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Abstract
Heterogeneous catalysis plays a major role in modern society, for example in chem-
ical production, sustainable energy production and emission control technologies.
Metal nanoparticles (NPs) supported on oxide materials are frequent catalytic sys-
tems in this field. Although used and investigated for decades, open questions about
the structure of supported catalysts and correlation with their catalytic properties
remain. Some of these questions involve the three-dimensional structures of the cat-
alysts, which become increasingly accessible by modern characterisation techniques,
as well as the nanoscale structures down to the atomic level.
In this work, we focused on both of these aspects. We developed a specimen

preparation method to reveal the three-dimensional structures of supported NP cat-
alysts using transmission electron microscopy (TEM). We also refined the imaging
of the catalysts’ structures in the size range of a few nanometres down to individual
atoms by using high-resolution dark-field scanning TEM (STEM) imaging, reaching
a precision of 2 pm.
Structural aspects that were investigated included sintering (e.g. coalescence) of

NPs in realistic catalysts at different temperatures and in different gas atmospheres,
as well as sintering of NPs on model systems to investigate the effect of support
surface corrugation. We used the developed specimen preparation method to study
the three-dimensional distribution of NPs on the oxide support in a realistic cata-
lyst as a function of ageing temperature. The structural properties were correlated
to the catalytic activity, which was evaluated using a continuous flow reactor and
simulations. The interaction at the interface between NPs and different support
materials was studied by STEM imaging. The high spatial precision of 2 pm en-
abled the measurement of strain distributions within supported NPs and at external
interfaces.
This work has given new insights into the detailed three-dimensional nanoscale

structure of some of the most commonly used supported catalysts and improved
the understanding of the relation between their structural properties and catalytic
activity. The observation of interfacial strain indicates the possibility to tailor the
catalytic activity by tuning the NP-support interaction.

Keywords: supported nanoparticle catalyst; transmission electron microscopy
(TEM); scanning electron microscopy (SEM); FIB/SEM; particle size distribution
(PSD); specimen preparation; ageing; strain; CO oxidation; platinum
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1 Introduction
Heterogeneous catalysis is a key technology in today’s society. Supported nanopar-
ticle (NP) catalysts are commonly used in chemical production [2,3], energy appli-
cations [4] and environmental control technologies [5]. These catalysts consist of
transition metal NPs dispersed on porous support materials, typically metal oxides.
While the NPs catalyse chemical reactions, the support material provides a large
surface area and stabilises the NPs. To develop efficient catalysts and use their
expensive materials economically, profound knowledge of their structure from the
macroscopic to the nanoscopic scale is crucial. This knowledge needs to be com-
bined with an understanding of how structural characteristics influence the catalytic
properties.
Catalyst deactivation is one of the major research topics in catalysis [6]. It denotes

processes under which catalysts lose activity due to the temperatures and chemical
environments they are exposed to during their operation. NP sintering (coalescence
of NPs and/or atomic migration between NPs) is one of these processes. The
severity with which NP sintering occurs depends on various factors, for example
the operational temperatures, the materials of the NPs and the support [7, 8] and
the gas environment [9–12]. Because of deactivation, manufacturers need to design
catalysts that perform well above their specifications when freshly produced. This
increases the cost of the catalysts and the consumption of rare noble metals.
A variety of characterisation methods have been used to investigate catalytic

NPs and NPs sintering, among them are gas adsorption / desorption experiments
[13–18], various spectroscopy methods [19–21] and diffraction techniques [22–26].
These methods have in common that they average over large amounts of a catalyst
sample, which results in good statistics due to many probed NPs, but do not offer
spatially resolved information. The most versatile techniques for direct observation
of individual NPs include scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) [27–30]. While SEM is an appropriate tool to investigate
relatively large NPs, TEM is needed to image small NPs, clusters and single atoms
of the catalytically active material.
The scope of this work is to further explore nanostructural aspects of supported

NP catalysts and make correlations to their catalytic activities. Special effort was
made to perform quantitative analyses whenever possible. We characterised sup-
ported NPs using different methods, with electron microscopy techniques like scan-
ning TEM (STEM), SEM and focused ion beam SEM (FIB/SEM) constituting the
cornerstones of our toolbox. We developed an advanced TEM specimen preparation
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method which, due to the cross-sectional geometry of the specimens, allowed us to
study the three-dimensional structure of supported NP catalysts before and after
ageing, along with their catalytic activity. The influence of the gas atmosphere
during ageing on the sintering of supported NPs was investigated, as well as the im-
pact of a support with controlled structural inhomogeneity on NP sintering. We also
studied strain in supported NPs on the atomic scale with picometre precision and
performed kinetic simulations to determine the effect on the catalytic properties.
This thesis is structured in the following way: Chapter 2 describes the basic

concepts of heterogeneous catalysis, NP catalysts, catalyst deactivation and auto-
motive catalytic converters. In Chapter 3, the investigated catalytic systems as
well as experimental methods used in this work are introduced. Chapter 4 con-
tains a summary of the main results obtained during our work, the full details are
found in the appended papers. Finally, conclusions and an outlook are presented in
Chapter 5.

2



2 Heterogeneous catalysis and
deactivation

Catalysis describes a phenomenon that increases the rate of a chemical reaction due
to the presence of a catalytic material. It does so by offering an energetically more
favourable reaction pathway compared to the non-catalysed reaction. The catalyst
itself is not consumed in the catalytic reaction, so after each reaction cycle it is
available to catalyse the next reaction.
Catalysts can have many different morphologies, ranging from atoms, molecules

and NPs to larger structures like enzymes or solid surfaces. Catalysts can also have
different phases and surroundings and are usually divided into three main categories:
Homogeneous catalysts, where the reactants and the catalyst are in the same phase,
heterogeneous catalysts, where the catalyst is solid and the reactants are gaseous
or liquid, and biocatalysis, where enzymes catalyse chemical reactions.
In this chapter, heterogeneous catalysts, which are the focus of this thesis, will be

introduced in more detail. After a general introduction, NP catalysts and methods
to investigate them, as well as catalytic CO oxidation, one of the key reactions of
heterogeneous catalysis, will be described. The next section provides an overview
of different catalyst deactivation mechanisms. Finally, the more specific topics of
automotive catalytic converters and bimetallic Pt-Pd catalysts will be discussed.

2.1 Heterogeneous catalysis
In heterogeneous catalysis, the catalyst is most commonly in the solid phase, whereas
the reactants and products of the chemical reaction are liquid or gaseous. In the
following, gaseous reactants and products will be discussed as this is the typical
situation in environmental control catalysis. During a catalysed reaction, the re-
actants adsorb onto the catalyst surface individually and dissociate if necessary.
They then react and form a product that desorbs from the surface. Afterwards, the
catalyst is unchanged and available for the next reaction.
The catalyst surface can be considered as a number of discrete active sites which

are capable of adsorbing the reactants, intermediates and products. Since a certain
number of sites is occupied for each reaction, the total number of available active
sites is one of the factors that limit the total reaction rate. A simple catalysed
reaction of the reactants A2 and B to the product AB can be expressed in the
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2 Heterogeneous catalysis and deactivation

following elementary steps (* denotes an active site and A* an adsorbed intermediate
of species A):

A2 + ∗⇀↽ A2∗ Adsorption of reactant A2 (2.1)
A2 ∗+∗⇀↽ 2A∗ Dissociation of reactant A2

B + ∗⇀↽ B∗ Adsorption of reactant B
A ∗ +B∗⇀↽ AB ∗ + ∗ Reaction of intermediates to product AB

AB∗ ⇀↽ AB + ∗ Desorption of product AB

This type of reaction, where all the reactants are adsorbed onto and in thermal
equilibrium with the catalyst surface, is called Langmuir-Hinshelwood reaction [31].
An important example for this type of reaction in environmental control catalysis is
the oxidation of carbon monoxide (CO) to carbon dioxide (CO2). A schematic view
of this reaction, along with a corresponding energy diagram, is shown in Figure 2.1.

Figure 2.1: Schematic of the elementary steps of a catalysed Langmuir-Hinshelwood
reaction between CO and O2 forming CO2 on a PGM catalyst. As the energy diagram in
the center shows, an activation energy Ea has to be overcome for the reaction to proceed.
The activation energy for the catalysed reaction is about five times lower than for the
non-catalysed reaction, resulting in a higher reaction rate.

As can be seen in the energy diagram, an activation energy Ea is needed for the
reaction between CO and O to proceed, whereas no activation energy is associated
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2.2 Nanoparticle catalysts

with the adsorption of the reactants and the dissociation of oxygen. The activation
energy Ea for the catalysed CO oxidation reaction is about 100 kJ·mol−1, whereas
an energy of around 500 kJ·mol−1 is associated with breaking the O-O bond in the
non-catalysed reaction [31]. This demonstrates the main function of the catalyst for
this reaction: It adsorbs and splits the oxygen molecules, which is the energetically
most unfavourable step in the non-catalysed reaction, lowering the overall activa-
tion energy for the reaction. In this way, the catalyst increases the reaction rate
considerably.
There are several conditions that a catalyst needs to fulfil in order to be suitable

for a certain reaction. All reactants need to adsorb easily onto the catalyst, but
no reactant may adsorb so strongly that it covers too much of the surface and
inhibits the adsorption of the other reactants (so-called poisoning). Equivalently,
the product of the reaction must only be loosely bound to the active sites, otherwise
it might not desorb easily enough and poison the catalyst, hindering adsorption of
the reactants.

2.2 Nanoparticle catalysts
The most commonly used metals for heterogeneous catalysts are found in the groups
8-11 of the periodic system. Since the catalytic reactions occur on the surfaces
of these metals, their surface-to-volume ratio needs to be maximised in order to
use the catalytic material efficiently and economically, as well as to reduce the
space requirement of the catalyst. This is especially true for expensive noble metal
catalysts. A large surface area can be obtained by using small metallic NPs. A
similar property to the surface-to-volume ratio is the dispersion of the metal, which
describes the ratio between the number of surface atoms and the total number of
atoms of the metal.
The NPs are commonly dispersed onto a mostly inert porous support material

that has a high surface area per volume. This ensures that the surfaces of the
NPs are accessible to the reactants. The support also has the purpose to stabilise
the NPs, which are prone to sintering under operating conditions (see Section 2.4).
The main preparation techniques for supported NP catalysts are impregnation and
precipitation [32]. The synthesis methods used in this work are described in Sec-
tion 3.1.
Investigating the structural properties of supported NP catalysts and linking

them to their catalytic performance is challenging. Already when investigating
single crystal model catalysts, multiple factors like the reactant gas composition,
reaction temperature and differences in conditions between structural characterisa-
tion (possibly ex-situ) and catalytic evaluation need to be considered. The number
of factors that need to be taken into account becomes considerably larger when
investigating supported NP catalysts. These factors include the effect of NP size,
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2 Heterogeneous catalysis and deactivation

inhomogeneous NP size distribution, interaction with different support materials,
changes of the NP oxidation state, different active sites depending on NP mor-
phology (different facets, edges, corners) and dependence of NP morphology on the
interaction with the support. Many of these factors are interdependent which makes
universal conclusions from individual experiments rare.
In order to obtain a better understanding of the impact of these different pa-

rameters on the catalytic properties, progressively advanced experimental stud-
ies have been performed and still need to be performed. Experimental methods
to investigate averaged properties of NP catalysts include X-ray diffraction [22–
26], X-ray photoelectron spectroscopy [19], X-ray adsorption spectroscopy [21],
temperature-programmed techniques [33], chemisorption [13–18] and vibrational
spectroscopy [20]. Electron microscopy [27–30] is used to obtain spatially resolved
information about a catalyst’s structure and composition with high spatial resolu-
tion.
Ideally, experimental studies are combined with theoretical calculations and sim-

ulations that assist in the understanding and/or design of the experimental stud-
ies [34–36]. Development of new synthesis methods for catalysts with specific prop-
erties like uniform NP size distributions or shapes is beneficial when aiming to
perform conclusive studies, since it eliminates some of the aforementioned vari-
ables [32, 37–40].

2.3 Catalytic CO oxidation
Catalytic oxidation of CO to CO2, briefly introduced in Section 2.1, is often used as
a prototypical model reaction for heterogeneous catalysis. Since the reaction serves
as a benchmark to investigate catalytic processes, both experimentally and theoreti-
cally, while at the same time being of high relevance for environmental technologies,
it is one of the most extensively investigated reactions in catalysis [41]. Advantages
of CO oxidation as a probe reaction are that it has a single rate-limiting step and
only one product, which also only weakly interacts with the catalyst. CO, a product
of incomplete oxidation of carbon-containing compounds, is a toxic, colorless and
odorless gas. It is generated in large amounts by the petroleum industry and in
combustion engines.
In the (non-catalysed) homogeneous gas-phase reaction between CO and O2

splitting of the oxygen molecule into atomic oxygen is limiting the reaction rate,
since it is the elementary reaction step with the highest activation energy, about
500 kJ·mol−1 [31]. A catalyst provides an alternative reaction path with a lower en-
ergy barrier, as depicted in Figure 2.1. In this reaction path, the reaction between
CO and oxygen is rate limiting with an activation energy of about 100 kJ·mol−1.
Supported noble-metal NP catalysts are mainly used for catalytic CO oxidation in
industrial applications.
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2.4 Catalyst deactivation mechanisms

The catalytic activity varies considerably between different catalyst formulations
and depends largely on the operating conditions, especially the reaction temper-
ature. The kinetics of catalytic CO oxidation are often dictated by competitive
adsorption of the two reactants, CO and O2. Only if both are adsorbed on the cat-
alyst’s surface in sufficient amounts and close proximity, the reaction can efficiently
progress. CO usually adsorbs strongly on reactive surfaces at temperatures close to
room temperature, thereby hindering the adsorption of oxygen and the progression
of the reaction.
At elevated temperatures, CO partially desorbs so that oxygen can adsorb on the

available active sites and the reaction rate increases considerably. If the temperature
is raised further, the CO and O2 coverages become so low that the reaction rate
decreases due to a lack of reactants on the catalyst’s surface. Therefore, there is
a temperature window in which a catalyst performs optimally for this reaction.
This temperature window should coincide as closely as possible with the operating
temperature of the catalyst. Since modern industrial processes and combustion
engines are becoming increasingly efficient, the exhaust gases often have relatively
low temperatures. A major challenge in catalytic CO oxidation is therefore to obtain
sufficient activity at low temperatures.
Catalysts for cleaning of exhausts from combustion engines usually contain Pt-

group metals (PGM), most notably platinum, palladium and rhodium. Traditional
PGM catalysts have excellent activity for CO oxidation at high temperatures, but
struggle at low temperatures. The operating temperature needs to be above at least
100 ◦C in most practical cases [42, 43]. While gold NP catalysts are more active at
low temperatures [44], their thermal stability is an issue for exhaust aftertreatment
solutions [45]. Development is ongoing to reduce the operating temperatures of
PGM for CO oxidation [43].

2.4 Catalyst deactivation mechanisms
A catalyst might be very active when it is freshly produced, but over time different
deactivation mechanisms can deteriorate its performance, which is a major problem.
In case of the European emission standard ’Euro 6’, a passenger car needs to still
fulfil the emission limits after 100 000 km or five years of use [46]. This means that
a fresh automotive catalyst needs to be designed with a much higher initial activity,
resulting in higher consumption of expensive noble metals like platinum, palladium
and rhodium. Catalyst deactivation is usually linked to the loss of active sites for
the chemical reactions. Most deactivation mechanisms can be classified as either
thermal deactivation, which is caused by high-temperature exposure, or chemical
deactivation, which is caused by certain chemical species in the exhaust gas. The
main deactivation mechanisms will be introduced here.
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2 Heterogeneous catalysis and deactivation

Nanoparticle sintering

Figure 2.2a shows the typical structure of a fresh catalyst with small, well dis-
persed metal NPs inside a porous support material. The main cause of thermal
deactivation is sintering of the metal NPs. Under the influence of heat, the size
of the NPs increases, which decreases the surface-to-volume ratio of the catalytic
material, see Figure 2.2b.

Figure 2.2: Schematic view of different catalyst deactivation mechanisms. a) The cata-
lyst in the fresh state, with small dispersed metal NPs on the porous oxide support. b)
NP sintering: NP or atomic migration and coalescence leads to larger NPs with a lower
total surface area. c) Washcoat sintering: At high termperatures the washcoat material
can sinter, leading to blocked pores and a lower total accessible surface area. d) Poisoning:
Chemical substances can selectively block active sites by adsorption or chemical reactions.
e) Masking / Fouling: Contaminations (e.g. carbon) can non-selectively adsorb to the
sample and block access to the active sites.

As mentioned in Section 2.5, the chemical reactions occur only on the surface
of catalysts, so particle sintering will usually decrease the catalytic activity. The
driving force for sintering is the reduction of surface energy and number of under-
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coordinated atoms. The temperature at which particle sintering occurs and the
degree of sintering vary depending on materials [7,8] and gas environments. Water
vapour has been shown to promote the sintering process [9–12]. The sintering onset
temperature lies usually well within the temperature range that the catalyst is
exposed to during normal usage. Most studies suggest an onset for severe platinum
NP sintering on γ-alumina in oxidising environments at about 550-600 ◦C [9,47].
There are two different mechanisms of particle sintering, namely particle mi-

gration and coalescence, where entire NPs migrate over the support, and atomic
migration, where individual atoms migrate from smaller to larger NPs via diffusion
on the support or vapour phase transport. Several studies have been performed
to investigate which of these mechanisms is the dominant in different situations,
both on flat model systems [29, 48–50] and on more complex structures [29, 51, 52].
Although conclusions about the sintering mechanism could be drawn in some cases,
a general prediction for the behaviour of other systems under different conditions
appears to be difficult.

Support sintering

A different thermal deactivation mechanism is sintering of the catalyst support
structure. The pore structure of the support can change, resulting in total or
partial blockage of some pores, rendering active sites inside these pores unavailable
or increasing the pore diffusion resistance for the gas. Figure 2.2c shows a schematic
image of a catalyst after pore (and NP) sintering. Sintering of the support material
usually requires higher temperatures than NP sintering. Support sintering can also
involve a change in the crystal structure of the support material, which often induces
a loss of total surface area and active sites.
In case of the most common support material, γ-alumina, a first phase transfor-

mation occurs when heating to around 800 ◦C to δ-alumina, then at about 1000 ◦C
to θ-alumina and finally at around 1100 ◦C to α-alumina, the most stable phase
with only about 2% of the original surface area [5]. Heating to temperatures close
to 1100 ◦C has therefore to be avoided under all circumstances. For certain sup-
port materials, adding stabilisers like La2O3 can help to reduce the rate of support
sintering.

Poisoning

Poisoning is a chemical deactivation mechanism. It describes a process where a
chemical compound in the gas phase interacts with the catalyst and decreases its
activity. Some poisons like lead can chemically react with the metal NPs, forming a
catalytically inactive alloy, while others like SO2 chemisorb onto the NPs, blocking
active sites on the surface and thereby decreasing the activity [5]. Figure 2.2d
shows a situation where the catalytic NPs are partly covered by an adsorbed poison.

9



2 Heterogeneous catalysis and deactivation

Another poisoning mechanism is the reaction of the support material with a poison,
which can result in partial pore blocking.
Poisoning can be reversible in some cases. Desulfation of a catalyst is usually

carried out at high temperatures, above 600 ◦C, under rich conditions, where CO
and H2 can reduce sulfate species formed under lean conditions [53]. Additionally,
the support material can be modified to improve SO2-poisoning resistance [54].

Masking/Fouling

Masking or fouling is a deactivation mechanism similar to poisoning, but does not
specifically affect certain components. Instead, contaminants like carbon physically
cover parts of the pore structure and the catalytic NPs, thereby hindering the
exhaust gas to reach the active sites. Figure 2.2e shows an illustration of a masked
catalyst.

Loss of catalytic material

Apart from poisoning a catalyst, gas phase species can also react with catalytic
components, form volatile compounds and leave the catalyst, resulting in a loss of
catalytic material [6].

2.5 Automotive catalytic converters
In the exhaust aftertreatment system of a petrol engine, three chemical reactions
need to occur in order to remove the most hazardous components from the engine
exhaust: carbon monoxide needs to be oxidised, different hydrocarbons (HC) need
to be oxidised and nitrogen oxides (NO and NO2, summarised as NOx) need to be
reduced. The non-balanced reactions are:

CO + O2 → CO2 (2.2)
HC + O2 → CO2 + H2O

NOx + CO→ N2 + CO2

Noble metal NPs, mainly consisting of platinum, palladium and rhodium, have
proven very effective for these reactions and are used in the so-called three-way
catalytic converter (TWC), which is the most widespread solution for exhaust af-
tertreatment in passenger cars with petrol engines today [55]. All three reactions
mentioned above occur simultaneously in the TWC. To make this possible, it is
important that the air-to-fuel ratio in the exhaust gas composition is held very
closely to the stoichiometric ratio, which is 14.7:1. At the stoichiometric ratio, the
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provided air is precisely sufficient to burn all of the harmful components. If the
oxygen concentration is higher, too much carbon monoxide will be oxidised, dete-
riorating the NOx reduction. With less oxygen the NOx will be reduced efficiently,
while carbon monoxide and hydrocarbons will not be oxidised to the full extent.
The correct stoichiometric composition is achieved by using an oxygen sensor, a
so-called λ-sensor, that regulates the injection system of the engine.
The most common support materials in automotive converters include γ-alumina

(Al2O3), silica (SiO2), zirconia (ZrO2) and ceria (CeO2). The dispersion of the
metallic NPs onto the support is usually achieved by wet impregnation [56]: The
support material in powder form is soaked in an aqueous solution containing a
precursor (salt) of the catalytic element. Electrostatic and capillary forces distribute
the salt over the entire surface of the support material where it adsorbs or ion
exchanges, given that the precursor salt and pH condition were chosen correctly for
the respective support material. Afterwards, the impregnated catalyst support is
dried and subsequently calcined at a temperature typically around 400-600 ◦C to
remove salt residues. To hold the impregnated support material in place and allow
a good gas flow with low pressure drop through the catalytic converter, the catalyst
powder is washcoated onto a monolith structure composed of parallel and uniform
channels. The monolith can be composed of metallic or ceramic materials, most
commonly cordierite. The thickness of the washcoat layer is on the order of tens
of micrometres. Figure 2.3 shows the structure of a catalytic converter at different
length scales.
As today’s car manufacturers push towards the most fuel efficient engines possible

[57], lean-burn and especially diesel engines have become popular on the European
market, with diesel cars accounting for 52% of all new registrations in 2015 [58,59].
There has, however, been a decline in market shares since then [60, 61], possibly
connected to the recent diesel emission scandal [62–65]. The exhaust from diesel
engines contains a higher amount of oxygen compared to the stoichiometric air-
to-fuel ratio of 14.7:1. It lies typically around 20:1 [31]. As mentioned earlier, a
higher oxygen content in the exhaust leads to a decreased NOx conversion in the
TWC, resulting in higher NOx emissions. This is a central limitation of the TWC:
Although the TWC has had enormous success in improving the exhaust quality of
cars over decades, it cannot be directly applied for NOx abatement for lean-burn
and diesel engines.
Due to the strong negative effects of NOx in the atmosphere, including acid rain

and the risk of respiratory illnesses [66, 67], in many countries laws are in place to
regulate the maximum amount of NOx emission permitted from vehicles. Figure 2.4
shows the development of the European regulations for the emissions of NOx and
particulate matter (PM) for diesel passenger cars between 1992 and 2014 (with the
latest regulation still in place at the time of writing). Similar regulations are in
place for different vehicle types and in different regions of the world. From 1992 to
2014 the maximum amount of NOx emitted from a diesel passenger car was reduced
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Figure 2.3: Structure of an automotive catalytic converter at different length scales: Gas
flows through a monolithic channel structure (blue arrow), the channel walls are coated
with a washcoat material. The washcoat consists of porous oxide support particles, in
which the catalytically active NPs are dispersed.

from 970mg/km to 80mg/km [46,68–70].
In order to fulfil these stringent regulations, alternative solutions need to be used

for NOx abatement for lean-burn and diesel engines. One solution for passenger
cars is the NOx storage and reduction (NSR) catalyst [53, 71, 72]. The basic idea
behind the NSR catalyst is to store the NOx inside the catalytic converter during
the time when the exhaust conditions do not allow an efficient conversion. This is
done by addition of barium oxide (BaO) to the washcoat layer. Under oxidising
conditions, BaO effectively stores NO2 by forming barium nitrate (Ba(NO3)2) on
the surface.
The NOx is stored when the engine is run under lean conditions for several min-

utes, until a short fuel rich pulse of a few seconds is initiated during which the
exhaust contains less oxygen. During this pulse, components like hydrocarbons,
CO and H2 are able to reduce the stored nitrate species to nitrogen. The engine is
thereafter switched back to lean mode and a new NOx storage cycle begins. Over-
all, the engine is run in lean mode, although the short rich pulses give a small fuel
penalty.
An alternative solution for the removal of NOx is selective catalytic reduction

(SCR), where a reducing agent is added to the exhaust gas in order to selectively
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Figure 2.4: European emission legislation for diesel passenger cars from 1992 to 2014.
Shown are the regulations for NOx and particulate matter (PM). Data from references
[46,68–70].

reduce NOx. An SCR catalyst does usually not require noble metals, but instead
uses base metals or metal-exchanged zeolites as the catalytically active material [5].

2.6 Bimetallic Pt-Pd catalysts
Often, more than one catalytic component is used in automotive catalytic convert-
ers. A popular choice is the addition of Pd to a Pt catalyst. Several reasons could
motivate such a decision, either the properties of the bimetallic catalyst could be
better than the pure systems, or the price of the catalyst could be reduced by adding
a cheaper component while using less of the more expensive one. Several studies
have addressed the properties of bimetallic Pt-Pd catalysts.
It was generally observed that Pt-Pd catalysts show a lower degree of NP sintering

compared to corresponding monometallic Pt or Pd catalysts, the addition of Pd
seems to have a stabilising effect on the NPs [47, 73–75]. Studies of the catalytic
activity for CO and hydrocarbon oxidation show a slightly better performance of
the Pt-Pd system [76] and less degradation of the activity after ageing [73,77].
An interesting aspect of bimetallic catalysts is the degree of alloying between the

two components. The NPs can be monometallic with the two different particles
(pure Pt and Pd) randomly distributed over the support, or the two metals can
form bimetallic Pt-Pd NPs. In case of bimetallic NPs, two possible arrangements
are homogeneous alloys and core-shell structures. In a core-shell NP, the component
with the lower surface energy usually forms the shell of the NP. In an alloyed state,
Pd can stay partly metallic even after high-temperature treatment in an oxidising
atmosphere, even though some PdO nanocrystals have been observed around alloyed
Pt-Pd NPs [73]. Studies have also shown that sintering usually leads to an increased
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intermixing of Pt and Pd [74], while large NPs have exhibited a tendency to be rich
in Pt compared to the nominal catalyst composition [78].
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3 Materials and methods
In this chapter, the catalytic material and the experimental methods used for this
thesis will be described. The experimental methods include routinely used meth-
ods like surface area measurement of the catalytic material by N2 physisorption,
hydrothermal ageing and catalytic activity evaluation by CO oxidation. Addition-
ally, catalyst characterisation by electron microscopy (scanning electron microscopy
(SEM), focused ion beam / scanning electron microscopy (FIB/SEM) and scanning
transmission electron microscopy (STEM)) will be described, including X-ray spec-
troscopy and the procedures for data treatment and analysis.

3.1 Nanocatalysts and preparation by impregnation
This section begins with an introduction to nanocatalyst preparation by wet im-
pregnation, which is followed by specific information about the preparation methods
that were applied in the appended papers.
A common method to produce supported NP catalysts is wet impregnation. A

precursor salt that contains the catalytically active metal is dissolved and forms
ions. The precursor solution is then added to the support material, which is usually
present in powder form. The most common support materials are metal oxides that
contain surface hydroxyl groups (X-OH, X = aluminium, silicon, cerium, ...) [79,80].
The hydroxyl groups can be used to improve the adsorption and disperion of the
precursor ions on the support surface. In case of precursor cations, the pH of
the solution can be decreased below the isoelectric point of the support material
to form acidic surface sites (X-O−) which electrostatically attract the cations. If
precursor anions are present, the pH can be raised to form basic surface sites (X-
OH+

2 ) respectively.
A special case is incipient-wetness impregnation [32]. It implies that just the

amount of precursor solution is added to the support material that is needed to fill
up the available pore volume, without any excess solution that needs to be removed
afterwards. This approach is very economical since all the catalytic material is
dispersed inside the pores and waste is minimised. Since the amount of metal that
can be impregnated on the support is limited with this method, several impregnation
steps might be necessary if catalysts with high metal loadings need to be prepared.
After the impregnation is performed, the support material is dried and subsequently
calcined at temperatures of several hundred degrees Celsius to remove residues of
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the precursor salt. A drying method that is often applied is freeze-drying. The
impregnated support material is cooled using liquid nitrogen and then warmed up
in vacuum. The water them sublimes, which prevents that liquid water washes some
of the catalytic material out of the pores during drying.

Paper I

The Pt/Al2O3 catalyst used in Paper I was prepared by wet impregnation of a
precursor solution containing platinum(II) nitrate (Pt(NO3)2, Heraeus GmbH, 15.46
wt.-% Pt) onto γ-alumina powder (Puralox SBa-200, Sasol). The pH of the solution
was adjusted to 2 by addition of diluted HNO3. Consequently, the impregnated
powder was freeze-dried and calcined in air at 500 ◦C for 2 hours. The nominal
platinum loading was 1 wt.-%.

Paper II and IV

In Paper II and IV, a commercially produced bimetallic Pt-Pd catalyst supported
on γ-alumina was investigated. It corresponds to a commercial NSR catalyst in
terms of Pt-Pd concentrations and the preparation method (based on wet impreg-
nation), but was prepared without the NOx storage component in order to reduce
the complexity and enable systematic studies of the NP sintering behaviour. The
noble metal loadings of this catalyst were 0.17wt.-% platinum and 0.03wt.-% pal-
ladium, corresponding to an atomic Pt:Pd ratio of 3.1:1.
The catalyst sample was received in powder form, containing the impregnated alu-

mina support agglomerates, which in turn were built up by small primary γ-alumina
particles. The density of the powder sample was measured to about 0.6 g/cm3. The
alumina agglomerates were typically in the size range of a few hundred nanometres
to several micrometres.

Paper III

The catalyst sample investigated in Paper III consisted of platinum NPs on a
nanostructured alumina support. The support was composed of a sputter-coated
alumina layer on a flat Si3N4 membrane. Additionally, alumina cones (diameter
at the base around 80 nm) were nanofabricated onto the surface and covered by
a sputter-coated alumina layer. The support did not have a porous character like
the γ-alumina support used in the other studies. A thin platinum film with a
nominal thickness of 0.5 nm was deposited onto the surface by e-beam evaporation.
Thereafter, the sample was heated in argon to 600 ◦C for 10 minutes to form Pt
NPs.
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Paper V

In Paper V, supported platinum NPs on alumina and ceria were investigated.
The synthesis of the catalysts was performed by incipient-wetness impregnation.
An aqueous solution of tetraammineplatinum(II) nitrate ((NH3)4Pt(NO3)2, Alfa
Aesar, 4 wt.-% Pt) was used as the platinum precursor and dropwise added to
either γ-alumina or cerium(IV) oxide nanopowder (Sigma-Aldrich).
In order to improve the adsorption and dispersion of the platinum precursor

cations ([(NH3)4Pt]2+) on the support surface, the pH of the precursor solution was
adjusted to 11 using a diluted ammonia solution under continuous stirring. The
impregnated support was then freeze-dried using liquid nitrogen and afterwards
calcined in air at 500 to 540 ◦C for 1 to 3 hours. The nominal platinum loadings of
the catalysts were 4 to 6 wt.-% Pt for the alumina catalysts and 3 wt.-% Pt for the
ceria catalyst.

3.2 Hydrothermal ageing
To simulate the conditions that a catalyst is exposed to during its lifetime in a
catalytic converter of a vehicle, hydrothermal ageing in a gas flow reactor was
performed at different temperatures. The gas flow reactor consists of a quartz tube
containing the catalyst, which is surrounded by a metal coil for resistive heating.
The tube can be sealed and gas with a defined composition can be fed through,
controlled by mass flow controllers. Thermocouples are introduced into the sample
to determine its temperature, the readout is used as feedback for the heating power
supply in order to maintain the desired temperature.
For the hydrothermal ageing applied in Paper IV, the catalyst powder was loaded

into a modified ceramic monolith (usually used for holding the washcoat layer as
explained in Section 2.5) which was cut from one side to create an opening, while still
allowing a reasonable gas flow around and through the powder. The total gas flow
in the reactor did not exceed 1L/min in order to keep the powder in place. Ageing
was performed at 500 ◦C, 600 ◦C, 700 ◦C and 800 ◦C. The sample was heated up in
pure argon at a rate of 7 ◦C/min. After that, it was exposed to an atmosphere of
75 vol.-% argon, 15 vol.-% oxygen and 10 vol.-% water vapour for 24 hours. Cooling
was done in pure argon for at least two hours before the powder was removed from
the reactor. Figure 3.1 shows the monolith filled with catalyst powder in the reactor
tube and the reactor during ageing.
It should be noted that this synthetic ageing protocol does not simulate all as-

pects of real engine ageing in a vehicle. Although some key aspects like the oxidising
environment (which is true most of the time in a real exhaust) and the presence
of water vapour are reproduced, engine exhausts contain a variety of complex com-
ponents [5] which can influence the ageing process. Also, the temperature profile
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can be different and more dynamic than in this simulated ageing. Despite these
differences, studies have shown that synthetic ageing can reproduce many aspects
of real vehicle ageing, especially when thermal effects on NP stability and sintering
are the main concern [81].

Figure 3.1: a) Image of the modified monolith, filled with catalyst powder, in the reactor
tube. The heating coil seen to the left covers the whole area during ageing. b) Image of
the reactor during ageing at 800 ◦C.

3.3 Surface area measurements (BET method)
The total surface area of catalyst samples was determined by nitrogen physisorption
at liquid nitrogen temperature followed by an evaluation after the Brunauer-Em-
mett-Teller (BET) method. Nitrogen was adsorbed onto the sample while the total
adsorbed volumetric quantity of nitrogen ν and the corresponding nitrogen par-
tial pressure p were measured. Assuming layer-wise adsorption and no interaction
between the layers, the BET equation is [5]:

p

ν · (p0 − p)
= c− 1

νmc

(
p

p0

)
+ 1
νmc

(3.1)

with

c = e
H1−HL

RT (3.2)

where p0 is the saturation pressure at the used temperature, c is the BET constant,
νm is the volume adsorbed at monolayer coverage, H1 is the heat of adsorption of the
first and HL of the following monolayers, R the gas constant and T the temperature.
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If the left side of equation 3.1 is plotted against p/p0, a linear plot is obtained.
The assumption of such linear behaviour is usually valid in the range of 0.05 <
p/p0 < 0.3. The slope a and y-intersect b of the curve can be measured in that
range and the monolayer adsorbed gas quantity νm can be calculated:

νm = 1
a+ b

(3.3)

Now, the BET surface area can be calculated:

SBET = νmNs

VM
(3.4)

where N is Avogadro’s number, s the adsorption cross section of a nitrogen
molecule, V the molar volume of nitrogen and M the total mass of the catalyst
sample. The measurements in this work were performed using a Micromeritics
TristarTM. Prior to the experiment, the specimens were degased in vacuum.

3.4 Catalytic activity evaluation: CO oxidation
The catalytic activity of fresh and aged samples in Paper IV was determined by CO
oxidation experiments. The catalysts were coated onto ceramic monoliths by dip-
coating using a washcoat slurry composition of 80% water, 16% catalyst powder
and 4% böhmite. The monoliths were exposed to a heating gun for short times
for drying and transforming the böhmite to alumina. A total amount of 200mg
washcoat (after drying) was used for each monolith. Afterwards, the monoliths
were calcined in an oven at 500 ◦C for 60 minutes to stabilise the washcoat layer,
improve the adhesion to the monolith and remove contaminations.
The monoliths were then inserted into a gas flow reactor similar to the one used

for hydrothermal ageing (Section 3.2). The inlet gas to the reactor was controlled
by gas flow controllers, heating was performed by resistive heating of a metal coil
around the quartz tube, and the sample temperature was measured by thermocou-
ples inserted into a central channel of the monolith. The outlet gas was analysed
by a quadrupole mass spectrometer (Pfeiffer PrismaTM). During the experiments
the reactor was insulated using glass wool to reduce heat losses and ensure an even
temperature profile within the sample region.
Prior to the CO oxidation experiments, the samples were heated in pure argon

to 450 ◦C using a heating rate of 5 ◦C/min and a total gas flow of 500ml/min.
4 vol.-% oxygen were added to the stream for 10 minutes to obtain a defined initial
oxidation state for all samples. After this pretreatment, 1000 ppm CO and 4 vol.-
% oxygen balanced with argon (total flow: 500ml/min) were introduced into the
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reactor, and the outlet CO and CO2 concentrations were determined using the mass
spectrometer. The CO-to-CO2 conversion was calculated using the inlet CO and
outlet CO2 concentrations.
The temperature was then reduced to 50 ◦C and increased to 450 ◦C two times,

resulting in CO conversion measurements during two heating and two cooling ramps.
Due to the possibly different oxidation and CO poisoning states at the beginning
of the heating and cooling ramps, the conversion curves are usually slightly shifted
with respect to each other (hysteresis-like behaviour). The measurements from the
second cooling ramp were used for further evaluation.

3.5 Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) was used in this study to image oxide support
particles as well as large Pt-Pd NPs (larger than 10 nm) and perform chemical
analysis by means of X-ray spectroscopy. A short introduction to this technique is
given in this section, for a more in-depth description see Goldstein et al. [82]. In an
SEM, electrons are emitted from an electron source, usually a field-emission gun,
and then accelerated by a high voltage. Typical electron energies are 0.1-30 keV.
The electrons enter a system of two or more electromagnetic lenses which form an
electron beam that is focused to a small spot, representing a demagnified image of
the tip of the electron gun.
The surface of the specimen is placed in the plane of the cross-over of the focused

electron beam. The electrons enter the specimen and interact through elastic and
inelastic scattering in the so-called interaction volume, which can have dimensions
up to several micrometres, depending on the acceleration voltage and specimen
material. Different signals are created inside the specimen, and the depth from
which they can escape the specimen and be detected depends on their mean free path
inside the specimen material. The electron beam is rastered across the specimen
surface using scan coils. The different signals that are generated from the interaction
between the specimen and the electron beam can be recorded for each beam position,
resulting in a two-dimensional representation of the specimen.
Secondary electrons (SEs) are created by inelastic scattering of the electron beam

which ionises atoms in the material. The SEs have low energies, typically below
10 eV. With such low energies, the SEs are easily reabsorbed by the material. Only
SEs created very close to the incident electron beam can escape the specimen and
be detected, resulting in a very localised signal (within a few nanometres from the
incident beam). SEs are usually used to obtain topographic information about the
specimen, since the probability of SE emission is higher close to edges where the
electrons can escape in more directions compared to a flat surface.
Backscattered electrons (BSEs) are created by elastic scattering of the incident

electrons, so their energies are close the energy of the incident beam. The BSEs

20



3.6 Scanning transmission electron microscopy (STEM)

have a larger mean free path of up to around 100 nm (depending on their energy)
and can therefore be created further away from the incident beam. BSEs can be
used to obtain images with compositional contrast since the probability for elastic
scattering increases with the atomic number of the atoms in the material. Regions
with heavier atoms therefore create more BSEs, leading to a higher intensity in
the image compared to regions with lighter atoms. BSEs can also create SEs at
positions further away from the incident beam compared to the direct SE signal,
but these SEs contribute mainly to a smooth background signal.
Characteristic X-rays constitute the third important signal in the SEM. They are

created by radiative relaxation of atoms in the material, where electrons relax to
a lower energy state in the inner electron shells. The energies of the X-rays can
be analysed and used to identify and quantify chemical elements present in the
specimen. The process of acquiring and evaluating X-ray spectra will be described
in more detail in Section 3.9.
Figure 3.2 summarises the different signals and detectors most frequently used in

SEM. The SEM results presented in this work were obtained using a Zeiss Ultra-
55TM SEM operated at an acceleration voltage of 10 kV. A backscattered electron
detector was used to obtain a clear image contrast of the Pt-Pd NPs within the
alumina support. The X-ray spectra were acquired using a diode-type Si EDX
detector (see Section 3.9).

3.6 Scanning transmission electron microscopy
(STEM)

3.6.1 Imaging principle
For high-resolution imaging of catalytic NPs and chemical analysis using X-ray spec-
troscopy, STEM was applied. STEM is an imaging mode that can be performed
in many commercial TEMs. A TEM uses an electron source and electron optics in
front of the specimen similar to those in an SEM. The typical range of acceleration
voltages is 60-300 kV. In contrast to the conventional TEM imaging mode, in which
the microscope works similarly to a conventional light microscope and electromag-
netic lenses below the specimen create an optical electron image (see reference [83]),
in STEM mode the electron beam is focused to create a small probe in the plane of
the specimen.
The electron probe is then scaned over the specimen. Instead of using the SE or

BSE signals like in the SEM, the transmitted electrons are used in STEM mode to
form an image. This implies that the specimen has to be very thin, from 10 nm to
a few hundred nanometres, depending on the material and desired resolution and
contrast. The incident electrons either pass through the specimen without interac-
tion or they scatter elastically or inelastically. Electrons which are not scattered or
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Figure 3.2: Schematic drawing showing the different signals commonly used in SEM. SEs
are only detected if they are created within a few nanometres from the surface, whereas
BSEs and X-rays can originate from a larger depth within the pear-shaped interaction
volume.

scattered to small angles can be detected by a detector positioned on the optical
axis. If these electrons are used, bright-field (BF) imaging is performed. In BF
mode, the image shows mainly phase contrast like conventional TEM imaging [84].
If a concentric annular detector is used, which excludes the electrons close to the
optical axis, annular dark-field (ADF) imaging is performed.
If the inner acceptance angle of the electron detector is larger than about 40 mrad,

this technique is called high-angle annular dark-field (HAADF) imaging. Figure 3.3
shows a schematic overview of the incoming electron beam on the specimen and
the different signals that can be used for imaging. When using large scattering
angles, most of the scattering occurs very close to the nuclei of the scattering atoms,
changing the Z-dependence (Z: atomic number of scattering atoms) of the scattering
cross section compared to BF or ADF imaging. In HAADF, the scattering can be
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treated similarly to unscreened Rutherford scattering, which has a Z2 dependence
of the scattering cross section. Due to screening by the electron cloud, the observed
Z-dependence varies between Z1.6 and Z1.9 [85].
This means that an atom whose atomic number is twice as large as the atomic

number of another atom scatters (nearly) four times as many electrons to high an-
gles. The image contrast with respect to the chemical composition of the specimen
is thus strongly enhanced by the atomic number dependence. HAADF imaging
is therefore often called Z-contrast imaging. It can also be shown that HAADF
imaging is characterised by many incoherent scattering characteristics, thereby min-
imising the image contrast mechanisms arising from Bragg scattering and interfer-
ence [84]. This is especially useful when imaging metallic NPs supported on a
support material that has a lower average atomic number. In conventional coher-
ent imaging, interference effects from the support material can obscure the signal
from the NPs. In HAADF mode, the coherent phase interference effects are sup-
pressed and the NPs generate a clear signal due to the strong Z-dependence of the
scattering. As the name indicates, HAADF-STEM is a dark field imaging mode.
Since electrons that are scattered to high angles are detected, a point in an image
is brighter the more scattering is caused by the specimen at that position. A hole
in the specimen, which does not scatter any electrons at all, will therefore be black
in an HAADF-STEM image, whereas thick or dense regions appear bright.

3.6.2 Resolution and aberrations
The spatial resolution in STEM imaging is mainly limited by the achievable diam-
eter of the focused electron beam on the specimen. The Rayleigh criterion can be
used to approximate the beam diameter db and hence the best achievable resolution
in STEM, assuming the beam diameter is only diffraction-limited [86]:

db ≈ 0.61 λ

sin(α) (3.5)

where λ is the wavelength of the electrons and α the convergence semi-angle of
the focused electron beam. The convergence semi-angle is mainly determined by
the size of the beam limiting aperture above the specimen. The wavelength λ can
be calculated using:

λ = h√
2m0eV

(
1 + eV

2m0c2

) (3.6)

where h is Plank’s constant, m0 the electron rest mass, e the electron charge, V
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Figure 3.3: Schematic drawing showing the convergent electron beam hitting the spec-
imen and the different signals that can be used for STEM imaging. The angles are
exaggerated for clearer illustration. BF: bright-field, HAADF: high-angle annular dark-
field.

the acceleration voltage of the microscope and c the speed of light. For a 300 kV
TEM, the electron wavelength is around 2 pm. Assuming a convergence semi-angle
of 17.5mrad, the approximated theoretical beam diameter and resolution limit is:
db ≈ 0.07 nm.
This resolution, however, can often not be achieved in reality due to the im-

perfection of the magnetic lenses used in the TEM. Magnetic lenses have various
aberrations which are limiting the resolution in modern (S)TEMs, among those are
astigmatism, spherical aberration and chromatic aberration. Astigmatism results
from not perfectly cylindrical magnetic fields in the lenses and leads to an elonga-
tion of the focused spot in a certain direction. Stigmators, which are octupoles that
create a compensating field, can be used to relatively easy eliminate the effects of
astigmatism.
Spherical aberration depicts the effect that off-axis electrons are stronger deflected

towards the optical axis compared to electrons travelling close to the optical axis. A
point object is imaged as a disc as a result of this aberration, leading to a degraded
resolution. In the focal plane, the diameter of the disc caused by spherical aberration
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can be approximated by [83]:

dsph ≈ Csα
3 (3.7)

where Cs is called the spherical aberration coefficient of the magnetic lens. Since
there is a strong dependence on the semi-convergence angle α of the electron beam,
spherical aberration becomes dominant when large beam limiting apertures are
used. As decreasing the aperture size leads to less spherical aberration but more
diffraction effects, there is an optimum aperture size or convergence angle to balance
these two effects. The beam diameter after combining diffraction and spherical
aberration can be approximated as:

db ≈

√√√√( λ

sin(α)

)2

+ (Csα3)2 (3.8)

leading to an optimum semi-convergence angle of αopt ≈ 0.77α 1
4/C

1
4
s [83].

Since no concave magnetic lenses exist, the correction for spherical aberration is
rather difficult but can be performed using complex arrangements of quadrupoles,
hexapoles and/or octupoles, so-called spherical aberration or Cs correctors [87]. The
use of a Cs corrector allows the use of larger beam limiting apertures, resulting in
a decreased influence of the diffraction effect.
Another important aberration is chromatic aberration, described by the coeffi-

cient Cc. The electron source of a TEM does not emit monochromatic electrons.
The energy spread depends on the type of electron source and is on the order of
0.7 eV for a Schottky field emitter [83]. Due to the chromatic aberration not all
of the electrons are focused in the same image plane by the lenses, resulting in an
increased disc diameter of the electron probe on the specimen. One way to circum-
vent this problem is to use a monochromator which reduces the energy spread in the
beam. Since the beam intensity is reduced considerably by a monochromator, this
often is not a worthwhile solution. A better solution would be to use lens elements
that correct for the effects of chromatic aberration, so-called Cc correctors. These
correctors are not routinely used yet.

3.6.3 Electron beam damage
Damage induced in the specimen by the electron beam often limits the possibilities
to investigate specimen properties. The beam damage is caused by inelastic colli-
sions of the electrons with atoms in the specimen. Beam damage can be divided
into three categories which will be introduced here. More information about these
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beam damage mechanisms can be found in reference [83]. Subsequently, measures
to reduce the impact of electron beam damage in this work are described.

Radiolysis

The incident electrons can break bonds in some materials through ionisation.
Most commonly this happens in polymers, where the electrons can either break the
main polymer chains and change their structure and properties, or break side groups
and create radicals, which can then form new structures through cross-linking.

Knock-on damage / sputtering

Knock-on damage describes the effect of displacement of atoms in the specimen
due to the transfer of kinetic energy from the incoming electrons. This can happen
in crystalline materials and create point defects, but also in unordered structures.
Atoms can also be ejected from the specimen surface, this process is called sputter-
ing. Both of these processes occur if the kinetic energy that can be transferred from
the electrons to the specimen is higher than the threshold energies for displacement
and sputtering, which vary between elements. The maximum kinetic energy that
can be transferred depends on the electron energy and is larger for higher energies.
With a 300 keV electron beam, sputtering can be induced in many materials [83].

Specimen heating

Specimen heating is caused by phonons that are excited by the electron beam.
If the specimen is heat sensitive, specimen damage can occur due to the increased
temperature. Heating is most relevant for specimens with poor thermal conduc-
tivity, like for example polymers and ceramics. The effect of specimen heating is
usually reduced if the energy of the electron beam is increased, as this decreases the
cross section for inelastic scattering and reduces interaction between the electron
beam and the specimen.

Low-dose imaging of catalytic NPs

Knock-on damage is especially problematic when imaging NPs in STEM mode.
When the detailed atomic structure of the NPs is of interest, as in the work presented
in Paper V, knock-on damage needs to be minimised in order to retain and measure
the intrinsic NP properties. Since the acceleration voltage of the TEM often cannot
be reduced sufficiently without losing too much spatial resolution, the approach used
in this work was to reduce the beam current as much as practically possibly. While
using a low beam current, the NPs could be imaged for a certain time before any
noticeable changes in the structure of the NPs occurred. The electron beam current
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used in Paper V was around 3 pA and was determined using a calibrated CCD
camera. The calibration of the CCD camera was tested by comparing the obtained
current values with the ’Screen current’ readout of the instrument while using a
larger beam current of around 100 pA. During the experiments, this instrument
readout could not be used since the beam current was below the measurement
threshold.

3.6.4 Instrumentation

The STEM imaging presented in this thesis was performed using an FEI Titan 80-
300TM (S)TEM equipped with a Schottky field-emission source operated at acceler-
ation voltages of 200 and 300 kV. The instrument is fitted with a probe aberration
corrector which allows focusing the electron probe to a spot smaller than 0.1 nm
in STEM mode. The STEM imaging was performed using a HAADF detector for
Z-contrast imaging. Inner / outer collection angles between 43 / 215mrad and 68
/ 340mrad were used. A diode-type Si EDX detector was used to acquire X-ray
spectra for chemical characterisation.
STEM EDX mapping was performed using an FEI Titan 80-200TM (S)TEM in-

strument equipped with a Super-XTM EDX detector [88] and a probe aberration
corrector. Prior to all TEM investigations, the specimens were cleaned in a diluted
oxygen plasma to minimise carbon contaminations.

3.7 Particle size analysis

Particle sizes were determined from the SEM and STEM images using the procedure
illustrated in Figure 3.4: The raw image (Figure 3.4a) was analysed and the NPs
were manually identified. The NPs were marked to create a binary image as shown
in Figure 3.4b. Using a particle analysis function, all particles in the binary image
were detected and their projected areas Ap were measured. All these steps were
performed in the software ImageJ [89]. Assuming spherical shapes of the NPs, a
projected area diameter was calculated using:

Dp = 2
√
Ap

π
(3.9)

The diameters were sorted into equally sized bins and plotted as particle size
distributions (PSDs), as shown in Figure 3.4c. Data from multiple similar images
was combined to obtain a statistically relevant amount of particles.
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Figure 3.4: Process of creating PSDs from SEM and TEM images. NPs in the image
are manually detected and the image is binarised. The projected area of each particle is
measured and projected area diameters are calculated. These are sorted into equally sizes
bins and plotted as a PSD.

3.8 Non-rigid image registration and strain analysis

In Paper V, high-precision STEM measurements were performed in order to inves-
tigate strain in supported NPs. Several factors limit the precision of such measure-
ments. The image precision is here defined as the standard deviation of repeated
measurements of distances in an image, for example interatomic spacings. Serial
acquisition in STEM mode leads to deformation of the images due to instabilities
in the position of the sample and electron probe. Averaging of several frames of an
image series can be used to reduce the impact of these instabilities on the image
precision, as well as to improve the signal-to-noise ratio (SNR). Before averaging,
the frames need to be registered and aligned to one another to correct for sample
drift between the frames and distortions. Traditionally, rigid registration was used
to align frames in an image series [90]. In rigid registration, the frames are shifted
and rotated with respect to each other to find the best fit between them, without
deformation of the frames themselves.
In this work, a non-rigid registration (NRR) method was applied that performs

a pixelwise deformation to the images to find the best match between consecutive
frames of an image series [91, 92]. The NRR was first applied to a downscaled
version of the frames and the resulting measured deformations were used as an
initial guess for the NRR of the frames with the original resolution. The downscaling
was performed to avoid local minima in the matching process. After the NRR, the
aligned frames were averaged to create a final image with a high image precision
and SNR.
In the resulting averaged image, two-dimensional Gaussian functions were fitted

to each atomic column in order to obtain the atomic column positions. In each grain
of the NP, a precision area was defined. The precision areas were at least four atomic
layers away from any grain boundary, surface or interface, and therefore assumed to
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be mostly distortion free. The nearest-neighbour distances in three crystallographic
directions within the precision areas were then measured. The average nearest-
neighbour distances were used as reference values for strain measurements and the
standard deviations were used as a measure for the image precision.
Two different methods were utilised to visualise NP lattice deformations: Dis-

placement maps and strain maps. To create displacements maps, an ideal periodic
lattice was generated in each grain using the average interatomic spacings from
the precision areas. The periodic lattice was then extended over all atomic col-
umn positions in the NP and represents the structure of the NP if no deformations
were present. For the ideal lattice positions at twin boundaries, where each atomic
column belongs to two different grains, averaged lattice positions were used. The
relative displacements of the measured atomic column positions from their ideal
lattice positions were then determined and indicated as arrows in the displacement
directions in the STEM images. Displacement maps illustrate lattice deformations
in an intuitive way. However, since the ideal periodic lattice is aligned to the preci-
sion areas, displacements tend to accumulate the further an atomic columns is away
from a precision area. Therefore, the measured displacement of an atomic column
cannot be easily interpreted in a quantitative way.
Strain maps are an alternative way to illustrate lattice deformations. The dis-

tances of each atomic column to its nearest neighbours in three crystallographic
directions were measured. Strain was here defined as the deviation of the measured
distances from the average spacing within the precision area divided by the average
spacing. Strains in the three crystallographic directions were treated individually.
For each direction a strain map was created where the strain values were indicated
on a colour scale between each two neighbouring atomic columns. Strain values
above and below the extreme values of the colour scale were marked in different
colours to highlight large strains. Strains that were within the range of the colour
scale were averaged over all nearest neighbour columns to reduce noise in the strain
maps.

3.9 Energy-dispersive X-ray (EDX) spectroscopy
The interaction of the electron beam with the specimen (in either SEM or TEM)
creates characteristic X-ray radiation. The incoming electrons ionise part of the
atoms in the specimen, electrons from higher electronic states are transferred to
lower energy states and the difference in energy is emitted in the form of X-ray
quanta. Additionally, a continuous background spectrum (Bremsstrahlung) is emit-
ted due to electrons being retarded by electrostatic interactions with the nuclei in
the material.
An X-ray detector is mounted above the specimen. The most common type is a

solid state Si detector consisting of a reverse-biased p-i-n diode (’p-doped’-’intrinsic’-
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’n-doped’). An X-ray entering the detector creates a number of electron-hole pairs
proportional to its energy. The number of separated charges is counted and the
energy of the incident X-ray is calculated. The energy resolution of such an energy-
dispersive X-ray detector is quite poor, typically around 140 eV [83].
In many cases, the elements present in the specimen can directly be determined

from the X-ray lines identified in the spectrum. To quantify the concentrations of
different elements, the following procedure can be applied: First, the continuous
background in the spectrum needs to be subtracted. One way to do this is to define
background windows in regions without characteristic peaks and then model the
background in the remaining regions by polynomial functions or by interpolation.
Once the background is subtracted, the intensities of a certain family of X-ray peaks
(K, L, M, ...) of an element are integrated. If two elements A and B are present
in the specimen and the integrated intensities IA and IB are measured, the Cliff-
Lorimer equation allows the calculation of the ratio of the weight percent of each
element, CA and CB [83]:

CA

CB

= kAB
IA

IB

(3.10)

kAB is a sensitivity factor that accounts for the difference between the generated
and measured X-ray intensities. It depends mainly on the atomic number Z of the
two elements, the absorption of X-rays within the specimen and the fluorescence of
X-rays in the specimen. A precise knowledge of this so-called k-factor is crucial for
an accurate quantification, but is often hard to obtain. The above mentioned steps
can be performed almost automatically in most modern EDX software packages.
Pre-defined k-factors can be used, which is often sufficient to obtain useful infor-

mation about the specimen, estimate chemical compositions and compare different
regions of the specimen. One should keep in mind, though, that for a very precise
absolute quantification a more thorough determination of the k-factors is needed,
procedures for that are described in reference [83].
Different modes can be used to acquire EDX data. The simplest one is to position

the electron beam on one spot of the specimen and acquire a spectrum (spot anal-
ysis). Alternatively, the electron beam can be scanned continuously over an area
of the specimen while a spectrum is collected. This spectrum will then show the
integrated (average) composition of that region. If spatially resolved information
is needed, X-ray spectra can be acquired at multiple points of a line (line scan)
or at all positions of a two-dimensional spot pattern (mapping). Afterwards, the
chemical composition can be evaluated at each position of the respective pattern,
resulting in a compositional profile or chemical map of the specimen. In STEM, the
HAADF signal can be recorded simultaneously with the X-ray spectra to correlate
features in the image with the composition. A problem with EDX mapping is the
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acquisition time for the large number of X-ray spectra that need to be recorded.
Specimen beam damage, specimen drift and / or contamination build-up can limit
the possibilities to obtain useful EDX maps. For many materials, the damage in-
duced by the electron beam is the largest challenge and can often only be reduced
by using very efficient detection systems that allow shorter acquisition times.

3.10 Focused ion beam / scanning electron
microscopy (FIB/SEM)

A focused ion beam / scanning electron microscope (FIB/SEM) is an instrument
that combines an electron column with optics like in an SEM with an ion column
that can form a focused ion beam, often using gallium ions. The same imaging
and spectroscopy modes as described in Section 3.5 can be performed using the
electron beam, while the ion beam can be used to image the specimen (by detect-
ing secondary electrons which are created upon ion impact) and to sputter away
material in a controlled and localised way. The sputter rate of the ion beam can
be controlled by the ion energy and current. In most instruments, the electron and
ion beams are tilted 52◦ with respect to each other and the specimen is placed in
the coincidence point of the two beams as illustrated in Figure 3.5. The specimen is
usually facing the ion beam during ion milling. The electron beam can be used to
image the progress of the milling. Additionally, metals (often mixed with carbon)
can be locally grown on the specimen by introduction of a metal-containing gas
into the chamber. The electron or ion beam interacts with the gas, resulting in
local deposition of a metal-containing layer. Even other materials like carbon can
be deposited. This is routinely used to weld a micromanipulator to the specimen
or to attach slices that were extracted from a sample to a TEM grid.

3.10.1 FIB/SEM TEM specimen preparation
The FIB/SEM was used to prepare thin foil specimens for TEM investigations. Two
trenches were milled into the surface of a specimen using the ion beam, leaving a
lamella in between those trenches. A micromanipulator was inserted, brought in
contact with the lamella and attached by platinum deposition. The lamella was
afterwards cut free from the surface, lifted out and attached to a TEM copper grid.
Subsequently, the lamella was thinned down further using the ion beam until it had
a suitable thickness for TEM investigation. More information about the lift-out
technique can be found in references [93,94].
An FEI Versa 3D DualBeamTM FIB/SEM was used for the TEM specimen prepa-

ration. For imaging of the specimens, an electron beam acceleration voltage of 2 kV
was used, while 30 kV was used for the gallium ions. The ion currents ranged from
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Figure 3.5: Schematic drawing of the principal setup of a FIB/SEM during ion milling.
The specimen surface is usually facing the ion beam. An SE detector is being used to
detect SEs created by the electron beam or the ion beam.

4.5 nA for milling of the initial trenches down to about 40 pA for the final thinning
of the lamellae.

3.10.2 FIB/SEM slice & view tomography
The FIB/SEM was also used for three-dimensional imaging of catalyst specimens
by applying so-called slice & view tomography. The surface of the specimen was
imaged using the electron beam and a BE detector. Subsequently, a thin layer of the
surface was removed by ion beam sputtering and the exposed area was imaged. This
procedure was repeated until a certain volume of the specimen was removed and
a stack of images representing that volume was recorded. Using a reconstruction
software (FEI AvizoTM), a three-dimensional model of that volume was created from
the images. For the slice & view experiments, an FEI Helios NanoLabTM FIB/SEM
was used.

3.11 Kinetic Monte Carlo simulations
Kinetic Monte Carlo simulations [95, 96] that rely on scaling relations were used
in combination with DFT calculations [97, 98] to asses the impact of strain on
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catalytic activity. For this purpose, the catalytic activity of supported Pt NPs
for CO oxidation was simulated at different temperatures and the contributions of
different active sites like corners, edges and facets were determined. Different strain
patterns were then introduced into the NP by means of variation of the adsorption
energies of CO and O2 on the active sites. Consequently, the simulations were
repeated and the overall catalytic activity as well as the contributions from the
individual sites were compared to the unstrained NP.

33





4 Summary of results and discussion
This chapter summarises the main results of this thesis. The first section discusses
our experimental approaches to obtain three-dimensional information about the
spatial variation in the distribution of catalytic NPs on a support material. The
following sections concern the studies we performed to examine different aspects of
NP sintering, namely the influence of thermal ageing on a catalyst’s structure and
its catalytic activity, the effect of the gas composition during thermal ageing on NP
sintering, and the effect of a controlled structural inhomogeneity of the support on
NP sintering. The last section shows results of our study on strain in supported
NPs on different support materials alongside kinetic simulations that demonstrate
the impact of this strain on the catalytic activity. The scope of this chapter is not to
provide a full representation of all experimental details and results. Instead, a short
overview is given to present the advances in high spatial resolution characterisation
and the main scientific conclusions. The full details can be found in the appended
papers which are cited in the respective sections.

4.1 Three-dimensional catalyst structure and
distribution of nanoparticles

In this work we explored the three-dimensional structure of a mesoporous Pt-
Pd/Al2O3 catalyst and the spatial distribution of the metal NPs within the sup-
port. The complete experimental details and results are presented in Paper II and
Paper IV. Characterisation on a large scale was performed by three-dimensional
FIB/SEM slice & view tomography, while characterisation with high spatial res-
olution relied on HAADF STEM imaging of cross-sectional specimens that were
prepared using site specific extraction.
We developed a specimen preparation technique based on FIB/SEM lift-out tech-

nology to prepare cross-sectional TEM specimens. Figure 4.1 shows the main steps
of the specimen preparation. The alumina support particles that contained the Pt-
Pd NPs were nearly spherical with diameters of several micrometres (Figure 4.1a).
As a first step, the catalyst powder was embedded in acrylic resin which was then
hardened by heat treatment. The hardened block was then cut and polished, which
exposed the interiors of some alumina particles as is schematically shown in Fig-
ure 4.1b. The gray region depicts the resin, the orange region the alumina support

35



4 Summary of results and discussion

Figure 4.1: Illustration of TEM specimen preparation by FIB/SEM lift-out. a) SEM
image of a Pt-Pd/Al2O3 catalyst support particle attached to an aluminum stub. b) Model
of the catalyst support particle embedded in a block of resin and mechanically polished
on the top side. c) Top-view SEM image of an embedded and polished Pt-Pd/Al2O3
catalyst. The white rectangle marks a typical region chosen for a lift-out, the red dotted
rectangles mark regions for ion beam milling. d) SEM image of the two trenches milled
into the surface using the ion beam. e) Side-view SEM image of an extracted slice. Bright
regions correspond to alumina, dark regions to embedding resin. Regions from the interior
as well as the lower edge of the support particle are preserved. f) Model of the catalyst
support particle in cross-sectional view. Point A lies on the outer edge of the support
particle, whereas point B lies in the interior of the original support particle. Figure from
reference [99] (Paper II).
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particle. The surface was coated with a thin carbon film prior to imaging and ion
beam milling in order to increase the electrical conductivity. Figure 4.1c shows a
top-view SEM image of the polished surface, where an alumina support particle can
be seen in the center. Material was removed in the regions marked with red rect-
angles using a gallium ion beam, the resulting trenches can be seen in Figure 4.1d.
No protective layer was deposited onto the surface before milling in order to

prevent contamination of the specimen with metallic NPs during later stages of the
preparation. A micromanipulator was attached to the exposed slice and it was cut
loose from the surface by the ion beam. Figure 4.1e shows the slice after the lift-
out, the bright region is a slice of the alumina particle, the dark region the resin.
Subsequently the slice was thinned down further using the ion beam. The resulting
specimens had a structure similar to the schematic shown in Figure 4.1f. They were
slices from the centre of the alumina particles, and the outer edge of the particles
on the lower side was intact. This allowed the individual analysis of regions right
at the outer edge of the support particles (Point A) and regions from the interior
of the support (Point B).
Figure 4.2 shows STEM images of a catalyst specimen obtained by the lift-out

method. The center image shows an overview of the extracted region, at the bottom
the outer edge of the alumina towards the resin can be seen. The left and right
STEM images show the interior region of the support and the near-edge region,
respectively. We classified the observed Pt-Pd NPs in three categories and marked
some examples: Small NPs (red circles, d< 1.5 nm), medium-sized NPs (green cir-
cles, 1.5 nm≤ d≤ 10 nm) and large NPs (blue circles, d>10 nm). We observed that
the medium-sized and large NPs were confined close to the outer edge of the support,
while the small NPs were evenly distributed over the whole support. We quantified
the NP size distributions for the different regions independently and followed the
NP sintering caused by thermal ageing locally in those regions (see Section 4.2).
The advantages of the developed TEM specimen preparation method are twofold:

Firstly, the cross-sectional view of the specimen makes it possible to obtain three-
dimensional information about the distribution of NPs within the support material.
In our case, it enabled us to observe the confinement of the larger NPs in this
sample to the outer edge of the support material. Three-dimensional high spatial
resolution structural information on the nanoscale could earlier only be obtained
by TEM/STEM tomography. The observable sample volumes with this technique
are, however, much smaller compared to the micrometre-sized regions we are able
to investigate with our cross-sectional approach.
Secondly, the specimen preparation simplifies the acquisition of quantitative data

about the catalyst sample, as for example NP size distributions. The reason is that
the structure of the TEM specimen is much more homogeneous compared to other
specimen preparation techniques. The most commonly applied technique involves
crushing the catalyst powder in a mortar and dispersing the fragments onto a carbon
film. While using this technique, we frequently observed fragments containing large
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Figure 4.2: Cross-sectional HAADF STEM images of a catalyst sample prepared by the
FIB/SEM lift-out method. The central image shows low-magnification overview, the left
image shows a region in the interior of the alumina support at higher magnification, while
the right image shows a region at the outer edge. The edge of the alumina support is
marked by a white dotted line. The Pt-Pd NPs have bright contrast. The inset shows a
medium-sized NP at high resolution. In the images at higher magnification, the porous
alumina structure can be seen in the background. Some Pt-Pd NPs are highlighted by
circles (red: small NPs, green: medium-sized NPs, blue: large NPs). The orange dotted
line marks the inner boundary of an outer layer with an increased density of medium-sized
and large NPs. Figure from reference [1] (Paper IV).

NPs. Based on those results it was unclear that the large NPs were only present
in the outer layer of the support, which only constituted a very small fraction of
the total volume of the catalyst particles. The observations therefore conveyed a
false impression of the overall size distribution of the NPs in the catalyst. When
applying the lift-out preparation technique, we learned that the vast majority of
the catalyst volume did not contain any large NPs and was instead homogeneously
covered by small NPs below 1.5 nm in diameter. Quantitative size distributions of
these small NPs could be obtained by imaging several randomly selected regions
within the interior of the support particle.
To investigate the three-dimensional distribution of large NPs within the support

with better statistics on an even larger scale, we also performed FIB/SEM slice &
view tomography (see Section 3.10.2). With this technique it was possible to obtain
three-dimensional positions of the Pt-Pd NPs in the support over large volumes of
the specimen, potentially extending over dozens of micrometres in certain direc-
tions. Figure 4.3a shows the reconstructed image of one of the investigated catalyst
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samples. Light blue represents the alumina support, dark blue the Pt-Pd NPs.
The measurements confirmed what we had observed in the STEM images, the large
NPs were confined to the outer edge of the alumina support particle. Since a much
larger number of large NPs was observed with this technique, it also allowed us to
obtain more quantitative information. Figure 4.3b shows a histogram of distances
from the NPs to the edge of the alumina support. It is clear that most large NPs
were within 100 nm to the outer edge, and the average distance to the edge was
determined to 36 nm. The FIB/SEM slice & view tomography technique is a useful
complementary technique, and its considerably better statistics are advantageous
when larger NPs are the focus of interest.

Figure 4.3: Results of FIB/SEM slice & view tomography of a Pt-Pd/Al2O3 catalyst.
a) Slice of a three-dimensional reconstruction showing Pt–Pd NPs distributed within an
alumina support particle with a diameter of approximately 7 µm. NPs larger than 10
nm could be observed using this technique. The NPs were mainly distributed along the
outer edge of the alumina support, only very few were found in the interior region of the
support. b) Distribution of distances from the NPs to the edge of the alumina support.
Figures from reference [1] (Paper IV).

4.2 The effect of thermal ageing on nanoparticle
sintering and catalytic activity

Building upon the three-dimensional characterisation techniques introduced in the
previous section, we studied the development of NP sizes and spatial distribution
during ageing at 500-800 ◦C. The full description of this work can be found in Paper
IV. Representative cross-sectional STEM images of Pt-Pd/Al2O3 catalyst specimens
after ageing at different temperatures are shown in Figure 4.4. The center column
contains low-magnification overview images of the extracted slices, the left column
shows higher-magnification images of regions in the interior of the alumina support
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particles and the right column shows higher-magnification images from areas at the
outer edge of the support.
We observed that sintering (and thereby disappearance) of the medium-sized

NPs occurred first, after ageing at 600 ◦C, while the small NPs were stable at this
temperature. Possible explanations for the effect on the medium-sized NPs are the
high density of these particles, as well as their position near the outer edge of the
support, where the pore structure of the alumina might be less effective in separating
the NPs. After ageing at 700 ◦C, most of the small NPs had vanished and large
NPs had formed even in the interior region of the alumina support (Figure 4.4d).
Ageing at a higher temperature of 800 ◦C further slightly increased the average size
of the large NPs and led to the formation of a considerable amount of NPs with
diameter above 50 nm in diameter, which were scarce at lower temperatures. The
investigation of the large NPs was assisted by SEM measurements since the larger
NP size enabled them to be imaged by SEM.
FIB/SEM slice & view tomography was performed on the catalyst sample aged

at 800 ◦C. A reconstructed image as well as a histogram of distances of the NPs to
the edge of the alumina support are shown in Figure 4.5 (results from the untreated
catalyst are shown in Figure 4.3). These measurements established an even distri-
bution of large NPs over the whole support particle after heat treatment, except
for the very outer edge which still had a higher number density. Combined with
the even distribution of small NPs observed before the heat treatment by STEM
imaging, we concluded that the sintering occurred on a relatively local scale, and
no major net transfer of platinum over the support took place.
We also investigated the impact of the observed NP sintering on the catalytic

activity for CO oxidation at low temperatures (Figure 4.6). The results show that
the activity decreased moderately after ageing at 500 and 600 ◦C, although we did
not observe any severe NP sintering at those temperatures. However, our measure-
ments also revealed individual Pt and Pd atoms, as well as small clusters on the
support surface. Although we could show their presence, it was not possible to
reliably quantify them. Sintering of these individual atoms and small clusters is a
possible explanation for the decline in catalytic activity already after ageing at low
temperatures.
A strong decrease in activity was observed after ageing at 700 and 800 ◦C. These

are the ageing temperatures at which we had observed severe sintering of small
NPs and the formation of large NPs all over the alumina support. We could also
extract the apparent activation energies of the catalysed CO oxidation reaction
from the conversion graphs and show that the apparent activation energy increased
with increasing ageing temperature. The measurements highlight the importance
of small NPs for the activity for CO oxidation of this Pt-Pd/Al2O3 catalyst.
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Figure 4.4: STEM images of the fresh and aged catalyst prepared by the FIB/SEM
lift-out method. The central column shows low-magnification overview images, the left
column shows images at higher magnification from regions in the interior of the alumina
support, while the right column shows regions at the outer edge. The inset in subfigure a)
shows a medium-sized NP at high resolution. The edge of the alumina support is marked
by a white dotted line. Some Pt-Pd NPs are highlighted by circles (red: small NPs, green:
medium-sized NPs, blue: large NPs). Figure from reference [1] (Paper IV).
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4 Summary of results and discussion

Figure 4.5: Results of FIB/SEM slice & view tomography of a Pt-Pd/Al2O3 catalyst aged
at 800 ◦C. a) Slice of a three-dimensional reconstruction showing Pt-Pd NPs distributed
within an alumina support particle with a diameter of around 15 µm. The Pt-Pd NPs
were evenly distributed within the alumina support except for a high number density
very close to the outer edge. The NPs are color-coded by their distance to the alumina
edge from blue (close to the edge) to red (far from the edge). b) Histogram showing the
distribution of distances from the NPs to the edge of the alumina support. Figures from
reference [1] (Paper IV).

4.3 The effect of gas composition on nanoparticle
sintering and catalytic activity

We studied the effect of the gas composition during thermal ageing of a Pt/Al2O3
catalyst. The dispersion (number of Pt surface atoms relative to total number of Pt
atoms) and NO oxidation activity of the catalyst were evaluated after ageing under
different conditions. The dispersion was measured by CO adsorption and the NO
oxidation activity was determined in a continous-flow reactor. The full experimental
details and results are presented in Paper I. Thermal ageing was performed at
different temperatures (600 - 900 ◦C) in atmospheres of Ar, O2, H2, SO2 and SO2
+ O2 for 2 hours. The general trend that was observed after ageing in the inert
Ar atmosphere was a decrease in the Pt dispersion (Pt NP growth) with increasing
temperature, accompanied by an increase in NO oxidation activity. It should be
noted that the NO oxidation reaction, in contrast to CO oxidation which was used
as a model reaction in the other parts of this work, has been shown to benefit from
larger Pt NPs [100,101].
The presence of O2 and/or SO2 during the ageing had the most striking impact as

is shown in Figure 4.7. All measurements at 500 ◦C were taken after a degreening
procedure in identical atmospheres, at 600 ◦C the respective ageing atmospheres
were introduced. Figure 4.7a shows that the presence of O2 led to an increase
in NO oxidation activity (or conversion) at temperatures of 600-700 ◦C compared
to the Ar atmosphere, while the activity slightly droped at 800-900 ◦C. At the
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4.3 The effect of gas composition on nanoparticle sintering and catalytic activity

Figure 4.6: Activity for CO oxidation of the fresh and aged catalyst samples. The con-
version measurements were performed in a continuous-flow reactor during a cooling ramp
in 4% O2 and 1000 ppm CO balanced with argon. Figure from reference [1] (Paper IV).

highest temperatures, the Pt dispersion was strongly decreased in the presence
of O2. The facilitating role of O2 on NP sintering and decrease in dispersion is
commonly explained by the formation of volatile compounds and PtO species that
have a higher mobility on the support material compared to metallic platinum [102].
Figure 4.7b shows the Pt dispersion and NO oxidation activity after ageing in

SO2 and SO2 + O2. In both cases, the initial thermal ageing at 600 ◦C drastically
decreased the Pt dispersion, while only the sample aged in SO2 + O2 gained a con-
siderably higher activity compared to the Ar sample. At the higher temperatures,
the sample aged in SO2 retained a relatively high dispersion, while ageing in SO2
+ O2 led to an extremely low dispersion. As was the case for the sample aged in
O2, the SO2 + O2 atmosphere resulted in a slight loss in activity at the highest
ageing temperatures. The apparent increase in dispersion after ageing at 800 ◦C in
SO2 was likely not due to redispersion, but due to residual sulphur on the sample
surface after ageing at the lower temperatures, for more details see Paper I.
These results indicate that O2 strongly promotes Pt NP sintering at high temper-

atures, while SO2 promotes sintering at relatively low temperatures (which 600 ◦C is
in terms of thermal ageing). It should be noted that the strong measured decrease
in dispersion under the presence of SO2 could also partly be caused by sulphur de-
position on the samples instead of NP sintering, but it was shown that this would
only account for a small fraction of the total decrease.
To further evaluate the effect of SO2 at low temperatures, ageing at 250 ◦C in an

SO2 + O2 atmosphere was performed for 22 hours. CO adsorption showed that the
dispersion decreased from 65% to 25%, which is a strong decrease considering the
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4 Summary of results and discussion

Figure 4.7: Pt dispersion and NO conversion for different thermal ageing atmospheres
versus ageing temperature. The NO conversion represents the NO oxidation activity.
Catalyst samples at 500 ◦C were all subjected to the same degreening procedure, at 600 ◦C
the respective ageing atmospheres were introduced. a) Results for catalyst samples aged
in Ar and 10% O2 in Ar. b) Results for catalyst samples aged in 30 ppm SO2 in Ar and
30 ppm SO2 + 10% O2 in Ar. Both figures from reference [103] (Paper I).
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4.3 The effect of gas composition on nanoparticle sintering and catalytic activity

low ageing temperature. To verify that NP sintering occurred, STEM imaging was
performed on the fresh and aged samples. The results (Figure 4.8) show that the
fresh catalyst samples only contained small Pt NPs with diameters around 1 nm,
while after ageing at 250 ◦C in SO2 + O2 a mixture of NP sizes between 1 nm and
around 40 nm were present.

Figure 4.8: HAADF STEM images of the fresh catalyst (a and b) and after ageing at
250 ◦C in SO2 + O2 for 22 h (c and d). While the fresh catalyst only contains small NPs
around 1 nm in diameter, the low-temperature aged catalyst contains a wide range of
particle sizes between 1 nm and around 40 nm. All figures from reference [103] (Paper I).

The NO oxidation activity of the catalyst after the low-temperature ageing was
comparable to the catalyst aged in SO2 + O2 at 700 ◦C (but for a shorter time). The
dispersion of the low-temperature aged catalyst was considerably higher though,
which means that the dispersion is not the only factor influencing the catalytic
activity. We suggested that the presence of sulphur could increase the acidity of the
alumina support, which has been observed before for a zirconia support [104]. A
more acidic support would suppress platinum oxide formation and thereby increase
the activity of the catalyst for NO oxidation.
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4 Summary of results and discussion

A low-temperature treatment in an atmosphere containing SO2 and O2 can be
a viable way of increasing the NO oxidation activity of a catalyst without causing
too much NP growth. This could be beneficial since NP growth is detrimental for
most other reaction which the catalyst also has to perform.

4.4 The effect of support nanostructure on sintering
and redispersion of platinum nanoparticles

We studied the effect of controlled structural heterogeneity of the support material
on the sintering and redispersion behaviour of Pt NPs. The full work is presented
in Paper III. The study was performed on a model support material consisting of a
flat Si3N4 membrane covered by a thin sputter-coated alumina layer. Additionally,
the surface was decorated with nanofabricated alumina cones (diameter at base of
around 80 nm), which were also covered by a sputter-coated alumina layer. On this
support, Pt NPs were deposited by e-beam evaporation and subsequent heating.
Figure 4.9 shows a sketch as well as TEM/STEM images of the resulting structure.

Figure 4.9: a) Schematic illustration of Pt NPs supported on a nanostructured alumina
surface on a TEM membrane. b) TEM image of an array of nanofabricated alumina
cones on a flat surface, both homogeneously sputter-coated by a 10 nm thick amorphous
alumina layer to ensure chemical homogeneity. c) STEM image of a single nanocone and
the adjacent flat area decorated with Pt NPs. Note the clear difference in Pt particle size
and density on the cone and on the flat area, respectively. Figure from reference [105]
(Paper III).
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4.4 The effect of support nanostructure on sintering and redispersion of platinum nanoparticles

Samples were thermally aged at 600 ◦C in an atmosphere of 4% O2 in Ar for 4, 10,
30 and 60 minutes. For each ageing time, STEM imaging was performed in order
to obtain NP size distributions on the flat part of the support as well as on the
nanocones. Even before thermal ageing, different NP sizes and distributions were
observed in these two areas. Initially, a smaller average NP size and higher NP
density was observed on the cones. With progressing ageing, the NP distributions
in the two areas also developed differently.
On the flat part of the support, some NPs grew in size while others decreased in

size, resulting in a bimodal NP size distribution. This was interpreted as a result
of the Ostwald ripening mechanism, where individual atoms migrate from smaller
to larger NPs. On the cone surfaces, almost all NPs drastically decreased in size,
and after 60 minutes almost only small NPs below 2 nm in diameter remained. The
analysis showed that the particle density on the cones strongly increased during
the ageing procedure, while the surface coverage strongly declined. The remaining
small NPs on the cones appeared to be much more stable compared to the ones
on the flat part of the support. Figure 4.10 shows a series of STEM images that
illustrates the development in the two different areas.

Figure 4.10: Representative HAADF STEM images of Pt NPs on the flat part of the
support and on the nanofabricated cones after different ageing durations. On the flat
area, growth of some NPs and shrinkage of others were observed. On the cones, strong
redispersion was seen and almost only small NPs remained after 60 minutes of thermal
ageing. Figure from reference [105] (Paper III).

The overall removal of Pt from the cone surfaces can be explained by the initial
smaller NP sizes. When Ostwald ripening is occurring, there is a transport of
material from smaller NPs to larger ones, which in this case were situated on the
flat parts of the support. Also, the initial small NPs on the cones have an inherently
lower stability compared to larger ones. A striking observation was the high thermal
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stability of the remaining small NPs on the cones after 60 minutes of ageing. We
suggested that this stability could be explained by anchoring of these NPs on defect
sites on the alumina surface. If there was an abundance of defect sites on the
nanofabricated cones, this could explain both the redispersion on the cones (the
defect sites "catch" diffusing Pt atoms), as well as the high stability of the resulting
small NPs.
In order to identify possible defect sites on the cones, TEM imaging was performed

(Figure 4.11). The top-view TEM image in Figure 4.11a suggests that the surface of
the cone is not smooth since a steplike corrugation can be seen. Even the side-view
TEM images in Figure 4.11b and c suggest a wavy and partly steplike shape of
the cone wall. These observed features are likely anchoring sites for small NPs and
contribute to the observed redispersion and stability of small NPs.
This work demonstrates how a controlled structural heterogeneity in an otherwise

simple model system can help to obtain a better understanding of phenomena that
were earlier observed on more complex mesoporous catalysts, like redispersion and
bimodal size distributions, but not sufficiently understood.

Figure 4.11: a) Top- and b,c) side-view TEM micrographs of a cone at different magni-
fications revealing structural irregularities on the cone surface that may act as preferred
anchoring sites for the redispersed Pt NPs and provide them with significant sintering
resistance due to the site-specific energetics. The blue arrows point to the edge of the
cone in subfigure c, the contrast on the left side is from the flat alumina surface in the
background. Figure from reference [105] (Paper III).
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4.5 Determination of strain in supported
nanoparticles and the effect on catalytic activity

We studied strain in Pt NPs supported on alumina as well as ceria using high-
resolution STEM with atomic resolution, extracting information about the posi-
tions of the atomic columns with picometre precision. The observed strain patterns
served as a starting point for kinetic Monte Carlo simulations to elucidate the im-
pact of the observed strain on the catalytic activity for CO oxidation. The full
work can be found in Paper V. The high-resolution STEM images were obtained by
averaging tens to hundreds of frames of an image series. Before averaging, correc-
tions for image distortion and drift were performed using a pixel-by-pixel non-rigid
registration scheme [92]. To minimise changes in the NPs during the acquisition of
the image series, a low electron beam current of around 3 pA was used.
Figure 4.12a shows an averaged side-view STEM image of a Pt NP supported on

γ-alumina. The left, right and upper surfaces terminate to vacuum, while the lower
part of the image shows an interface between the Pt NP and the alumina support.
The alumina support is barely visible in this image due to its weak atomic number
contrast in HAADF STEM images. A twin boundary can be seen in the image and
is marked by a red rectangle. The image precision was determined to be 2.1 pm.
An atomic column displacement map is shown in Figure 4.12b, strain maps in

three crystallographic directions in Figure 4.12e-f and a histogram of strains in
Figure 4.12c. Experimental details about the displacement and strain maps can be
found in Paper V and Section 3.8. The strain maps show a higher concentration of
large strains at the interface between the NP and the alumina support compared
to other parts of the NP. This can also be seen in the strain histogram which shows
that most strains larger than 5% were found at the interface. We noticed that most
of the large interfacial strains were compressive. In the directions perpendicular to
the twin boundary, expansive strains of 1-2% were observed close to the boundary.
Figure 4.13 shows additional averaged STEM images, displacement maps and

strain maps of (from left to right) a Pt NP supported on ceria (side view), two
Pt NPs on alumina (side view) and a Pt NP on alumina (top view). The side-
view images show similar trends as was seen in Figure 4.12, particularly a high
concentration of large strains at the NP-support interfaces. In Figure 4.13a, the
ceria grain is also in a zone axis orientation with its atomic structure resolved.
The interfacial strain can be caused by different mechanisms, for example dis-

locations at the interface, mismatch in lattice parameters and thermal expansion
coefficients, as well as surface corrugation of the support [106]. The observed inter-
facial strains in the two catalysts may be composed of a combination of different
mechanisms. The alumina support had a different morphology compared to the ce-
ria support and did not exhibit extended facets and large, single-crystalline grains.
Instead, the surfaces of the alumina grains were mostly corrugated. Despite these
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4 Summary of results and discussion

Figure 4.12: a) Average of 148 side-view HAADF STEM images of a Pt NP supported on
γ-Al2O3. The lower part of the NP is in contact with the Al2O3 support, the upper part
terminates to vacuum. A twin boundary is marked by a red rectangle. b) Displacement
map showing the deviation of atomic column positions from an ideal lattice. The arrows
indicate the displacement direction, their length and colour coding the magnitude of the
displacement. The largest displacements can be observed at the NP-support interface.
c) Histograms showing the distribution of strains for the whole NP, as well as for the
outermost layer at the free surface of the NP and the interface between the NP and the
Al2O3 support. d) – f) Strain maps showing deviations of nearest neighbour distances
relative to the values within the precision area. The arrows indicate the directions of
the measured strains. The crystallographic planes in which the strains were determined
are indicated above the NP. The colour scale spans from red (-3.5%, compressive) to
blue (3.5%, expansive). Strains above these thresholds are highlighted in yellow (large
compressive strains) and turquoise (large expansive strains). Strains that fall within the
colour scale range were averaged over all nearest neighbours. The largest strains can
be observed at the NP-support interface, while the twin boundary contains smaller but
consistent strains perpendicular to the boundary. Figure from Paper V.
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Figure 4.13: Averaged HAADF STEM images, displacement maps and strain maps of
supported NPs. a) Side-view STEM image of a Pt NP supported on ceria. The NP as
well as the ceria support are atomically resolved. f,k) Side-view STEM images of Pt NPs
supported on alumina. The interfaces between the NPs and the support are at the lower
edge of the NPs. p) Top-view STEM image of a Pt NP supported on alumina. Larger
versions of these images can be found in the SI of Paper V. Figure from Paper V.
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differences, we observed interfacial strain in similar magnitudes and a clear increase
of strain at the interfaces compared to other regions of the NPs in both samples. The
mechanisms causing interfacial strain are likely relevant in many types of supported
NP catalysts.
We performed kinetic Monte Carlo simulations to investigate the impact of the

observed strain patterns on the catalytic activity of the NPs. Figure 4.14 shows the
turnover frequencies for CO oxidation at 900K for simulated NPs with strain applied
to different sites. We found a considerable variation of the turnover frequencies
depending on the different strain patterns, with compressive strain in general being
more beneficial than expansive strain. We also investigated the impact of strain on
the contribution of different actives sites like edges, corners and different facets. We
found that the most beneficial value of strain varies among these different active
sites.
Future catalyst design can benefit from knowledge gained by a combination of

high-precision measurements and kinetic simulations of the contribution of different
active sites and their behaviour under strain. This knowledge can assist in the
process of tailoring the interfacial strain of supported NPs with the goal to optimise
their catalytic properties.
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Figure 4.14: Turnover frequency for CO oxidation of Pt NPs for various strain patterns at
900K, obtained by kinetic Monte Carlo simulations. Partial pressures: p(CO) = 20mbar
and p(O2) = 10mbar. Figure from Paper V.
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In this thesis, we investigated various nanostructural aspects of supported NPs
and established correlations with their catalytic properties. One key aspect in
this thesis was NP sintering, which was addressed in several studies. We observed
the occurrence of Pt NP sintering at unusually low temperatures (250 ◦C) in the
presence of SO2, and accelerated sintering at high temperatures (800 - 900 ◦C) in
the presence of O2. When fabricating a controlled structural inhomogeneity on
a model support, we noticed Pt redispersion and the development of a bimodal
NP size distribution as a result of heat treatment. These phenomena have been
observed, but have never been conclusively explained before. High-resolution STEM
experiments in combination with activity tests demonstrated the strong detrimental
effect of sintering of small NPs below 1.5 nm in diameter.
The second key aspect in this thesis was the three-dimensional distribution of NPs

within the oxide support. We developed a TEM specimen preparation method for
porous catalyst support particles which provides cross-sectional specimens and gives
insight into the radial distribution of NPs on the support. This method enabled us
to identify an outer layer of the alumina support in a Pt-Pd/Al2O3 catalyst that
contained considerably larger NPs compared to the interior regions. We could also
follow NP sintering separately in these different regions. In addition, we applied
FIB/SEM slice & view tomography to map the distribution of large NPs in the
alumina support over large volumes with excellent statistics.
The determination of strain in supported NPs and its impact on the catalytic

properties was the third key aspect. Using high-resolution STEM in combination
with non-rigid registration and averaging of image series, we determined lattice de-
formations with a precision of about 2 pm and found a distinct buildup of large
strains at the interfaces between Pt NPs and both alumina and ceria support. Ki-
netic Monte Carlo simulations were performed and revealed the impact of strain on
the catalytic activity for various kinds of active sites on NP models. The experi-
mentally observed strain patterns were also used as structural input for the kinetic
simulations.
This work has given new insights into the three-dimensional nanoscale structures

and ageing behaviours of supported NP catalysts and strengthened the understand-
ing of the relation between the catalysts’ structures and their catalytic properties.
Furthermore, our experimental approaches and newly developed TEM specimen
preparation method can be used in future studies to extract more quantitative
structural information than is often done in routine investigations. The detailed
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knowledge we obtained about strain in catalytic NPs using high-precision measure-
ments in combination with advanced kinetic modelling demonstrates that strain
could be used in the future to further tailor catalysts for specific reactions and high
activity.
Numerous aspects of NP catalysts remain to be investigated in future studies. An

even better understanding of the nanoscale structure of metallic NPs would benefit
the prediction and tailoring of their properties. An obvious limitation of the high-
resolution investigations presented in this thesis is the two-dimensional character
of the obtained images, which is an issue with many microscopy techniques. We
identified ways to obtain three-dimensional information about the distribution of
NPs in the oxide support. These are, however, not suitable to investigate the NPs
themselves on the atomic scale in three dimensions.
The most promising techniques for this purpose appear to be atom counting if

only the number of atoms in the atomic columns and their average position are
needed [107, 108], and electron tomography if the three-dimensional position of
each individual atom is required [109]. While the resolution of electron tomog-
raphy in the past was not sufficient to resolve atomic structures of NPs in three
dimensions [110,111], tremendous progress has been made in recent years, enabling
atomic-resolution tomography of nanostructures [109, 112–114]. New EDX detec-
tor designs even allow for a combination of STEM tomography and EDX analysis
of NPs to investigate their chemical composition on the nanoscale in three dimen-
sions [115,116]. These three-dimensional techniques open up possibilities to broaden
our knowledge about supported NP catalysts which have before been extensively
studied in two dimensions.
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