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Abstract

Catalytic converters have substantially contributed to the improvement of air qual-
ity in populated areas in the last decades by abatement of the emission of hazardous
components such as CO, unburned hydrocarbons and NO,. However, due to the
exposure to high temperature and different components in the exhaust gas, the per-
formance of the catalysts degrades with time. An understanding of the microstruc-
tural and chemical changes of the catalysts during different operating conditions is
required in order to develop strategies to reduce the degradation.

In the present work, a bimetallic Pt-Pd nanoparticle catalyst supported on ~-
alumina was investigated using high resolution electron microscopy and spectroscopy.
The studies included both fresh and aged catalyst systems. In order to allow a quan-
titative evaluation of the particle size distributions and locations on the support, a
new TEM specimen preparation method was developed. The new method allows
for monitoring the evolution of the particle size distribution as well as the spatial
difference in the porous oxide support. These microstructural observations were
complemented by investigations of the chemical composition and alloying of the
nanoparticles. Finally, CO oxidation experiments were performed to correlate the
observed microstructural and compositional changes to the catalytic activity.

Keywords: supported nanoparticle catalyst; transmission electron microscopy
(TEM); scanning electron microscopy (SEM); FIB/SEM; quantitative; particle size
distribution (PSD); specimen preparation; ageing properties; bimetallic catalyst;
CO oxidation
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1 Introduction

Air pollution from the transport sector, usually by exhaust from combustion en-
gines, is a major concern for the worldwide climate and air quality, which in turn
influences the environment and human health [1-3]. Apart from COs, which gained
a lot of attention for participating in the greenhouse effect, there are several toxic
and hazardous components in a typical engine exhaust, the main being carbon
monoxide (CO), unburned hydrocarbons, particulate matter and nitrogen oxides
(NO,). Worldwide, regulations are in place to limit the amount of hazardous com-
ponents emitted from vehicles. The most recent and stringent European emission
regulation is called "Euro 6’ and came in place 2014 [4].

Catalytic converters were developed to reduce the vehicle emissions of hazardous
components, the first and most used one is the three-way catalytic converter (TWC)
[5]. It contains noble metal nanoparticles (consisting of Pt, Pd and/or Rh) dispersed
on a porous high surface area support material like y-alumina, zirconia or ceria
and is able to simultaneously oxidise CO and hydrocarbons to COy and HyO, as
well as reduce NO, to Ny. For lean-burn and diesel engines, where the TWC
cannot be applied successfully, more complex solutions like the NO, storage and
reduction (NSR) catalyst [1,6,7] need to be used, but the working principal and
basic components are very similar.

Degradation of the catalysts (catalyst deactivation) is a major problem when
it comes to fulfilling the emission regulations after several years of usage. Com-
mon causes for deactivation are thermal effects on the catalytic nanoparticles, like
nanoparticle sintering, or the support material, and chemical effects (poisoning) due
to substances such as SO, in the exhaust gas [8,9]. One of the most important effects
is nanoparticle sintering, which describes particle growth as a result of the catalyst
being exposed to elevated temperatures and various gas environments. With the
total amount of catalytic material unchanged, the larger nanoparticles expose less
surface area for catalytic reaction to occur which yields a activity decrease. Because
of deactivation, manufacturers need to design catalytic converters that perform well
below the emission limits in many stages of its lifetime. This increases the cost of
the catalytic converter and consumption of rare noble metals.

Obtaining an understanding of the microstructural properties and changes that
lead to deactivation is crucial when reducing the impact of catalyst ageing on the
performance. Special attention is paid to the properties of the noble metal nanopar-
ticles, such as particle size and composition, since they are the ones performing the
actual catalytic reactions. Different characterisation methods have been used to



investigate catalytic nanoparticles, among them are gas adsorption / desorption
experiments [10-14] (using for example CO which adsorbs selectively to Pt) and
X-ray diffraction [15-18].

These methods have in common that they average over large amounts of the cat-
alyst sample, which results in good statistics over many nanoparticles, but at the
same time the detailed information about inhomogeneous spatial and size distribu-
tion is inaccessible. The most versatile techniques for direct observation of indi-
vidual nanoparticles include scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). While SEM is an appropriate tool to investigate rel-
atively large nanoparticles, TEM is needed to image small nanoparticles, clusters
and single atoms of the catalytically active material.

The scope of this work is to explore microstructural changes in a bimetallic Pt-
Pd/Al,O3 automotive emission control catalyst induced by ageing treatment, and
to link these changes to variations in the observed catalytic activity. Interesting mi-
crostructual aspects are nanoparticle size distributions, shapes and chemical com-
positions. In addition, variations in the particle size distributions as a function of
position on the support are of importance. Investigations of fresh and aged catalyst
samples were performed using high resolution electron microscopy and spectroscopy,
as well as CO oxidation experiments to evaluate their activity. Special effort was
made to perform quantitative analyses whenever possible. For this reason, a new
TEM specimen preparation method was developed that permits imaging of the cat-
alyst support particles in a cross-section view and extraction of more quantitative
information compared to traditional methods.

This thesis is structured in the following way: Chapter 2 describes the basic
concepts of heterogeneous catalysis, automotive catalytic converters and catalyst
deactivation. In Chapter 3, the catalyst material as well as experimental methods
used in this work are introduced. Chapter 4 contains a summary of different TEM
specimen preparation techniques that were used, including a detailed description
of the FIB/SEM preparation method, and is based on Paper I. The advantages of
the FIB/SEM technique are demonstrated by STEM measurements of the obtained
specimens. Chapter 5 contains the ageing studies of the catalyst, including SEM,
STEM, FIB/SEM and CO oxidation experiments, and is based on the contents of
Paper II. Finally, conclusions and an outlook are presented in Chapter 6.



2 Heterogeneous catalysis and
deactivation

Catalysis describes a phenomenon that increases the rate of a chemical reaction due
to the addition of a so-called catalyst. 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 forms, ranging from atoms or molecules over
small particles to larger structures like enzymes or solid surfaces. They 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
gaseous or liquid, and biocatalysis, where enzymes catalyse chemical reactions.

In this work, heterogeneous catalysts for car exhaust aftertreatment will be anal-
ysed, so in this chapter these will be introduced in more detail, together with differ-
ent degradation mechanisms that decrease the activity of heterogeneous catalysts.
This is also referred to as catalyst deactivation. Finally, properties of bimetallic
Pt-Pd catalysts will be discussed.

2.1 Heterogeneous catalysis

In heterogeneous catalysis, the catalyst is usually in the solid phase, whereas the
reactants and products of the chemical reaction are in a different phase. In exhaust
aftertreatment they are in the gas phase, so this case will be discussed in the follow-
ing. In a typical catalysed reaction, the reactants adsorb onto the catalyst surface
and dissociate if necessary. Then they react on the surface to form a product which
desorbs from the catalyst surface, leaving the catalyst unaltered and available for
the next reaction.

The catalyst surface can be thought of as consisting of a number of active sites,
which are capable of adsorbing the reactants and products. Since a certain number
of sites is occupied for each reaction, the total reaction rate on the catalyst surface
is limited by the total number of available active sites. A simple catalysed reaction
of the reactants Ay and B to the product AB can be expressed in the following
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elementary steps (* denotes an active site and A* an adsorbed intermediate of
species A):

Ay + x = Ayx Adsorption of reactant A, (2.1)
Ay x +x = 2Ax% Dissociation of reactant Ay
B + x = Bx Adsorption of reactant B
Ax 4+ Bx = AB % + % Reaction of intermediates to product AB
ABx = 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. An
important example for this type of reaction in exhaust aftertreatment catalysis is
the oxidation of carbon monoxide (CO) to carbon dioxide (CO3). A schematic view
of this reaction, along with a corresponding energy diagram, is shown in Figure 2.1.

Adsorption
o, | | co
A A

Catalyst surface

Adsorption and

Desorption A dissociation
— i Dissociation
co\ _ j Reaction
m = R D tion y
3 IEa esorp — 3
Catalyst surface — / Catalyst surface
>

Reaction coordinate

Reaction
_.CO,
A A
Catalyst surface
Figure 2.1: Schematic of the elementary steps of a catalysed Langmuir-Hinshelwood
reaction between CO and O9 forming COs. As the energy diagram in the center shows,
an activation energy F, has to be overcome for the reaction to proceed. The activation

energy for the catalysed reaction is considerably lower than for the free gas-phase reaction,
resulting in a higher reaction rate.

As can be seen in the energy diagram, an activation F, is needed for the reaction
between CO and O to proceed, whereas no activation energy is associated with the
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adsorption of the reactants and the dissociation of oxygen. The activation energy F,
for the catalysed CO oxidation reaction is around 50-100 kJ-mol~!, whereas in the
gas phase an energy of around 500kJ-mol~! is associated with reaction [19]. This
demonstrates the main function of the catalyst in this case: It helps by adsorbing
and easily splitting the oxygen molecules, which is the most difficult step in the
uncatalysed reaction, lowering the overall activation 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 the 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 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 NO,, summarised as NO, ) need to be
reduced. The non-balanced reactions are:

HC + 02 — C02 + HQO
NO, + CO — Ny 4+ CO,

Noble metals, mainly platinum, palladium and rhodium, have proven very effec-
tive for these reactions and are used in the so-called three-way catalytic converter
(TWC), which is the most widespread solution for exhaust aftertreatment in pas-
senger cars today. All of the three reactions mentioned above occur simultaneously
in the TWC. For this to be possible, it is important that the air-to-fuel ratio in
the exhaust gas composition is held very closely to 14.7:1, the stoichiometric ratio.
If the oxygen concentration is higher, too much carbon monoxide will be oxidised,
deteriorating the NO, reduction. Less oxygen, and the NO, will be reduced effi-
ciently, but not all of the carbon monoxide and hydrocarbons will be converted.
The correct stoichiometric composition is achieved by using an oxygen sensor, a
so-called A\-sensor, that regulates the injection system of the engine.

For a TWC, as for most heterogeneous catalysts, the reactions occur only on
the surface, as explained in the previous section. Therefore, in order to use the
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expensive noble metals efficiently, the surface-to-volume ratio of the catalyst needs
to be maximised. This is usually done by dispersing the noble metals in the form
of nanoparticles. An important measure is the dispersion of the noble metal phase,
which is the ratio between the number of the surface atoms and the total number
of atoms of the noble metal. In many cases, the number of surface atoms corre-
lates with the number of active sites. Another useful measure is the noble metal
nanoparticle size, a high dispersion correlates with small metal particles.

The nanoparticles are commonly dispersed onto a support material with a high
surface area per volume. The most common support materials in automotive con-
verters include y-alumina (Al,Os3), silica (SiO,), zirconia (ZrOy) and ceria (CeOs).
The dispersion of the catalytic material onto the support structure is usually done
by wet impregnation: 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 material where they
adsorb or ion exchange, given that the precursor salt and pH condition were chosen
correctly for the respective support material. Afterwards, the catalyst powder is
dried and subsequently calcined at a temperature around 400-500 °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 metals or ceramic materials, most commonly cordierite. The
thickness of the washcoat layer is on the order of tens of micrometres. Figure 2.2
shows the structure of a catalytic converter at different length scales.

Although the TWC has had enormous success in improving the exhaust quality
of cars over decades, it has severe limitations. As today’s car manufacturers push
towards the most fuel efficient engines possible [20], lean-burn and especially diesel
engines become more and more popular [21,22]. The exhaust from these engines
contains a higher amount of oxygen compared to the stoichiometric air-to-fuel ratio
of 14.7:1, typically it lies around 20:1 [19]. As mentioned earlier, a higher oxygen
content in the exhaust leads to a decrease in NO, conversion, which means higher
NO, emission, when using a TWC. For this reason, the TWC cannot be applied for
NO, abatement in combinations with lean-burn and diesel engines.

Due to the strong negative effects of NO, in the atmosphere, including acid rain
and the risk of respiratory illnesses [2,3], in many countries laws are in place to
regulate the maximum amount of NO, emission permitted from vehicles. Figure
2.3 shows the development of the European regulations for the emissions of NO,
and particulate matter (PM) for diesel passenger between 1992 and 2014, similar
regulations are in place for different vehicle types and in different regions of the
world. As can be seen, from 1992 to 2014 the maximum amount of NO, emitted
from a diesel passenger car was reduced from 970 mg/km to 80 mg/km [4,23-25].

In order to fulfil these stringent regulations, alternative solutions need to be used
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metal

oxide support . particles

microscopic mesoscopic

Figure 2.2: 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 nanoparticles are dispersed.

for NO, abatement in combination with lean-burn and diesel engines. A possible
solution for passenger cars is the NO, storage and reduction (NSR) catalyst. The
basic idea behind the NSR catalyst is to store the NO, inside the catalytic converter
as long as the exhaust conditions don’t allow an efficient conversion. This is done by
addition of barium oxide (BaO) to the washcoat layer. Under oxidising conditions,
BaO effectively stores NOy by forming barium nitrate (Ba(NOs)y) on the surface.
For this step it is important that the NO has been oxidised to NO, before adsorbing
on the barium, which happens easily on the noble metal sites. A close proximity of
the noble metal sites and the BaO is advantageous for this process.

The NO, is stored while the engine is run under lean conditions for several min-
utes, until a short fuel rich pulse of a few seconds is initiated, under which the
exhaust has less oxygen. During this time, components like hydrocarbons, CO and
Hy are able to reduce the stored nitrate species to nitrogen. Again, a close prox-
imity of the stored nitrates to the noble metal sites is beneficial for the reduction
reactions. The engine is then switched back to lean mode and a new storage cycle
begins. Overall, the engine is still run in lean mode, although the short rich pulses
give a small fuel penalty.

An alternative solution that is mainly used for heavy-duty vehicles is selective
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European emission standards for diesel passenger cars
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Figure 2.3: European emission legislation for diesel passenger cars from 1992 to 2014.
Shown are the regulations for NO, and particulate matter (PM). Data from references
[4,23-25].

catalytic reduction (SCR), where a reducing agent is added to the exhaust gas in
order to selectively react with NO, over the catalyst [1].

2.3 Catalyst deactivation mechanisms

A catalyst might show very high activity when it is freshly produced, but over
time different deactivation mechanisms will deteriorate its performance, which is a
major problem. In the case of the European emission standard "Euro 6°, a passenger
car needs to fulfil the emission limits after 100 000 km or five years of use [4]. This
means that the fresh catalyst needs to be designed to a much higher activity at first,
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 due to high-temperature exposure or contact with chemical
species in the exhaust gas. The main deactivation mechanisms will be introduced
here.

Nanoparticle sintering

Figure 2.4a shows the typical structure of a fresh catalyst with small, well dis-
persed metal nanoparticles inside a porous support material. The main cause of
thermal deactivation is sintering of the metal nanoparticles. Under the influence
of heat, the size of the nanoparticles will increase, which decreases the surface-to-
volume ratio of the catalytic material.

As mentioned in Section 2.2, the chemical reactions occur only on the surface,
so particle sintering will usually decrease the catalytic activity. The driving force
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for this process is the reduction of surface energy and number of under-coordinated
atoms. The temperature at which particle sintering occurs and the degree of sinter-
ing vary depending on materials [26] and gas environments, water vapour is believed
to promote the sintering process [27-30]. The sintering onset temperature lies usu-
ally well within the temperature range the catalyst is exposed to during normal
usage.

Metal
a Oxide support panoparticles [y Nanoparticle sintering

RN

Washcoat sintering Poisoning

S

Masking / Fouling

Figure 2.4: Schematic view of different catalyst deactivation mechanisms. a) The cat-
alyst in the fresh state, with small dispersed metal nanoparticles on the porous oxide
support. b) Nanoparticle sintering leads to larger nanoparticles 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) Mask-
ing / Fouling: Contaminations (e.g. carbon) can non-selectively adsorb to the sample and
block access to the active sites.

Figure 2.4b shows the catalyst with enlarged, sintered nanoparticles. There are
two different mechanisms of particle sintering, namely particle migration and coales-
cence, where entire nanoparticles migrate over the support, and atomic migration,
where individual atoms migrate from smaller to larger nanoparticles via diffusion
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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 [31-33] and on more complex structures [32,34,35]. Although
conclusions about the sintering mechanism could be drawn in some cases, a general
prediction for the behaviour of other systems and conditions seems to be difficult.
It has been suggested that particle migration plays a role during the initial stages
of sintering, while atomic migration is dominant during later stages [36].

Nanoparticle sintering was also observed in other studies which included catalytic
activity measurements [29], sintering on different support materials [37] or chemical
effects [38]. Most studies suggest an onset for severe platinum nanoparticle sintering
on y-alumina in oxidising environments at about 550-600 °C [27,39].

Support sintering

Another possible thermal deactivation mechanism is sintering of the catalyst sup-
port structure. The pore structure of the support can change, resulting in total or
partial blockage of some pores, making active sites inside these pores unavailable or
increasing the pore diffusion resistance for the gas. Figure2.4c shows a schematic
image of a catalyst after pore (and nanoparticle) sintering. Sintering of the sup-
port material usually requires higher temperatures than nanoparticle sintering. A
second mechanism of support sintering involves a change in the crystal structure
of the support material, which normally induces a loss of total surface area and
encapsulation of active sites.

In case of the most common support material, y-alumina, the first phase transfor-
mation occurs around 800 °C to d-alumina, then at about 1000 °C to #-alumina and
finally at around 1100°C to a-alumina, the most stable phase with only about 2%
of the original surface area [1]. Heating to temperatures close to 1100 °C therefore
has to be avoided under all circumstances. For certain support materials, adding
stabilisers like LayO3 can help to reduce the rate of support sintering.

Poisoning

Poisoning is a chemical deactivation mechanism. It describes a process where a
chemical component in the gas phase interacts with the catalyst and decreases its
activity. Some poisons like lead can chemically react with the metallic nanoparticles,
forming an inactive alloy, while others like SO5 only chemisorb onto the nanopar-
ticles, blocking active sites on the surface and thereby decreasing the activity [1].
The latter process can be reversible in some cases. Desulfation of a catalyst is usu-
ally carried out at high temperatures, above 600 °C, under rich conditions, where
CO and Hj can reduce sulfate species formed under lean conditions [6]. Addition-
ally, the support material can be modified to improve SOq-poisoning resistance [40].
Figure 2.4d shows a situation where the catalytic nanoparticles are partly covered
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by an adsorbed poison. Another possible mechanism is the reaction of the support
material with a poison, which can result in partial pore blocking.

Masking/Fouling

Masking or fouling is a deactivation mechanism similar to poisoning, but does not
specifically affect certain components. Instead, contamination, often carbon, phys-
ically covers parts of the pore structure and the catalytic nanoparticles, thereby
hindering the exhaust gas to reach those active sites. Figure 2.4e shows an illustra-
tion of a masked catalyst.

Gas-solid and solid-state reactions

Apart from the reactions of gas phase components with the catalyst to form
inactive products as mentioned in the paragraph 'Poisoning’, gas phase species
can also react with catalytic components, form volatile compounds and leave the
catalyst, resulting in a loss of catalytic material [8]. Also solid-state reactions
between different components of the catalyst can deteriorate its performance, one
example being the formation of BaAl,O4 during vehicle ageing of a BaO/Al,O3
based NSR catalyst [41].

2.4 Bimetallic Pt-Pd catalysts

Usually, more than one catalytic component is used in automotive catalytic con-
verters. A popular choice is the addition of Pd to a Pt catalyst, often in small
amounts as an additive. Several reasons could motivate such a decision, either the
properties of the bimetallic catalyst could be better than both of the pure systems,
the price of the catalyst could be reduced by adding a cheaper component while
using less of the more expensive one, or both of these possibilities. Several studies
have addressed the properties of bimetallic Pt-Pd catalysts.

It was generally observed that Pt-Pd catalysts show a lower degree of nanoparticle
sintering compared to corresponding monometallic Pt or Pd catalysts, the addition
of Pd seems to have a stabilising effect on the nanoparticles [39,42-44]. Studies
of the catalytic activity for CO and hydrocarbon oxidation show a slightly better
performance of the Pt-Pd system [45] and less degradation of the activity after
ageing [42,46].

An interesting aspect of bimetallic catalysts is the degree of alloying between
the two components. The nanoparticles could be monometallic in themselves with
the two different particles (pure Pt and Pd) randomly distributed over the sup-
port, or the two metals could be alloyed to form Pt-Pd nanoparticles. In case of
alloyed nanoparticles, two of the possible structures are homogeneous alloys and
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core-shell structures. In a core-shell nanoparticle, usually the component with the
lower surface energy would form the shell of the nanoparticle.

Morlang et al. [42] studied the oxidation state of Pd and the degree of alloying of
a Pt-Pd catalyst after ageing under oxidising conditions. They found that the Pd
was partly in a metallic state even after the ageing, but that the PdO was present
in the form of separate nanocrystals instead of a PdO shell around the Pt particles.
Ezekoye et al. [43] also investigated alloying between Pt and Pd and found that
after ageing at high temperatures the degree of alloying between the two elements
was high, independent of the initial distribution.

Ward et al. [47] investigated a commercial Pt-Pd catalyst and found random al-
loying in the untreated samples, whereas vehicle-ageing induced surface segregation
of Pd only in a minority of the nanoparticles. Johns et al. [48] studied an aged
Pt-Pd catalyst and found and uneven distribution of Pt and Pd, where the larger
nanoparticles were rich in Pt, whereas the more dispersed phase was rich in Pd.
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In this chapter, the catalytic material and the experimental methods used for this
thesis will be described. The experimental methods include routinely used methods
like surface area measurement of the catalytic material by Ny physisorption, the
hydrothermal ageing procedure and the protocol for catalytic activity evaluation
by CO oxidation experiments. Additionally, 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 spectroscopy and the procedure of
obtaining particle size distributions from the microscopy images.

3.1 Catalyst sample

In this study, a commercially produced bimetallic Pt-Pd catalyst supported on ~-
alumina was investigated. The same Pt-Pd concentrations and preparation method
(based on wet impregnation) as for a commercial NSR catalyst were used, but the
NO, storage component was not added to this test sample in order to reduce the
complexity and enable systematic studies of the nanoparticle sintering behaviour.
The noble metal loadings for this catalyst are 0.17 wt.-% platinum and 0.03 wt.-%
palladium, 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 are built up by small primary y-alumina
particles. The density of the powder sample was measured to about 0.6 g/cm?.
The alumina agglomerates, in the following called 'alumina support particles’, are
typically in the size range of a few hundred nanometres to several micrometres.

3.2 Hydrothermal ageing

To simulate the conditions that the catalyst might be exposed to during its lifetime
in a catalytic converter of a vehicle, the sample was exposed to hydrothermal ageing
in a gas flow reactor at different temperatures. The gas flow reactor consists of a
quartz tube containing the sample, 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
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the sample to determine its temperature, the readout is used as feedback to the
heating power supply in order to maintain the desired temperature.

For the hydrothermal ageing, the catalyst powder was loaded into a modified ce-
ramic monolith (usually used for holding the washcoat layer as explained in Section
2.2) which was cut from one side to created an opening, while still allowing a rea-
sonable 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 [1] which can influence the ageing process. Also, the temperature profile
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 nanoparticle stability and
sintering are the main concern [49].

Ceramic Catalyst
a monolith powde

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.
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3.3 Surface area measurements (BET method)

The total surface area of the catalyst samples was determined by nitrogen physisorp-
tion at liquid nitrogen temperature followed by an evaluation after the Brunauer-
Emmett-Teller (BET) method. Nitrogen was adsorbed onto the sample while the
total adsorbed volumetric quantity of nitrogen v and the corresponding nitrogen
partial pressure p were measured. Assuming layer-wise adsorption and no interac-
tion between the layers, the BET equation is [1]:

pLeoi(n), o

v- (Po - P) VmC \ Do UmC

with

Hi—Hp

c=e BT (3.2)

where pq is the saturation pressure at the used temperature, c is the BET constant,
U is the volume adsorbed at monolayer coverage, H; is the heat of adsorption of the
first and H, of the following monolayers, R the gas constant and 7" the temperature.

If the left side of equation 3.1 is plotted against p/pg, a linear plot is obtained.
The assumption of such linear behaviour is usually valid in the range of 0.05 <
p/po < 0.3. The slope a and y-intersect b of the curve can be measured in that
range and the monolayer adsorbed gas quantity v, can be calculated:

1
Vm = a+b (33)

Now, the BET surface area can be calculated:

A
= 4
SBET 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
Tristar™ . Prior to the experiment, the specimens were degased in vacuum.

3.4 Catalytic activity evaluation: CO oxidation

The catalytic activity of the fresh and aged samples was determined by CO oxidation
experiments. The catalysts were coated onto ceramic monoliths by dip-coating
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using a washcoat slurry composition of 80 % water, 16 % catalyst powder and 4 %
bohmite. The monoliths were exposed to a heating gun for short times for drying
and transforming the bohmite to alumina. A total amount of 200 mg 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 Prisma™). 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 up in pure ar-
gon to 450°C using a heating rate of 5°C/min and a total gas flow of 500 ml/min.
4 vol.-% oxygen were added to the stream for 10 minutes to obtain a defined ini-
tial oxidation state for all samples. After that, 1000 ppm CO and 4 vol.-% oxygen
balanced with argon (total flow: 500 ml/min) were introduced into the reactor, and
the outlet CO and CO, concentrations were determined using the mass spectrome-
ter. The CO-to-CO4 conversion was calculated using the inlet CO and outlet COy
concentrations.

The temperature was then reduced to 50°C and again 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 be-
ginning of the heating and cooling ramps, the conversion curves are usually slightly
shifted with respect to each other (hysteresis-like behaviour).

3.5 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was used in this study to image the oxide sup-
port particles as well as large Pt-Pd nanoparticles (larger than 10 nm) and perform
chemical analysis by means of X-ray spectroscopy. The following short description
of the technique is based on a book by Goldstein et al. [50]. 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 0.1-30keV. The electrons enter a
system of two or more electromagnetic lenses which form an electron beam 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
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up to several micrometres, depending on the acceleration voltage. 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 then rastered across the specimen surface using scan
coils and 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 ionise atoms in the material. The SEs have low energies, typically below 10 eV.
With these low energies, the SEs are easily reabsorbed by the material, leading to
a very localised SE emission close to the incident electron beam (within a few
nanometres). 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 have
a larger mean free path up to 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 because the probability for elastic scattering increases
with the atomic number, Z, of the atoms in the material. Regions with heavier
atoms therefore create more BSEs, leading to a higher intensity in the final image
compared to a region with lighter atoms. BSEs can also created 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 of more inner electron shells. The energies of the X-rays can be
analysed and used to identify and quantify elements present in the specimen. The
process of acquiring and evaluating X-ray spectra will be described in more detail
in Section 3.8.

Figure 3.2 summarises the different signals and detectors most frequently used in
SEM. The SEM results presented in this thesis were obtained using a Zeiss Ultra-
55T™ SEM operated at an acceleration voltage of 10kV. A backscattered electron
detector was used to obtain a clear image contrast of the Pt-Pd nanoparticles within
the alumina support. The X-Ray spectra were acquired using a diode-type Si EDX
detector (see Section 3.8).
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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.

3.6 Scanning transmission electron microscopy
(STEM)

3.6.1 Imaging principle

For high-resolution imaging of the Pt-Pd nanoparticles and chemical analysis using
X-ray spectroscopy, scanning transmission electron microscopy (STEM) was used.
STEM is an imaging mode that can be performed in many commercial transmis-
sion electron microscopes (TEMs). A TEM uses an electron source and electron
optics in front of the specimen similar to those in an SEM, but the typical range
of acceleration voltages is 60-300kV. In contrast to the conventional TEM imaging
mode, in which the microscope works similarly to a conventional light microscope
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and electromagnetic lenses below the specimen are responsible to create an optical
electron image (see reference [51]), the electron beam is focused to create a small
cross-over in the plane of the specimen like in the SEM when operating in STEM
mode.

The electron beam then scans over the specimen, but instead of using the SEs or
BSEs 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 10nm to a few
hundred nanometres, depending on the material and desired resolution and contrast.
The incident electrons can either pass through the specimen without interaction or
they can scatter elastically or inelastically. Electrons which are not scattered or
scattered to small angles can be detected by a small 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 in conventional TEM
imaging [52]. If a concentric annular detector is used, which excludes those 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. When using such large scattering angles, most
of the scattering occurs very close to the nucleus 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 is similar
to unscreened Rutherford scattering, which has a Z2 dependence of the scattering
cross section. Due to screening by the electron cloud, the practical Z-dependence
varies between Z1¢ and Z!9 [53].

This means that an atom which has twice the atomic number of another atom
scatters (nearly) four times as many electrons to high angles. The image contrast
with respect to the chemical composition of the specimen is thus strongly enhanced
by this effect. 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 minimising the image contrast mechanisms arising from
Bragg scattering and interference [52]. This is especially useful when imaging small
high density nanoparticles supported on a low density but thicker material. In
conventional coherent imaging, interference effects from the support material would
obscure the signal from the nanoparticles. In the HAADF mode, the coherent phase
interference effects are suppressed and the nanoparticles generate a good signal due
to the strong Z-dependence of the scattering. As the name suggests, HAADF-STEM
is a dark field mode. Since electrons scattered to high angles are detected, an image
point 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 will be bright.
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Figure 3.3: Schematic drawing showing the convergent electron beam hitting the speci-
men and the different signals that can be used for STEM imaging. The beam convergence
angle is exaggerated here. BF: bright-field, HAADF: high-angle annular dark-field.

3.6.2 Resolution and aberrations

The spatial resolution in STEM imaging is mainly limited by the achievable di-
ameter of the focused electron beam on the specimen. The Rayleigh criterion [51]
can be used to approximate the beam diameter d, and hence the best achievable
resolution in STEM, assuming the beam diameter is only diffraction-limited:

A

dy =1.22
’ sin(«)

(3.5)

where A is the wavelength of the electrons and « 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 A can
be calculated using:

(3.6)
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where h is Plank’s constant, mg the electron rest mass, e the electron charge, V' the
acceleration voltage of the microscope and c the speed of light. For a 300 kV TEM,
the electron wavelength is around 2pm. Assuming a convergence semi-angle of
19 mrad (typically used in this work), the approximated theoretical beam diameter
and resolution limit is: d, ~ 0.13 nm.

This resolution, however, can often not be achieved in reality due to the imperfec-
tion of the magnetic lenses used in the TEM. Magnetic lenses have many different
aberrations, but the ones mainly limiting the resolution in modern (S)TEMs are
astigmatism, spherical aberration and chromatic aberration. Besides these, diffrac-
tion limits the resolution and was already taken into account when calculating the
beam diameter using the Rayleigh criterion above. Astigmatism results from non-
uniform (not perfectly cylindrical) magnetic fields in the lenses and leads to an
elongation of the focused spot in a certain direction. Stigmators, which are oc-
tupoles 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 bent stronger
towards the optical axis compared to electrons travelling closer 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 can be approximated by [51]:

dsph ~ CSO(3 (37)

where Cj is called the spherical aberration coefficient of the magnetic lens. Since
there is a very strong dependence on the semi-convergence angle of the electron
beam, spherical aberration becomes dominant if too large beam limiting apertures
are used. Since 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 when combining diffraction and
spherical aberration can be approximated as [51]:

dy ~ $ ( A )2 + (Cya3)? (3.8)

sin(a)

leading to an optimum semi-convergence angle of a,,; ~ 0.77 ot / C’si (from refer-
ence [51]).

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 Cy correctors [54].
A simpler approach to minimize the effect of spherical aberration is to use small
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apertures that exclude electrons travelling further away from the optical axis and
thereby decrease the beam convergence angle o. However, this approach also limits
the resolution due to diffraction at the aperture, a point object will be imaged as an
Airy disc. The use of a C 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 C,. 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¢V for a Schottky field emitter [51]. 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 the monochromator,
it is often not a good solution when using the imaging mode. A better solution
would be lens elements that correct for the effects of chromatic aberration. Those
are in development but not yet readily available.

3.6.3 Electron beam damage

Damage induced in the specimen by the electron beam can in some cases limit
the possibilities to investigate the intrinsic specimen properties more than, e.g.,
limited resolution due to lens aberrations. The beam damage is caused by inelastic
collisions of the electrons with atoms in the specimen. Beam damage can be divided
into three categories which will be introduced here, the influence of beam damage
to the different investigations presented later will be discussed in the respective
sections. More information about these beam damage mechanisms can be found in
reference [51].

Radiolysis

The beam 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 then can 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 to create point defects, but also in unordered structures. Atoms
can also be ejected from the specimen surface, this process is called sputtering.
Both of these processes occur if the kinetic energy that can be transferred from the
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electrons to the specimen is higher than the threshold energies for displacement and
sputtering, which are individual for each element. The maximum kinetic energy that
can be transferred depends on the electron energy and is higher for higher energies.
With a 300 keV beam, sputtering can be induced in many materials [51].

Specimen heating

The third beam damage mechanism is specimen heating. It is caused by exited
phonons that heat up the specimen, which in turn can change its structure. Heating
is only relevant for specimens with poor thermal conductivity, 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.

3.6.4 Instrumentation

The STEM measurements presented in this thesis were performed using an FEI
Titan 80-300™ (S)TEM equipped with a Schottky field-emission source operated
at an acceleration voltage of 300kV. The instrument is fitted with a probe aber-
ration corrector which allows focusing the electron probe to a spot smaller than
0.2nm in STEM mode. All measurements were performed in STEM mode using a
HAADF detector for Z-contrast imaging. Inner / outer collection angles between
50 / 250 mrad and 70 / 350 mrad were used. A diode-type Si EDX detector was
used to acquire X-ray spectra for chemical characterisation, for more details see Sec-
tion 3.8. 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 pro-
cedure illustrated in Figure 3.4: The raw image (as shown in Figure 3.4a) was
analysed and the Pt-Pd nanoparticles were manually identified. Using the software
ImageJ [55], the nanoparticles 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 area A, was measured. Assuming spherical shapes of
the nanoparticles, a projected area diameter was calculated using:

(3.9)
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The diameters were sorted into equally sized bins and plotted as particle size
distributions (PSDs) as shown in Figure 3.4c. Data from many similar images were
combined to obtain a statistically relevant amount of particles.

Pazr?icle diar:e()ter /nm %0
Figure 3.4: Process of creating PSDs from SEM and TEM images. Nanoparticles 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 Energy-dispersive X-ray (EDX) spectroscopy

The electron beam interaction with the specimen (in either SEM or TEM) creates
characteristic X-ray radiation. The incoming electrons ionize part of the atoms
in the specimen, electrons from higher electronic states are transferred to lower
energy states and the energy difference is emitted as X-ray quanta. Additionally,
a continuous background spectrum (Bremsstrahlung) is emitted 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’-
'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 140eV [51].

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

24



3.8 Energy-dispersive X-ray (EDX) spectroscopy

in the specimen and the integrated intensities /4 and Ip are measured, the Cliff-
Lorimer equation allows the calculation of the ratio of the weight percent of each
element, C4 and Cp [51]:

I

g;‘ = kwﬁ (3.10)
kap 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 in reality often very 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 often assume that the specimen is thin
enough to ignore absorption and fluorescence effects. This simple and automatic
approach is often sufficient to obtain useful information about the specimen, esti-
mate 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 [51].

Different modes can be used to acquire EDX data. The simplest way is to posi-
tion the electron beam on one spot of the specimen and acquire a spectrum (spot
analysis). 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 more resolved in-
formation 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.

Afterwards, the chemical composition can be evaluated at each position of the
respective pattern, resulting in a compositional profile or chemical map of the spec-
imen. 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 espe-
cially with EDX mapping is the acquisition time for the 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 induced by the electron beam is the largest problem and can often only be
reduced by using very efficient detection systems to allow shorter acquisition times.

25



3 Materials and methods

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

A focused ion beam / scanning electron microscope (FIB/SEM) is a combined in-
strument that contains an electron column with optics like an SEM and additionally
an ion column to form a focused ion (usually gallium) beam. The same imaging and
spectroscopy modes as described in Section 3.5 can be performed using the elec-
tron beam, while the ion beam can be used to image the specimen (by secondary
electrons which are created upon ion impact) and to sputter away material in a con-
trolled and localised way. The sputter rate of the ion beam can be controlled by the
ion energy and current. In most instrument, 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 tilt can be controlled.
The specimen is usually facing the ion beam during ion milling. The electron beam
can be used to image the progress of the milling from the side. Additionally, plat-
inum (mixed with carbon) can be locally grown on the specimen by introducing a
platinum containing gas into the chamber. The electron or ion beam interacts with
the gas resulting in the local deposition of a Pt containing pattern. This is routinely
used to weld a micromanipulator to the specimen or to attach slices extracted from
the sample to a TEM grid.

Electron source
(imaging)

Ga ion source
(milling)

SE /

detector

Specimen

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.
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3.9 Focused ion beam / scanning electron microscopy (FIB/SEM)

The FIB/SEM was used for two different purposes in this thesis which will be
explained in the following text.

3.9.1 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 until is had a suitable
thickness for TEM investigation using the ion beam. More information about the
general technique can be found in references [56,57], the procedures used for the
catalyst samples in this thesis will be explained in more detail in Chapter 4.

An FEI Versa 3D DualBeam™ FIB/SEM was used for the TEM specimen prepa-
ration. For imaging of the specimens, an electron beam acceleration voltage of 2kV
was used, while 30kV was used for the ions for milling. The ion currents ranged
from 4.5nA for milling of the initial trenches down to about 40 pA for the final
thinning of the lamellae.

3.9.2 FIB/SEM slice & view

The FIB/SEM was also used for three-dimensional imaging of catalyst specimens
by applying the so-called slice & view technique. The surface of the specimen was
imaged using the electron beam and, in this case, a BE detector. Subsequently, a
thin layer of the surface was removed by ion beam sputtering and the same area was
imaged again. 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, a three-dimensional model of that volume was created from
the images. For the slice & view experiments, an FEI Helios NanoLab™ FIB/SEM
was used.
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4 TEM specimen preparation

The method by which the supported nanoparticle catalyst samples were prepared
for TEM proved to be crucial for how much information could be extracted from
the TEM studies of the catalysts. As explained in Section 2.2, the investigated
catalysts contain small Pt-Pd nanoparticles which are supported on and within
porous alumina support particles. These support particles often have approximately
spherical shapes and diameters ranging from several hundred nanometres to several
micrometres. TEM specimen preparation is necessary since TEM analysis requires
specimens as thin as possible and not exceeding a few hundred nanometres.

Different specimen preparation methods were successfully applied and will be pre-
sented in this chapter together with a few less successful attempts. The approaches
have different advantages and disadvantages which will be highlighted by experi-
mental data acquired during STEM experiments. Depending on which information
is desired from an experiment (nanoparticle size distributions, high-resolution imag-
ing of individual nanoparticles, spatial distribution of nanoparticles within the oxide
support particles, ...), an appropriate preparation method needs to be chosen. The
content of this chapter is largely related to Paper 1.

4.1 Traditional crushing method

A common specimen preparation for supported nanoparticle catalysts is to simply
crush the catalyst powder in a mortar, dissolve it in alcohol and deposit some drops
of the solution onto a support grid, e.g. a carbon film on a copper grid [58-61]. After
drying, many small fragments of the oxide support particles will stick to the carbon
film by van der Waals forces and electrostatic interactions and the grid can directly
be inserted into a TEM specimen holder. Figure 4.1 shows a STEM image of a
typical alumina support fragment (bright feature) from the Pt-Pd/Al,O3 catalyst
supported on a holey carbon film. On two sides the fragment is hanging over holes
in the carbon film, these regions are the most suitable parts for high-resolution
imaging since the electron beam does not have to pass through the carbon film,
which also scatters the electrons.

The size of this fragment is still relatively large so that only small regions around
the outer edge are thin enough for high-quality STEM imaging at high magnifica-
tions. In the upper left corner, two additional very small alumina fragments can be
seen.
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4 TEM specimen preparation

Figure 4.1: STEM image of an alumina support fragment produced by the traditional
crushing method for TEM specimen preparation. The alumina is the brightest feature,
the supporting carbon film can be seen as darker areas and the darkest regions are holes
in the carbon film.

STEM images obtained at higher magnification are shown in Figure 4.2. Pt-Pd
nanoparticles can be seen in these images as bright and sharp features, whereas
the alumina in the background appears more fuzzy. Figures 4.2a-¢ show STEM
images obtained from different regions. It can be seen that these three regions have
different characteristics with respect to the type of Pt-Pd nanoparticles they contain:
Region ’a’ contains no or only very small nanoparticles, region 'b’ contains small and
medium sized nanoparticles below 5nm in diameter and region ’c¢’ contains large
nanoparticles with up to 40 nm in diameter in addition. Figures 4.2d-f show different
regions at different magnifications, demonstrating that Pt-Pd structures ranging
from single atoms and small clusters to the large nanoparticles are represented in
the specimen.

Based on these STEM results it seems difficult to define representative regions
for, e.g., a nanoparticle size analysis. The spatial distribution of the nanoparticles
seems random and the choice of region might strongly influence the results obtained
from the TEM analysis. As we will see later, the reason for this seemingly random
distribution lies in an inhomogeneous distribution of nanoparticles of different sizes
across the alumina support particles. When the alumina particles are crushed and
dispersed on the carbon grid, alumina fragments from different areas of the original
alumina particles will be observed and it is not possible to discern the origin of the
fragments. Also, as mentioned above, usually only the outer edges of the alumina
fragments are thin enough for high-quality imaging, increasing the time needed to
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4.2 Dimple grinding and argon ion milling

find suitable regions.

This method has advantages, though, one of them being its simplicity. It can be
performed very quickly without the need of advanced equipment. Also, the outer
edges of the fragmented pieces can be very thin, usually thinner than specimens
prepared by the methods described below. This preparation method may be suitable
for high-resolution imaging of individual nanoparticles if statistics of larger numbers
are not required.

Figure 4.2: HAADF STEM images of a Pt-Pd/Aly O3 catalyst prepared by the traditional
crushing method. a) to ¢) show different regions at a constant magnification, d) to f) show
different regions at different magnifications.

4.2 Dimple grinding and argon ion milling

In order to obtain specimens with larger thin areas, which would enable imaging
of a large number of randomly chosen Pt-Pd nanoparticles, an approach combining
mechanical dimple grinding and argon ion milling was tested. The catalyst powder
was embedded in LR White™ acrylic resin (hard grade). A small amount of powder
was put in a gelatine capsule which was then filled with the liquid resin and sealed
by a gelatine cap. The resin was allowed to infiltrate the powder during 12 hours,
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4 TEM specimen preparation

after which it was hardened in an oven at 60°C for 24 hours. Afterwards, the
gelatine was dissolved in water. Figure 4.3a shows a photograph of the cured block
where the dark part contains the catalyst powder.

Slices of the block were cut using a low-speed saw (Figure 4.3b) and thinned down
to about 0.2mm using grinding paper. A mechanical dimple grinder was used to
thin down the slice to about 20 um in the center. Afterwards, it was inserted into a
Fishione 1010 IonMill™ system, which sputters away material with a broad argon
ion beam at a low incident angle. As soon as a hole in the center of the specimen is
detected, the milling is stopped. The surrounding areas should be thin enough for
TEM imaging. Acceleration voltages between 1 and 4kV were used for the argon
ions. lon currents between 2 and 6 mA and incident angles from 8° to 12° were
tested.

Regardless of the parameters, the specimens always turned out to be non-ideal for
TEM investigations. Even regions very close to the hole in the specimen were too
thick for high quality imaging. This was probably caused by differential milling,
since the resin between the alumina support particles was removed much easier
by the ion beam than the alumina itself. It led to a situation where the resin
surrounding the alumina particles was completely sputtered away before the alumina
was reasonably thin, at which point the particles fell off. Figure 4.3c shows a TEM
image of the central hole and an adjacent area with thick alumina particles held
together by resin. Some regions at the edge of the alumina particles were thin
enough for TEM imaging, but that was no improvement compared to the crushing
method or depositing the whole alumina particles onto a carbon film.

5 mm ~ 3mm

Figure 4.3: Specimen preparation by dimple grinding and argon ion milling. a) Catalyst
powder (dark region) embedded in acrylic resin. b) Slice of resin before further thinning
and dimple grinding. ¢) TEM image of the specimen after argon ion milling. Alumina
particles (marked by arrows) near the hole are too thick for high-quality TEM imaging.
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4.3 FIB/SEM lift-out method

4.3 FIB/SEM lift-out method

To reduce the problems of differential ion milling and gain more control over the
specimen geometry, specimen preparation with focused ion beam / scanning electron
microscopy (FIB/SEM, introduced in Section 3.9) was performed. The preparation
steps will be explained with the help of Figure 4.4. As mentioned earlier, most
of the alumina particles can be described as nearly spherical. An SEM image of
such an alumina support particle is shown in Figure 4.4a. The catalyst powder was
embedded in acrylic resin identically to the procedure explained at the beginning
of Section 4.2. The slice was then glued onto an SEM sample holder with conduc-
tive silver paint and polished using fine grinding paper. To increase the electrical
conductivity for SEM imaging and FIB milling, a thin layer of carbon was coated
onto the specimen surface.

Figure 4.4b shows a top-view SEM image of the embedded and polished specimen.
Alumina particles can be seen as brighter features in the image. In the center there
is a nearly spherical particle, the white box marks the region that is chosen to
be extracted from the center of that particle. The procedure to extract a TEM
specimen is as follows. Gallium ion milling is performed in the regions marked by
the dotted red lines to cut trenches on either side of the region of interest. These
trenches are usually several micrometres deep. Figure 4.4c shows a lamella after
milling, containing the desired region. A micromanipulator (upper right corner of
Figure 4.4d) is brought in contact with the lamella. Local platinum deposition
is used to weld the manipulator to the lamella. Subsequently, the lamella is cut
free from the bulk specimen using the ion beam. The stage is lowered and the
lamella is lifted out of the surface. Figure 4.4e shows the lamella after extraction.
Alumina particles are brighter compared to the resin. The upper particle (or portion
of a particle) corresponds to the one observed in the top view SEM image before
extraction.

It should be noted that the slice shows the particle in a cross-section view, which
is one of the main advantages of this preparation method. The lower edge of the
particle that can be seen in Figure 4.4e corresponds to the outer edge of the original
alumina particle, whereas the regions further up originate from the interior of the
particle.

The specimen is then mounted onto a copper grid compatible with the TEM
specimen holders. A V-shaped post of the TEM grid is used, as seen in Figure 4.4f.
This allows fixing the specimen at both ends to the copper grid to mechanically
stabilise the specimen as it is further thinned down. Initial tries were performed
with the specimen attached at just one side to a copper post. As the thickness
was reduced by ion milling, it started to bend quickly which prevented any further
thinning and rendered a useless specimen. A deep trench is milled into the V-shaped
copper post before the specimen is attached, as can be seen in Figure 4.4f. This
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Alumina Specimen

Thinned part

n

Figure 4.4: Specimen preparation by FIB/SEM lift-out. a) to g) show step-by-step SEM
images of the lift-out procedure, whereas h) and i) show schematic illustrations explaining
the specimen geometry. Point A lies on the outer edge of the support particle, whereas
point B lies in the interior region.

minimises the amount of copper that is sputtered away and which would partly
redeposit onto the specimen.

The specimen is then further thinned using the ion beam facing the edge of the
slice. Figure 4.4g shows an SEM image of the specimen after final thinning. On the
right side a remaining thick part can be seen, whereas the lamella on the left side
is electron transparent and sufficiently thin for high-resolution TEM investigation.
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4.3 FIB/SEM lift-out method

Figure 4.4h shows a schematic illustration of a spherical alumina particle embedded
in resin and polished before lift-out, while Figure 4.4i shows the specimen geometry
after the lift-out procedure (corresponding to Figure 4.4e). Two points are marked
in the schematic: Point A lies near the outer edge of the original alumina particle,
point B lies in the interior. Due to this specimen geometry, the properties of these
regions can now be investigated and compared, in contrast to specimens from the
traditional crushing method, where the origins of the fragmented alumina pieces
are unknown.

Figure 4.5a shows a STEM image of the fresh Pt-Pd/Al,O3 specimen prepared
by the lift-out method. The cross-section of an individual alumina support particle
can be seen, including the outer edge of that particle in the lower part of the image.
A region situated at the outer edge is marked by a white square and shown at
higher magnification in Figure 4.5b. Pt-Pd nanoparticles can be seen in this STEM
image as sharp bright spots. The porous and corrugated alumina support in the
background also causes strong intensity variations in the image but still the Pt-Pd
particles are visible. Additionally, two large nanoparticles can be seen very close to
the outer edge.

To simplify the discussion, the Pt-Pd nanoparticles will be divided into three
categories:

e Small nanoparticles: diameters of 1.5nm or below.
e Medium-sized nanoparticles: diameters from 1.5nm to 10 nm.

e Large nanoparticles: more than 10 nm in diameter.

Two interesting observations were made due to the unique specimen geometry
of the lift-out specimens. Firstly, the large nanoparticles were only found very
close to the outer edge of the alumina support particles. In the interior regions
of the alumina, no large nanoparticles were observed. Secondly, the medium-sized
nanoparticles (that can be seen in Figure 4.5b as sharp bright spots) were concen-
trated in a layer with a thickness of around 100nm from the outer edge. In the
region shown in the upper part of Figure 4.5b, there are only small nanoparticles
which can hardly be seen at this magnification. Figure 4.5¢ shows a STEM image
of an interior region at higher magnification with a large number of small nanopar-
ticles dispersed on the alumina. Figure 4.5d shows a similar high-magnification
STEM image of the region close to the outer edge, where small and medium-sized
nanoparticles were found.

Quantitative analysis could be performed much easier than for specimens from
the crushing preparation because the two regions (interior and outer layer) in it-
self were much more homogeneous than the fragmented pieces from the crushing
method. This is valid for both the nanoparticle distribution but also for the spec-
imen thickness which shows less variations. A large number of images like in Fig-
ure 4.5¢ and d could be acquired and particle size distributions (as described in
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Figure 4.5: Results obtained from a Pt-Pd/AlyO3 catalyst prepared for TEM by the
FIB/SEM lift-out method. a) Overview HAADF-STEM image of the slice of an individual
alumina support particle. b) Image of the marked region near the outer edge at higher
magnification. A layer with a high density of medium-sized nanoparticles as well as large
nanoparticles close to the outer edge can be seen. Some nanoparticles are marked by
circles. c¢) High-resolution image of a region inside of the alumina particle. d) High-
resolution image of a region close to the outer edge of the alumina particle. e) PSDs for
both regions obtained by evaluation of STEM images.

Section 3.7) could be obtained separately for the two regions. These are shown in
Figure 4.5e. The large nanoparticles are not included here due to their very low
number, as well as nanoparticles below 0.6 nm since they could not always be re-
liably observed. As could already be seen from the STEM images, in the interior
there are almost exclusively small nanoparticles below about 1.5nm, whereas the
outer layer contains small as well as medium-sized nanoparticles up to about 4 nm.

These experiments demonstrate clearly the advantages of the FIB/SEM lift-out
specimen preparation method: Large homogeneously thin specimen regions and
preservation of the structure of the alumina support particles which enables the
observation of variations in nanoparticle distribution along the radial direction, as
shown in this case. There is still some room for improvement, though. As can be
seen in Figure 4.5a, the thickness of the specimen varies in a more or less periodic
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4.3 FIB/SEM lift-out method

fashion from left to right, this is a so-called curtaining effect. It arises due to
inhomogeneities (like the porous structure of the alumina) in the specimen that
lead to different milling rates along different regions. So far, this effect could not
be avoided, although a combination of very low ion currents and low ion energies
(5keV and 2keV) during final thinning were tested.

An approach of final thinning in an argon ion mill (see Section 4.2) after the
FIB/SEM preparation was investigated as well. However, due to the use of the
V-shaped copper posts as explained earlier, large amounts of copper were sputtered
away behind the specimen and redeposited onto the specimen which thereafter was
covered by a layer of copper. A simple post with the specimen mounted on only
one side would need to be used, but then the mechanical specimen stability showed
to be insufficient. It should also be noted that previous experience of preferential
milling effects is that once established, it can not be removed by subsequent gentle
Ar ion milling.

Another downside for high-resolution investigations compared to the crushing
method can be the specimen thickness. Although it is much more homogeneous and
suited for quantitative analysis for the of lift-out specimens, the thinnest parts of the
fragmented pieces from the crushing methods can be considerably thinner compared
to the lift-out lamellas. So if high-resolution imaging of individual nanoparticles is
of primary concern, the crushing method could be favourable in some cases. Again,
there probably still is room for improvement of the technique in this respect.
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5 Ageing studies

In this chapter, ageing studies of the Pt-Pd/Al,O3 catalyst will be summarised,
focusing on the effect of nanoparticle sintering induced by the ageing procedure.
The samples were aged in a gas flow reactor and characterised using SEM, STEM
and FIB/SEM, including X-ray spectroscopy, as well as Ny physisorption and CO
oxidation experiments. The content of this chapter is based on work performed for
Paper II.

5.1 High-resolution STEM imaging of crushed
specimens

Although the main part of the STEM analysis in this chapter will be based on
specimens prepared by the FIB/SEM lift-out method, images obtained with the
traditional crushing method (see Chapter 4) can give a first impression of the spec-
imens. Also, as mentioned earlier, high-resolution imaging is often performed more
easily with these specimens. For this reason, this section focuses on presenting
high-resolution images of the fresh specimen as well as specimens aged at 700°C
and 800 °C, while the following sections will focus on quantitative characterisation
using FIB/SEM lift-out specimens. The details of the ageing protocol can be found
in Section 3.2.

Figure 5.1 shows HAADF-STEM images acquired at high magnification, the
brightest structures represent the Pt-Pd nanoparticles (or clusters and single atoms).
It can be seen that the fresh specimen contains a high density of very small Pd-
Pd structures (but also large nanoparticles as was shown in Figure 4.2¢ and f).
Figure 5.1b shows small clusters, single atoms and particle-like structures which
appear unordered and non-crystalline. This observation appeared to be consistent
over different areas of the specimen.

The high contrast that can be seen in the clusters despite their non-crystallinity
suggests that these are flat, raft-like clusters. This is also in accordance with work
by Boyes et al. [62,63] who imaged platinum particles on a carbon film and obtained
a very similar appearance of the particles. They performed an atomic column height
analysis and concluded that the clusters had a thickness’ of four atoms or less. This
is probably similar in case of the structures seen in Figure 5.1b.

Figure 5.1c and d show the specimen aged at 700 °C. In most regions, the number
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Figure 5.1: HAADF-STEM images of the fresh and aged specimens (700 °C and 800 °C)
prepared by the traditional crushing method.

of small nanoparticles is strongly reduced, Figure 5.1d demonstrates, though, that
small clusters and single Pt or Pd atoms are still present in the specimen (the
atomically resolved lattice in the background is the supporting alumina).

Figure 5.1e shows that the density of small nanoparticles after ageing at 800°C
appears similarly low as after ageing at 700 °C. A small nanoparticle can be seen in
Figure 5.1f. This particle appears to be crystalline and faceted, in contrast to the
ones seen in Figure 5.1b. It appears that the few remaining small nanoparticles in
the specimen aged at 800 °C obtained low-energy equilibrium structures during the
ageing procedure, in contrast to the energetically unfavourable high disorder of the
particles in the fresh sample.

When acquiring images at a magnification as high as in Figure 5.1b, d and f, clear
effects of beam damage were noticeable. This is due to the focused electron beam
being scanned over a very small area of about 80 nm?, exposing the specimen area to
large electron dose rates. Two effects were observed: Firstly, the Pt and Pd atoms
could become mobile under the electron beam (migration of atoms, rearrangement
of clusters) and crystalline nanoparticles could undergo partial amorphisation. Sec-
ondly, the alumina support could be damaged by the electron beam, holes could be
created in the specimen.
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5.1 High-resolution STEM imaging of crushed specimens

In both cases, the beam effects could be due to knock-on damage, heating by the
electron beam or a combination of both (see Section 3.6.3). Figure 5.2 shows as an
example a STEM image series of a region with a few small nanoparticles/clusters
that are undergoing changes due to several consecutive electron beam scans. At
an acceleration voltage of 300kV, knock-on damage is certainly occurring. In case
of the alumina support, this probably leads to sputtering of the material, since
the sputtering threshold energy of aluminium is around 4-8 eV, while the maximum
transferable kinetic energy of a 300 keV electron is approximately 30eV [51].

Figure 5.2: HAADF-STEM image series (same area) demonstrating electron beam dam-
age to small nanoparticles. The nanoparticles are changing their shapes and partly coa-
lescing while the electron beam is scanned over them several times.

Sputtering of the alumina support would in most cases also influence the structure
of small clusters or nanoparticles supported by it. STEM imaging at 80kV accel-
eration voltage was tested in an attempt to reduce the beam effects, but the small
clusters were still affected by the electron beam, even though the effect was reduced.
While the knock-on damage and sputtering should be reduced at 80kV, the heat-
ing effect is probably larger due to the larger cross section for inelastic scattering
at lower energies. Considering the relatively small improvements in nanoparticle
stability combined with the decreased image quality at 80kV, all further STEM
imaging was performed at 300kV.

It should be noted that, as explained in Section 4.1, the specimens prepared for
TEM by the crushing method appear very inhomogeneous and the definition of a
‘representative region’ is difficult.
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5.2 Nanoparticle sizes and distribution - STEM
investigation

An analysis of the spatial distribution and PSD of the Pt-Pd nanoparticles was per-
formed for fresh samples and for samples aged at 500 °C, 600 °C, 700 °C and 800 °C.
The TEM specimens for these analyses were all prepared by the FIB/SEM lift-out
method. Figure 5.3 shows STEM images of all specimens. The magnifications were
lower and the specimens slightly thicker compared to the previous section, thus
avoiding the effects of beam damage. Figure 5.3a and b show an overview image
of the fresh specimen and a higher magnification image of a region close to the
outer edge and one in the interior of the alumina support particle. The Pt-Pd
nanoparticles (seen in the images as sharp, bright features) are divided into three
groups:

e Small nanoparticles: diameters of 1.5nm or below.

e Medium-sized nanoparticles: diameters from 1.5nm to 10 nm.

e Large nanoparticles: above 10 nm in diameter.

As shown earlier, the fresh sample contains almost exclusively small nanoparti-
cles in the interior of the alumina support, whereas small, medium-sized and large
nanoparticles are found in an outer layer of about 100 nm thickness close to the
outer edge. The small nanoparticles cannot be seen at the magnification used here,
but they were shown earlier in Figure 4.5c.

Figure 5.3c and d show the catalyst after ageing at 500 °C. There are no obvious
changes in the structure. The outer layer with the medium-sized and large nanopar-
ticles can still be observed and the interior contains only small nanoparticles. This
proposes that, if any, only very slight sintering effects have occurred.

Ageing at 600 °C resulted in a significant change in the structure, as can be seen in
Figure 5.3e and f. The large nanoparticles are still limited to the outer layer, but the
medium-sized nanoparticles can not be observed at the outer edge any more. The
most plausible explanation is sintering of these nanoparticles to form additional
large nanoparticles or enlarge the ones already present. Since the nanoparticles
in the interior are still very small, the overall distribution of the nanoparticles
is strongly bimodal, almost all particles are either below 1.5nm or above 10nm.
This suggests that the small nanoparticles have a higher stability against sintering
compared to the medium-sized ones. The sintering could be promoted by the high
density of particles in the outer layer that makes coalescence of nanoparticles more
likely. Also, the porous structure of the alumina might be more open near the outer
edge and not as effective in separating the nanoparticles. On the other hand, small
nanoparticles are still visible in the outer layer.
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Figure 5.3: HAADF-STEM
images of the fresh and
aged  specimen  prepared
by the FIB/SEM lift-out
method. In the left row,
low-magnification  overview
images are shown, the right
row shows images of the
outer layer and interior region
of each specimen at higher
magnification.
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In Figure 5.3g and h the sample can be seen after ageing at 700°C. Ageing at
this temperature induces sintering of the small nanoparticles as can be seen from
the large nanoparticles that can now also be found in the interior region of the alu-
mina particles. Since these regions earlier only contained small nanoparticles, the
now observed large nanoparticles must result from sintering. The density of large
nanoparticles at the outer edge seems also higher than before. Small nanoparticles
can still be found in the specimen, but their number density is strongly reduced.
Ageing at 800 °C (Figure 5.3i and j) promotes further sintering of the small nanopar-
ticles, almost none can be found in the specimen. The density of large nanoparticles
in the specimen increases at the same time.

The sizes of the nanoparticles were analysed using the procedure explained in
Section 3.7 for the fresh samples as well as the ones aged at 500°C and 600 °C, re-
sulting in the PSDs shown in Figure 5.4. The small and medium-sized nanoparticles
were included in this analysis, the large ones were to sparse for a statistical analysis
in the TEM specimens. They were instead analysed in an SEM study that will be
presented in Section 5.3. The samples aged at 700 °C and 800 °C were not included
in this part for the same reason: Since the small an medium-sized nanoparticles
sintered, the overall number of particles was very low in the TEM specimens.
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Figure 5.4: PSDs obtained from STEM images of the fresh as well as 500 °C and 600 °C
aged specimen.
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As can be seen in Figure 5.4, the difference between the fresh and the 500 °C aged
specimen is very small. Both contain only small nanoparticles in the interior and
small as well as medium-sized nanoparticles in the outer layer near the edge. There
might be a slight reduction of medium-sized nanoparticles in the outer layer after
ageing. The PSDs of the 600°C aged specimen show clearly the disappearance of
the medium-sized nanoparticles, as could be seen also in Figure 5.3f. Figure 5.4f
might be misunderstood as a shrinkage of the nanoparticles, though that is not
what happened. The medium-sized nanoparticles sintered to form large particles
(that are not shown here), while the small nanoparticles remained.

5.3 Nanoparticle sizes and distribution - SEM
investigation

A complimentary particle size analysis was performed using SEM. The large nanopar-
ticles, which due to their low number could not be included in the TEM analysis,
will be considered in this section. Particles down to about 10nm could be reliably
detected using SEM. The investigated specimens were embedded in acrylic resin,
polished at the top surface and coated with a thin carbon film for better electrical
conductivity. When the specimen is being polished, the interior of many alumina
particles is exposed which enables a similar cross-section view as for the lift-out
TEM specimens. SEM images together with corresponding PSDs are shown in Fig-
ure 5.5. The darkest regions represent the resin, the brighter regions the alumina
and the sharp bright spots are the Pt-Pd nanoparticles. The fresh, 500 °C aged and
600°C aged specimens contain the large nanoparticles mainly at the outer edge,
as observed by STEM analysis, while specimens aged at 700 °C and 800 °C contain
large nanoparticles in all regions.

The right column in Figure 5.5 shows the PSDs obtained from the SEM images.
There is a slight but steady increase in average nanoparticle size with increasing
ageing temperature up to 600°C. At 700°C the average size is similar to 600°C
(but the spatial distribution is strongly changed). The most drastic change can
be seen between 700 °C and 800 °C, where the average nanoparticle diameter (only
considering the large nanoparticles) increases from 26.7 nm to 35.8 nm. It should be
noted that the maximum of the PSD after ageing at 800°C still is around 28 nm,
the strong increase in average size results from an increase of particles in the tail of
the distribution above 35nm.
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Figure 5.5: SEM images and
corresponding PSDs of the fresh
and aged specimens embedded in
resin.
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5.4 Three-dimensional nanoparticle distribution -
FIB/SEM slice & view

Three-dimensional FIB/SEM slice & view experiments (see Section 3.9.2) were per-
formed to confirm the spatial distribution of nanoparticles as seen by the cross-
sectional SEM and TEM measurements, as well as to obtain quantitative data of
inter-particle distances and the distances from the nanoparticles to the outer edge
of the alumina support. Like in the SEM analysis, only nanoparticles larger than
10nm could be observed using this technique.

Figure 5.6a shows one image selected from a stack of images that were acquired
while cutting through an alumina particle. The Pt-Pd nanoparticles can be seen as
bright features. Already from the image, the presence of the large nanoparticles only
at the outer edge of the alumina particle is obvious. A 3D image of the specimen
can be reconstructed from all the acquired images. One reconstruction is shown
in Figure 5.6b. The light blue structure represents the alumina particle, while the
Pt-Pd nanoparticles can mainly be seen close to the outer edge.

The distances of the nanoparticles to the edge of the alumina particle were deter-
mined by first thresh-holding the alumina particle and the nanoparticles separately
to obtain their three-dimensional coordinates and dimensions, followed by calculat-
ing the distance from the center of gravity of each nanoparticle to the outer edge of
the alumina structure. The distribution of the nanoparticle-edge distances is shown
in Figure 5.6c. Most particles are within 100 nm to the outer edge as was estimated
from the STEM images. An alternative quantification is the distance from each
particle to its nearest neighbour, which can easily be calculated given the particle
coordinates.

A distribution of the nearest-neighbour distances is shown in Figure 5.6d. For
the fresh specimen, most distances are below 150 nm and of the same order of mag-
nitude as the particle-edge distances. To compare spatial distributions for different
specimens quantitatively, the nearest-neighbour distance might be a better mea-
sure since it should not strongly depend on the size of the alumina particle. The
particle-edge distances, on the other hand, will strongly scale with the alumina par-
ticle size if the nanoparticles are not confined to a thin outer layer but distributed
over the whole support, as is the case for the specimen aged at 800 °C. Slice & view
measurements of aged specimens are being performed and will provide interesting
information and illustration of the three-dimensional nanoparticle distribution after
ageing.

Potentially, nanoparticle size distributions could be obtained easily from the slice
& view measurements, since the volume of each particle can be extracted from the
dataset. An advantage compared to the SEM measurements performed in Section
5.3 would the large number of nanoparticles in each dataset and resulting good
statistics, which is very time consuming to obtain when performed manually by
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Figure 5.6: Results from a FIB/SEM slice & view measurement of the fresh specimen.
a) Single SEM image from the acquired image stack. b) Three-dimensional reconstruction
showing the vast majority of nanoparticles close to the outer edge of the alumina support
particle. ¢) Distribution of particle-edge distances. d) Distribution of nearest-neighbour

distances between the nanoparticles.
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analysing individual images. Additionally, the real three-dimensional shape could
potentially be extracted instead of the two-dimensional projection, although the
accuracy for small nanoparticles might not be very good. In the measurement shown
here though, most of the nanoparticles appeared to be elongated in the direction
of the milling, probably due to differential milling of the alumina compared to the
nanoparticles. For this reason it was not possible to obtain any accurate measure
of particle sizes.

5.5 Chemical characterisation by EDX

EDX measurements were performed to investigate the chemical composition of the
Pt-Pd nanoparticles in different specimens (fresh and aged at 600°C, 700°C and
800°C). STEM as well as SEM were used and showed consistent results. Only large
nanoparticles could be considered in this study due to beam damage and low signal
from small nanoparticles. In the TEM, nanoparticles down to sizes of about 10 nm
could be analysed, while the smallest size in the SEM was 20 nm.

In the TEM experiments, mostly specimens prepared by the FIB/SEM lift-out
method were used, except for the fresh sample were the specimens were prepared by
the crushing method. The SEM experiments were performed using thin TEM speci-
mens prepared by the crushing method. In both instruments EDX point analysis of
individual nanoparticles was performed, while in the TEM additionally EDX maps
of a few nanoparticles were acquired to investigate if core-shell structures could be
observed.

The results obtained from the fresh sample consistently showed an enrichment
of Pt in the large nanoparticles compared to the nominal values of 85wt.-% Pt
and 15wt.-% Pd, as well as a size dependence of the composition. Nanoparticles
over 30nm in diameter had Pd concentrations of 5wt.-% or less, particles larger
than 20nm had 10wt.-% Pd or less, while few particles around 10nm had Pd
concentrations up to 30 wt.-%. This shows that the largest particles are rich in Pt
and the Pt concentration correlates to their size. It also implies that the small and
medium-sized nanoparticles, which could not be analysed here directly, have to be
enriched in Pd compared to the nominal value. Other studies of similar bimetallic
Pt-Pd catalyst have shown similar observations [43, 48].

In Figure 5.7 an HAADF-STEM image as well as concentration maps of Pt and
Pd from a region containing several large nanoparticles are shown. No core-shell
structure is visible, but the smaller particle in the upper region clearly seems to be
enriched in Pd compared to the other particles. Due to the low overall Pd content,
the Pd map is relatively noisy.

Ageing at 600°C did not seem to change the chemical composition of the large
nanoparticles noticeable, the Pd concentration of most particles was still around
5wt.-%.
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Figure 5.7: HAADF-STEM image and EDX concentration maps of a region of the
fresh sample containing several large Pt-Pd nanoparticles. The Pt concentration appears
homogeneous over the particles, no obvious core-shell structure is observed. The Pd map
is noisy due to the overall low Pd concentration. A smaller particle in the upper region
appears to have a relatively higher Pd concentration.

Ageing at 700°C induced considerable changes in the composition of the large
nanoparticles. The Pd concentration was found to be between 18 and 30 wt.-%
for all analysed nanoparticles in the size range from 10 to 50 nm. This suggests an
increased degree of alloying after ageing, even though the Pd concentrations seemed
to be even a bit higher than the nominal value. Since it was observed earlier that
at 700 °C a large portion of the small nanoparticle undergoes sintering while at the
same time the Pd concentration in the large nanoparticles increases, this observation
is consistent with a Pd enrichment in the original smaller particles.

The sample aged at 800°C showed typical Pd concentrations of 15 to 20 wt.-%
in the observed nanoparticles between 10 and 70 nm, which is closer to the nominal
value of 15wt.-%. Comparing with the fresh sample, the degree of alloying was
strongly increased by the ageing procedure, which is in accordance with a study by
Ezekoye et al. [43]. Some anomalously large particles with diameters above 100 nm
were analysed and showed a lower Pd concentration of around 10 wt.-%, slightly
enriched in Pt. This agrees with the observation that the larger nanoparticles
appear to be richer in Pt, and also with studies that showed that Pt tends to form
anomalously large nanoparticles during high-temperature ageing [43,44].

Figure 5.8 shows two HAADF-STEM images and corresponding EDX maps of
large nanoparticles in the sample aged at 800°C. Again, the concentrations of Pt
and Pd appear quite homogeneous over the particles, and the Pd maps are less
noisy due to the higher Pd concentration.

As mentioned earlier, it is difficult to obtain a very precise quantification from the
EDX analyses. In this study, k-factors (see Section 3.8) predefined by the evaluation
software were used, and no absorption correction was performed due to the complex
specimen geometry. Additionally, some of the spectra from smaller particles and
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Figure 5.8: HAADF-STEM images and EDX concentration maps of nanoparticles in
the sample aged at 800°C. The Pt and Pd concentrations appear homogeneous over the
particles, no obvious core-shell structures can be observed.

the STEM EDX mapping were a bit noisy, which further complicates a precise
quantification. For this reason, there are some uncertainties regarding the precision
of the obtained concentrations, which is the reason why no precise numbers are
stated.

On the other hand, the approach taken here is still accurate enough to obtain
the compositions within a few wt.-%, and especially to compare differences between
different specimens, since the evaluation was performed using the same protocol.
To illustrate this, EDX spectra of nanoparticles from the fresh and 800°C aged
specimens are shown in Figure 5.9. It can clearly be seen that in case of the
aged sample the Pd-L peak in the spectrum (around 2.8keV) has a much higher
intensity, while the Pt peaks are very similar in the two spectra. The EDX data does
therefore reveal valuable information about approximate Pt and Pd concentrations,
differences between nanoparticles of different sizes and changes that occur during
ageing.

Beam damage was the factor that mostly inhibited the acquisition of spectra with
better count statistics (especially for smaller nanoparticles around or below 10 nm)
and EDX maps with high spatial resolution. Smaller nanoparticles were directly
affected by the electron beam, while large particles seemingly stayed unaffected,
but the alumina support was damaged, which could change their position during
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Figure 5.9: EDX spectra from large Pt-Pd nanoparticles in the fresh and 800°C aged
samples. The Pt peaks have a similar height, while the Pd-L peak (around 2.8keV) has
a higher intensity in case of the aged specimen.

EDX mapping. Figure 5.10 shows STEM images of a region before and after EDX
mapping where strong damage to the alumina support can be seen. The Pt-Pd
nanoparticle itself seems mainly unchanged and in this case also stayed in position,
but in many cases it would fall off or change its position, rendering the map useless.
The main findings of the last sections are summarised in Table 5.1 to provide an
overview. For details, the full texts in the respective sections should be considered.
The spatial distribution of the small, medium and large nanoparticles, as well as
the chemical composition of the large nanoparticles are shown for each sample.
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Particle size ‘

Fresh sample

Small Dispersed all over the alumina particles
Medium Concentrated in a layer at the outer edge of the alumina particles
Large Concentrated in a layer at the outer edge of the alumina particles
Composition | Large NPs are rich in Pt, Pd concentration around 5-10 wt.-%
Aged at 500°C
Small Dispersed all over the alumina particles
Medium Concentrated in a layer at the outer edge of the alumina particles
Large Concentrated in a layer at the outer edge of the alumina particles
Composition | Not investigated, likely similar to fresh and 600°C
Aged at 600°C
Small Dispersed all over the alumina particles
Medium Mostly disappeared due to sintering
Large Concentrated in a layer at the outer edge of the alumina particles
Composition | Large NPs are rich in Pt, Pd concentration around 5-10 wt.-%
Aged at 700°C
Small Density strongly reduced due to sintering
Medium Mostly disappeared due to sintering
Large Appearing all over the alumina particles
Composition | Large NPs obtain Pd concentrations of 18-30 wt.-%
Aged at 800°C
Small Mostly disappeared due to sintering
Medium Mostly disappeared due to sintering
Large Appearing with higher density all over the alumina particles
Composition | NPs from 10-70 nm obtain Pd concentrations of 15-20 wt.-%,

a few anomalously NPs (>100nm) are rich in Pt

Table 5.1: Summary of the microstructural changes of the catalyst sample due to ageing.
For each ageing temperature, the spatial distribution of the small (d<1.5nm), medium-
sized (1.5nm<d<10nm) and large (d>10nm) nanoparticles is described, as well as the
chemical composition of the large nanoparticles.
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Figure 5.10: HAADF-STEM images showing beam damage in a sample region after
EDX mapping of a large Pt-Pd nanoparticle. a) Shows the region before, b) after EDX
mapping. A rectangular hole in the alumina was created around the nanoparticle.

5.6 Surface area measurement (BET method)

The results of the total surface area measurements by the BET method (see Section
3.3) are shown in Table 5.2. The internal surface area of the catalyst was reduced
as expected by the ageing. Considerable changes were seen for ageing at 700 °C and
800 °C. These changes are attributed to sintering of the alumina support material.

Sample ageing | BET surface area /
(m*/g)
Fresh 175
500°C 162
600°C 168
700°C 138
800°C 122

Table 5.2: Results of the BET surface area measurements of the fresh and aged samples.
The total internal surface area of the catalyst was reduced during the ageing procedure.
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5.7 Activity evaluation by CO oxidation

To evaluate the impact of the ageing procedure on the catalytic activity, CO oxida-
tion experiments were performed using the protocol described in Section 3.4. The
resulting temperatures versus CO conversion curves for the fresh and aged samples
are shown in Figure 5.11. Data are shown from the measurements during one cool-
ing and consecutive heating ramp. The plot for the fresh sample (Figure 5.11a)
reveals a two-phase process as the temperature increases. At around 100-110°C the
slope of the curve decreases and increases again around 160 °C, creating almost a
saddle point in the plot. Even though the slope of the curve remains positive, this
feature will be called a 'dip’ in the conversion curve in the following.

A hysteresis can be seen, where the conversion is higher during the cooling ramp
at low temperatures, probably caused by CO poisoning of the nanoparticles when
starting the ramp at low temperature. Above 125 °C however, the conversion during
the heating ramp is slightly higher. The curve approaches full conversion around
280 °C.

The sample aged at 500 °C shows a similar general behaviour, while the conversion
is slightly decreased below 100 °C and increased above that temperature compared
to the fresh sample. The slope around 100°C and above is steeper and the dip in
the conversion less pronounced. Full conversion is reached at about 230°C during
the heating ramp.

Ageing at 600°C further increases the slope of the curve between 100°C and
150°C, at the same time the hysteresis in that range is increased, while it almost
disappears at higher temperatures. The dip in the conversion is further decreased.
Full conversion is obtained at 190 °C.

The sample aged at 700 °C exhibits almost no dip in the conversion, has a pro-
nounced hysteresis between 100°C and 150°C and reaches almost full conversion
already around 175°C. The low temperature conversion (below 125°C) though is
strongly reduced compared to the previous samples.

Finally, the sample aged at 800°C deviates from the trend of ageing at lower
temperatures. While the low temperature conversion decreases even a bit further,
a clear dip in the conversion reappears between 140°C and 230°C, after which it
reaches 100 %.

One interesting aspect is the strong decrease in the low temperature activity
(below 125°C) after ageing at 700 °C and 800°C. This was correlated to the onset
of severe sintering of the small nanoparticles and clusters after ageing at 700°C as
revealed by the STEM analysis. The low temperature activity is therefore most
likely associated with the presence of small nanoparticles and clusters.

The observed two-phase process in the CO oxidation experiments is probably
caused by changes in the surface composition of the nanoparticles during the exper-
iments. Possible surface constituents are Pt, Pd and PdO. These can have different
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Figure 5.11: CO oxidation versus
temperature curves for the fresh and
aged catalyst samples. The con-
version below 100 °C decreases with
ageing, while the dip that can be
seen for the fresh sample decreases
during ageing up to 700°C. The
specimen aged at 800°C exhibits
again a strong dip in the conversion
between 140°C to 230°C.



5.7 Activity evaluation by CO oxidation

CO oxidation activity, where for example PdO appears to have a lower CO oxida-
tion activity compared to Pt [64]. The preferred surface configuration of a Pt-Pd
nanoparticle likely depends on the temperature and surrounding gas environment,
as well as the nanoparticle size and composition.

More work is needed to further understand this process and the changes in the
CO conversion curves induced by ageing. One approach could be a more thorough
chemical analysis of the small nanoparticles and dispersed phase, which might reveal
more information about the alloying on the nanoscale.

Also, CO oxidation experiments analogue to the ones performed in this work are
ongoing using catalysts containing exclusively Pt or Pd (in the same molar concen-
trations as the bimetallic catalyst). The outcome of these experiments might help
to assign certain features observed in the conversion curves to one of the elements
and simplify the interpretation.
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6 Conclusions and outlook

In this thesis, high resolution electron microscopy and spectroscopy were used to-
gether with CO oxidation experiments to investigate a bimetallic Pt-Pd/Al,O3 au-
tomotive emission catalyst and follow changes induced by high-temperature ageing.
A new TEM specimen preparation method was developed that allows the extraction
of more representative and quantitative information about particle size distributions
compared to traditional methods, and additionally enables the observation of the
locations of the nanoparticles in the support structure. While an automotive emis-
sion control catalyst is used in this work, the presented method is applicable to
many supported nanoparticle catalysts.

Applying this new method, STEM investigations were performed on fresh and
aged catalyst samples, complemented by SEM and FIB/SEM experiments. It was
found that the fresh specimens contained very small (<1.5nm) nanoparticles all
over the alumina support, while medium-sized (<10nm) and large nanoparticles
(up to 40 nm) were found in an outer layer near the edge of the alumina particles.
This observation was backed up by a three-dimensional FIB/SEM slice & view
measurement. Upon ageing it was observed that the medium-sized nanoparticles
sintered at a temperature around 600 °C, while the small particles remained stable.
Ageing at 700 °C induced sintering of the small nanoparticles, while ageing at 800 °C
increased the effect of sintering and the number of large nanoparticles above 40 nm.

Chemical characterisation by EDX revealed a change in composition, from Pt
rich large nanoparticles and a Pd rich dispersed phase in the fresh specimen to more
evenly alloyed nanoparticles after ageing at 700 °C and 800 °C. The microstructural
investigations were complemented with catalytic activity tests by means of CO
oxidation experiments. The CO conversion versus temperature curves exhibited a
two-phase process that is likely due to changes in the surface composition of the
bimetallic nanoparticles. After ageing up to 700°C the CO conversion activity at
low temperature (below 125°C) was reduced, probably caused by sintering of the
small nanoparticles, while the activity at temperatures above 125 °C was improved.

Based on the work presented in this thesis, different approaches could be ex-
plored to further improve the understanding of the consequences of ageing on the
microstructure and activity of supported nanoparticle catalysts. Regarding the
samples used for this work, it would be important to obtain a better understanding
of the outcome of the CO oxidation experiments and link the observed changes to
the microstructure. Reliable EDX spectroscopy data from small nanoparticles or
from the finely dispersed phase would help in the understanding. In order to obtain
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this data, specialised instrumentation with a higher X-ray detection efficiency needs
to be used.

CO oxidation experiments using catalysts containing only Pt or Pd (but otherwise
analogue characteristics) are ongoing and might help to identify the role of Pt, Pd
and PdO in the observed conversion curves. Once features in these curves can be
linked to a certain element, the connection with the microstructure will be further
understood.

Besides gaining a better understanding of the investigations performed so far,
several new aspects might be explored as well, for example identifying the predom-
inant particle sintering mechanism. Instead of using environmental TEM, which
incorporates the risk of beam damage during the experiment and unrealistic ageing
conditions (low pressure), TEM specimen grids that allow locating certain speci-
men regions could be used to image a region of the specimen, remove it from the
instrument, perform an ageing treatment, and then image the same region again.
The changes observed in this region could allow conclusions about the mechanism
of particle sintering.

One further aspect of interest is the character of the nanoparticle-support inter-
action (e.g. contact angle), including changes due to ageing treatments or differ-
ences between different support structures. Since the support material stabilises
the nanoparticles and should influence their sintering behaviour, the interaction
properties are of fundamental interest. For investigations of fundamental proper-
ties of individual nanoparticles, the use of support structures with a less complex
geometry would be beneficial and simplify the experimental work. So instead of
using a porous 7-Al,O3 support, a model system could be used. Possible candi-
dates are small, platelet-shaped v-Al;O3 nanoparticles or needle-shaped alumina
structures which would allow imaging of the contact region between the alumina
and the supported nanoparticles.
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