well dispersed hiding on the sample difficult to find.
Measurement procedure
The CO oxidation measurement procedure includes the following steps:

1. Argon flow is passed through the µ­reactor and its connected tubes,
followed by pumping down the system. This step is repeated twice
to ensure thorough removal of any residual gas from previous experi­
ments.

2. A flow rate ratio of 2:1:1 mL/min O2:Ar:CO is applied for 20 minutes
before switching to a 1:1:1 mL/min flow rate ratio of O2:Ar:CO. This
step prevents the Ar/CO mixture in the inlet I2 from filling up at a faster
rate than O2, thus delaying the steady­state gas mixture. As depicted
in Figure 2.8, CO and Ar share the same gas line (I1), while O2 has
a separate line (I2). The doubled flow rate of O2 ensures equal gas
flow in both lines, preventing Ar and CO from filling up into the I2 gas
line until 1 bar of pressure is reached in the system. The 1:1:1 flow of
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(a) SEM image of 4.5 nm AuTi on TiO2

after activity testing.
(b) SEM image of 4.5 nm AuTi on TiO2

after activity testing.

Figure 3.5: SEM images of 4.5 nmAuTi nanoparticles on TiO2 on a µ­reactor
after activity testing. The nanoparticles has sintered and the smallest parti­
cles found are 10 nm with the majority having a size of 50 nm in diameter.

O2:Ar:CO is then passed through the reactor for another 20 minutes
to establish stable flow.

3. The temperature is increased to either 525 K at a rate of 4 K/s, with
the thermocouple controlling the temperature, or to 625 K at a rate of
10 K/s, with the RTD controlling the temperature. The reasons for the
two different methods are explained in 2.2.1 and further discussed in
4.3.

4. The temperature is maintained constant for a duration between 20
minutes and 1 hour.

5. The temperature is decreased back to room temperature using the
same ramp rate as during the initial increase.

In Figure 3.6, a plot of a standard experiment is shown without the calibra­
tion. As can be seen, a mass scan is performed every hour to potentially
discover and monitor unexpected masses.

In Figure E.1 in the appendix a standard Arrhenius plot for an active AuTi
nanoparticle is shown and the interval for which is used to calculate the
apparent activation energy Ea is emphasised.
Stability of AuTi
To investigate the performance of a µ­reactor over time, four sequential CO
oxidation experiments were carried out on the same AuTi on SiO2 µ­reactor
with 2.5 nm nanoparticles, months apart. The temperature was controlled
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Figure 3.6: The standard plot of an experiment. Top panel display the hourly
produced mass scan to monitor minute amounts of not expected molecules.
The bottom panel display the temperature and pressure profile during the
experiment. The middle panel display the masses monitored continuously
through mass time.
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Initial activation

 

Subsequent CO oxidation
First

Last

2.5 nm AuTi on SiO2t

Figure 3.7: Consecutive CO oxidation experiments performed on the same
µ­reactor containing AuTi nanoparticles of 2.5 nm on SiO2. The first and last
experiment is almost 2 months apart. The CO2 signal is normalised to the Ar
signal. The activity decreases over time but otherwise is during experiment
very stable. Top axis is the temperature measured by the thermocouple and
bottom axis is the temperature measured by the RTD.

using the thermocouple and ramped up to 525 K (shown in grey on the top
panel), which corresponds to approximately 625 K as measured by the RTD
(shown in black on the bottom panel). The CO oxidation was maintained
constant for 1 hour before being ramped down. Figure 3.7 presents the cal­
ibrated CO2 signal normalized to the Ar signal, plotted against the inverse
temperature in [1000/K]. The ”First” refers to the experiment conducted im­
mediately after initial activation, while the ”Last” represents a measurement
taken almost two months later. The black arrow and ’t’ indicate the progres­
sion of experiments over time. The data reveals that the onset temperature
decreases over time, but the reaction still reaches full conversion, with all
CO being depleted from the gas stream even after extended storage.

It is important to highlight the activation step occurring around 650 K (as
measured by the RTD), indicated by the dotted line in Figure 3.7. All catalyt­
ically active µ­reactors have exhibited this activation step, and the reactors
appear completely inactive until this point.

The consistently high CO oxidation activity of stable AuTi nanoparticles is in
line with the ETEM studies conducted by Stefan Kei Akazawa. The ETEM
profile is shown in Figure 3.8. The top panel of the Figure display the ther­
modynamic parameters partial pressure and temperature defined byme and
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Figure 3.8: Experimental profile of ETEMmeasurements performed by PhD
student Stefan (VISION). Blues lines indicates images taken at that Region
of Interest (ROI). Few areas are continuously monitored to investigate sin­
tering effects and multiple prestine areas are investigated and images once
to monitor and account for beam influence and beam damage. Temperature
from 30 ­ 400°C and pressure profile is plotted in the top part of the figure.

the bottom panel display the strategy for taking images accounting for pos­
sible beam effects defined by Stefan Kei Akazawa. These ETEM studies
are performed at 2 mbar O2 and 1 mbar of CO, with temperature plateaus
initially at 30°C, followed by 100°C, 200°C, 250°C, and 400°C. The partial
pressure is chosen to mimic the oxygen rich reaction condition the activity
test is performed at. The activation of the nanoparticles is anticipated to
occur at 250°C, so this step is maintained for an hour. The 15­minute step
at 400°C is chosen to observe potential sintering effects on the stable AuTi
nanoparticles at these elevated temperatures. A pristine region of interest
(ROI) is imaged at each new temperature step to monitor beam effects on
the sample.

The AuTi nanoparticles during ETEM can be seen in Figure 3.9. Three
identically located AuTi nanoparticles are highlighted with red circles for
each temperature step. As observed from monitoring one region, the AuTi
nanoparticles remain highly stable even at elevated temperatures of 400°C
throughout the entire measurement.

In Figure 3.10, the ETEM of Au nanoparticles is displayed. As expected,
these Au nanoparticles exhibit less stability and begin to move around the
sample as the temperature increases.
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ROI 3 T=30 °C T=100 °C T=200 °C T=250 °C

ROI 4 T=200 °C ROI 5 T=250 °C ROI 6 T=400 °C ROI3 T=400 °C

2mbar O2

1mbar CO

Figure 3.9: The figure illustrates the structural effects on AuTi nanoparti­
cles during amulti­hour experiment conducted at elevated temperatures and
pressures above vacuum (3 mbar). Region 3 of Interest (ROI3) is monitored
and tracked at every temperature step, ranging from 30°C (top left) to 400°C
(bottom outer right). ROI4 (bottom most outer left), ROI5 (bottom inner left),
and ROI6 (inner right) are pristine areas used to observe the beam’s influ­
ence and potential beam damage. Three identically located AuTi nanopar­
ticles are highlighted with red circles. As seen from the monitoring of ROI3,
the AuTi nanoparticles remain highly stable even at elevated temperatures
throughout the entire measurement.
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Figure 3.10: The figure illustrates the structural effects on Au nanoparti­
cles during amulti­hour experiment conducted at elevated temperatures and
pressures above vacuum (3 mbar). Five pristine regions of interest at var­
ious temperatures are displayed. As seen in the highlighted central TEM
image, the Au nanoparticles exhibit instability at elevated temperatures, in
contrast to the AuTi nanoparticles.
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A

RTD measured temperature

TC measured temperature

Au on SiO2

2.5 nm AuTi on TiO2

2.5 nm AuTi on SiO2

2.5 nm Au on TiO2

4.5 nm AuTi on SiO2

5.5 nm AuTi on SiO2

Figure 3.11: The mass activity of the tested µ­reactors is plotted against the
inverse temperature. The top grey­colored axis represents the temperature
measured by the thermocouple, while the bottom x­axis corresponds to the
temperature measured by the RTD. The calibrated CO2 signal is normalized
according to the mass of the Au­core in each sample. The light blue solid
line indicates AuTi on SiO2, and the dark blue dashed line represents AuTi
on TiO2. The yellow solid line corresponds to Au on SiO2, and the orange
dashed line signifies Au on TiO2. The particle size is denoted next to each
line.

Activity Results
Ideally, turnover frequency (TOF) should be employed to measure catalytic
activity, but estimating the exact number of sites would be speculative at
best due to the uncertain structure of AuTi bimetallic nanoparticles. Conse­
quently, mass activities, which have economic relevance, are utilized.

Figure 3.11 illustrates the normalized CO2 signal against the inverse tem­
perature for various tested µ­reactors. The top grey­colored axis represents
the temperature measured by the thermocouple, while the bottom x­axis
corresponds to the temperature measured by the RTD. Dashed lines rep­
resent TiO2, and solid lines indicate SiO2. Blue hues are associated with
AuTi nanoparticles, and yellowish colors represent Au nanoparticles. The
CO2 signal for Au nanoparticles is normalized by the total Au mass calcu­
lated from the cluster source deposition and particle mass. The CO2 signal
for AuTi nanoparticles is normalized by the estimated Au core size from the
distribution observed in Figure 3.3. The particles are then assumed to be
spherical with a bulk Au density of 19.3 g/cm3.
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Only one reactor of each type displayed CO oxidation activity, except for
2.5 nm Au on TiO2, where three reactors tested are active and two showed
similar mass activities, while the third displays mass activity at lower tem­
peratures. Figure 3.11 reveals that the samples containing 3.5 nm AuTi,
multiple 4.5 nm AuTi, and both 2.5 nm Au and 3.5 nm Au on SiO2 are not
active for CO oxidation, which was expected for the 2.5 and 3.5 nm Au on
SiO2 samples. Furthermore, 2.5 nm AuTi on TiO2 is the most active with a
much lower onset temperature than the other AuTi µ­reactor. At 360 K (≈
2.8 [1000/K] measured by the RTD), 5.5 nm, 4.5 nm, 2.5 nm AuTi on SiO2,
and 2.5 nm Au on TiO2 exhibit comparable CO oxidation mass activities.
Among them, 2.5 nm AuTi on SiO2 has the highest mass activity, followed
by the 5.5 nm AuTi on SiO2 and 4.5 nm AuTi and 2.5 nm Au on TiO2, which
have similar activities considering the temperature uncertainty.

Considering that Au is recognized for its activity on TiO2 supports, the ob­
served activity of 2.5 nm AuTi on TiO2 is not unexpected. However, it is
surprising to see that it exhibits considerably higher CO oxidation mass ac­
tivity than two of the 2.5 nm Au on TiO2 samples, given that the active sites in
both samples are Au. The lack of activity in the 3.5 nm AuTi on SiO2 sample
is probably attributable to reproducibility issues, as both smaller and larger
particles demonstrate activity.

In Table 3.1, the apparent activation energy is calculated for various active
samples. The apparent activation energy appears to be similar for both
2.5 nm AuTi on TiO2 and SiO2, with the 2.5 nm AuTi nanoparticle on SiO2

exhibiting the lowest value. The 2.5 nm Au on TiO2 displays a comparable
activation energy.

It is important to note that three of the µ­reactors (2.5 nm Au on TiO2, 4.5
nm, and 5.5 nm AuTi on SiO2) experienced a loss of connection to the RTD.
Consequently, the activation energy calculations were based on thermocou­
ple (TC) measurements, which are expected to be inaccurate. This issue
appears to have led to the calculated apparent activation energy for the 2.5
nm Au on TiO2 being roughly twice its actual value. If this is also the case
for the 4.5 and 5.5 nm AuTi on SiO2 samples, their apparent activation en­
ergies could be 2­3 times larger than those of their 2.5 nm counterparts.
These apparent activation energies are comparable to those reported in the
literature, where Haruta and colleagues found apparent activation energies
(Ea) ranging from 20 kJ/mol to 60 kJ/mol for Au nanoparticles of sizes 2­3
nm and 4­5 nm, respectively [45].

This type of thermal catalytic data analysis has been programmed in python
and added to the open source package IXDAT as a ’reactor’ class enabling
calibration of specific reactors, plotting the (un)calibrated signals in multiple
panels and plotting Arrhenius like plots with the possibility to calculate the
apparent activation energy from a specific temperature or time span [69].

Figure 3.12a, 3.12b, and 3.12c display SEM images of the same location
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Table 3.1: Apparent activation energy values sorted by size and color­coded
by catalyst and support

Size (nm) Catalyst Support Apparent Ea (kJ/mol)
2.5 AuTi TiO2 39
2.5 Au TiO2 63 (TC)
2.5 Au TiO2 36
2.5 Au TiO2 31
2.5 AuTi SiO2 32
4.5 AuTi SiO2 122 (TC)
5.5 AuTi SiO2 173 (TC)

before and after the reaction on a µ­reactor with AuTi on TiO2.

The µ­reactors are equipped with five distinct grids etched into the reactor
volume, with each grid organized into 5 columns and 5 rows.

The strategy to pinpoint an identical location within a grid, is to take a SEM
image of the chosen grid. Focus on a distinct, easily observable feature,
and magnify in for a closer look while still easily observing this feature in
the new image. The edges of the pillars in the grid are commonly used as
features because they are typically distinct from each other. This magni­
fications process continues to zoom in further, each time selecting a new,
clear feature as the focal point. After six iterations of the process the SEM
image is magnified enough, allowing for visual inspection of nanoparticles
in identical location.

The nanoparticles appear to have sintered into larger particles as seen in
3.12b and 3.12c.

No nanoparticles seems to be the same after testing as to prior testing and
the SEM images from identical locations show no significant stability in the
morphology or positioning of the nanoparticles.

This phenomenon could be the underlying cause of some of the reproducibil­
ity issues, which is discussed in greater detail in section 4.2.
Summary
The high mass activity of 2.5 nm AuTi nanoparticles exhibits an earlier onset
compared to pure 2.5 nm Au on TiO2, which complicates the direct compar­
ison between AuTi and Au nanoparticles. This emphasizes the necessity of
optimizing AuTi catalysts by fine­tuning the optimal size of AuTi nanoparti­
cles. The size­dependent results indicate that, in two instances, both the 4.5
nm and 5.5 nm AuTi on SiO2 demonstrate greater activity than 2.5 nm Au
on TiO2. To eliminate the influence of particle size and structural effects in
the comparison, more Au particle sizes should be tested, given the reported
size effects. Among the AuTi on SiO2 particles examined, the 5.5 nm AuTi
particles with an estimated 4 nm Au core exhibit the highest activity. This
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(a) MR63 identical loca­
tion before

(b) MR63 identical loca­
tion after 1

(c) MR63 identical loca­
tion after 2

Figure 3.12: SEM images of 4.5 nm AuTi nanoparticles on TiO2 on a µ­
reactor after activity testing. The nanoparticles has sintered and the small­
est particles found are 10 nm with the majority having a size of 50 nm in
diameter.

size is 0.5­1.5 nm larger than the sharp optimum reported in the literature.
The size­dependent activity effect may depend on the metal­support inter­
face structure, and the optimal particle size for AuTi nanoparticles could
differ from that of pure Au nanoparticles. The ongoing testing of additional
AuTi particle sizes on TiO2 support aims to identify the ideal size for AuTi
particles. However, due to reproducibility issues, these results have not yet
been experimentally repeated.

The inconsistent CO oxidation activities observed for similarly prepared re­
actors imply that particles may not be entirely identical, even for samples
with the same particle size, despite maintaining consistent particle compo­
sitions and deposition conditions. This challenge is discussed in more depth
in section 4.2.

Furthermore, there was no observed link between the CO oxidation activ­
ity and the quantity of Au present on the surface of the particles in their
deposited state. When examining the inactive samples, it appears that the
strong interaction between the metal and support causes Au to become con­
cealed by Ti. Changes in the TiO2 shell at elevated temperatures during an­
odic bonding could potentiallty lead to a passivating TiO2 shell enveloping
the Au metal.

This study sought to determine whether AuTi nanoparticles could serve as a
more stable alternative to Au nanoparticles. So far, activity measurements
suggest that AuTi particles on both SiO2 and TiO2 supports can match or
even exceed Au in CO oxidation mass activity. AuTi nanoparticles on a SiO2

support have been reported to display enhanced stability against sintering
under an electron beam. However, this was under much lower tempera­
tures and pressures than what the particles undergo during CO oxidation
testing [60]. Consequently, the stability of these particles must be inves­
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tigated within the µ­reactor system and compared to the stability of Au on
TiO2.
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Chapter 4

Difficulties using the
µ-reactor-platform
It is important to maintaining the equipment and employing accurate di­
agnostic tools. This is especially true when experimental methods probe
smaller scales, where the risk of contaminants and false positives increases.
These considerations are no less significant using the µ­reactor platform.

This chapter delves into three cases that underscore the importance of ad­
dressing contaminants, false positives, and accurate temperature measure­
ments in the µ­reactor. These cases involve catalytic CO oxidation in active
pristine reactors, non­reproducible results, and thermal measurement and
control challenges. Each case serves as a reminder of the potential pitfalls
that researchers may face in their pursuit of groundbreaking discoveries.

In the first case, we examine catalytic CO oxidation in active pristine re­
actors, which demonstrates the significance of ensuring that the reactor
environment remains free from contaminants. The second case explores
non­reproducible results, highlighting the need for robust and consistent
experimental procedures. Finally, the third case focuses on thermal con­
trol, emphasizing the importance of accurate temperature measurements in
thermal catalysis studies. By examining the challenges and solutions pre­
sented in these three cases, this chapter aims to emphasize the importance
of maintaining equipment, employing accurate diagnostic tools, and adopt­
ing a meticulous approach to research. Ultimately, the pursuit of scientific
understanding demands rigor and precision, which are key to unlocking the
full potential of the µ­reactor platform and its numerous applications.

4.1 Catalytic active pristine µ-reactors
In this section, we will explore the reasons behind the unexpected catalytic
activity observed in certain pristine µ­reactors. Our conclusion is drawn
from the evidence presented in figure 4.1. The data reveals that the AuTi
nanoparticles demonstrate CO oxidation activity at lower temperatures than
the contaminated pristine µ­reactors. Therefore, conducting CO oxidation
activity measurements on Au­based catalysts within the µ­reactor at temper­
atures lower than those affected by contamination can produce reliable data
that reflects the true catalytic activity of Au. This work has been conducted
in close collaboration with Olivia Fjord Sloth, a former master’s student and
now a fellow PhD colleague at SurfCat.
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Figure 4.1: The CO2 QMS signals normalised to Ar is plotted as a function
of RTD­measured temperature on the bottom x­axis and TC­measured tem­
perature in vacuum on the top x­axis. The red line labeled ”AuTi” represents
a µ­reactor containing 2.5 nmAuTi catalyst with 5% coverage on a SiO2 sub­
strate. The black solid line labeled ”SiO2” is a pristine reactor received from
the cleanroom fabrication. The black dashed line labeled ”SiO2” represents
a pristine µ­reactor without catalyst, measured twice with a 3­month interval,
showing unexpected differences in CO oxidation activity. Finally, the blue
line labeled ”TiO2” corresponds to a pristine µ­reactor with a 50 nm TiO2 thin
film.
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Sudden CO oxidation activity from pristine µ-reactors
In our study of bi­metallic AuTi alloy, we observed unexpected activity in
pristine µ­reactor. These µ­reactors are bonded directly as received from
the fabrication process in the cleanroom, meaning that the reactor area is
clean and free of any deposited nanoparticles or other substrates besides
SiO2 that may have been sputtered. Consequently, these reactors are ex­
pected to be inert and inactive towards any chemical reactions and show no
catalytic activity. An empty µ­reactor, also known as a blank µ­reactor, is a
µ­reactor that does not have any catalytic nanoparticles deposited on it, and
thus it is expected to show no catalytic activity. However, unlike a pristine
µ­reactor which is bonded with a clean SiO2 substrate, an empty µ­reactor
can have an inert substrate other than SiO2, such as TiO2.

At the outset of this project, we tested two µ­reactors: a pristine MR0001
on SiO2 and another MR0002 on TiO2 with a 100 nm thick TiO2 layer sput­
ter deposited on the reactor area. These were used as reference points
for background noise in the catalytic reaction from the setup. The results
showed that both µ­reactors exhibited very low activity towards CO oxida­
tion at elevated temperatures, as shown by the black and grey lines in figure
4.1.

However, after several months of CO oxidation measurements on different
µ­reactors, we retested the pristine µ­reactor MR0001 on SiO2 and observed
a much higher activity towards CO oxidation, as shown by the second grey
line in figure 4.1.

It is highly unlikely that the µ­reactor was unintentionally switched with an­
other reactor that had nanoparticles deposited on it. This is because consid­
erable attention is given to carefully separating and organizing the µ­reactors
after each use.
Root causes and contamination
To investigate the root cause of this unexpected activity, we considered the
possibility of Ni contamination from carbonyls present in the CO gas feed.
Ni contamination from carbonyls could increase the catalytic activity of CO
oxidation reaction. The CO gas feed line is made of steel tubing and, to limit
and avoid carbonyls in the gas feed, the pressure in the CO gas line is as
low as possible but still above reaction pressures (P < 1.5 bar). However, if
carbonyls are present in the gas feed, this would lead to deposition of nickel
from carbonyls decomposing during the CO oxidation reaction at tempera­
tures above 180◦C (or at room temperature if the gas stream is saturated
with Ni(CO)4 and the pressure drops like on the other side of the MFC).
Nickel is a known catalyst for CO oxidation and could explain the observed
activity over time as more and more nickel would be deposited [70, 71].

To further limit the possibility of carbonyls and eliminate any potential source
of nickel contamination that could be responsible for the increased activity,
we installed a Cu­based carbonyl filter just before the mass flow controller
on the CO line (Flow 6 on the microreactorNG setup), as shown in figure
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2.8.

We then tested a new pristine µ­reactor MR0004 on SiO2, which showed
significantly higher activity, even reaching full conversion and depleting all
the CO from the gas feed. We also tested another µ­reactor from an old
batch from 2018, which showed the same activity. The shape of the mea­
sured CO2 signal was significantly different from previous pristine µ­reactors
and Au deposited catalysts, as shown in figure 4.1.

The subsequent investigation aimed to identify the source of contamination
causing the unexpected results. The stainless steel tubing leading out of the
carbonyl filter and into the mass flow controller was not changed when the
carbonyl filter was installed. To rule out the possibility of pre­carbonyl filter
nickel deposited contaminating in this tubing the tubing was removed. A new
pristine µ­reactor MR0006 was tested, which also showed high CO oxidation
activity depleting the entire CO gas stream. For this to happen either the
feared alleged Ni­contamination has spread like malicious fire ants in your
summer house to the entire system or the contamination is less likely to
come from the setup. In this case the next obvious place to investigate is the
µ­reactor it self as the source of contamination. Either during a fabrication
step or in the handling of the µ­reactor from the cleanroom and into the
different equipment’s at SurfCat.

One of the active pristine µ­reactor MR0004 was opened and examined
with XPS and ISS at four different locations within the reactor area using
the Thetaprobe equipment at SurfCat. Despite its high activity towards CO
oxidation, XPS analysis revealed no evidence of platinum or other contam­
inants that could account for the observed activity, as shown in figure 4.3.
Similarly, the ISS data, shown in figure 4.2, obtained with an energy of 1000
eV, only detected signals from silicon and oxygen, with no evidence of plat­
inum as highlighted in the zoomed in inset of the figure.

If the contamination causing the high CO oxidation activity was located on
the µ­reactor itself, it was hypothesized that depositing a layer of TiO2 on
the reactor area could suppress the activity. To test this idea, a µ­reactor
MR0003 had 100 nm TiO2 sputter deposited on the reactor area. The re­
sults showed that this µ­reactor had equivalent low CO oxidation activity as
previously measured on empty µ­reactors with uniform TiO2 sputtered on
the reactor area, suggesting that the unexpected activity originates from the
µ­reactor itself and that the deposited TiO2 substrates cover the catalytic
active material, suppressing the activity.

To further investigate the source of the contamination, a pristine µ­reactor
MR0007 was tested in a different old microreactor­setup that had not been
used in this project and had not been exposed to the carbonyl filter. The re­
sults confirmed that the high CO oxidation activity was not due to contamina­
tion from the setup or the newly installed carbonyl filter, but rather from the
µ­reactor itself. This finding was supported by the highly reproducible nature
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O
Si

MR0004 after testing

Figure 4.2: Two ISS survey scans were performed on the same µ­reactor
(MR0004) at different locations after measurements in the microreactorNG
setup. This µ­reactor, without a catalyst on the SiO2 substrate, exhibited
high catalytic performance towards CO oxidation, depleting the CO gas
stream entirely. Surprisingly, only Si and O were detected on the surface
from these scans. The CO oxidation activity may be attributed to extremely
minute amounts of Pt­like metals not detectable by ISS, some sub­surface
catalytically active material, or a source other than the µ­reactor. The sur­
veys were conducted with He+ at 1 keV and normalized to the Si peak.
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Figure 4.3: XPS survey scan of the pristine µ­reactor MR0004 without any
catalyst deposited or new substrate deposited. This µ­reactor has shown
high CO oxidation activities and this XPS survay scan shows no indication
of any other elements than the expected silicon and oxygen to be found in
a pristine µ­reactor.

of the unexpectedly high activity observed in the pristine µ­reactors, with five
tested as received showing the same high CO oxidation activity. Only the
first µ­reactor MR0001 tested at the beginning of the project showed low
activity at elevated temperatures.

To investigate the type of contamination on the surface of the µ­reactors, an
ISS depth profile was done using sputtering. The ISS was conducted at an
energy of 1000 eV, and the He+ ions were sent with an angle of incident of
127◦. Figure 4.4 presents the results, which display ISS data for different
sputtering times.

At higher energies, two features can be observed in the ISS depth profile
of the µ­reactors: a small peak at approximately 880 eV and a tiny bump
at approximately 930 eV, which could correspond to platinum measured at
927.5 eV under the conditions of the measurement. However, the intensity
of the platinum peak varies significantly among the different µ­reactors, sug­
gesting a notable difference in the amount of contamination responsible for
it. The first peak at 880 eV is consistent with Ba, which is a known con­
taminant traced back to the cleanroom fabrication and explained in earlier
studies [29].

Olivia Fjord Sloth used Inductively Coupled PlasmaMass Spectrometry (ICP­
MS) to investigate which elements were present on the surface of the µ­
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Figure 4.4: ISS data for different sputtering times on an catalytic active
empty µ­reactor. Two unexpected features are observed in the ISS depth
profile of the μreactors at higher energies: a small peak at approximately
880 eV and a tiny bump at approximately 930 eV, which could correspond
to platinummeasured at 927.5 eV under the conditions of the measurement.

reactors. The experiment involved placing a droplet of aqua regia (a mix­
ture of HNO3 and HCL) on the reactor area to dissolve any metals present.
The procedure was to put a 20 µL droplet of aqua regia on the reactor area
for a minimum of 15 and a maximum of 20 minutes, followed by diluting the
solution with 9 mL of 18.2 MΩ·cm ultra pure water. This procedure was re­
peated on five different samples: the tested empty µ­reactor MR0004 and
the empty µ­reactor MR00012 (which had been sputter cleaned with Ar+ for
40 minutes), two pristine µ­reactors received from the cleanroom, a pyrex
lid, and a reference sample of pure aqua regia. The results of the ICP­MS
measurement can be seen in figure 4.5.

The figure shows the apparent concentration of different elements in the
samples. The pure aqua regia was used as a reference sample to determine
the base level of each element.

Only elements that exhibited substantially different signals from the refer­
ence sample are displayed on the plot. The signals are adjusted using their
respective sensitivity factors to convert them into an apparent concentra­
tion. However, a true concentration cannot be determined since it would
require a standard that was not available at the time. Since only the relative
difference to the reference sample was necessary to verify the presence of
contaminants, an absolute amount quantification was unnecessary.
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Figure 4.5: The figure shows the apparent concentration that has been con­
verted from the ICP­MS signal. This signal was used for qualitative analysis
of various samples in order to detect possible elements that may be contam­
inating the pristine µ­reactor and causing it to exhibit activity as a catalyst.
Figure adapted from [72]

When analyzing the ICP­MS data, it is important to consider the base level
represented by the pure aqua regia (shown in dark blue n figure 4.5). The
sensitivity of ICP­MS is very high, which means that any contamination from
the sputter chamber, the thetaprobe setup or the cluster source may also
be detected. To ensure that any observed contamination is not due to these
sources, a tested empty µ­reactor (shown in green) was previously analyzed
using XPS and ISS, and an empty µ­reactor sputtered for 40 min in the
cluster source (shown in red) was also included in the analysis. The two
pristine samples (shown in purple and yellow) were obtained directly from
the cleanroom, and pyrex glass was tested as well to confirm that there was
no contamination from that source.

The ICP­MS data in figure 4.5 shows significant contamination from several
elements, with palladium (Pd), platinum (Pt), and gold (Au) being particularly
concerning. The molybdenum (Mo) signal may come from the thetaprobe
chamber, as the sample holder can contain Mo, while the source of the lead
(Pb) signal is unclear.

The presence of Pt contamination is particularly worrying since even very
small amounts of Pt can be a highly effective catalyst for CO oxidation. This
suggests that contamination from Pt on the µ­reactor surface could signif­
icantly affect the results of CO oxidation experiments [72, 73]. In conclu­
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Figure 4.6: ISS depth profile of a pristine µ­reactor. Both He+ and Ar+
sputtering was performed with 1 keV by Karl Krøjer Toudahl.

sion, the ICP­MS analysis further confirms that the contamination is on the
µ­reactor itself.
Annihilate activity from contaminants
To address contamination­induced activity in µ­reactors, various solutions
were explored. A pristine µ­reactor with 50 nm TiO2 deposited on the re­
actor area was tested and showed acceptable low activity only at high tem­
peratures as seen following the orange line in figure 4.7. Attempts to cover
the entire µ­reactor with TiO2 failed due to anodic bonding issues, but a µ­
reactor partially covered with TiO2 was successfully sealed and showed no
unexpected activity. This can be seen as the brown line in figure 4.7.

ISS spectra shown in figure 4.6 indicated that sputtering reduced the inten­
sity of a peak around 880 eV related to the presence of Ba, and further re­
duction could be achieved by sputtering with Ar+ for 40 minutes, suggesting
contamination may be reduced through sputtering.

Testing a µ­reactor rinsed with aqua regia showed the same high activity as
the directly received µ­reactor shown as the turquoise line in figure 4.7.

It was considered whether the contamination originated from Pt diffusion
from the RTD and heaters during the 24­hour annealing process, or from
the furnace itself, which is where the µ­reactors are placed. One µ­reactor
not annealed was tested, showing high activity for the first CO oxidation but
at higher temperatures than other active empty µ­reactors, and significantly
lower activity for the second CO oxidation run. There is no clear explanation
as to why the second run exhibited lower activity compared to the first.
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Figure 4.7: The CO2 QMS signals normalised to Ar is plotted as a func­
tion of RTD­measured temperature on the bottom x­axis and TC­measured
temperature in vacuum on the top x­axis. The red line labeled ”AuTi” rep­
resents a µ­reactor containing 2.5 nm AuTi catalyst with 5% coverage on
a SiO2 substrate. The black lines labeled ”Pristine” is pristine reactor re­
ceived from the cleanroom fabrication with the dashed dotted line being a
µ­reactor annealed in a new furnace. The dashed light blue coloured line
is a pristine reactor that has been clean with aqua regia. The dashed and
dotted red lines labeled ”Sputter cleaned” is 140 min and 40 min sputter
cleaned µ­reactors, respectively. Finally, the dark blue line labeled ”TiO2”
corresponds to a pristine µ­reactor with a 50 nm TiO2 thin film.
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Lastly, changing the furnace used for annealing to a new one that was ex­
pected to be contamination­free did not remove the high activity observed
in µ­reactors, as shown by the blue curve in figure 4.7.
Summary on "pristine" activity
Pristine and empty µ­reactors were found to be contaminated, possibly with
Ba or platinum based on ISS and ICP­MS measurements. The contamina­
tion most likely have occurred during fabrication of the µ­reactors possibly
due to diffusion during annealing. Aqua regia was unable to remove the con­
tamination from the µ­reactors, despite the fact that it is known to dissolve
metallic elements well. This IOs surprising since sputtering had a positive
effect on reducing the level of contamination. Sputtering the µ­reactors was
effective in reducing their activity, and covering themwith a layer of TiO2 also
reduced the catalytic activity of pristine reactors. In figure 4.7, the activity
is plotted against the temperature measured by the RTD on the bottom x­
axis and the TC measured temperature on the top x­axis. The RTD data for
the empty µ­reactor showed that the catalytic active µ­reactors starts being
catalytic active above 420 K and reaches full conversion above 460 480 K,
which is in the temperature window as expected for platinum group metals.
The ”onset” temperature for pristine µ­reactors is 50­100 degrees higher at
470 K to 550 K before starting to exhibit catalytic activity towards CO oxida­
tion. Based on the data presented in figure 4.1, it can be observed that the
AuTi nanoparticles exhibit CO oxidation activity at much lower temperatures
than the contaminated and sputter­cleaned pristine µ­reactors. Therefore, if
CO oxidation activity measurements is performed on Au­based catalysts in
the µ­reactor at temperatures lower than those affected by contamination,
the resulting data can be trusted to accurately reflect the catalytic activity of
Au.

4.2 Issues with reproducible measurements of
similar prepared µ-reactors

The work described in this section is carried out in collaboration with Olivia
Fjord Sloth during her master’s study. Several µ­reactors have been pre­
pared for catalytic activity testing with various substrates and nanoparticle
sizes. However, in some cases, seemingly similar µ­reactors exhibit signif­
icant differences in their catalytic CO oxidation activity. One of the reactors
exhibit full conversion activity, converting the entire CO gas stream into CO2,
while the others show no activity at all. In order to establish the validity of
experimental results, it is crucial to be able to reproduce the experiments
consistently.

Reproducing the active samples has been challenging. For instance, the
active 2.5 nm AuTi nanoparticles on SiO2 µ­reactor has been attempted to
be reproduced three times, but with no success as can be seen in figure 4.8.
The inset in figure 4.8 presents the Au region of the ISS spectra, measured
immediately after deposition for the four reactors, demonstrating no corre­
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Figure 4.8: The figure shows the QMS signal for CO2 as a function of tem­
perature, with the TCmeasured temperature displayed on the top x­axis and
the RTD measured temperature on the bottom x­axis. The data is obtained
from four different 2.5 nm AuTi nanoparticles on SiO2 µ­reactors. One µ­
reactor is catalytic active and represented by a solid line, and the other three
being inactive, represented by dotted lines. The discrepancy between the
RTD measured temperature and the TC measured temperature relates to
the low pressure in containment volume further described in 4.3. The inset
display the zoom in of the ISS scans of the four µ­reactors post deposition
but prior activity testing. It can be seen that no correlation to Au peak inten­
sity and catalytic activity is found.

lation between CO oxidation activity and Au ISS intensity. It is unclear why
some reactors are active and others are not. Some might argue that the
active is the outlier, however, something causes the CO oxidation activity
of the active µ­reactor. Given the practically identical deposition conditions
and compositions determined from XPS, as shown in Table 4.1, it is surpris­
ing that the 2.5 nm nanoparticles exhibit varying Au ISS peak intensities and
CO oxidation activities.

To determine what distinguishes active nanoparticles on the µ­reactors from
inactive ones, four µ­reactors (two containing active nanoparticles and two
containing inactive nanoparticles) with particle sizes of 2.5 nm and 4.5 nm
were opened by cutting the Pyrex lid and removing it, exposing the reactor
volume for ISS and XPS analysis. XPS and ISS survey scans were per­
formed at three different points on each reactor seen in figure 4.9 and figure
4.10, respectively. The results showed a clear Au signal (Au4f and Au4d
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Table 4.1: Deposition conditions for the 2.5 nm AuTi on SiO2 µ­reactors
shown in figure 4.8. Values given by former PhD student Niklas Secher.

Active Inactive Inactive Inactive
Ar flow [ml/min] 34 33 33 33
He flow [ml/min] 82 82 82 82
Magnetron power [W] 21 21 21 21
Aggregation zone pressure [mbar] 0.13 0.13 0.13 0.13
Substrate bias [V] 48 48 48 48

peaks) for the active reactors but not for the inactive reactors. No correla­
tion was found between the measured catalytic activity and the intensity of
the Au peak signal measured with ISS post deposition of AuTi nanoparticles
and prior to bonding the µ­reactors as seen in figure 4.11.

The difference in catalytic activity between active and inactive samples seems
to occur during the bonding process or during catalytic testing. One hypoth­
esis suggests that TiO2 creeps up the sides of the Au­core of the nanoparti­
cles and encapsulates the catalytic active metal due to strong metal support
interaction [68]. To test this hypothesis, an ISS depth profile was conducted
to remove any thin layer of TiO2 covering the Au­core of the AuTi nanopar­
ticles. Catalytic active and inactive µ­reactors with 2.5 nm and 4.5 nm AuTi
nanoparticles are shown in figure 4.12a, b, c, and d, respectively.

For the active 2.5 nm µ­reactor, the Au signal intensity increased with a very
low Ar+ sputtering time. However, further sputtering was not performed as
the reactor was dropped inside the cluster source deposition chamber. For
the active 4.5 nm µ­reactor, the Au signal increased with sputtering time until
a maximum Au peak intensity was reached after 20 minutes of sputtering,
after which the intensity decayed. For the inactive µ­reactors, the intensities
were much lower than the catalytic active µ­reactors. For the inactive 2.5 nm
AuTi nanoparticles, the signal increased up to 30 minutes of sputtering, but
further sputtering was not performed as the reactor was unfortunately also
dropped in the chamber. For the 4.5 nm inactive AuTi nanoparticle, the Au
signal increased until 20­40 minutes of sputtering, after which the intensity
decreased. However, the large Au peak hypothesised for catalytic inactive
reactors as layers were sputtered off was not observed.

One route to increase the reproducibility of similair prepared samples could
be reducing the Ti concentration in the nanoparticles which may result in
more Au to be exposed for catalysis. This can be achieved by utilizing a
metal target with a different alloy composition, such as 80% Au and 20% Ti,
or by implementing innovative cluster source designs with a multiple mag­
netron configuration to fine­tune the composition using two separate targets.
A cluster source of this nature has recently been established at SurfCat.
A multiple magnetron cluster sources provide the ability to fine tune and
control the composition, which could be particularly interesting for the AuTi
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Figure 4.9: XPS scan of four different µ­reactors after catalytic activity test­
ing. The red line represent 4.5 nm AuTi on SiO2 and the blue line represent
2.5 nm AuTi on SiO2. The solid lines indicate active catalysts, while the
dashed lines indicate inactive catalysts.

O
Si

Ti

Au

Active 4.5 nm

Inactive

Active 2.5 nm
ISS post activity test

Figure 4.10: ISS scan of four different µ­reactors after catalytic activity test­
ing. The red line represent 4.5 nm AuTi on SiO2 and the blue line represent
2.5 nm AuTi on SiO2. The solid lines indicate active catalysts, while the
dashed lines indicate inactive catalysts.
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Figure 4.11: ISS scan of four different µ­reactors after deopistion and prior
to catalytic activity testing. The red line represent 4.5 nm AuTi on SiO2 and
the blue line represent 2.5 nm AuTi on SiO2. The solid lines indicate active
catalysts, while the dashed lines indicate inactive catalysts.

project but also for other bimetallic system such as CoCu for direct ethanol
synthesis.

A significant difference in Au signal has been found between active and in­
active reactors post activity testing, which is inconsistent with the Au signal
measured post deposition but prior to bonding and testing. One possible
explanation is that AuTi nanoparticles sinter strongly, forming large islands
that may be overlooked by characterization techniques due to their local­
ized nature. Another explanation can be that the µ­reactors has cracks in
the SiO2 layer from the clean room and the the Au nanoparticles form an
eutectikum with the underlying Si disappearing that way [74].

The best explanation where this sintering effect would take place is during
the anodic bonding step. Here, parts of the reactor are reaching high tem­
peratures above 350 degrees and even though the catalyst in the reactor
area should be protected against high temperature with active cooling this
seems still the most plausible place. This type of investigation is cumber­
some due to the single use nature of the µ­reactors. When opening the
reactor just to discover the nanoparticles are well dispersed and well de­
fined, activity measurement is not possible since the reactor is broken up
and the many hours of manufacturing and deposition and characterization
are effectively lost. However, a µ­reactor with 5% coverage of 3.5 nm AuTi
on a 50 nm TiO2 substrate was prepared. SEM images of the µ­reactor with

Exploring new catalysts for conversion of sustainable energy in µ­reactors 73



CHAPTER 4. DIFFICULTIES USING THE Μ­REACTOR­PLATFORM

25k counts

Post testing

10 min Ar+

20 min Ar+

40 min Ar+

60 min Ar+
10 min He+

(a) ISS depth profile of 4.5 nm catalytic
active AuTi nanoparticles

2 min Ar+

4 min Ar+

16k counts

Post testing

5 min He+

(b) ISS depth profile of 2.5 nm catalytic
active AuTi nanoparticles

Post testing

10 min He+

10 min Ar+

20 min Ar+

40 min Ar+

60 min Ar+

500 counts

(c) ISS depth profile of 4.5 nm catalytic in­
active AuTi nanoparticles

Post testing

10 min Ar+

5 min Ar+

20 min Ar+

30 min Ar+

2k counts

(d) ISS depth profile of 2.5 nm catalytic
inactive AuTi nanoparticles

Figure 4.12: ISS depth profile of the Au peak for two active and two inactive
µ­reactors with AuTi nanoparticles on SiO2. a) and c) display the 4.5 nm
active and inactive nanoparticles, respectively in the red colours. Meanwhile
b) and c) display the 2.5 nm active and inactive nanoparticles, respectively
in the blue colours.
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well defined and well dispersed AuTi nanoparticles as deposited is seen in
figure 4.13 where the nanoparticles are clearly visible.

As deposited

a) b)

As deposited

Figure 4.13: SEM images of a µ­reactor with 50 nm TiO2 substrate and 5%
coverage of 3.5 nm AuTi nanoparticles. Fig a and b are images as prepared
3.5 nm nanoparticles.

The anodic bonding step requires high temperature as well as high voltage
across the sample. To investigate the impact from each step of the anodic
bonding with SEM images the µ­reactor is first exposed solely to 1kV across
the µ­reactor for 1 hour before a new set of SEM images is taken. Figure
4.14 display SEM images of the well dispersed nanoparticles not affected
significantly from the voltage drop across the reactor. The µ­reactor is then
solely exposed to 350◦ C in the anodic bonding setup with active cooling on
the sensitive reactor area but without the 1kV voltage applied.

The SEM images can be seen in figure 4.15. While the particles seems to
have grown bigger they are clearly still nanoparticles. The anodic bonding
setup does not seem to hold the complete explanation as to why some re­
actors are active and some are not. However, it is very user dependent. To
mitigate the user dependency, hardware and software has been installed
to be able to digitally control the power input and automatically monitor the
temperature multiple places as described in 2.1.2.

Discussion on reproducible data
The reproducibility of catalytic results is not a unique problem to AuTi­bimetallic
system. The underlyingmechanism has beenmore extensively investigated
with the AuTi system than prior systems such as NiFe; CoCu; Pt single
atoms, dimers, and trimers; and dropcasted industrial catalysts. The inves­
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Figure 4.14: SEM images of the same µ­reactor with 50 nm TiO2 substrate
and 5% coverage of 3.5 nm AuTi nanoparticles seen in fig 4.13, after ap­
plying only voltage during the anodic bonding. Fig c and d are SEM images
after applying 1kV to the sample for 1 hour.

tigations of possible issues with the system can be applied to other system
in the future. The reproducibility of catalytic results with AuTi bimetallic al­
loy nanoparticles poses a significant challenge. Despite similar preparation
processes, these nanoparticles display varied behaviors ­ some being very
catalytically active towards CO oxidation, while others remain inactive.

XPS analysis revealed that catalytically inactive nanoparticles exhibited lower
Au signals post testing. Hence, the Au either somehow disappears from the
inactive samples or is never proper deposited as nanoparticles on the µ­
reactors.

Intense investigation has been directed towards identifying the root cause of
this problem. One considered factor was the manufacturing of the µ­reactor,
especially in the uniformity of the growth of the passivating SiO2 layer which
could leave holes for Au to disappear throughwhen sintering happens. How­
ever, no changes was made in the manufacturing process and SEM images
reveal identical looking reactors. The issue could originate from the produc­
tion and deposition of the AuTi nanoparticles on the µ­reactor. However,
similar prepared µ­reactors have been observed to contain the expected
nanoparticles, consolidating the validity of the deposition procedure from
the omicron cluster source.

The Au must then disappear from the samples after being proper deposited.
The Au could have clustered into larger localized particles hiding from XPS
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After temperature After temperature

e) f)

Figure 4.15: SEM images of the same µ­reactor with 50 nm TiO2 substrate
and 5% coverage of 3.5 nm AuTi nanoparticles seen in fig 4.13 and 4.14
after applying only temperature during the anodic bonding. Fig e and f are
SEM images after applying 350 degrees temperature and active 10 degrees
cooling on the sensitive reactor area.

and ISS signals but would be then be visible in SEM. Additionally, the active
Au core of the AuTi catalyst might be covered by TiO2, making the nanopar­
ticles catalytically inactive.

Furthermore, the storage conditions of the prepared µ­reactors were inves­
tigated. While the nanoparticles are deposited on the µ­reactors during the
same week the testing of the µ­reactors can be up to weeks per reactor.
During this time the AuTi could sinter into large catalytic inactive nanoparti­
cles. Or the oxygen could react with Ti creeping up on the Au­core creating
a passivating TiO2 layer on top of the catalytic active Au­core. The storage
of the µ­reactors in the omicron vacuum chamber was in close proximity
to a hot­filament gauge which could vapor of small amounts of gunk which
could deposit on the µ­reactors blocking the catalytic active core. No XPS
data reveal any gunk and SEM images showed no sign of degradation of the
nanoparticles being well dispersed and small even after weeks of storage.

The issue could also be related to the size of the nanoparticles, which were
observed to be considerably larger post catalytic activity testing. This sug­
gests that sintering effects have taken place. This can be during the catalytic
testing or the anodic bonding process where particles experience elevated
temperatures. Since Au catalysts lose activity when increasing above 5 nm
in size, this could be a plausible cause of the observed inactivity.
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Efforts to achieve reliable catalytic activity in AuTi nanoparticles continue,
with the anodic bonding process being the central concern for reproducibil­
ity, likely causing inconsistencies in the fundamental nanoparticles tested.
Measures such as improved temperature monitoring and power control dur­
ing anodic bonding have been implemented to reduce user dependent op­
eration.
Extensive time requirement
The primary barrier in examining the reproducibility issue is the consider­
able time taken for observation and analysis. In this case, it spanned over
ten months from the initial catalytic test results to the first identification of
reproducibility issues.

Several elements has the potential to influence on catalytic activities, such
as nanoparticle size, various support substrates used, and different cata­
lysts deposited.

Initial tests focused on the catalytic stability of AuTi nanoparticles in com­
parison to Au nanoparticles. The differences in catalytic activity could be
attributed to variations in the active Au­core size. Thus, a size study, rang­
ing from 2.5 nm to 7.5 nm, was introduced to the research to reveal dif­
ferences based on nanoparticle dimensions and to compare the stability of
more similar catalysts. Later research involved analyzing stability on differ­
ent substrates, as Au nanoparticles are known to be poor catalysts on SiO2

substrates, prompting the exploration of alternative substrates like TiO2.

Each different test is expected to yield various catalytic activities.

After ruling out all these factors as the cause of discrepancies in activity, rig­
orous testing and analysis begin to determine the reason behind the inability
to reproduce catalytic activities.

A significant challenge is the extensive time required to investigate repro­
ducibility issues thoroughly. Numerous identical µ­reactors, similair in sup­
port substrate, catalytic material composition, and nanoparticle size, are es­
sential for this investigation. Limited time for nanoparticle deposition and
the time interval between nanoparticle deposition and catalytic testing of
the reactors further complicate the issue. These factors introduce multiple
stages where problems might occur, requiring a multitude of tests. Ulti­
mately, achieving a sufficient number of reactors that are successfully man­
ufactured, deposited, bonded, tested, opened, and characterized is neces­
sary. Each step in this process is time­consuming, and some, like the an­
odic bonding process, are more likely to damage the reactors, necessitating
a repetition of the entire process.

The fundamental cause of unreliability in µ­reactors has not been clearly
identified yet. Several factors contribute to this issue, including inconsistent
µ­reactor supply, due to changing personnel in the cleanroom where the µ­
reactors are manufactured, and varying yields. Additionally, there are chal­
lenges related to the preparation of samples from the cluster source, such
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as the time it takes to switch between different targets and the AuTi target
for sample preparation. These complexities make it difficult to pinpoint the
exact sources of reproducibility issues in the microreactors.

To avoid the anodic bonding step a new re­useable design for the µ­reactor­
platform has been conceptualised for thermal catalysis and a working pro­
totype has been manufactured for photocatalytic testing. This will be dis­
cussed in the following section 4.5.

Until a new µ­reactor platform design for thermal catalysis has been tested
and validated, every new catalytic system should be meticulously evaluated
for reproducibility as a starting point.

This entails the comprehensive characterization and testing of multiple sim­
ilarly prepared samples across various manufactured µ­reactors.

Due to the necessity for detailed characterization to guarantee the accu­
racy and reliability of the catalytic system, the evaluation process becomes
quite time­consuming for each new catalytic system. Consequently, the µ­
reactor becomes less effective as a tool for quick experimentation and test­
ing of new catalysts, deviating from its original intent for rapid and efficient
assessments.

4.3 Issues with temperature measurements in
vacuum

In thermal catalysis the reaction rate is determined exponentially by the tem­
perature, making it essential to measure and determine the correct temper­
ature to identify the temperature range at which the catalyst is active.

The heater’s power on the rear side of the µ­reactors is regulated by a feed­
back loop, which relies on either the resistance temperature detector (RTD)
or a thermocouple (TC) placed atop the Pyrex lid. These sensors influence
the PID programming values, with the RTD­measured temperature typically
serving as the preferred feedback. However, not all µ­reactors can establish
a reliable connection to the RTD, often due to scratches on the platinum or
short circuits caused by the pogopinsmaking contact with the steel chamber.
In such cases, a repair of the mounting block or a complete new mounting
block is required, and the TC is utilized as the feedback temperature.

Four distinct temperature experiments were conducted to determine the
most accurate method for measuring the catalyst’s temperature within the
µ­reactor volume. The first and second experiments involved evacuating
the containment volume, leaving the TC in a vacuum; however, in the sec­
ond experiment, the TC was isolated with glass wool. The third experiment
exposed the containment volume to air at atmospheric pressure, while the
fourth filled the containment volume with argon gas at pressures ranging
from 5 to 950 mbar. In all cases, the PID feedback temperature was based
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on the RTD­measured temperature. The results of these four experiments
are illustrated in Figure 4.16.

The results indicate that, in all four cases, the TC measures a lower tem­
perature than the RTD. In vacuum, the discrepancy between the TC and
RTD measurements is significantly larger, exceeding 100 K. Moreover, the
difference is not constant and increases at higher temperatures. The dis­
crepancy is smaller when a gas atmosphere surrounds the µ­reactor and
TC. The difference ranges from 10­20 K at 525 K, or approximately 2­4%,
with the smallest discrepancy observed in air. One issue with air surround­
ing the µ­reactor is air leakage into the QMS through the Viton O­rings, and
an active argon flush over the O­rings is needed. This process cools the
top of the µ­reactor where the TC is located and this effect should be taken
into account when operating the system. When using argon in the contain­
ment volume, another concern arises due to the lid sealing the containment
volume, which has a glass window for visual inspection during experiments.
The heating of the gas could potentially cause localized heat buildup, lead­
ing to cracks in the glass section of the lid.

The thermal conductivity of the air gap between the TC soldering and the
Pyrex lid is proportional to pressure, which could explain the significant tem­
perature discrepancy observed in vacuum compared to a gas atmosphere
down to 10 mbar [40]. Conversely, the RTD should not be affected by pres­
sure since thermal conductivity is dominated by phonons. As a result, it is
plausible that the RTD provides a more accurate measurement of the actual
temperature within the reactor volume. Regrettably, the RTD loses connec­
tion in approximately 10­20% of the measurements, even though this issue
has been mitigated by a former postdoctoral researcher at DanChip, Hoà
Lê Thanh, who increased the annealing time from 3 hours to 24 hours dur­
ing production. This adjustment resulted in more stable platinum thin films.
Nonetheless, this improvement does not address the loss of connection due
to pogopins short­circuiting or malfunctioning springs caused by heat stress.

To further assess the reliability of RTD­measured temperature in vacuum, a
third indirect temperature measurement is conducted. This measurement is
performed indirectly by monitoring changes in gas flow through the capillary
within the µ­reactor using an MKS220d Baratron. By employing the cap­
illary equation described in section 2.2.2, we can estimate a temperature
based on the measured flux and compare it to a calculated flux at a given
temperature T. By solving

ṅ(η,Teff )calculated = ṅmeasured, (4.1)

for T the effective temperature of the capillary Teff can be calculated.

As an initial estimate for the effective temperature T, one can begin by em­
ploying the following equation:
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Figure 4.16: Discrepancies in TC temperature measurement and RTD tem­
perature measurement in the µ­reactor setup with different gas mixtures and
pressures around the µ­reactor in the containment volume. Air is complete
open containment volume to air at atmospheric pressure. Argon is pure 6.0
equivalent Ar gas from AirLiquid ranging from 10mbar to 950 mbar of pres­
sure in the containment volumen. Vacuum is evacuted containment volume
after flushing with pure 6.0 Ar from AirLiquid twice. The insulated experi­
ment refers to glass wool wrapped around the k­type thermocouple on top
of the µ­reactor insulating from vacuum. As can be seen from these Figures
the TC and RTD yield huge discrepancy in temperature measurement when
experiments are done in vacuum. The discrepancy decreases significantly
when exposing the surrounding atmosphere to different gas mixtures from
5mbar and up to atmospheric pressure.
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Teff =
ṅ(η,Tinput)calculated

ṅmeasured
· Tinput, (4.2)

Where Teff represents the effective temperature of the capillary, Tinput is
initially the temperaturemeasured by theRTD or TC, and ṅ(η,Tinput)calculated
denotes the calculated flux for the given gas at a given temperature, and
ṅmeasured refers to the measured flux derived from the pressure increase
detected by the Baratron. The effective temperature is determined by iter­
atively applying equation 4.2 taking Teff as the new input Tinput until Teff

converges to it self.

The experiment is illustrated in Figure 4.17 and Figure B.2 and summarized
in table B.1. The experiment was conducted with an evacuated contain­
ment volume and 1 bar of CO2 in the reactor volume. The temperature
was controlled using a feedback loop from the RTD up to 100 ◦C, and the
TC controlled the temperature from 100 ◦C to 250 ◦C as measured by the
TC. Detailed plots showcasing the temperature profile, pressure profile, and
QMS signals can be found in Appendix B.

Containment pressure <1e-4 mbar

TC temperature
RTD temperature

Estimated temperature

Figure 4.17: The graph presents the temperature measured by the thermo­
couple (TC, blue line) and the resistance temperature detector (RTD, orange
line), along with the estimated temperature (Lavender line) as a function of
the measured flux through the capillary, obtained from the pressure increase
on the backside measured with the Baratron. The temperature recorded by
the RTD aligns more closely with the expected temperature derived from
the measured flux compared to the temperature measured by the TC.

As seen in Figure 4.17, the estimated temperature derived from the flux
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calculation shows good agreement with the RTD­measured temperature,
deviating only at higher temperatures where the estimated value falls be­
low the RTD measurement. This discrepancy could be attributed to O­ring
leaks or, more likely, to lower temperatures at the reactor’s end, where the
capillary is located, compared to the center of the two heater elements. The
temperature profile across the µ­reactor, as seen in Figure 2.10, supports
this explanation.

In conclusion, the RTD is more reliable and provides a measurement closer
to the true temperature within the reactor volume compared to the TC in
vacuum. This means that the RTD­measured value should be trusted when
conducting experiments with an evacuated containment volume and the µ­
reactor is in vacuum.

4.4 Improvements to be considered
In this section different routes to increase the versatility and usability of the
µ­reactor platform will be discussed.

4.4.1 Backspacer production limitations
The µ­reactor has a Pyrex glass acting as a backspacer between the back
of the µ­reactor and the viton O­rings in the mounting block. The mounting
block shown in Figure 2.9 and as a schematic in Figures B.1 is made from
stainless steel, which has a low thermal conductivity of 25 (W m−1 K−1) at
20°C and 1 bar [75]. This low thermal conductivity makes the mounting
block an effective heat sink. The backspacer was introduced to account
for the theoretical heat loss to the mounting block, which acts as a heat
sink. Additionally, it provides protection for theO­rings against extreme heat.
However, the temperatures used for methanol synthesis or CO oxidation in
this thesis are lower than the maximum temperatures that the O­rings can
withstand.

There has been several wafers with faulty µ­reactors due to the fabrication
step involving anodic bonding the pyrex back spacer on to the µ­reactors.
This can be seen in figure 4.18 where the backspacer is faulty bonded or in
figure 4.19 where the backspacer is misaligned during the bonding process.
Both cases yield poor µ­reactor­to­wafer output and the µ­reactors are not
usable.

To assess the heat sink effect from the mounting block, an infrared cam­
era is used to capture images of the heated reactor and evaluate the heat
distribution across the µ­reactor. A FLIR E60 infrared camera from FLIR
Systems AB was employed to obtain images of the µ­reactor with and with­
out a bonded backspacer, as well as the fully bonded reactor. The images
were converted to grayscale for analyzing the heat distribution across the
µ­reactor using the ImageJ software. The elevated temperatures of the µ­
reactors, both with and without a bonded Pyrex backspacer, were controlled
using similar power input and measured using a K­type thermocouple.
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Figure 4.18: Image of a faulty bonded back spacer on a µ­reactor.

Figure 4.19: Image of a misaligned bonded back spacer on a µ­reactor.
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Figure 4.20: Infrared image taken with an infrared camera and analysed
with imageJ for gray scale distribution plot along the red dotted line
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Figure 4.21: Infrared image taken with an infrared camera and analysed
with imageJ for gray scale distribution plot along the red dotted line
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Figure 4.22: Infrared image taken with an infrared camera and analysed
with imageJ for gray scale distribution plot along the red dotted line

The heat distribution of the three cases, can be seen in Figures 4.20, 4.21,
and 4.22, accompanied by the corresponding images captured.

As observed from the figures, the temperature profiles exhibit similar pat­
terns. The grayscale analysis using ImageJ reveals that for simpler pro­
duction of the µ­reactor, the backspacer can be omitted when testing cata­
lysts for low­temperature catalytic reactions. However, if the reaction tem­
perature needs to exceed the limits that the O­rings can withstand, the
backspacer can be anodically bonded during the fabrication process for that
specific batch, serving as protection for the o­rings.

4.5 Rethinking µ-reactor design for Thermal and
Photocatalytic Experiments

As described in section 2.1 SurfCat has investigated and analysed catalytic
reactions with reactors in the micrometer dimensions [9, 35, 76, 77, 78]. To
recap, these µ­reactors have minimized reaction volumes, leading to swift
time responses and heightened sensitivity in measurements. The funda­
mental µ­reactor designs comprise a silicon base and a borosilicate pyrex
top [9, 76].

The µ­reactor is then hermetically sealed by anodic bonding the pyrex top lid
to the SiO2­based µ­reactor [79]. The compact reaction volume, alongside
the QMS’s regulated capillary flow, allows for high time resolutions and sen­
sitivities. This facilitates transient activity observations in thermal catalysts,

86 Exploring new catalysts for conversion of sustainable energy in µ­reactors



4.5. RETHINKING Μ­REACTOR DESIGN FOR THERMAL AND PHOTOCATALYTIC
EXPERIMENTS

Figure 4.23: µ­reactor with an incomplete bonding on the inlet gas side.

photocatalysts, and exploration of low catalyst loadings.

Despite the many advantages, the potential of the µ­reactor platform to per­
form in surface catalysis research faced difficulties with respect to reproduce­
ability in certain catalytic systems.

As discussed in section 4.2, inconsistencies were observed with Au and
AuTi on SiO2 and TiO2 substrate. The inconsistencies in these measure­
ments are not fully understood but are mainly ascribed to changes in the
model system during the anodic bonding step which alters the morphology
or composition of the catalyst. Such changes result in differences between
the catalyst intended for testing and the one actually being tested.

As discussed in section 2.1.2 another aspect of the platform’s reliability is the
yield of successfully anodically bonded reactors. At times, the success rate
can dip as low as 50% with different faulty bondings. Every time a prepared
microreactor is un­successfully bonded many hours of work is wasted and
the demand for more µ­reactors increases, demand for more costly catalyst
increases, and the time investment increases. In figure 4.23 shows one
such example of a µ­reactor which failed to bond. After multiple anodic
bonding attempts there continues to be a gap in the side of the inlet fas
channel.

Additionally, as outlined in section 4.4, the cleanroom fabrication process
of the µ­reactor frequently results in a diminished yield of reactors. This
decrease can be ascribed to three primary production challenges: issues
arising during the RTD manufacturing step, malfunctioning during the an­
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odic bonding of the pyrex backspacer, and cracks across the wafer. The
complications associated with anodic bonding of the backspacer are illus­
trated in section 4.4 in figures 4.18 and 4.19.

Lastly, the current design of the platform allows for surface analysis of the
catalyst after catalyst deposition but prior to anodic bonding, and after fi­
nal testing. Critically, this approach lacks the capability to analyze the cat­
alyst directly, immediately before testing, which is necessary for compre­
hensive understanding of the catalyst being tested. Additionally, while both
pre­bonding and post final testing analyses are beneficial, they do not fully
capture the dynamic changes the catalyst might undergo under different
testing conditions. The ideal would be to monitor and analyze the catalyst
continuously, allowing for adjustments between different testing conditions,
rather than being limited to only after complete testing insights.

Inspiration from the EC-MS sniffer chip-design:

In this context, the paradigm of the microchip interface for electrochemical
mass spectrometry (EC­MS) emerges as a beacon of potential evolution
[42]. This microchip, connected to the mass spectrometer through a capil­
lary, maintains a low response time and a low detection threshold, allowing
in­depth analysis in hydrogen and oxygen evolution, as well as CO reduc­
tion [80, 81, 82, 83, 84]. In this reactor design, the seal is obtained without
high temperature anodic bonding.

By eliminating the need for anodic bonding, there is a higher likelihood of
testing the catalyst in its expected deposited state, regardless of the depo­
sition manner (mass­selected clusersource or by dropcasting). What ampli­
fies the dream of such a re­usable reactor is its capacity to allow analysis
of the catalyst in between changes in the reaction condition. This feature
provides a more detailed view into the changes in the morphology of the
catalyst and also permits iterative testing of different reaction conditions on
a single catalyst sample.

In summary, harnessing the principles of the microchip interface for EC­MS
to develop a next­generation re­usable µ­reactor could provide answers to
current challenges in the system, pushing forward the boundaries of the µ­
reactor­platform for catalysis research.

4.5.1 EC-MS microchip platform for thermal catalysis
testing

This section breaks down the work I have done during my PhD when devel­
oping the design for using the EC­MS interface block for thermal catalysis
testing.

A schematics of a potential interface block for the EC­MS chip for thermal
catalysis testing can be seen in figure 4.24
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Figure 4.24: A schematics of an interface block envisioned for utilising a
EC­MS re­usable µ­reactor chip for thermal catalysis testing.

The new model builds on the original design, where the chip is settled into
an interface block and held by a clamping ring. Notably, this clamping ring
now includes a slot for a thin SiO2 disc, perfect for applying a catalyst. The
SiO2 disc is sealed to the top of the EC­MS chip using o­rings, as seen in
Figure 4.24.

The goal is to keep a steady pressure of around 1 bar between the SiO2 disc
and EC­MS chip, while evacuating the surrounding atmosphere. This en­
sures that the reaction space is kept free from unwanted gases like oxygen.
There is also a window in the center of the steel cover, making it possible
to heat the SiO2 disc with either a laser or a lamp. If initial tests of this
system show potential, in the future an RTD with heater elements could be
incorporated in a clean room fabrication on the SiO2 disc.

Dealing with High Temperatures:

The primary concern with this particular design is to secure seal under ele­
vated temperatures during thermal catalysis testing. SiO2 wafers are prone
to fracture under uneven compression, rendering Cu­gaskets inappropri­
ate. Alternatives to Cu­gaskets could be Au­gaskets. The idea of using
a thin gold thread, is utilizing the soft nature of gold, to have an effective
vacuum seal to the surroundings that is temperature resistant. However,
Au is costly and potentially catalytic active. O­rings appear more promis­
ing however, thermal limitations of the o­rings could introduce experimental
anomalies from gas leaking through the o­rings. Certain variants of Kalrez®
perflouroelastomer o­rings, which can withstand temperatures up to 325°C,
may present a viable solution.

Furthermore, the smallest thickness of o­rings approximates 1mm. Given
the requirement for a minimal interfacing gap between the chip and the SiO2

Exploring new catalysts for conversion of sustainable energy in µ­reactors 89



CHAPTER 4. DIFFICULTIES USING THE Μ­REACTOR­PLATFORM

disc (ideally in the vicinity of 100 µm), modifications to the design of the EC­
MS chip or the SiO2 disc including a narrow groove to place the o­ring in
would be needed to limit the active reactor volume.

How Long Does Gas Exchange Take?:

A reasonable question arises, whether such a redesign would continue to
allow for measurements on catalytic activity. To address this question, one
can compare the geometric chip volumes, gas flow rate, and catalyst load­
ing.

The EC­MS chip has an internal volume V0 = 100 nL [42]. There is also
some extra space between the chip and the SiO2 disc (as shown in figure
4.24). To determine the total volume where the gas is, we add these two
spaces:

V (h) = V0 + πhR2
disc (4.3)

Here, Rdisc (the radius of the SiO2 disc) is 2.5mm, given by the size of the
EC­MS chip membrane. The total volume of the reactor is dependent of
the height caused by the squeezed o­rings. Estimating the height h = 800
µm from an o­ring of 1mm thick and compressed up to 20%. If changes
can be made, the height could possibly be reduced to around 100 µm by
introducing a recess in the SiO2 disc to accommodate partially the o­rings.

To find out the time duration, texchange, required for the entire gas to be re­
placed in the reactor volume, we must evaluate the volume in relation to
the gas flow rate Ncap. The specified flow rate through the capillary in the
EC­MS chip averages at 1.5 x 1015 molecules s−1, which translates to an
approximate rate of 62 nL/s under conditions of 1 bar atmospheric pressure
at room temperature.

texchange(h) =
V (h)

Ncap
(4.4)

Combining equations 4.3 and 4.4, utlizing h1 = 100 and h2 = 800 the ex­
change time becomes texchange = [30, 260] s which compared to the extraor­
dinary fast exchange time of 11s for the current µ­reactor design is slow
and makes it more difficult to investigate transient behavior. Stability test,
activity test, and long experiments on low catalyst loading would still be very
possible.

Within these time frames, the catalyst has to participate in enough reac­
tions that the product should be at least 50 ppm for the QMS to detect the
molecules. Ideally, it should not convert every reacting molecule. The turn­
over­frequency (TOF) needed for a given concentration C is:
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TOF =
C

texchange

Ngas

Ncat
(4.5)

Here, Ngas is determined using the ideal gas law, and Ncat is the number of
active catalytic sites. For a crude estimation one active catalytic site could
be translated to one atom and the number of active sites is then given by

Ncat = (
Rdisc

Ratom
)2 · Ω. (4.6)

For a simple calculation, considering an average atomic radius (Ratom) of
150 pm and a coverage of 5% (Ω), the amount of catalytic active sites is
then around 1.5 x 1013 sites which is in the same order as for the original
µ­reactor design.

The TOF calculation to get a concentration above 50 ppm is then on the or­
der of 5 x 10−3 molecules/site/s which is an order of magnitude higher than
what could be detected for the original design however, still low enough to
be able to measure methanol synthesis. It is possible to deposit more cat­
alyst on the surface if nessecary, however 10% has been the rule of thumb
for upper limit to ensure all catalyst are deposited solely and not on top of
other catalyst effectively wasting catalytic material and potentially under es­
timating the catalytic performance.

The main hurdle to overcome is heating and monitoring the actual tempera­
ture of the gas and catalyst. Unfortunately, due to time constraints, this was
never truly solved and money was not found to manufacture a prototype
from the workshop.

4.5.2 Re-design of the µ-reactor platform for
photocatalysis

This subsection will describe the re­designed µ­reactor platform for pho­
tocatalysis testing. The inspiration to redesign the reactor platform came
through collaboration with TUM. Testing, calibration of the capillary and val­
idation of the quantification of the gas species is my main contribution to the
project

The current µ­reactor­platform has already been used for multiple experi­
ments in photocatalysis [85, 86, 87, 88].

As described the current µ­reactor design mandates anodic bonding for
sealing the pyrex lid to the SiO2 so reuse after opening is not possible [89].
This makes traditional µ­reactors single­use.

A re­useable µ­reactor with the original’s quick response and heightened
sensitivity would address the limitations of the current µ­reactor­design.
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Figure 4.25: A schematics of the re­useable µ­reactor for photocatalytic test­
ing [90].

Leveraging insights from the innovative EC­MS sniffer chip interface has
been instrumental in enhancing the µ­reactor design for refining its applica­
tion in photocatalysis testing [35].

The reaction volume is sealed using an o­ring, facilitating easy assembly,
and multiple use of the chip. Through a parafilm gasket, the reactor is leak­
proof, allowing the µ­reactor to be reused for varied experiments.

The image in figure 4.25a provides a visual representation of the microchip,
which includes components like the gas inlet, gas flow channel, gas outlet,
entrance to the reaction volume, QMS outlet after the capillary leading to the
mass spectrometer, the limiting capillary, and the borosilicate glass window.

Crafting this microchip involves employing conventional cleanroom proce­
dures like UV lithography, deep reactive ion etching, and anodic bonding. A
hallmark of the new design, akin to its earlier versions, is the limiting capil­
lary depicted in 4.25a. This capillary restricts the flow of the analyte to the
mass spectrometer, eliminating the need for differential pumping. To ensure
the mass spectrometer functions reliably, it is crucial to maintain a pressure
at or below the 10−5 mbar range. Taking into account the turbo pump used
in the initial model study (with pumping speed S = 50 l/s), the maximum flux
of the analyte to the mass spectrometer, denoted as ṅv, can be calculated
as

ṅv =
1

RT
p0vSpump ≈ 2nmol/s (4.7)

Where R is the ideal gas constants, T is the temperature, p0v is the desired
pressure in the main chamber with the QMS of 10−6 mbar and Spump is the
pumping speed of the turbo pump ( 50 l/s).

Thanks to the capillary, almost 100% of the molecules entering the reactor
volume are measured with the QMS since there is no need for differen­
tial pumping. Such efficiency translates to a sensitivity that is magnitudes
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Table 4.2: Calculated and experimentally measured flux thorugh the capil­
lary of the new µ­reactor design.

Calculated
ṅcalc [nmol/s]

Experimental
ṅexp [nmol/s]

CO2 7.0 6.8
CO 6.2 6.2
O2 5.4 5.2

higher compared to systems with differential pumping [35]. Furthermore,
this efficiency enables absolute quantification as the calibrated signal di­
rectly correlates with the amount of products formed on the surface of the
catalyst.

Figure 4.26 depicts the reactor assembly placed in an adapted stainless
steel interface block, a commercial product from Spectro Inlets Aps. The
µ­reactor chip sits atop four O­rings that ensure airtight connections to both
the mass spectrometer and the gas circulation system, further illustrated in
4.25b.

Above the chip interface, a parafilm sealing gasket and a catalyst layer are
positioned and held together with four screws and a tightening ring. If a
silicon wafer serves as a catalyst base, an additional glassy carbon plate is
added to distribute the screw pressure and avert wafer breakage.

Pre­experiment, the assembly undergoes a leak test by infusing He and
tracking the decrease in air signals (oxygen at m/z = 32 and nitrogen at m/z
= 28). Once the reactor is air­tight, it can be filled with the reaction gas mix.
If needed, residual air can be further minimized by housing the reactor in an
inert gas­filled container as used for the current thermal µ­reactor setup.

The molecular flow through the capillary was indirectly measured with a Ca­
pacitance Manometer (MKS 220d, 1 mbar pressure, Measurement 4­20 mA
[91]) utilizing the same experimental technique as described in section 2.2.2.
This was then compared to themathematical modelling of themolecular flow
through the capillary for various gases.

The experimental framework is portrayed in figure 4.27 and comprises the
µ­reactor, specific valves, a known reference volume, and the Capacitance
Manometer. After certain procedural steps, including pressure monitoring
as illustrated in figure 4.28, the method allows for the computation of the
molecular flow rate using the ideal gas law.

Empirical tests estimated a capillary flow of 6.8 nmol/s for CO2 at a pressure
of 1.2 bar. This aligns closely with the outcome from mathematical calcu­
lation, suggesting a flow rate of 7.0 nmol/s for CO2 at the same pressure.
The validity was further tested using CO and O2, and results are shown in
tabel 4.2.
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Figure 4.26: A series of pictures showing the mounting of a re­useable µ­
reactor for photocatalytic testing [90].
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Figure 4.27: A schematics of the setup for the measuring the molecular flux
through the capillary of the new re­useable design µ­reactor [90].
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Figure 4.28: The capillary flow of CO2 is measured by observing the pres­
sure increase over time in an unknown volume, V0, represented by the red
line that illustrates the linear fit of the pressure increase and in the combined
unknown volume V0 plus a reference volume of 26 ml Vref, depicted by the
green line that represents the linear fit of the pressure increase [90].
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Gas viscosities at 25 °C were sourced from the CRC Handbook of Physics
and Chemistry online [92]. There is notable alignment between the exper­
imentally and mathematically derived capillary flow values, with a minimal
variance of just 3%.

This new reactor design facilitates easy interchange of catalysts and re­
action conditions, which is essential for rapid screening processes for the
discovery of new photocatalysts.

Although a reusable µ­reactor chip specifically for thermal catalysis testing
has not yet been realized, insights gained from empirical and experimental
successes in electrochemical and photocatalytic µ­reactor designs shows
the promise of reusable designs. The benefits and advantages considered,
efforts to develop a design compatible with various temperatures and pres­
sures appears justifiable and promising.
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Chapter 5

Outlook
In this thesis, significant progress in enhancing the µ­reactor platform and
investigating heterogeneous catalysis has been made. This work includes
the following improvements and programming contributions:

µ­reactor Improvements:

a. Capillary validation: Ensuring accurate and reliable gas flow measure­
ment within the µ­reactor system.
b. Temperature validation: Confirming precise temperature control andmea­
surements for catalytic reaction studies.
c. QMS quantification: Developing a strategy for quantifying quadrupole
mass spectrometer signals from amperes to mols/s with manometer capac­
itance pressure measurements.
d. Heat distribution with and without pyrex spacer: Investigating the influ­
ence of a pyrex spacer on the thermal distribution within the µ­reactor.
e. Improve anodic bonding ­ design of microreactor setup: Optimizing the
bonding process and the overall design of the µ­reactor system.

Programming Contributions:

a. Developed PID control for heating: Implementing a PID control algorithm
to maintain stable and precise temperature control during catalytic studies.
b. Developed automatic temperature monitoring during anodic bonding:
Ensuring accurate temperature measurements throughout the bonding pro­
cess.
c. Contributed to IXDAT for easy data analysis of raw QMS data for thermal
catalysis: Streamlining the analysis of QMS data for more efficient catalytic
reaction studies.
d. Develop driver for XGS600 for valve control for setup: Creating a custom
driver for precise valve control within the experimental setup.

These improvements and programming contributions serve to strengthen
the µ­reactor platform as a versatile and powerful tool for investigating het­
erogeneous catalysis. By building upon the work presented in this thesis,
future research can explore novel catalysts and reaction mechanisms, ul­
timately contributing to the development of more sustainable and efficient
energy solutions.
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In this thesis, the µ­reactor has been demonstrated as a thermal catalysis
testing platform for mass­selected nanoparticles. The findings indicate that
gold (Au) appears to be stabilized by titanium (Ti) anchoring in­flight, over­
coming known challenges related to sintering effect of Au nanoparticles.

To support the claim that Ti truly anchored and stabilized the Au catalyst, and
not just as a result of measuring apparent size effects of the active catalyst
Au, a mass­selected size study of AuTi / Au was conducted.

Ensuring accurate and reliable measurements of catalytic activity of the
metal under investigation in the µ­reactor involved an extensive process,
from manufacturing at DanChip/NanoLab to thin­film sputtering alternative
substrates, deposition of mass selected nanoparticles, storage in a devel­
oped Ar storage chamber, and subsequent characterization and activity test­
ing.

Potential future research directions that was started during this PhD study
include:

1. Pt single atoms, dimer, and trimers: Investigate the catalytic prop­
erties of Pt single atoms, dimers, and trimers through HD exchange
experiments.

2. CoCu nanoparticles versus industrial catalyst: Compare the perfor­
mance of CoCu nanoparticles for direct ethanol synthesis from syn­
gas.

3. AuTi as a Deep Preferential Oxidation catalyst: Assess the potential
of AuTi for exceptional CO oxidation and CO preferential oxidation
(PROX) in excess hydrogen, aiming to achieve complete CO removal
across a wide temperature window.

4. AuTi as a direct methane oxidation catalyst: Evaluate the performance
of AuTi for direct oxidation of methane to methanol, contributing to a
more sustainable and efficient process.

5. Develop re­usable µ­reactor platform for thermal catalysis

While all of these research directions would have made exciting experi­
ments, time constraints limited their exploration in this thesis. However, they
present promising avenues for future research, contributing to our under­
standing of heterogeneous catalysis and the development of more efficient
and sustainable energy solutions.
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Appended papers
Paper I
Soren B. Scott[1]*, Anna Winiwarter[1, 2], Alexander Krabbe[3], Caiwu Liang[1],
Kevin Krempl[3], Daisy Thornton[1], Rose Oates[1], Benjamin Moss[1], Reshma R.
Rao[1], Ib Chorkendorff[3], Ifan E. L. Stephens[1], Kenneth Nielsen[2]

[1] Department of Materials, Imperial College London, UK
[2] Spectro Inlets A/S, Copenhagen, Denmark
[3] Department of Physics, Technical University of Denmark, Denmark
In preparation, 2023

Abstract

Open science, based on transparent and useful public access of research data, is
expected to accelerate developments in energy conversion and storage technolo-
gies, as required to meet global challenges. However, effectively harnessing the
promise of open science requires better tools for organization, analysis, and visu-
alization of experimental data. The In-Situ Experimental Data Tool, or "ixdat", is
one such tool that is optimized for the complex composite data sets generated by
measurement techniques used in energy and materials sciences, especially elec-
trochemistry and catalysis. At its core, ixdat is an open-source python package
that is well-documented and easy to use (see https://ixdat.readthedocs.org). It
has a pluggable design, so that raw data sources from differently formatted files
or different database backends can be interchanged while preserving the user in-
terface. A relational model of experimental data facilitates the task of lining up
multiple data series from a single hyphenated measurement technique (such as
electrochemistry - mass spectrometry and other in-situ techniques), as well as the
task of organizing data from large research projects. Ixdat is already used to facil-
itate the open sourcing of experimental data and transparent analysis procedures
via github repositories for a growing number of articles. This article presents the
concepts behind ixdat using examples from water oxidation electrocatalysis, with
a special focus on welcoming new users and developers.
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Figure A.1
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Appendix B

µ-reactors setup
Mounting block

Figure B.1: Schematics of the mounting block used in the µ­reactor setups
at DTU. Adapted from [24].

Baratron calibration
The molar flow rate through the capillary in the µ­reactors are calculated us­
ing a calibration measurement involving the Baratron attached on the back­
side. The pressure rate is measured when the µ­reactor molar flow rate ṅ
is collected in an unknown, evacuated volume V0 (the pressure rate is ṗ1)
and with a known evacuated volume Vref (pressure rate ṗ2) added.

Using the ideal gas law, we get

ṗ1V0 = ṅRT (B.1)
ṗ2(V0 + Vref) = ṅRT (B.2)

(B.3)

By eliminating the unknown volume V0, we obtain the experimental molar
flow rate

ṅexp =
Vref

RT
· ṗ1ṗ2
ṗ1 − ṗ2

(B.4)

Vref is 26mL. V0 can then be calculated to 34mL using the fitted paramaters
p1 = 0.00081 mbar/s and p2 = 0.00046 mbar/s seen in figure 2.12
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Flux through the capillary at different
temperatures

Table B.1: Expected and measured flux with temperature estimated from
measured flux and TC / RTD temperature measurements. White cells indi­
cate UHV in the containment volume and blue cells indicate Ar at 10 mbar
pressure in the containment volume.

Expected
flux [nmol/s]

Measured
flux [nmol/s]

Effective
temperature [K]

Measured TC / RTD
temperature [K]

0 7.47e-1 7.03e-1 309 298 / 300
1 7.18e-1 6.38e-1 327 305 / 320
2 6.84e-1 5.99e-1 340 314 / 340
3 6.48e-1 5.31e-1 366 324 / 360
4 6.23e-1 5.03e-1 379 332 / 373
5 5.91e-1 4.74e-1 394 343 / 400
6 4.95e-1 3.86e-1 451 383 / 470
7 4.53e-1 3.55e-1 477 405 / 498
8 3.87e-1 3.24e-1 508 450 / 558
9 3.59e-1 2.85e-1 558 473 / 606

10 3.28e-1 2.68e-1 583 504 / 630
11 3.26e-1 3.24e-1 509 506 / 558
12 3.31e-1 3.54e-1 469 501 / 530
13 5.16e-1 4.79e-1 402 373 / 387
14 5.91e-1 5.48e-1 370 343 / 351
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Temperature measured by flux changes through
the capillary
Plot to display the standard experimental setup estimating true temperature
in the reactor volume utilizing the capillary equation and flux measurement
through the capillary.

Containment pressure p<1e-4 mbar

TC Temperature

RTD Temperature

Estimated Temperature

Figure B.2: The graph presents the temperature measured by the thermo­
couple (TC, blue line) and the resistance temperature detector (RTD, orange
line), along with the estimated temperature (Lavender line) as a function of
the measured flux through the capillary, obtained from the pressure increase
on the backside measured with the Baratron. The temperature estimated is
shifted 25K up to reflect the heat profile. The temperature recorded by the
RTD aligns more closely with the expected temperature derived from the
measured flux compared to the temperature measured by the TC.
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Figure B.3: Mass spec signals during temperature estimation from flux mea­
surement through capillary
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during the experiment
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(b) Pressure profile in the baratron during
the experiment
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(c) Temperature profile measured by the
thermo couple during the experiment
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(d) Temperature profile measured by the
RTD during the experiment
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Appendix C

Programming
LiveWebServer in Dash
I developed a LiveWebServer in the open source framwork Dash [93] that
can be found https://github.com/CINF/PyExpLabSys/
tree/master/PyExpLabSys/apps

Live monitoring of an experiment is crucial for several reasons. Firstly, it
allows for real­time observation of the experiment, enabling researchers to
promptly detect any anomalies or unexpected results. This can save valu­
able time and resources by identifying potential issues early in the experi­
ment, rather than waiting for the experiment to finish before analyzing the
data and discovering problems.

Secondly, live monitoring provides researchers with the ability to make ad­
justments to the experiment on­the­fly, if necessary. For example, if the
data shows that the flow, pressure or temperature is not within the desired
range, the researchers can immediately adjust the settings to correct the is­
sue, rather than waiting for the experiment to finish and starting over again.

Finally, by monitoring the equipment in real­time, researchers can ensure
that the experiment is proceeding as planned, and that the data being col­
lected is accurate and reliable.

PyExpLabSys
PyExpLabSys is an open source project that simplifies socket communica­
tion protocols, making it easier to control equipment and collect data. It
includes multiple open source drivers used at SurfCat [94].

XGS600 improved driver
I made an enhancement to the XGS600 driver in PyExpLabSys by enabling
more advanced valve control capabilities and automatic logging of the valve
state. These improvements have led to better error detection and facilitated
troubleshooting. The driver can be found here https://github.com/CINF/ Py­
ExpLabSys/blob/master/PyExpLabSys/drivers/xgs600.py

Improvements of logging and controlling the anodic
bonding setup
Introducing a new PyExpLabsys module for efficient database logging of
meta values. This powerful tool has been employed in the µ­reactor anodic
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cold bonding setup to constantly monitor the perimeter of the sensitive re­
actor area, including critical temperatures, voltage, current, and experimen­
tal time. This ensures accurate and reliable tracking of important metrics,
helping to facilitate informed decision­making and improve overall experi­
mental outcomes. The app can be located here https://github.com/CINF/
PyExpLabSys/tree/master/PyExpLabSys/apps/qms

Customized colour scheme for channel_list.txt in VIM
I have developed a personalized color scheme for the channel_list.txt file,
which is utilized to highlight mass channels and meta channels enabled and
recorded throughout an experiment. This scheme facilitates easier differen­
tiation and quick identification of channels, leading to a more efficient and
seamless experiment setup process.

Data treatment
Most of the data treatment is done using the open source programming lan­
guage python.

EC_MS
A collection of python scripts developed by former PhD student Søren Scott
and can be found on github.com/ScottSoren/EC_MS. These scripts were
used in the beginning to quantify mass spec data from the effective length
of the capillary of a sniffer chip to molecules not in house as pure gas e.i.
methane, methanol and ethanol.

Ixdat
Ixdat is an open­source project with two main components. The first com­
ponent focuses on the raw data and the experimenter, and combines sepa­
rate data files into one dataset. The second component focuses on results
and the high­level researcher, and allows for querying of results. The two
components are combined into one software, using a relational structure to
group datasets based on metadata. This software will provide standard­
ized analysis tools and a means of comparing results to the state­of­the­art,
as well as a way to open­source data. The design will be highly pythonic,
object­oriented, pluggable, and dynamic, with a focus on documentation to
facilitate diverse users. In the near­to­mid future, the software will require
some programming skill, but select functionality will eventually have GUIs
if there is interest. The project will be collaborative, allowing anyone with
time and programming skills to add tools or databases. Overall, Ixdat aims
to improve the overall quality and standardization of experimental research.
This package has been primarily used to calibrate QMS mass spec data ob­
tained through the capillary of the µ­reactor and subsequent datatreatment
of single measurements combining mass spectra taken over time with mass
time data [69].
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Appendix D

SEM images during anodic bonding
After temperatureAfter 1kV potentialAs deposited

a

b

c

d

e

f

Figure D.1: SEM images of the same µ­reactor with 50 nm TiO2 substrate
and 5% coverage of 3.5 nm AuTi nanoparticles as prepared, and after the
applying only voltage and after applying only temperature during anodic
bonding. Fig a and b are as prepared 3.5 nm nanoparticles. Fig c and d
are SEM images after applying 1kV to the sample for 1 hour. Fig e and f are
SEM images after applying 350 degrees temperature and active 10 degrees
cooling on the sensitive reactor area.
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Appendix E

Apparent activation energy plot
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Figure E.1: A plot of the logarithm of the reaction rate versus the inverse of
the temperature of a AuTi nanoparicle on SiO2 support. The arrhnius like
behaviour is pointed at with an arrow. The area where the line decline is
because of full conversion of the CO and the flux through the capillary is
decreasing with increasing temperature.
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