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Abstract

Increasingly stringent legislation limiting the emissions of particulate matter (commonly
referred to as soot particulates) has led to the adoption of particulate filters in the exhausts
of both diesel and gasoline passenger vehicles. While filters are highly effective at reducing
these emissions, it is necessary to periodically remove trapped particulates in order to avoid
their accumulation and the resulting loss of vehicle performance associated with back-
pressure build-up. An effective method of removing soot particulates is through combustion
(oxidation) with the oxygen-containing species present in the atmosphere of the exhaust,
however this is unattainable at the temperatures experienced under normal driving
conditions. A catalyst able to lower the temperature of soot oxidation is therefore desirable
in order to achieve passive regeneration of the filter.

Previous studies have identified ceria, CeO; as a promising soot oxidation catalyst due to its
outstanding redox properties, and have shown that it can be enhanced by doping with various
other metals. In this work, ceria-based catalysts have been prepared by the co-precipitation
method. Ceria was doped with zirconium, lanthanum, praseodymium and neodymium in
various ratios in order to enhance its catalytic properties. Each of these materials also
contained alumina in order to improve their thermal stability. Of these materials, the most
active for soot oxidation was found to be a Ce0,-Nd,03-Al,03 catalyst prepared in a 7:3:10
molar ratio of Ce:Nd:Al and calcined at 750°C under flowing air. This catalyst lowered the
temperature at which soot oxidation reached its peak rate by over 100°C. It was also
demonstrated that the catalytic activity of these materials benefited considerably from the
presence of alkali metals within their structure. The use of the ceria-based materials as
supports by impregnating them with other species previously identified as active soot
oxidation catalysts was also investigated, which resulted in a further lowering of the soot

oxidation temperature.

Structural characterisation of the materials was carried out by X-ray powder diffraction (XRD),
Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and surface area analysis (BET),
while their redox properties were analysed by temperature-programmed reduction (TPR).
The catalytic activity of the materials towards soot oxidation was investigated using

thermogravimetric analysis (TGA).
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Chapter 1

1. Introduction

1.1 Introduction to catalysis

A catalyst can be defined as “a substance that increases the rate at which a chemical system

approaches equilibrium, without being consumed in the process”?.

The term catalysis, from the Greek cata-, meaning down, and lysein, meaning to split or break,
was coined in 1835 by J.J. Berzelius, who hypothesised that certain substances had a “catalytic
power”? that could “break down the normal forces which inhibit the reactions of molecules”?.
The phenomenon now understood to be the process of catalysis had been observed many
times prior to this. In the late 18" century, Elizabeth Fulhame demonstrated that the
oxidation of certain metals occurred only in the presence of water, that water was
decomposed during the reaction and subsequently regenerated at the end of the reaction?.
Early 19% century discoveries included the hydrolysis of starch by traces of acid, and the
presence of low concentrations of metal ions effecting the decomposition of hydrogen
peroxide®*, The availability of platinum and palladium brought about several more interesting
discoveries, including oxidation of ethanol vapour (M. Faraday), and oxidation of hydrogen
(J.W. Dobereiner), the latter of which led to the development of a lamp-lighter, the first
practical use of the effect. In 1831 Peregrine Phillips patented the process of sulphur dioxide
oxidation using platinum, later forming the basis of sulphuric acid manufacture. These
phenomena could not be reconciled with the understanding of chemical reactivity at that

time, and so Berzelius’s explanation offered the first attempt at rationalising them?.

During his study into acid-catalysed oxidation of hydrogen iodide by bromic acid in 1887,
Ostwald observed a system in which the reaction took place at a measurable rate without the
presence of the catalyst, leading him to surmise that catalysts do not induce a chemical
reaction, but rather accelerate them®. Sabatier’'s work into catalytic hydrogenation
complemented this by viewing a catalytic reaction not as a single reaction, but as a series of
reactions between catalyst and reagents to form intermediate species, eventually resulting in
the formation of the final products and the reformation of the catalyst. This formulated the

molecular basis of catalysis®.
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Catalytic reactions could therefore be rationalised in terms of the thermodynamics and
kinetics of chemical reactions. In thermodynamics, a reaction is said to be spontaneous, or
favourable, if there is a negative change in the Gibbs free energy between reactants and
products’. The change in Gibbs free energy G, is related to changes in enthalpy H, and entropy

S, shown in equation 1.1 below, where T is absolute temperature®.

Equation 1.1
A fundamental principle of thermodynamics is that AG, AH and AS depend only on the initial
and final states of the system?. Since a catalyst is not consumed during a reaction, its net
contribution between initial and final states is zero. Consequently it cannot influence the
position of thermodynamic equilibrium and therefore cannot induce a reaction that is
thermodynamically unfavourable!. The time taken for a reaction to occur is not related to
thermodynamics, but is a matter of kinetics. In practice, a thermodynamically favourable
reaction may not proceed at a useful rate (or even at all) if it is not kinetically favourable. This
is due to the activation energy, which must be overcome in order for the transition from
reactants to products to occur. A catalyst is able to lower this energy by introducing an
alternative pathway from reactants to products via a series of intermediate species. Sabatier’s
principle stated that the reaction intermediates formed on the surface of a catalyst must have
an optimum stability; stable enough to allow their formation, but not too stable that they do

not decompose®?,

The absolute rate theory links the rate coefficient, k to the activation energy (equation 1.2).

Equation 1.2
Where kg is the Boltzmann constant, AG* is the Gibbs free energy of activation, and h is the

Planck constant.
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Reactants

Potential energy

Products

Reuaction coordinale ——-

Figure 1.1 Potential energy profile for an exothermic reaction, showing the effect of a catalyst on the
activation energy of the reaction’?

Catalysts are able to influence the kinetics of a reaction by lowering the Gibbs free energy of
activation, which is composed of an entropy and enthalpy of activation. For a catalysed
reaction, the transition state is immobilised on the catalyst surface, resulting in a loss of
translational freedom, meaning a lower entropy. To compensate for this there must also be
a corresponding decrease in enthalpy?’. Figure 1.1 shows the potential energy profiles of a
reaction. The position of the reactants and products are unchanged in both scenarios,
however the catalysed reaction has a lower activation energy. Providing Sabatier’s conditions

are satisfied, a catalytic reaction may involve numerous intermediates, with each one more

stable than its precursor.

Catalytic systems can be split into two distinct categories. A system whereby there is no phase
boundary between catalyst and reactants is called Homogenous catalysis, and may take place
in the gas or liquid phase. Heterogeneous catalysis is the term used to describe a system
where a phase boundary separates the catalyst from the reactants, typically the

catalyst/reactant in this category are liquid/gas, solid/liquid, solid/gas, solid/liquid+gas™.
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1.2 Project background

The discovery and widespread use of fossil fuels as combustible materials in the late-18™" and
19t centuries, known as the industrial revolution, has resulted in an unprecedented period
of sustained technological and social advancement. Fossil fuels form over millions of years
from the decomposition of buried dead organisms. They are comprised mainly of organic
compounds which, when combusted with oxygen react to form the greenhouse gas carbon
dioxide (COz) and water. A partial or incomplete combustion process as well as the presence
of impurities in the fuel also result in the formation of harmful compounds such as carbon
monoxide (CO), nitrogen oxides (NOx), ammonia (NHs), sulphur oxides (SOx), unburnt
hydrocarbons and particulates'®!!. This period has therefore also coincided with increasing
global temperatures and air pollution, and the consensus of the scientific community is that
it “is extremely likely that human influence has been the dominant cause”!2. With the ever-
increasing energy demands of the global population, in particular with the emergence of the
newly industrialised countries, this has led to a vast body of scientific research in numerous

fields aimed at reducing harmful emissions.

The automotive industry relies heavily on the combustion of fossil fuels to power the internal
combustion engines which propel the vast majority of motor vehicles. This is one such area
which has therefore dedicated considerable resources towards research into limiting harmful
emissions. Advances in engine design and aftertreatment technologies have resulted in huge
reductions in emissions through improved fuel economy and removal of toxic by-products
from the exhaust stream. However with increasing worldwide demand for passenger vehicles
and as emission standards become increasingly stringent’3~%5, there is pressure on

manufacturers to continually develop new technologies to improve their systems.
1.2.1 Particulate matter

The focus of this project is on particulate emissions from passenger vehicles. The term
particulate matter (PM) can be used to refer to a complex mixture of organic and inorganic
solids, liquids, powders and droplets suspended in the air which includes fine dust, soot, mist,
fog and smog'®'’. In the narrower context of vehicle emissions, this can be considered all
substances, other than unbound water, that are present in exhaust gas in the solid or liquid

phases?®,
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1.2.1.1 Formation, structure and toxicological effects

Soot particulates form as a consequence of incomplete or partial combustion of fuel in both
diesel and gasoline engines. This can occur due to high temperatures and local sub-
stoichiometric oxygen conditions which prevent full combustion to CO,. This has historically
been an issue for diesel vehicles as their compression ignition (Cl) engines inject fuel directly
into the combustion chamber, preventing sufficient air/fuel mixing on a molecular level and
resulting in localised fuel-rich regions which do not undergo full combustion?°. More recently,
the increasing market share of the more fuel-efficient gasoline direct injection (GDI) over port
fuel injection (PFI) engines has resulted in a similar problem emerging in gasoline-fuelled
vehicles'®?!, Much of the understanding of soot particulates, their formation, structure and
composition has therefore been based on studies with diesel emissions. However there is a
growing literature on gasoline particulates and how these compare with their diesel

counterparts?1=23,

The particulates are commonly referred to as “soot” as they are mainly composed of a
carbonaceous fraction consisting of elemental and organic carbon'®?4, The initial process
summarised in figure 1.2 leads to the formation of the “soot core”, which can go on to adsorb

the various other organic and inorganic substances present.

Rather than combustion to CO,, the lack of oxygen results in the pyrolysis of the fuel
molecules to form small unsaturated molecules, usually ethyne. These molecules undergo
polymerisation and eventually ring closure to form polycyclic structures known as “platelets”.
The next phase is nucleation, in which these graphitelike structures stack to form
“crystallites”, which in turn stack in a random orientation around the centre of the particle to
form “turbostratic particles”. Coagulation and surface growth then takes place which is
instigated by the addition of gaseous carbonaceous species. As the temperature decreases,
surface growth stops and “primary soot particles” are formed. These continue to coagulate

to form chainlike aggregates that can themselves accumulate to from large agglomerates920,
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Figure 1.2 Schematic mechanism of the formation of soot particles?

As the temperature continues to decrease, various volatile or soluble organic compounds
(known as the soluble organic fraction, SOF) are condensed and can form into small
particulates or can be adsorbed onto the surface of the existing soot particles. The SOF
consists of polycyclic aromatic compounds containing oxygen, nitrogen and sulphur also
produced during the combustion of the fuel. Some of the sulphur in the fuel is oxidised to SO3
which in turn can lead to sulphuric acid and sulphates forming on the particles. Other
inorganic materials such as metals (from engine wear, impurities and catalyst leaching) and
ashes (from lubricant oils) may also be present?>. A schematic representation of the

particulate structures is shown in figure 1.3%8,
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Figure 1.3 Agglomerated diesel particle!®

The quantity and composition of particulates is dependent on numerous factors including the

engine type, fuel composition, engine load, and atmospheric temperature?32°, A study by Uy

et al. into particulate matter extracted from both diesel compression ignition and gasoline

Table 1.1 XRF elemental directinjection sparkignition vehicles noted significant differences

composition of diesel and

gasoline soot samples??

Element Diesel A GTDID

2
024
0038
0024
002

D01

LEETE
002
D5
[EEE1

(L5
03
04

U4 64

Qo=vOpRZQTEEELDY T

:

2,06
49
419
LES

0025

4.70
o.82
.52
013
017
0.059
L.OBG
3
2.4
763

in composition?2. Table 1.1 shows the elemental composition (in
atomic wt%) of diesel and gasoline (GTDI) particulate matter
analysed by X-ray fluorescence spectroscopy (XRF) (other diesel
and gasoline samples were also analysed in the study, the results
shown have been chosen as both samples were collected in the
same manner, upstream from their respective aftertreatment
systems). The gasoline PM contained a much greater quantity of
non-carbon elements. This was attributed to the greater contact
between fuel and oil additives (containing P, S, Ca, Zn and Mo) in
gasoline DI engines compared to diesel Cl, and greater engine wear

contributing to the increase in Fe, Cr, Al and Cu?2. It has also been

reported that the sulphuric acid/sulphates and metal fractions present in PM from

comparable sources are proportional to the sulphur and metal content of the fuel,

respectively

20,25-27

. Increasing the engine load has been reported to decrease diesel PM

emissions (per kilometre) due to greater efficiency of combustion, as well as reducing the

metal content?®. Ambient temperature is also a factor in the quantity of particulate emissions,
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as low temperatures during ignition (known as “cold start”) decreases the air-fuel ratio,
lowering oxidation and increasing carbon formation?>. As mentioned, the formation of
particulates from the volatile materials in the exhaust is reliant on condensation. Their
number, size and growth rates are therefore dependent on factors which affect this, including
temperature, dilution rate, residency time, humidity and the surface area of the existing soot
particles'®. The position of the particulates within the exhaust is therefore an important factor
in determining the extent to which these species are present, and differences in composition

have been observed depending on where the particulates were collected?%2>,

These factors also have consequences for the size distribution of the particulates. Particulate
emissions are classified into ‘modes’ based on their size. Particles in the “nucleation” mode
primarily consist of the condensed volatile materials described above, and have a particle size
typically below 30 nm. While the “accumulation” mode consists of the larger carbonaceous
particles typically greater than 100-300 nm in size'%'825 The typical size distribution of
particulates in a diesel exhaust are shown in figure 1.4%°. This shows that particles in the
“accumulation” mode account for the bulk of the particulate mass, whereas particles in the
“nucleation” mode account for only 1-20 % of the total mass of particulates. This is in stark
contrast to the distribution by particle number, where the smaller “nucleation” particles

account for over 90 % of particulates.
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Figure 1.4 Typical size distribution of particulate matter from diesel exhaust by mass and number?
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These size distributions have significant implications for the methods by which particulate
emissions are measured, which will be discussed in greater detail later, but also their adverse
health effects. This is due to the extent to which particles are able to penetrate the respiratory
system depending on their size. Figure 1.4 also shows some of the definitions of size for
atmospheric particles. Particles with a diameter of less than 10 um are known as PM1o, when
inhaled these are able to pass beyond mucus and cilia in the nose and throat, and can be
deposited deep into the alveoli and bronchioles?®. Fine particles (diameter <2.5 um) can
penetrate the gaseous exchange system and enter the bloodstream and are deposited on
artery walls, causing plaques which can lead to atherosclerosis and various cardiovascular
diseases?’. Penetration of cell membranes is possible with a diameter below 100 nm, known
as ultrafine particles, allowing for entry into tissue and vital organs, including the brain3°. As
seen in figure 1.4, the vast majority of particles fall below this threshold. While the
accumulation of foreign matter at various levels of penetration is itself a health concern, this
is compounded further by the nature of the particulates themselves. Polycyclic aromatic
hydrocarbons (PAHs) present in exhaust particulates are widely reported as having
carcinogenic and mutagenic properties3%32, most notably benzo[a]pyrene which has been
classified as carcinogenic by the International Agency for Research on Cancer (IARC)33.
Prenatal exposure to PAHs has also been reported as having a negative impact on cognitive

development leading to learning and behavioural difficulties3*.

An assessment by the United States Environmental Protection Agency (US EPA) in 2002 on
the health impact of particulate inhalation concluded that short-term (acute) exposure to
particulate emissions can cause irritation and inflammatory symptoms in the respiratory tract
of a transient nature, while long-term (chronic) exposure likely posed an increased risk of lung
cancer as well as other chronic lung damage?*. The World Health Organisation (WHO)
considers that fine particles (PM.s) are “strongly associated with mortality and other
endpoints such as hospitalization for cardio-pulmonary disease”, but that no specific size
threshold could be identified below which no adverse health effects occurred. It also
considers the extractable organic compounds of particulate matter (especially PAHs) to “exert
pro-inflammatory as well as adjuvant effects”!’. Both reports acknowledge the carcinogenic

and mutagenic properties of many of the PAHs and their nitro- and oxy-derivatives.
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As well as their effects on human health, particulate emissions in the atmosphere also have
negative effects on the environment. They reduce visibility, settle on plants and interfere with

photosynthesis by blocking stomata, and contribute towards climate change?°.

1.2.2 Emission limiting legislation and technologies
1.2.2.1 Historic and existing legislations

The negative health and environmental impact of decreasing air quality due to pollutants
necessitated the introduction of legislation to limit harmful vehicle emissions. The geography,
weather patterns and high vehicle density of Los Angeles made it particularly susceptible to
the accumulation of smog throughout the 20™ century. The correlation between air pollution
and cars was first made by researchers in California in the 1950s3°. This led to the creation of
the California Air Resources Board (CARB) in 1967 and was followed in 1970 by the
establishment of the US Environmental Protection Agency (EPA) in order to tackle air
pollution. A European convention on transboundary air pollution was also proposed by the
Nordic countries in the 1970s, resulting in the Convention on Long-range Transboundary Air
Pollution (CLRTP), which to date has been signed by 51 nations committing them to gradually

reduce and prevent air pollution3®.

However no single governing body exists to regulate global vehicle emissions, and so various
standards exist worldwide. The most widely recognised and progressive legislation on vehicle
emissions standards are considered to be those of the European Parliament, which sets the
standards for all European Union (EU) & European Economic Area (EEA) member states, and
CARB. Under the United States Clean Air Act, CARB is permitted to set its own emissions
standards for California independently of the US EPA, which sets minimum standards for the
rest of the United States. All other states may choose between either standard, but may not
set their own3>37, As of 2017, 13 other states and the District of Columbia currently adopt the
standards set out by CARB32. Due to the share of the vehicle sales market in these areas and
the strictness of the legislation, manufacturers strive to comply with the standards set by

these organisations.

CARB introduced the Low-Emission Vehicle (LEV) Program in 1990 which limited emissions of

non-methane organic gases (NMOG), CO, NOy, PM and formaldehyde (HCHO) in passenger
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vehicles and over time these standards have become more stringent, through to LEV llI,
introduced in 20121335, The first European legislation for passenger vehicles was introduced
in 1992 with the Euro 1 emissions standards, which set limits on CO, NOx and hydrocarbon
emissions for all passenger vehicles, and PM emissions for diesel passenger vehicles. As
shown in table 1.2, over time these standards have evolved to take into account the differing
emissions challenges presented by diesel and gasoline vehicles, and have become increasingly

stringent, resulting in the most recent standard Euro 6, introduced in 20144,

Table 1.2 EU emission standards for diesel (bold) and gasoline fuelled passenger cars (g/km unless stated)®

PN
Tier Timeframe Cco THC NMHC NOx HC+ NOy PM
(#/km)
2.72 - - - 0.97 0.14 -
Euro 1 1992
2.72 - - - 0.97 - -
1.0 - - - 0.7 0.08 -
Euro 2 1996
2.2 - - - 0.5 - -
0.64 - - 0.50 0.56 0.05 -
Euro 3 2000
2.3 0.20 - 0.15 - - -
0.50 - - 0.25 0.30 0.025 -
Euro 4 2005
1.0 0.10 - 0.08 - - -
0.50 - - 0.180 0.230 0.005 -
Euro 5a 2009
1.0 0.1 0.068 0.060 - 0.005* -
0.50 - - 0.180 0.230 0.005 6x101
Euro 5b 2011
1.0 0.1 0.068 0.060 - 0.005* -
0.50 - - 0.080 0.170 0.005 6x10*
Euro 6 2014
1.0 0.1 0.068 0.060 - 0.005*  6x10M1**

CO = carbon monoxide

THC = total hydrocarbons

NMHC = non-methane hydrocarbons

PM = Particle mass

PN = Particle number

*Applies to vehicles with GDI engines

**6x10'2 #/km within first three years Euro 6 effective dates

The limit on PM emissions can be seen to have gradually decreased from 0.14 g/km in Euro 1
to the current level of 0.005 g/km in Euro 6. Until Euro 5, no PM limit was enforced on gasoline
passenger vehicles. A limit for gasoline port-injection (PFl) vehicles was unnecessary as they
easily complied with the limits set for diesel vehicles3°. However gasoline direct injection (GDI)
vehicles have been found to emit significantly higher levels of PM, which could potentially

exceed the limits imposed on diesel vehicles. Their expected increase in market share due to
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their superior fuel efficiency over PFI vehicles has necessitated their inclusion in particulate

limiting legislation, hence their inclusion in Euro 5%.

In 2011 the Euro 5b standards introduced a particle number (PN)-based limit on PM emissions
in addition to the longstanding mass limit. As mentioned in the previous section, ultrafine-
and nano-particles account for a large proportion of exhaust PM by particle number, but a
much lower proportion by mass. Since these smaller particles have been established as the
most hazardous, limitations by this method of measurement are arguably more relevant to
improving air quality. This was also found to have implications for GDI vehicles, which have
been reported as producing a greater proportion of smaller particles than diesel
vehicles'®4041 Despite Euro 5 model GDI vehicles complying with the PM mass limit, it has
been reported that they would not comply with the PN limit of 6x10 #/km, with some
exceeding it by up to 1% orders of magnitude342. As of 2014 this limit has been extended to
GDI vehicles in Euro 6, however a relaxed limit of 6x102 #/km during a three year transitional
period was granted in order to allow for improvements to GDI exhaust aftertreatment
systems?!, Particles below a size of ~23 nm are not measured as these are considered to be
mainly low-volatile hydrocarbons, which may vary considerably and could undermine the PN

measurement*3.

All vehicle models must demonstrate that they comply with current standards by undergoing
a regulatory test procedure. Emissions are collected and later analysed as the vehicle is driven
at varying speeds designed to represent typical driving conditions. Until September 2017,
Euro emissions tests on all new passenger vehicle models were conducted under standard
conditions known as the New European Driving Cycle (NEDC). The initial stage of the test is
comprised of four repetitions of the Urban Driving Cycle (UDC), which is designed to represent
typical urban driving conditions in busy European cities and is characterised by low engine
load, low exhaust temperature and a maximum speed of 50 km/h. This is then followed by
the Extra Urban Driving Cycle (EUDC), which accounts for more aggressive, high speed driving,
reaching a maximum speed of 120 km/h*. This has subsequently been replaced by the
Worldwide harmonized Light vehicles Test Procedure (WLTP), which features a more dynamic
speed profile than the NEDC and consists of four speed phases (low, medium, high and extra

high) designed to more accurately resemble real-world variations in driving conditions®.
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Figure 1.5 shows how the driving speed varies over time in both the NEDC and WLTP

conditions.
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Figure 1.5 New European Driving Cycle (left) and Worldwide harmonized Light vehicles Test Procedure (right)*

Increasingly stringent legislation has resulted in the development of various strategies aimed
at reducing harmful emissions. These have included modifications to engines, alternative

fuels/fuel additives, and a considerable effort towards exhaust aftertreatment technologies'°.

1.2.2.2 Exhaust aftertreatment technologies

Modern passenger vehicles are equipped with a range of catalytic exhaust aftertreatment
technologies which are able to effectively reduce harmful emissions. In gasoline vehicles, the
three-way catalytic converter (TWC) is able to oxidise CO and hydrocarbons (HCs), and reduce
NOx emissions to harmless CO, H,0 and N2 using a combination of platinum/palladium and
rhodium catalysts*®. Diesel vehicles are unable to utilise TWC due to their lean burn
combustion conditions*’. Diesel oxidation catalysts (DOCs) use Pt/Pd to oxidise CO, HCs and
the SOF fraction of particulate matter®?. Diesel NOx emissions are dealt with by a separate
system, either by using selective catalytic reduction (SCR), which catalyses the reaction of NOy
with NH3 (generated by the upstream injection of urea) to N2 and H20%, or by using the lean

NOx trap (LNT) which catalyses the reaction of NOx with CO and HCs to form N2, CO2 and H,0%.

The most straightforward method of reducing PM emissions is by using a filter to trap
particulates!?. Due to the longstanding limitations on diesel PM emissions, there is
widespread use of diesel particulate filters (DPFs) in diesel passenger vehicles. Several types
of filters have been developed, including foam and flow-through filters. However the most

effective and widely used are the ceramic wall-flow filters, being the only filter capable of
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complying with the most recent PN emission limits®®. These are comprised of a large
honeycomb-structured monolith usually made from cordierite or silicon carbide (SiC)?%42. As
shown in figure 1.6, alternate passages are plugged in order to force the exhaust gases
through the porous channel walls, however the PM is unable to do so and is thus trapped?!?.
Cordierite and SiC are the preferred materials as they provide high filtration efficiencies, low
pressure drops, high maximum operating temperatures, low thermal expansion, resistance to

thermal stress, and chemical resistance to the metal ashes present in PM*2,

AP

Figure 1.6 (left) A commercial SiC DPF with alternate channels blocked?® and (right) internal schematic of
channels with porous walls!!

DPFs are considered highly effective at reducing PM emissions, with a reported reduction in
excess of 95 % in terms of mass and >99 % in particle number over a wide range of engine
conditions*2. For this reason similar systems, referred to as gasoline particulate filters (GPF)
have been proposed to tackle the issue of particulate emissions from GDI vehicles in order to
comply with Euro 6. Several studies have reported that the introduction of GPFs to GDI vehicle

exhausts are cost-effective and do not result in additional fuel penalties?%>1.

The main drawback of particulate filters is the increase in backpressure associated with the
accumulation of PM on the filter walls, as shown in figure 1.7. Excessive backpressure leads
to degradation of engine performance due to the expulsion of exhaust gases being restricted

and if allowed to continue to rise, can ultimately lead to engine failure'°9°1,
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Figure 1.7 Typical backpressure across DPF as a function of trapped PM*?

To avoid this outcome it is therefore necessary to remove PM from the filter before the
backpressure reaches a predetermined limit. This can be achieved by regeneration of the filter
by oxidising PM to CO,. Filter regeneration falls into two categories; “passive” and “active”
regeneration. Passive regeneration occurs when the temperature of the exhaust is sufficient
for the oxidation of PM to take place during normal driving without intervention. In heavy-
duty diesel vehicles, this has been achieved using the continuously regenerating trap (CRT)
invented by Johnson Matthey, which utilises a close-coupled DOC catalyst upstream from the
filter to oxidise NO to NO3, which has a high oxidising potential, allowing oxidation of PM to
take place continuously under normal driving conditions®2. However, to reach the required
temperature for this method to function for a DPF in a diesel passenger vehicle, this would
require driving speeds of around 100 km/h which are not achieved under urban driving
conditions!!. Therefore for these vehicles it is necessary to employ an active regeneration
strategy. This involves periodically injecting additional fuel into the engine in order to raise
the exhaust gas temperature sufficiently to allow PM oxidation to take place®. This is
controlled by a sensor which monitors the backpressure caused by the filter, and typically
takes place every 400-2000 km?'!. The disadvantages to this method are the decrease in fuel
economy, and the reduced lifespan of the filter due to the damage that can be caused by the
uncontrolled exotherm produced by the ignition of the soot?°. Passive regeneration by means
of decreasing the soot oxidation temperature using a catalyst is therefore seen as a more

desirable approach.
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1.3 Literature Review

The desire to achieve passive regeneration of particulate filters has resulted in wide-ranging
investigations into materials capable of catalysing soot oxidation at lower temperatures,
which will be discussed later. It is necessary to briefly discuss the mechanism by which the

soot oxidation reaction takes place in order to identify effective catalytic materials.
1.3.1 Uncatalysed soot oxidation

The reactivity of carbon materials is dependent on several factors including crystallite
size/orientation, the concentration of structural defects, and the location, type and
concentration of impurities. These properties control the “active surface area” which is the

fraction of a carbon material susceptible to oxygen-carbon reactions?°

Several studies into the carbon-oxygen reaction were conducted by Moulijn et al. and
proposed a stepwise mechanism containing simplified oxygen complexes and graphitic

carbon structures as shown in figure 1.8°3, described below?°
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Figure 1.8 Reaction mechanism of noncatalysed oxidation of carbon?®

Step a) Graphite with a ketone “surface-oxygen complex” (SOC) (structure 1) reacts with gas-
phase O to form a surface semiquinone group and physically adsorbed oxygen (2). The C-C
bond strength of the semiquinone complex is only slightly weaker than that of graphite, it is

therefore unlikely to decompose and is a “stable surface-oxygen complex”.
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b) The carbon atom between the C=0 groups becomes a target for bonding with oxygen due
to the electronegativity of the oxygen atoms in the semiquinone complex. This forms a

semiquinone complex with off-plane oxygen (3).

c) This results in a weakening of the C-C bonds of the neighbouring carbon atoms which leads

to the complex decomposing to CO, leaving a graphite structure with a carbonyl group (4).

d) The carbon atom next to the carbonyl group becomes a target for bonding with oxygen due
to the electronegativity of the oxygen in the carbonyl group. A carbonyl group with off-plane

oxygen is formed (5).

e) This results in a lowering of the C-C bond strength in the neighbouring carbon atom, which
decomposes to release CO, leaving another structure with a SOC (6), and the reaction cycle

can then restart with step a).

The reaction rate is determined by the number of carbon complexes on the active surface

area rather than the rate-constants of the individual steps.

A similar proposal involves the adsorption of gas phase oxygen (from numerous sources
available in a vehicle exhaust, including CO, CO2, NO, N0, H,0, and most effectively O, and
NOz) to form SOCs which subsequently decompose to CO/CO;. This leaves highly reactive
surface carbon atoms with unsaturated valences (called free carbon sites) which can then be
readily oxidised to SOCs by other oxygen-containing molecules, repeating the cycle!®28, This

mechanism will be discussed further as part of the catalysed reaction.

1.3.2 Catalysed soot oxidation

Soot oxidation can be achieved either by direct contact or indirect contact with a catalyst.
Catalysis by indirect contact does not require intimate physical contact between soot and
catalyst. Instead, they act by catalysing the formation of a mobile compound that is more
reactive than O; (e.g. NO2, Oags etc.)??. The known reaction mechanisms for this type of soot

oxidation are;

The “NOy-aided gas-phase mechanism”, which catalyses the oxidation of NO to NO; in order

to accelerate soot combustion®®:
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2NO + 02 = 2NO;
NO,+C—=> NO+CO
NO; + CO = NO + CO,

The “spillover mechanism”, whereby the catalyst is able to dissociate O, to adsorbed oxygen
and transfer it to the soot particle (as shown in figure 1.9). While this is more effective with
direct contact, there have been several studies reporting this mechanism having occurred

without the need for contact between catalyst and soot>’—°.

QCI'.s 0,

Figure 1.9 Spillover mechanism of catalysed soot oxidation?®

As stated above, the spillover mechanism also occurs during direct contact soot oxidation.
The other process that can occur with direct contact is the redox mechanism. As shown in
figure 1.10, this process follows a Mars-van Krevelen mechanism whereby lattice oxygen (O.)
from a reducible metal oxide can migrate to the surface (Os) and is utilised to oxidise soot
particles in contact with the surface of the catalyst to CO; (the reduction step). The metal

oxide is subsequently re-oxidised by the surrounding gas-phase oxygen (oxidation step)®.

CO-_- (o7 COz co!

Figure 1.10 Redox mechanism of catalysed soot oxidation®°
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Achieving direct contact soot oxidation under real-world scenarios is challenging due to the
difficulty in establishing intimate contact between catalyst and soot on a particulate filter?°,
Several studies have shown the importance the degree of contact with soot has on the activity
achieved by a catalyst!®®1-%4 The investigations by Neeft et al. into catalyst/soot contact
established the definition of two types of contact; “loose” — which involves mixing of the
catalyst and soot with a spatula, and “tight” — whereby intimate contact between catalyst and
soot is achieved by mechanical grinding®. They found that the soot oxidation temperatures
under tight contact were significantly lower than loose contact with each of the various metal-
oxide catalysts that were tested, with differences up to almost 200 °C. It was also observed
that the results obtained from the loose contact tests were comparable to tests carried out
on soot that had been flowed onto a catalyst bed through an exhaust stream, indicating that
loose contact was more representative of real-world soot/catalyst contact®®. Test results
using tight contact conditions are therefore regarded as meaningless from a practical
application perspective?®, and comparisons between the soot oxidation temperatures
achieved by catalysts from different studies should be approached with caution due to the

difficulties in establishing comparable testing conditions.

The materials studied for soot oxidation catalysis can be placed into two categories; platinum-

group metal (PGM) catalysts and PGM-free catalysts.

PGM catalysts are used in a wide variety of oxidation reactions due to their remarkable
activity and resistance to corrosion®. As mentioned previously, they have applications in
several automotive aftertreatment technologies including DOCs, TWC and CRT. Many studies
have demonstrated the activity of PGM catalysts for soot oxidation, and have proposed direct
and indirect roles depending on the atmospheric composition. In the presence of O;, soot
oxidation can be achieved by the spillover of activated oxygen onto the surface of the soot®’,
while a mix of NO,/O; allows the catalytic oxidation of NO upstream from the soot to form
NO,, a much stronger oxidiser®®. PGMs in direct contact with soot have also shown to catalyse
the cooperative carbon-NO;-O; reaction, by simultaneously increasing the concentration of
SOCs on the surface of soot via the aforementioned spillover mechanism and promoting the

formation of NO; which subsequently reacts at those sites®®7°,
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The advantage of PGM catalysts therefore is that they do not require good contact with soot
— which is difficult to provide — in order to act effectively, and in the case of diesel vehicles
can be positioned upstream from the particulate filter to catalyse NO to NO; (e.g. DOC, CRT).
However the disadvantages of PGM materials is their high cost and the formation of sulphates
associated with them. Their viability as soot oxidation catalysts for use in conjunction with a
GPF in gasoline vehicles is limited due to the upstream conversion of NOx to N2 by the TWC’2,
Likewise, future strategies to reduce NOx concentrations upstream from a particulate filter in

all vehicles may result in PGM catalysts becoming less effective.

Interest in PGM-free soot oxidation catalysts have increased due to their low cost of
production and increasingly evident activity. Several classes of compounds have been
reported as showing good soot oxidation activity. Various metal oxide/mixed metal oxide-
based catalysts have been investigated. Pure oxides identified as showing catalytic activity
towards soot oxidation include Co304, V20s, Fe203, La203, Mn;03 and NiO under tight contact
conditions only, while PbO, Cr.03, MoOs, CuO and Ag,0 also displayed activity under loose
contact with soot®. The oxides of metals that are readily able to change valency have shown
superior activity due to their use of the redox mechanism described above, as an example,
Fe, Co, Cu have been found to be more active than Ni and Zn'®’2. Many mixed metal oxide
combinations have been investigated, including transition metals; Co-Ni’3, Li,Na,K,V/Cu-Fe’?,
K-Cu, K-Co’®, Co,Ba,K-Ce’®, Cu-V-K, Cs-V’7, Cs-Fe-V’8, Cu-Mo, K-Mo, K-Cu-Mo”?, Cu-Nb® and
rare-Earth metals; Ce-La®!, La-Cr®2, Pr-Cr33, La-K®, La-K-Cr®>, La-K-Mn?8®, La-K-Cu-V?¥’, Co-Ce®,
Ce-Co-K®, Sm-K*°, due to their redox properties®’. Many of these studies investigated the use
of alkali/alkaline earth metals as promoters. Their ability to enhance the activity of soot
oxidation catalysts has been attributed to their high mobility, which improves the
catalyst/soot contact, and their ability to form carbonate intermediates, rather than affecting
the redox ability of the materials’. Perovskite/spinel/hydrotalcite/delafossite catalysts have
also received attention due to their stability®>°3, and their oxidising as well as NOx removal
abilities®>#99495 Of particular note are perovskites containing potassium- and strontium-
substituted LaMO3 (where M = Mn, Fe, Co and various combinations thereof), which have
shown similar or superior soot oxidation and NOx decomposition to some PGM catalysts®6°7,
Several MCr,04 (M = Co, Mn) spinel oxide catalysts were reported to be active for soot

oxidation due to their high concentration of suprafacial, weakly-chemisorbed oxygen
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contributing towards the spillover effect®®. The low melting point of eutectic salt mixtures
containing Cs,0, V205, and MoQs has been reported as favourable for soot oxidation above
350 °C as the liquid catalysts are able to wet the soot and achieve superior contact®®°°, Cerium
oxide (CeO;, ceria) has been identified as an exceptionally effective material for several
catalytic applications, and has been used for pollution control in TWCs for gasoline vehicles
since the 1980s%8. The ability of cerium to fluctuate between +4 and +3 oxidation states
depending on the surrounding conditions effectively allows it to store and release oxygen, a
desirable property in the dynamic atmosphere of vehicle exhausts’t. Much work has been
done on doping ceria with various foreign cations in order to improve its catalytic properties,
most notably including transition and rare-Earth metals. This is discussed further in the
following section.

Bueno-Ldpez and colleagues have conducted soot oxidation experiments on a wide range of
the materials mentioned in this section, under identical experimental conditions. They
conclude that ceria-based catalysts are consistently among the most effective for soot

combustion?8.

1.3.3 Ceria redox catalysts for soot oxidation

In this project, the preparation of active soot oxidation catalysts containing ceria was
investigated. As mentioned above, many investigations have identified the catalytic
properties of ceria and methods by which it can be improved for use as a soot oxidation

catalyst. This is discussed in greater detail in this section.
1.3.3.1 Introduction

Ceria is renowned as having exceptional oxygen storage capacity (OSC). This property allows
for the release or storage of oxygen depending on various external parameters including gas
composition, temperature and pressure. Ceria demonstrates this property due to the ability
of cerium to switch between +4 (CeO3) and +3 (Ce203) oxidation states. The redox capabilities
of the Ce3*/4* couple, as well as its ability to exchange oxygen with the gas phase provide ceria
with exceptional catalytic performance which has found many applications including TWCs in
gasoline vehicles® and as water gas shift catalysts for fuel cells?®7. The crystal structure of

CeO: is that of the fluorite structure (space group Fm3m) as shown in figure 1.11, in which
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every cerium atom is surrounded by 8 oxygen anions which occupy tetrahedral positions.
When switching from Ce** to Ce3* the resulting loss of 0% ions results in the formation of
mobile oxygen vacancies, Vo. Even with a large concentration of vacancies the fluorite

structure is maintained, allowing rapid re-oxidation upon exposure to oxygen!o.,

T
]

Figure 1.11 The fcc cell of CeO2 with fluorite structure, showing octahedral cerium coordination and
tetrahedral oxygen coordination®!

As a catalyst for soot oxidation, the ability to store and release oxygen is advantageous due
to the fluctuating composition of the exhaust atmosphere. This allows a material such as ceria
to compensate during periods of rich exhaust stoichiometry (O, deficient) by releasing oxygen
from its lattice for soot oxidation, which can subsequently be replenished by oxygen from the
gas-phase during periods of lean stoichiometry (excess of 02)1°%. Also, its high redox capability
and labile lattice oxygen make ceria an effective catalyst for total oxidation reactions such as

soot oxidation (C + 02 = C0O,)"%102,

Two mechanisms have been proposed for the catalysed oxidation of soot by ceria. These are
referred to as the “active oxygen” and “NO;-assisted” mechanisms, which are shown in figure

1.122%8,
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Figure 1.12 Active oxygen and NOz-assisted mechanisms of ceria-catalysed soot oxidation?®

During the “active oxygen” mechanism, oxidation occurs by the transfer of lattice oxygen
from the surface of the ceria catalyst to the soot through a Mars-van Krevelen mechanism’?.
As mentioned, in an Oz-rich gas stream (such as a diesel exhaust), ceria is able to exchange
oxygen with gas-phase O,. During this exchange, highly reactive oxygen species are created
(the “active oxygen”) which can be involved in the soot oxidation reaction by transferring to
the surface of the soot to form SOCs, which decompose to CO/CO; and leave a free carbon
site as described in the previous section. This mechanism has been reported by several studies
using labelled O, experiments to confirm the oxidation of soot by lattice oxygen rather than
gas-phase 0,81103104 The effectiveness of the mechanism depends strongly on the level of
contact achieved between ceria and soot, and TAP (temporal analysis of products)
experiments have suggested that where soot is not available to be oxidised, the active oxygen

recombines to form 00,2881,

The “NO,-assisted” mechanism relies on the oxidation of NO to NO». Above 300 °C, ceria is
able to catalyse this reaction using its lattice oxygen as shown in figure 1.12%%. As mentioned
previously, NO; is a much stronger oxidiser than O, due to its greater ease of dissociation, and
is therefore better able to react with soot to form SOCs!%. The reaction mechanism
subsequent to the formation of the SOC closely resembles that of the “active oxygen”
mechanism; ceria is re-oxidised by gas-phase O,, and the SOC decomposes to CO/CO; leaving
a reactive free carbon site. Further oxidising species are then able to attack these sites and
contribute to soot oxidation. Thus it can be said that NO, acts as an initiator of the

reaction103,106,107
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Above around 450 °C it has been reported that the oxidation of NO to NO; by ceria is as
effective as a Pt catalyst as both achieve the maximum level of NO. allowed by the
thermodynamic equilibrium?®1%7, This means that under conditions where the “NO,-assisted”
mechanism is prevalent, ceria is capable of being as effective as a Pt-containing catalyst for
soot oxidation. Under conditions where the “active oxygen” mechanism is favoured, ceria can

outperform it, as a Pt catalyst is not able to utilise this method?2.

Despite this, pure ceria is unsuitable as a soot oxidation catalyst operating under the
conditions of a passenger vehicle exhaust. The major drawbacks of ceria are related to its
poor thermal resistance and low-temperature activity'®l. After subjection to high
temperature (1000 °C) aging, the OSC capabilities of ceria are irreversibly compromised due
to the sintering of its particles, inhibiting the cycle of Ce between oxidation states!®. This,
coupled with its poor low-temperature activity for soot oxidation means that ceria is unable
to comply with the demands of a catalyst for a particulate filter under the increasingly
stringent emissions standards. This has led to researchers investigating new compositions of

ceria catalysts in order to improve its properties as a soot oxidation catalyst?&71.101,

Introducing dopant metals into the ceria structure can promote soot oxidation in two ways:
“Ceria amplifier”; the dopant metals act by improving the catalytic properties of ceria by
enhancing its abilities to oxidise NO, to generate active oxygen, or by improving the contact
between ceria and soot. “Ceria synergy”; the dopants themselves contain active sites for soot

oxidation and can function alongside ceria to lower the soot oxidation temperature’?.
1.3.3.2 CeO,-containing mixed metal oxides

There have been many studies investigating the incorporation of “ceria amplifier” dopants
into the ceria lattice to improve its redox abilities. As mentioned above, the reduction of ceria
results in the formation of mobile oxygen vacancies, Vo which are essential to the material’s
ability to release oxygen and subsequently re-oxidise. According to the mechanism and
dynamics of oxygen storage, an increase in the concentration of Vo should correspond to an
increase in the OSC of the material providing the active redox elements are not significantly
decreased and the Vo do not cluster!?l, Mixed metal oxides containing ceria with a range of
dopants including transition metals such as Zr, Hf*®® and rare-Earth metals such as La, Pr,

Nd1?, Sm!ll Gd, Yb!?, Tb, Lu''® have been investigated. Other than Pr, which is stable in both
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+3 and +4 oxidation states, these dopants themselves have little redox ability. Their role is to
form Ce-based solid solutions which distort the ceria lattice due to their ionic radii differing
from those of Ce3*/4*, increasing the concentration of defects and thus enhancing the redox

properties of ceria’t114,

Ceria-zirconia (Ce0,-Zr0) is perhaps the most widely reported such combination. Despite Zr**
having a smaller ionic radius (0.84 A) than Ce* (0.97 A), they are able to form solid solutions
in a range of compositions, and have shown to enhance the redox properties of ceria at lower
temperatures, as well as improving thermal stability?®46:60,109.114 The superior redox has been
attributed to the shrinkage of the CeO; cell parameter by the substitution of Ce** for Zr#*.
Stress to the structure induced by variations in the cell parameter favours the formation of

structural defects, in turn enhancing oxygen mobility°%,

In contrast, the rare-Earth metals listed above exhibit larger ionic radii than Ce** 111, It has
been reported that when incorporated into the CeO; structure they induce structural stress
by increasing the cell parameter compared to pure ceria. Moreover, the incorporation of
trivalent (+3 oxidation state) rare-Earth cations into the CeO; lattice induces stress by forcing
the formation of oxygen vacancies in order to fulfil charge neutrality®119111115  Ag with
zirconia, the introduction of rare-Earth metal oxides has shown to improve the redox
properties, as well as demonstrating greater thermal stability than pure ceria?®. As mentioned
above, unlike the other rare-Earth cations which remain in the +3 oxidation state,
praseodymium ions are able exchange between +3/+4 states like cerium. It has been reported
that incorporation of Pr cations into the ceria lattice increases the concentration of oxygen

vacancies and hence oxygen mobility in the structure due to the redox cycle of Pr3+/4+116,

The incorporation of alumina (Al,03) with ceria has been reported to significantly improve the
thermal stability of the material through a concept known as the “diffusion barrier”. It is
thought that contact between the primary ceria nano-particles enables particle growth at
higher temperatures, which leads to sintering and a loss of activity. The concept of the
diffusion barrier, as shown in figure 1.13, is the introduction of another oxide which does not
react with the primary particles — in this case alumina — which restricts the contact between
them and thus inhibits particle growth and sintering. A study by Morikawa et al. introduced
alumina among ceria-zirconia particles on the nanometre-scale, and was found to inhibit
particle growth during durability testing up to 1000 °C?’.
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AlLOj (diffusion barrier)
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Figure 1.13 Illustration of diffusion barrier concept!’

1.3.3.3 Transition metal promoters

Several transition metals were investigated in this project for use as promoters on ceria-based
supports. This initially focussed on silver, however a brief investigation into other transition

metals was also undertaken.

Silver has been found to be an efficient partial oxidation catalyst, with applications ranging
from the epoxidation of ethylene to ethylene epoxide, the oxy-dehydration of methane to
formaldehyde, and the oxidation of CO, hydrocarbons and ammonia'*®. The ability of silver to
promote the formation of highly reactive superoxide, O, species has encouraged
investigations into its use for soot oxidation catalysis. Using electron spin resonance (ESR),
Machida et al. showed that O, formation increased when metallic silver was present on CeO;
compared to the bare support, and resulted in enhanced soot oxidation activity!*®. Studies
by Aneggi and Corro impregnated silver on different supports including CeO,, ZrO», Al,03 and
Si0,118120 They also reported that the formation of superoxide by metallic silver (Ag®) was
responsible for the improvements observed in soot oxidation activity. It was observed that
Ag/Zr0O; and Ag/Al,03 were improved to a greater extent than Ag/CeO, compared to their
bare supports. This was attributed to the different interactions between silver and the various
supports. In the case of ZrO2 and Al,Os it was observed that Ag® was preferentially formed on
the surface of the support during calcination. With CeQ; it was found that much of the silver
was stabilised as Ag20 on the surface of the support, and that Ag® existed as a smooth layer

on top of the oxide. This resulted in a lower proportion of silver in the active metallic phase,
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and also decreased dispersion compared to the other two supports!®, However other studies
have achieved more favourable results from silver-promoted ceria catalysts. As well as the
formation of superoxide species, silver has been found to act as a “ceria amplifier” by
interacting with the ceria support, considerably weakening Ce-O bonds and favouring the
formation of Ce3* and oxygen vacancies which aid the Mars-van Krevelen mechanism of soot
oxidation'2%122 |n a study by Shimizu et al., the impregnation of Ag nanoparticles on CeO3
was found to decrease the activation energy of Ce** reduction to Ce3", increasing oxygen
vacancies on the ceria surface. They proposed a mechanism, shown in figure 1.14 whereby
gas-phase O, is chemisorbed on the Vo site adjacent to the Ce3* ion and silver nanoparticle to
form a reactive On* species (likely superoxide Oz’) which then migrates to the surface of the

soot particle and oxidises it to CO2*?3.

Cco,

carbon

/\)

Ge n

Figure 1.14 Schematic mechanism of soot oxidation over Ag/CeO:> catalyst'?
Yamazaki et al. prepared a CeO,-Ag catalyst by co-precipitation which formed a “rice-ball”
morphology, a unique agglomeration nanostructure consisting of an Ag particle surrounded
by fine CeO; particles (figure 1.15). This structure enabled a large Ag/CeO; interface and was

able to prevent sintering of Ag particles'?*,
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IH

morphology proposed by Yamazaki'?

Figure 1.15 Structural schematic of CeO»-Ag “rice-bal
The proposed mechanism by which this material was able to catalyse soot oxidation is shown
in figure 1.16. It suggests that oxygen is adsorbed on the surface of the Ag particle either from
gas-phase O3 or by ceria lattice oxygen at the Ce0,-Ag interface to form atomic oxygen. This
oxygen then migrates to the surface of the CeO; particles (spillover) via the interface and
becomes O™ (some of which is Oy) by interaction with Vo on the ceria surface. This mobile
active oxygen species is able to migrate along the ceria surface and react with soot to form
CO; at the CeO,/soot interface. The large CeO,/Ag interface allows for fast migration of the
oxygen species. Wang et al. found that the promotion of Vo on the surface of ceria by Ag
particles helped to generate more active oxygen species. However, they also found that when
migrating Oz species interacted with successive Vo they were reduced to less active O and
O7%. This suggested that an excessive concentration of Vo on the ceria surface was detrimental

to the soot oxidation activity of the catalyst and therefore a high silver-loading was

disadvantageous to the catalyst!?>,

Ao e

Figure 1.16 Schematic mechanism for soot oxidation over the CeO,—Ag catalyst'?
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Several other transition metals have shown catalytic activity for soot oxidation, drawing
interest due to their low-cost and availability. Neeft et al. conducted soot oxidation tests with
numerous metal oxide catalysts including Co, Mo, V, Fe, Mn, Cu and Ni. These were described
as very to moderately active catalysts for soot oxidation under tight contact conditions®°.
Their activity is derived from their ability to release oxygen at the catalyst/soot interface,
hence the need for good contact. Several studies into the soot oxidation activity of iron oxide
catalysts have been conducted>”*?61%7 These concluded that soot oxidation took place via a
modified Mars-van Krevelen mechanism, as shown in figure 1.17. The role of Fe;03 was the
transfer of surface and sub-surface oxygen to the soot at the point of contact to form SOC
intermediates. The reduced Fe is then re-oxidised by neighbouring oxygen, which leads to a
cascade of formation and refilling of surface oxygen vacancies which are finally filled by gas-
phase oxygen a distance from the catalyst/soot contact point. Mul et al. also concluded that

the same mechanism was applicable in the case of Co304°’.

soot

O,
0 0 0 0
N Pl Pl /
/Fe /Fe\ /Fe\ er\
0 \D 0 0 o

Figure 1.17 Mechanistic scheme of the oxygen transfer from the Fe,0s catalyst to soot!?®

These metal oxides have also been studied as dopants for ceria/ceria-based catalysts, with
varying levels of success. Aneggi et al. showed that a co-precipitated Ce-Fe mixed metal oxide
catalyst showed an improvement in soot oxidation activity due to the formation of a solid
solution and the interaction between the two metals which improved the redox abilities of
ceria. However, this activity was lost after thermal aging up to 700 °C due to crystallisation of
the Fe,03 phase, which gradually segregated from Ce0,'%2. An Fe-Ce-Zr catalyst prepared via
a gel-combustion synthesis method by Alinezhadchamazketi and colleagues concluded that
the Fe-Ce interactions did not influence the redox behaviour of cerium, and had no positive

effect on the soot oxidation activity of the catalyst'?°. Harrison et al. demonstrated that the
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activity of CeO2 could be improved by the presence of Co304, either through co-precipitation
or impregnation. Testing of these catalysts showed that soot oxidation took place at the same
temperature as Hy-reduction of the cobalt oxide phase, suggesting a redox mechanism which
may have been assisted by oxygen spillover on the CeO support®. This was also observed by

Dhakad et al. with a co-precipitated Co304-CeO; catalyst®?.

Copper has also attracted attention as an active soot oxidation catalyst due to its redox
properties. CuO has been reported as particularly active phase due to the ease with which it
is able to release oxygen due to the reduction of Cu?*. This has been reported to enable the
oxidation of NO to NO; and also to complete the oxidation of soot by catalysing the reaction
of CO to CO,*3°. CuO has also demonstrated an ability to improve the catalytic properties of
ceria. Reddy & Rao noted that the incorporation of CuO into the CeO; lattice increased the
formation of oxygen vacancies in the structure and led to the increased reactivity of lattice
oxygen for soot oxidation'3!. Liang et al. also observed well-dispersed CuO strongly
interacting with the surface of CeO, and CeO,-ZrO; supports which improved the reducibility
of ceria 32, They made use of a Mars-van Krevelen-type mechanism previously reported by
Martinez-Arias et al. for the oxidation of CO by Cu-CeO; to show how the Cu-Ce interaction
aids soot oxidation, as shown below. Both Cu?* and Ce*" at the Cu/Ce interface are rapidly
reduced by soot to form CO3, in equation (1). Equations (2)-(4) then take place to partially re-
oxidise the catalyst with gas-phase Oy, and convert it to peroxide which can migrate and fill

the remaining oxygen vacancies in equation (5)*33.

2Ce**-0%-Cu?* + Csoot =2 2Ce3*-Vo-Cut* + CO3 (1)
Ce3*-Vo-Cu* + Csoot = Ce3*-Vo-Cu*-Cs (2)
Ce3*-Vo-Cu*-Cs + 02 = Ce**-0,-Cu*-Ct (3)
Ce**-0,-Cu*-Cr > Ce**-0,2-Cu?* + ¢ (4)
Ce**-0,%-Cu?* + Ce3*-Vo-Cu*-Cs > 2Ce*-0%*-Cu?* + (¢ (5)

(Where Csis the adjacent carbon species adsorbed on the Cu-Ce surface)

1.3.3.4 Alkali metal promoters

As mentioned in section 1.3.2, there have been many studies into the use of alkali metals,

usually as promoters for soot oxidation catalysts such as ceria’%134135  spinels’4,
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perovskites®®®’ and various other metal/mixed metal-oxides®®36, Their high activity is
attributed to their high surface mobility due to their low melting points. This increases the
contact between catalyst and soot and allows for a more facile reaction. They lower the
activation energy of soot oxidation by favouring the formation of intermediate carbonate
species’t129134-13% They are also able to act as electron donors, enabling the dissociative

chemisorption of electron accepting gas-phase oxygen!®.

Aneggi et al. put forward an extensive work on alkali metal-catalysed soot oxidation'3*. They
prepared various alkali metal (Na, K, Rb, Cs) catalysts on both redox active (CeOz) and inactive

(ZrO2 and TiOy) supports. The results of their soot oxidation tests are shown in figure 1.18.
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Figure 1.18 Soot oxidation temperatures of CeO: (black), ZrO2 (grey), TiO2 (white) with 10%Na/K/Rb/Cs'34

It has been suggested that alkali metals are able to act with a redox mechanism correlated to
the redox cycle of CeO,. In a study by Zhu et al., it was suggested that the catalytic role of
potassium can be attributed to an oxidation-reduction cycle in which KxOy is oxidised by O> to
KxOy+1, which then transfers oxygen to reduced ceria to restore it to Ce0,%°. However, the
high activity achieved on each of the supports in figure 1.18 suggested the alkali metal was
able to catalyse soot oxidation without the need for a redox cycle with an active support. The
mechanism proposed for this reaction relies on the alkali metal promoting the formation of
carbon-oxygen complexes, which are the active sites. The alkali metal favours the
chemisorption of molecular oxygen with the carbon surface complex, which subsequently

reacts with soot:
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C-O-AM + Csoot 2 C-AM + CO
C-O-AM + CO - C-AM + CO>
2C-AM + 0; = 2C-0-AM

Where AM is the alkali metal, C-O-AM and C-AM are oxidised and reduced forms of the
carbon-oxygen complexes. The alkali metal therefore acts as an oxygen carrier which

transfers gas-phase oxygen to the carbon surface!3*.

This same study, as well as others, investigated the activity of various different types of alkali
metal compounds, most notably those containing potassium. There is general agreement that
the trend in activity is; K2CO3 = KOH > KHCO3 > KNO3 > K,SO4 > KCI134136.139 A study by Peralta
et al. found that KNO3 was more active than K.COs3, however KNOs was much less stable at
higher temperatures'*!. This trend has been explained by the stability of the salts. In the
presence of a strong anion, such as ClI, the interaction between potassium and the carbon on
the surface of the soot is not favoured, as such the formation of the active sites described
above is hindered®34. It has also been suggested that alkali metal-carbonates can utilise their
carbonate species as the active catalytic species. This was first proposed by Kimura et al. using
Na,COs on the surface of a K2COs3/Na based nepheline'*?, and has been investigated further

at Cardiff University, with the mechanism below proposed!#3;

AM;CO3 + Csoot = AM*H0% + 2CO (1)
2CO + 02 2 2C0; (2)
AM*,0% + CO; = AM,COs (3)
AM;CO3 + Csoot + 02 2 AM>CO3 + CO> (4)

In equation (1) the AM-carbonate is reduced by the surface carbon of the soot to form an
AM-oxide and two equivalents of CO. The CO is then subsequently oxidised to CO; in equation

(2). The AM-oxide is re-carbonated by gas-phase CO; in equation (3). Thus the overall
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reaction, shown in equation (4) results in the reformation of the AM-carbonate and the

oxidation of soot to CO..

In general it is reported that descending through the alkali metal group follows a trend of
increasing soot oxidation activity; Cs > Rb = K > Na > Li. This can be explained by the trend of
decreasing melting points down the group, which allow for greater mobility and hence
contact with soot, and also to the increasing electropositivity, which favours electron
donation and the dissociative chemisorption of oxygen!**14¢. However, this has been
reported as varying depending on a number of factors, including; the alkali metal species
used, the intimacy of catalyst/soot contact, and soot the type of support (as shown in figure
1.1813%). Neeft et al. found that in loose contact, the trend in activity for AM-carbonates was
Cs > Na > K > Li, while in tight contact it was Cs > K > Na > Li. In AM-hydroxides the trend was
K > Cs > Na in loose contact, and Cs > K > Na in tight contact®®. In a study into AM on ceria-
zirconia by Liang et al. the trend in activity was found to be K > Na > bare CZ support > Li. This
was linked to the relative sizes of the AM ionic radii compared to cerium; K* > Na* > Ce** > Li*.
The larger ions were attributed with causing lattice distortion and increasing oxygen vacancies

leading to an increase in superoxide species through gas-phase O,/lattice oxygen exchange!®.

However the main drawback of alkali metal catalysts is their poor thermal stability. Several of
the above studies have noted the significant loss of metal content from the catalysts after
thermal aging’!'%’. After aging at 800 °C for 50 h in air, it was observed by Aneggi that the
loss of alkali-metal increased down the group, ranging from ~15 % in Na/CeO; to ~95 % in
Cs/Ce0;. The same experiment conducted in the presence of water resulted in a loss of ~55
% of Rb and at least 85 % of Na, K, Cs from their respective catalysts. This was attributed to
the formation of volatile compounds, which is exacerbated in the presence of water. This also
resulted in severe deactivation of the catalysts observed during subsequent soot oxidation

testing®34.
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1.4 Project Aim

The project, titled ‘Passive Catalytic Soot Oxidation’ was conducted at the Catalysis Institute

at Cardiff University, funded by Jaguar Land Rover and EPSRC.

The aim of the project was to design materials capable of catalysing the combustion of
trapped soot particulate, without the need for the addition of heat or reactants to the
exhaust. The ultimate aim is the continuous regeneration of particulate filters for two
aftertreatment processes; diesel compression-ignition, and gasoline direct-injection spark-
ignition. The brief therefore demanded that the materials be suitable for use as a washcoat
for both diesel and gasoline particulate filters (DPF and GPF). The lean-burn conditions of
diesel ClI engines results in a high concentration of O; in the exhaust stream, however
temperatures rarely exceed 250 °C and are too low for uncatalysed soot oxidation'!. While
the temperature is considerably higher in a gasoline exhaust, between 350-500 °C in urban
driving conditions and reaching 700 °C during motorway speeds, the stoichiometric fuel/air

mix in the engine results in a shortage of oxygen in the exhaust stream3°.

As explained in the above sections, the previous studies into cerium oxide, CeO; suggest that
it is capable of addressing the issues for both these applications. In diesel exhausts primarily
by activating the high concentration of gas-phase oxygen to lower the soot oxidation
temperature, and in gasoline exhausts by utilising its OSC properties to provide greater
availability of oxygen. This project therefore investigated the capability of various ceria-
containing materials to catalyse soot oxidation, using an iterative experimental approach. The
preparation, characterisation and testing of the catalysts was carried out using various
techniques, with an emphasis on the robustness of the materials to ensure suitability for the

above applications.
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Chapter 2

2. Experimental Techniques

2.1 Introduction

This chapter describes the experimental techniques used in this project. This includes the
preparation methods and equipment used to prepare the various catalysts presented in this
work, as well as the equipment and conditions used for the characterisation and testing of

these catalysts.
The mixed metal oxide catalyst supports were prepared by a co-precipitation method.
The preparation of metal-supported oxides was achieved by the wet impregnation method.

Catalysts were characterised by X-ray Diffraction (XRD), Raman Spectroscopy, X-ray
Photoelectron Spectroscopy (XPS), Surface Area Analysis (BET), and Temperature-

programmed Reduction (TPR).

Catalysts were tested for soot oxidation activity using Thermogravimetric Analysis (TGA).

2.2 Catalyst Preparation

A series of mixed metal oxide catalyst supports and metal-supported oxides were prepared
in the methods described below. All chemical precursors used in the preparations of catalysts

in this project are listed in table 2.1.
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Table 2.1 Precursor chemicals used in preparation of mixed metal oxide and metal-supported oxide catalysts

Precursor

Source and purity

ammonium cerium nitrate,
(NH4)2Ce(NO3)s
aluminium nitrate nonahydrate,
AI(NO3)3.9H2:0
zirconyl oxynitrate hydrate,
ZrO(NOs3)2.xH20
lanthanum nitrate hexahydrate,
La(NOs)3.6H20
praseodymium nitrate hexahydrate,
Pr(NO3)3.6H,0
neodymium nitrate hexahydrate,
Nd(NO3s)3.6H:
silver nitrate, AgNO3
potassium carbonate, K,COs3
copper nitrate hemi(pentahydrate),
Cu(NO3),.2.5H,0
manganese nitrate hydrate,

Mn(NO3)..xH20

iron nitrate nonahydrate, Fe(NO3)3.9H;0

cobalt nitrate hexahydrate,
Co(NOs3)2.6H.0

nickel nitrate hexahydrate,
Ni(NOs)..6H.0

sodium carbonate, Na>CO3

caesium carbonate, Cs,COs3

Sigma Aldrich, >98.5%

Sigma Aldrich, >98%

Sigma Aldrich, 99%

Sigma Aldrich, 99.9%

Sigma Aldrich, 99.9%

Sigma Aldrich, 99.9%

Sigma Aldrich, 99.99%

Fisher Scientific >99%

Sigma Aldrich, 99.99%

Sigma Aldrich, 99.99%

Sigma Aldrich, 99.95%

Sigma Aldrich, 99.99%

Sigma Aldrich, 99.99%

Fisher Scientific 298.5%

Fisher Scientific 299%
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2.2.1 Catalyst Support Preparation — Co-precipitation (manual method)

Ceria-zirconia-alumina (CZA) catalyst supports were prepared by a co-precipitation method.
0.25M solutions of ammonium cerium nitrate, zirconyl oxynitrate hydrate, and aluminium
nitrate nonahydrate were prepared. These solutions were then combined into a single 50 ml
solution so that a Ce:Zr:Al molar ratio of 7:3:10 was achieved. 5 ml of the solution was placed
in a 100 ml round bottomed flask and heated to 80 °C under constant magnetic stirring, at
which point the precipitating agent, a 1 M solution of sodium carbonate, was added dropwise
until a pH of 9 was reached. At this point the remaining nitrate precursor solution was added
dropwise via pipette while the sodium carbonate solution was added via a dropping funnel,
both at a rate that ensured that the pH was maintained at 9 and the temperature at 80 °C.
Once the addition of the nitrate solution was completed, the suspension was allowed to age
at 80 °C for 1 hour. The resulting precipitate was filtered and washed with 500 ml warm
deionised water. This was then dried in at 110 °C for 16 hours. Finally, the dried solid was
calcined under an atmosphere of static air by heating to 500 °C at 10 °Cmin! and dwelling at
the final temperature for 5 hours. For the purposes of testing the reproducibility of the

method, 3 batches were prepared in an identical manner as described above.

2.2.2 Catalyst Support Preparation — Co-precipitation (automated method)

Several mixed metal oxide catalyst supports were prepared by co-precipitation similar to the
method described above. However, a Metrohm 902 Titrando system was used for the
addition of the nitrate precursor solution and carbonate precipitating agent. 0.25 M solutions
of ammonium cerium nitrate, zirconyl oxynitrate hydrate, lanthanum nitrate hexahydrate,
praseodymium nitrate hexahydrate, neodymium nitrate hexahydrate and aluminium nitrate
nonahydrate were used as the nitrate precursor solutions. For each catalyst preparation,
these solutions were mixed into a single 200 ml solution, according to the desired composition
of metal oxides and their molar ratios, e.g. a catalyst support consisting of Ce:Zr:Al in a molar
ratio of 7:3:10 would require a precursor solution containing 70 ml, 30 ml and 100 ml of
0.25 M solutions of ammonium cerium nitrate, zirconyl oxynitrate hydrate and aluminium
nitrate nonahydrate respectively. 1 M solutions of sodium/potassium/caesium carbonate

were used as the precipitating agents.
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20 ml of the nitrate solution was added to a precipitation vessel and heated to 80 °C under
constant mechanical stirring, the precipitating agent was then added until pH 9 was reached.
The nitrate solution was then added at a rate of 3 ml min? for 50 minutes, while the
precipitating agent was added at an appropriate rate to maintain a pH of 9. Once the addition
of the nitrate solution was completed, the suspension was allowed to age at 80 °C for 1 hour.
The resulting precipitate was filtered and washed with various volumes of warm deionised
water (specified below). This was then dried at 110 °C for 16 hours. Finally, the dried solid was

calcined under various conditions described in further detail below.
2.2.2.1 Preparation of Ce-Zr-Al-Ox catalyst supports, varying precipitating agent and washing

Ceria-zirconia-alumina catalyst supports were prepared in a Ce:Zr:Al molar ratio of 7:3:10 by
the method described in 2.2.2. Each catalyst was calcined under static air at 500 °C at a heating
rate of 10 °Cmin’t, dwelling at the final temperature for 5 hours. Table 2.2 summarises the
catalyst supports prepared and indicates which conditions were altered between each

preparation.

Table 2.2 Summary of CZA 7:3:10 catalyst supports prepared by automated co-precipitation method

Catalyst Support Precipitating agent Washing (vol/litres) = Reference (section)

Auto-CZA (3.2)

Ceo.352r0.15Al0.501.75 Na,COs (1M) 0.5
Na-CZAO0.5L (3.3)

Ceo.35Zr0.15Al0.501.75 Na,COs (1M) 1.0 Na-CZA1.0L
Ceo.35Zr0.15Al0.501.75 Na2COs (1M) 1.5 Na-CZA1.5L
Ceo.35Zr0.15Al0.501.75 Na2COs (1M) 2.0 Na-CZA2.0L
Ceo.352ro.15Al0.501.75 K2COs (1M) 0.5 K-CZAO0.5L
Ceo.352r9.15Al0.501.75 K2CO3 (1M) 2.0 K-CZA2.0L
Ceo.352r0.15Al0.501.75 Cs2C0O3 (1M) 0.5 Cs-CZAO0.5L*

*The Cs-CZAO.5L catalyst was prepared by Takudzwa Bere using the above method?

2.2.2.2 Preparation of Ce-M-Al-Ox catalyst supports

Ceria-zirconia-alumina, ceria-lanthana-zirconia-alumina, ceria-lanthana-alumina, ceria-

praseodymium oxide-alumina and ceria-neodymium oxide-alumina catalyst supports were
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prepared by the method described in 2.2.2. The precipitating agent used in each case was 1 M
sodium carbonate, and washing also remained constant at 2.0 L warm deionised water during
filtration. Table 2.3 summarises the catalyst supports prepared by the above method, and

indicates which conditions were altered between each preparation.

Table 2.3 Summary of Ce-M-Al catalyst supports prepared by automated co-precipitation method

Molar ratio Calcination
Catalyst Support M Reference (section)
Ce:M:Al conditions
Ceo.35Zro.15Al0.501.75 Zr 7:3:10 500°C, Static air CZA 7:3:10
Ceo.25Zro.25Al0.501.75 Zr 5:5:10 500°C, Static air CZA 5:5:10
Ceo.15Zro.35Al0.501.75 Zr 3:7:10 500°C, Static air CZA 3:7:10
Ceo.35La0.075Zr0.075Al0.5s01.71  La,Zr 7:1.5:1.5:10  500°C, Static air CLZA 7:3:10
Ceo.25La0.1252r0.125Al0.s0169  La,Zr 5:2.5:2.5:10  500°C, Static air CLZA 5:5:10
Ceo.15La0.1752ro.175Alos0166  La,Zr 3:3.5:3.5:10  500°C, Static air CLZA 3:7:10
Ceo.35La0.15Al0.501.68 La 7:3:10 500°C, Static air CLA 7:3:10
Ceo.25La0.25Al0.501.63 La 5:5:10 500°C, Static air CLA 5:5:10
Ceo.15La0.35Al0.501.58 La 3:7:10 500°C, Static air CLA 3:7:10
Ceo.35Pro.15Alo.501.72 Pr 7:3:10 500°C, Static air CPA 7:3:10
Ceo.25Pro.25Al0.501.71 Pr 5:5:10 500°C, Static air CPA 5:5:10
Ceo.15Pro.35Al0.501.69 Pr 3:7:10 500°C, Static air CPA 3:7:10
CNA7:3:10 (4.1, 4.6)
Ceo.35Ndo.15Al0.501.68 Nd 7:3:10 500°C, Static air  CNA 500°C Static air
(4.7)
Ceo.25Ndo.25Al0.501.63 Nd 5:5:10 500°C, Static air CNA 5:5:10
Ceo.15Ndo.35Al0.501.58 Nd 3:7:10 500°C, Static air CNA 3:7:10
Ceo.35Ndo.15Al0.501.68 Nd 7:3:10 750°C, Staticair  CNA 750°C Static air
CNA 750°C
Ceo.35Ndo.15Al0.501.68 Nd 7:3:10 750°C, Flowing air
Flowing air
Ceo.35Ndo.15Al0.501.68 Nd 7:3:10 750°C, Flowing H; CNA 750°C Hy/Ar
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2.2.3 Metal Supported Oxide Preparation — Wet Impregnation Method
2.2.3.1 Silver supported catalysts

A silver nitrate solution (2% - 0.047 g, 5% - 0.118 g for a 1.5 g catalyst) was impregnated onto
the support (CZA 7:3:10) by heating to 80 °C under constant magnetic stirring, until a viscous
suspension remained. This was then dried at 110 °C for 16 hours, and calcined by heating to

500 °C at a rate of 10 °Cmin?, dwelling at the final temperature for 5 hours.
2.2.3.2 Potassium supported catalysts

A potassium carbonate solution (10% - 0.265 g for a 1.5 g catalyst) was impregnated onto the
support (CZA 7:3:10) by the method described above, then dried and calcined also by the

method described above.
2.2.3.3 Combined silver and potassium supported catalysts

A silver nitrate solution and potassium carbonate solution (2% - 0.047 g and 10% - 0.265 g
respectively for 1.5 g catalyst) were impregnated onto the support (CZA/CLZA/CLA/CPA/CNA
7:3:10) by the method described above, then dried and calcined also by the method described

above.
2.2.3.4 Comparison of transition metals on CZA support

Various transition metals Fe (0.543 g), Co (0.370 g), Ni (0.372 g), Cu (0.274 g), Ag (0.118 g) as
nitrate solutions (5% for 1.5 g catalysts) were each impregnated onto a Ce-Zr-Al-Ox support
(CZA 7:3:10) by the method described above, then dried and calcined also by the method

described above.
2.2.3.5 Copper supported catalysts

A copper nitrate solution (5% - 0.274 g copper for a 1.5 g catalyst) was impregnated onto the
support (CZA/CLZA/CLA/CPA/CNA 7:3:10) by the method described above, then dried and

calcined also by the method described above.
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2.3 Catalyst Characterisation
2.3.1 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is a non-destructive technique which analyses the bulk crystal
structure of a material. It can identify the crystalline phases of a material, as well as provide

information on crystallite sizes.
2.3.1.1 Principle

XRD is based on the detection of monochromatic X-ray radiation diffracted by the atoms or
ions of a periodic lattice. In 1913, W.H. & W.L. Bragg explained that a crystal could be
modelled as a set of discreet parallel planes separated by a constant spacing?. When X-ray
radiation is directed at the surface plane, a portion will strike an atom/ion and be diffracted,
and the rest will pass beyond, and subsequently be diffracted at a lower plane. When
conditions satisfy Bragg’s Law (equation 2.1), constructive interference can occur between

the X-rays diffracted at different planes.

Equation 2.1
Where n is an integer, A is the wavelength of the X-ray, d is the periodic spacing between

planes, @ is the angle of incident radiation.

Constructive interference occurs when X-rays are in phase with each other, i.e. the difference
in path lengths between reflected X-rays is an integer of the wavelength. For a certain
d-spacing, a corresponding angle of incident radiation, 0 will result in constructive

interference. Figure 2.1 illustrates this.

oA T

Figure 2.1 X-ray diffraction pattern according to Bragg’s Law. When 2dsin6 (the difference in path lengths
between both rays) is equal to an integer of the wavelength, constructive interference occurs

46



Chapter 2

The greater the number of regularly spaced planes in the lattice of a structure, the greater
the constructive interference between reflected X-rays at a certain angle. This results in a
greater intensity of detection by the instrument. At angles where radiation is out of phase,
destructive interference is said to occur, and thus is not detected3. A diffractogram plots the
response of the detector against the angle of incident radiation. Crystalline phases can be

identified by their distinctive diffractogram pattern®.

Crystallite sizes can also be determined by XRD diffractograms. The Scherrer equation

(equation 2.2) relates particle size with the broadening of peak width in a diffraction pattern®.

Equation 2.2
Where L is a measure of particle size, 4 is the wavelength of the X-ray, £ is the line width at
half the maximum intensity (FWHM), @ is the peak position, K is a constant called the shape

factor, usually taken to be 1.
2.3.1.2 Experimental

XRD analysis was performed on a PANalytical X'PERT Pro diffractometer using a CuKa
radiation source operating at 40 KeV and 40 mA. Each sample was run for 1 hour, 260 ranged
from 10-80°. PANalytical HighScore Plus was used for the analysis of the data and spectra. The
JCPDS database was used as a reference for identification of crystalline phases. Crystallite

sizes were calculated by the Scherrer equation.

2.3.2 Raman Spectroscopy

Raman is a spectroscopic technique which probes the vibrational, rotational and other low
frequency modes of chemical bonds within a material. It is used as a bulk characterisation

technique and can be used to complement the findings of XRD.
2.3.2.1 Principle
When a substance is illuminated, the molecular vibrations absorb photons and are excited to

a higher energy state, photons are subsequently emitted and the vibrations return to a lower
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energy state. This is referred to as scattering, and is the principle on which Raman

spectroscopy is based. There are three possible outcomes to this scattering, illustrated in

figure 2.2.
' 1
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Figure 2.2 Diagram of vibrational energy states, illustrating possible scattering outcomes

When the energy of the emitted photon is the same as the incident photon, the vibration
returns to its initial energy state and this is referred to as elastic scattering (Rayleigh
scattering). When the energy of the emitted photon is different from the incident photon, the
energy level of the vibrational state is different to its initial state and an inelastic scattering is
said to occur, referred to as Stokes and Anti-Stokes scattering. Stokes scattering is when the
emitted photon is of higher energy to the incident photon, and Anti-Stokes scattering is when
the emitted photon is of lower energy. The Rayleigh scattering does not provide information
regarding the sample, since its energy is unchanged from the incident radiation. However the
Stokes and Anti-Stokes scatterings are distinctive to particular vibrational and rotational
modes, which themselves are distinctive to certain compounds, and so can be used to identify

the structure of a sample.
2.3.2.2 Experimental

Raman spectroscopy analysis was performed on a Renishaw inVia Microscope, using a Spectra

physics green argon laser of wavelength 514 nm and power of 20 mW.
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2.3.3 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy is another non-destructive analysis technique. It is a
surface-sensitive characterisation method, which provides information on the elemental
composition of a material surface, as well as the oxidation states of those elements. It is
therefore a useful tool for analysing heterogeneous catalysts, since surface species play a

significant role in catalyst/reactant interactions.
2.3.3.1 Principle

XPS works on the principle that when a sample is irradiated by monochromatic X-rays under
ultra-high vacuum, it emits photoelectrons from core energy levels of atoms. XPS is a surface-
sensitive technique, as emitted photoelectrons from below the surface of the sample will
interact with atoms and ions from the material before they can escape into the vacuum?®. The
binding energy (Ebinding) Of an atom can be calculated based on the known energy of the

irradiating X-rays, using equation 2.3.

Ebinding = Ephoton - ( Exinetic ¢)

Equation 2.3

Where Ephoton is the energy of the incident X-rays, Ekinetic is the kinetic energy of the emitted

photoelectron, ¢ is the work function of the spectrometer, which is the minimum energy
required to remove an electron from the highest (Fermi) energy level to a state at rest in the

vacuum.

Atoms of a particular element in a particular oxidation state have a distinctive binding energy,

which can be used to identify them>.

An XPS spectra plots the intensity (the number of electron counts) against binding energy,

providing identification and quantification of elements in their oxidation states.
2.3.3.2 Experimental

XPS was performed on a Kratos Axis Ultra-DLD photoelectron spectrometer, with an
aluminium monochromatic source and a dual Al/Mg achromatic source. Spectra were
calibrated to the C(1s) line of adventitious carbon at a binding energy of 284.7 eV. Spectra

were analysed using CasaXPS.
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2.3.4 Brunauer Emmet Teller Surface Area Analysis (BET)

BET surface area analysis is a technique used to determine the specific surface area (surface
area per unit mass) of a material. As with XPS, this is a useful technique for analysing
heterogeneous catalysts, as there is often a correlation between surface area and catalyst

activity.
2.3.4.1 Principle

The Brunauer-Emmet-Teller theory describes the adsorption of inert gas molecules on the
surface of a solid material®. It can be considered an extension of the Langmuir theory, which
describes the surface of a material as a series of individual adsorption sites, each able to bind
to an adsorbate’. In the BET model, at a certain partial pressure the gas molecules are
adsorbed onto these sites, forming layers on top of each other. At a constant temperature, a
material surrounded by a gas will adsorb a certain amount of gas molecules, depending on
the vapour pressure of the gas, and proportional to its surface area. The BET equation (2.4)

can be used to calculate the volume of the surface monolayer?.

Equation 2.4 BET equation
Where is v the volume of gas adsorbed, vm is the volume of the surface monolayer, P is the
applied pressure, Po is the saturation vapour pressure, c is the BET constant, a measure of

enthalpy.

If the molar volume of adsorbate gas is known then the specific surface area of the sample

can be calculated through equation 2.5 and 2.6

Equation 2.5
Where Stotal is the surface area of the sample, vm is the volume of the surface monolayer, N
is Avogadro’s number, s is the adsorbtion cross-section of the adsorbing species, V is the

molar volume of the adsorbate gas.

50



Chapter 2

Equation 2.6

Where Sger is the specific surface area and a is the mass of the sample.
Specific surface area is measured in units of m?g™*
2.3.4.2 Experimental

Surface area analysis was carried out using a Micromeretics Gemini 2360 instrument, using a
5 point BET measurement. Analysis on the samples (100 mg) was performed at 77 K, using
liguid nitrogen to cool the sample, after an initial degassing at 120 °C for 1 hour using Na.
Evacuation time was 1 minute and equilibrium time 10 seconds. Data analysis was performed
using StarDriver software. In order to determine the experimental error, each sample was
analysed three times and an average was taken of the two closest values. Due to the

limitations of the technique, the surface area values are expressed to the nearest integer.

2.3.5 Temperature-Programmed Reduction (TPR)

Temperature-programmed reduction is a technique used to analyse the redox properties of
a material. Specifically in this case, the reducibility of a material with increasing temperature.
This is a useful technique in the context of catalysis, since the redox properties of a material

can be crucial in determining its ability to interact with other species.
2.3.5.1 Principle

Temperature-programmed reduction works by measuring changes to the concentration of H,
in an inert carrier gas after it has been passed over a sample at increasing temperature. During
the reduction of metal oxides, H, undergoes dissociative adsorption on the surface of a
particle resulting in a reduction of the metal. If rapid adsorption of H; takes place, then the
surface of the particle becomes a shell of reduced metal. Oxygen ions are removed by the
inward diffusion of hydrogen atoms from the metal/metal oxide interface (forming hydroxyl
species) and the outward diffusion of oxygen ions from the metal oxide to the metal/gas
interface. The reduced metal shell therefore grows inwards, while the inner core metal oxide

gradually shrinks, causing the metal/metal oxide interface (as well as the reaction rate, a) to
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decrease. This is known as the shrinking core or contracting sphere model, and is illustrated
in figure 2.3 a). An alternative model is the nucleation model (figure 2.3 b)). If the adsorption
of Hz is slow, then the inward diffusion of hydrogen and the outward diffusion of oxygen ions
begins to occur before the entire surface of the particle has been reduced. In this case the
metal/metal oxide interface increases in size as the reaction takes place, resulting in the
reaction rate increasing until eventually the model resembles the contracting sphere model,

and the rate subsequently decreases”®.

Matal
Metal oxide
a) b)
Matal axide
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a
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Figure 2.3 Diagram of metal oxide reduction by a) contracting sphere model and b) nucleation model, and
their corresponding reaction rates o, over time®

The more reducible a sample, the greater the amount of H, that will undergo dissociative
adsorption, and so changes to the concentration of H; in the gas stream are an indication of
the reducibility of the sample over time. Changes to the concentration of H; in the carrier gas
causes changes to its thermal conductivity, and so can be detected by a thermal conductivity

detector (TCD). A TPR profile plots the relative intensity of H, consumption over time.
2.3.5.2 Experimental

TPR analysis was performed on a Thermo TPD/R/O 1100 Series. The sample (0.05 g) was
heated from 30-900 °C at a rate of 10 °C min't under a 20 ml min! flow of 10%H,/Ar. The
experiment was repeated for each catalyst to ensure the peak reduction temperature was
within an error of £5 °C. When comparing temperatures between catalysts, differences of less

than 10 °C were not considered significant.
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2.4 Catalyst Testing — Thermogravimetric Analysis (TGA)

Soot oxidation activity was tested using thermogravimetric analysis on a Setaram Labsys TG-
DTA/DSC instrument, shown in figure 2.4. A catalyst/soot ratio of 10:3 by mass was used in
each case. 20 mg of catalyst and 6 mg of soot were mixed and placed in a crucible. In order to
test thermal stability, catalyst samples were retrieved and mixed with fresh soot and the test
repeated. In this case, the mass of soot used was dependent on the mass of catalyst that could

be retrieved, abiding by the 10:3 ratio.

Figure 2.4 Setaram Labsys TG-DTA/DSC used for soot oxidation testing
Catalysts were generally mixed by the “loose contact” method (catalyst and soot mixed by
shaking and stirring with a spatula — low contact area), however some tests were carried out
with catalyst and soot mixed by the “tight contact” method (compressed and mixed using
pestle and mortar — high contact area). The two methods are known to give significantly
different results, due to the difference in contact area'®. While tight contact provides better
reproducibility of results!?, loose contact provides a better model for the contact between

catalyst and soot in a particulate filter?13,

Samples were heated from 30 °C to 900 °C at 5 °C min™, typically under and atmosphere of

flowing air. Major loss of mass in the sample during a test was attributed to oxidation of soot.

Setsoft software was used to collect TGA data. The derivative of the TG plot was used to
determine the extrapolated onset, peak and final temperature of soot oxidation for each test.
Each catalyst was tested for soot oxidation on at least two occasions, or until the peak and
extrapolated onset temperatures (the most reliable measurements) were consistent to within
+5 °C. As in the case of TPR; when comparing soot oxidation temperatures between catalysts,

differences of less than 10 °C were not considered significant.
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3. Study into reproducibility of CZA supports and effects of altering

the co-precipitation method

In this chapter, CeO,-Zr0O,-Al,03 (CZA) mixed metal oxide catalysts were prepared by the co-
precipitation method. As described in Chapter 1, it has been extensively reported that ceria
is an active soot oxidation catalyst due to its redox properties, which allow it to store and
release oxygen depending on the surrounding conditions. These properties are improved by
the introduction of zirconia into its lattice, which also provide greater thermal stability*®.
Incorporation of alumina has shown to increase surface area as well improve the thermal
stability of ceria and ceria-zirconia catalysts without lowering catalytic activity’. Co-
precipitation is a popular method of catalyst preparation, and there are numerous examples
of its usage in the formation of ceria-zirconia catalysts for various purposes, including soot
oxidation®12. In the first instance, the preparation conditions were those of the best
performing CZA catalyst from a previous project conducted at Cardiff University!3. This
specified a catalyst with a Ce:Zr:Al molar ratio of 7:3:10, and was used as the benchmark by
which to compare the activity of the initial CZA catalysts. Certain characterisation techniques
and soot oxidation testing found that there were discrepancies between batches of catalyst,
and so an automated system was used in order to standardise the preparation method for
future studies. The CZA catalysts prepared by this method were found to have much higher
activity, which was explained by the increased concentration of sodium compounds, by-
products of the preparation method that proved difficult to remove. This led to an
investigation into the effects of sodium carbonate in the preparation method, first by
attempting to remove it by increasing washing during filtration, and later by replacing it with

alternative alkali-metal carbonates, K2CO3 and Cs,COs.
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3.1 Manual co-precipitation of Ceo.35Zro.15Alo.s01.75 supports

In this section, 3 ceria-zirconia-alumina mixed metal oxide catalysts were prepared ina 7:3:10
molar ratio by a ‘manual’ co-precipitation method as described in 2.2.1. The catalysts in this

section are referred to as CZA1, CZA2 and CZA3.
3.1.1 Characterisation

Figure 3.1 shows the XRD patterns for the CZA catalysts prepared by the ‘manual’ co-

precipitation method.
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Figure 3.1 X-ray diffractograms of CZA1 (blue), CZA2 (green) and CZA3 (red)

The reflections at around 20 = 29 °, 33 °, 48 ° and 57 ° are typical of a fluorite structured
material with an fcc cell corresponding to the (111), (200), (220) and (311) planes respectively,
and indicated the presence of CeO;'* (JCPDS card no. 071-4199). The lack of any other
crystalline phases suggested that ZrO; and Al;O3 had been incorporated into the ceria lattice,
and that homogenous Ce0;-ZrO,-Al,03 materials had been produced in each case. As shown
in table 3.1, the peak positions of the CZA materials each showed a shift to higher 20 than the

reference for pure ceria. This indicated a contraction to the ceria lattice due to the smaller
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ionic radius of Zr** ions as compared to Ce** ions'. The crystallite sizes were calculated by the

Scherrer equation from the most intense reflection, and were comparable between batches.

Table 3.1 Peak positions and crystallite sizes of CMA catalysts determined by XRD

2 theta (°)
Catalyst Crystallite size (nm)
(111) (200) (220) (311)
Ceria* 28.5 33.1 47.5 56.3 -
CZAl1 28.8 33.3 47.9 57.1 2.7
CZA2 28.9 33.3 47.7 57.1 2.5
CZA3 28.9 33.3 47.8 57.1 2.5

*2 theta values of ceria referenced from JCPDS database (card no. 071-4199)

Raman spectroscopy is also a useful technique in characterising ceria-based materials, as the
cubic fluorite structure of ceria in the Fm3m space group has only one allowed Raman active
mode (Fz) caused by the symmetric O-Ce-O stretching mode®>*. This produces a band
reported to be centred at 460cm™ 1718 Raman spectroscopy was used in order to

complement the findings of XRD and the spectra for CZA1, 2 and 3 are displayed in figure 3.2.
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Figure 3.2 Raman spectra of CZA1 (blue), CZA2 (green) and CZA3 (red)
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The spectra for CZA1, 2 and 3 showed peaks at 464 cm™, 468 cm™ and 465 cm™ respectively,
representing the F,g Raman-active mode. In each case the peak was shifted to a slightly higher
frequency than for pure CeO,, which provided evidence of a decrease in the lattice parameter
of ceria due to the incorporation of Zr** ions'”!8. The broad peak at 600-620 cm™ can be
attributed to non-degenerate Raman inactive longitudinal optical mode of ceria which occurs
due to distortion of ceria symmetry, likely caused by oxygen vacancies within the ceria
lattice'®. These vacancies favour oxygen mobility within the structure, which is thought to

lead to an improvement in soot oxidation activity®.

Temperature-programmed reduction analysis (TPR) was carried out on the CZA supports to
determine their reducibility. The ability of cerium to undergo facile reduction is thought to be
key to its properties as a soot oxidation catalyst3. The reduction of Ce** to Ce3* allows the

release of oxygen from the ceria lattice, allowing it to be readily available for soot oxidation?.

The TPR profiles shown in figure 3.3 provided a stark indication that the materials produced
by the co-precipitation method were inconsistent. Ceria typically provides a bimodal TPR
profile, with a sharp peak representing the reduction of surface Ce** to Ce3* at around 425 °C,
and a broad peak above 800 °C representing the reduction of cerium ions from within the bulk

structure?®?!, However, this pattern was not observed with the CZA materials prepared here.

Ha consumption/ a.w

Temperature, 'C

Figure 3.3 TPR profiles of CZA1 (blue), CZA2 (green) and CZA3 (red)
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The TPR profile of CZA1 showed a sharp peak at 422 °C typical of surface cerium reduction.
Another smaller peak centred at 502 °C was also observed. This peak is at too low a
temperature and not sufficiently broad to be identified as bulk cerium reduction. The surface
reduction peaks of both CZA2 and CZA3 were at considerably higher temperatures, both
peaking at around 480°C, however a shoulder could be observed on the CZA3 peak in the
310-410 °C region. The disparity between reduction profiles indicated that reduction of
surface cerium was not uniform between batches, and the presence of shoulder peaks in
temperature ranges not untypical of surface cerium reduction (in the cases of CZA1 and CZA3)

could even suggest that there was lack of uniformity within the same batch.

Table 3.2 BET surface areas of ‘manual’ CZA supports

Catalyst Surface area (m?%g?)
CzA1 180 (+1)
CzZA2 173 (£5)
CZA3 215 (£5)

Table 3.2 shows the surface areas of the CZA materials obtained by BET analysis. It was
observed that the surface area of CZA3 was significantly higher than those of CZA1 and CZA2.
The surface areas provided further evidence that the materials produced by the co-

precipitation method were inconsistent.
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3.1.2 Soot oxidation testing

Thermogravimetric analysis (TGA) was used to test the activity of the catalysts for soot
oxidation. TGA is a useful tool as it measures changes in the mass of a sample as a function of
temperature. In the case of a soot sample, a decrease in mass is attributed to the conversion
of the solid carbonaceous species into gaseous CO/CO,, i.e. soot oxidation. Figure 3.4
demonstrates a typical thermogravimetric (TG) plot and corresponding derivative (dTG) plot,

in this case of a 6 mg sample of diesel soot heated from 30 to 900 °C at 5 °Cmin‘! under flowing
air.
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Figure 3.4 a) TG plot of 6mg diesel soot sample, and b) derivative of same plot — demonstrating the positions
of the onset, extrapolated onset, peak and final temperatures

The plots demonstrate that the oxidation of soot does not occur at one specific temperature
but rather proceeds over a range temperatures. As shown in figure 3.4b), the derivative plot
provides a curve from which the key points of the soot oxidation process can be obtained,
namely the temperature at which soot oxidation begins, is at its maximum rate, and when it
is completed. These markers are known as the onset temperature (Ton), peak temperature
(Tp), and final temperature (Tf) of soot oxidation. The sensitivity of the instrumentation means
that small external disturbances can cause the dTG plot to be noisy, and can often make it
difficult to determine an accurate onset temperature. Therefore a fourth measurement, the

extrapolated onset temperature (Teo) can be used as a more accurate comparison. As shown
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in the derivative plot, this is obtained by calculating the intersect point between the steepest
gradient of the curve and the baseline. In this work, when comparing activity between
catalysts, primacy is given to the peak temperature, since this is the temperature at which the
catalyst is deemed to be operating at its maximum effectiveness. The dTG plots provide a
better visual comparison between samples than the corresponding TG plots, and therefore

are presented in this work. The original TG plots can be found in the appendix.

Thermogravimetric measurements can also be affected by a phenomenon known as the
‘buoyancy effect’, which can cause an apparent increase in a sample weight, due to
convection currents occurring as the temperature of the gas surrounding the sample
increases??. This phenomenon can be seen in figure 3.4a), as an increase in weight of almost
20% is observed prior to the onset of soot oxidation, making the baseline difficult to
determine. However since the effect is linear the dTG plot can take this into account, and a

baseline can still be established, albeit non-perpendicular to the y-axis.
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Figure 3.5 dTG plot (black) and heat flow (blue) of 6mg diesel soot sample against temperature

The same equipment can be used to obtain differential thermal analysis (DTA) plots, which
display the heat flow of the sample against the temperature of the furnace. Figure 3.5 shows

the heat flow plot of the same soot sample, superimposed over the dTG plot for comparison.
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The increase in heat flow corresponds to the loss of mass due to soot oxidation,

demonstrating that soot oxidation is an exothermic process.
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Figure 3.6 TGA plots of catalyst/soot mixtures containing: CZA1 (blue), CZA2 (green) and CZA3 (red)

The CZA catalysts were tested for soot oxidation by running samples of catalyst/soot mixtures
in a 10:3 ratio by mass through TGA analysis. Figure 3.6 shows the percentage mass loss of
these mixtures as a function of temperature, from 30-900 °C. The initial loss of mass observed
up to around 100 °C was attributed to the removal of surface water adsorbed on the surface
of the catalyst. The remaining loss of mass accounted for between 20-25% of the total mass
of the sample, in rough agreement with the 10:3 ratio (~23.1%) and so, along with the physical
lack of soot observed in the sample post-analysis, this could reasonably be attributed to the

complete oxidation of soot.

The derivative plots shown in figure 3.7 (offset by 1 %min™ for comparison) were able to
provide further insight into the catalysed soot oxidation process, and the soot oxidation
temperatures shown in table 3.3 were established from these plots, those for uncatalysed
soot are also included for comparison. Also included for comparison are the soot oxidation
temperatures of the benchmark CZA 7:3:10 catalyst previously prepared at Cardiff

University?3.
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Figure 3.7 dTG plots of catalyst/soot mixtures containing: CZA1 (blue), CZA2 (green) and CZA3 (red), offset for
comparison

In summary, the CZA catalysts all showed activity for soot oxidation by lowering several of the
key temperature markers. In each case the onset of soot oxidation occurred at or below
400 °C, a significant decrease in temperature compared to uncatalysed soot oxidation. Each
of the CZA catalysts were also able to decrease both the extrapolated onset and peak soot
oxidation temperatures. Complete soot oxidation was achieved at a lower temperature with
both CZA2 and CZA3. The least successful catalyst was observed to be CZA1, as the onset,

peak and final soot oxidation temperatures were significantly higher than with the other
catalysts.

Table 3.3 Soot oxidation temperatures of samples mixed with CZA catalysts

Catalyst Ton (°C) Teo (°C) Ty (°C) T+ (°C)
Soot (no catalyst) 465 535 622 648
Benchmark CZA 407* 507* 597* 634*
CZA1 400 491 608 658

CZA2 383 499 592 640

CZA3 370 498 588 635

* Values taken from R. Ramdas, Cardiff University®3

63



Chapter 3

Table 3.3 shows that the catalysed reactions caused a greater decrease in the initial onset
temperature than the other temperature markers. This was most pronounced in the case of
CZA3, where the onset temperature of soot oxidation decreased by 95 °C, whereas it only
lowered the extrapolated onset, peak, and final temperatures by 37 °C, 34 °C and 13 °C
respectively. The shape of the dTG profiles appeared to show a shoulder to the main soot
oxidation peak —again, most pronounced with CZA3. This may be evidence that two separate
processes were occurring. The first caused a slow rate of soot oxidation, not previously seen
in the uncatalysed reaction, and the second, a more rapid soot oxidation process, comparable

to the one in the uncatalysed reaction, but at a slightly lower temperature.

The temperature range over which this initial soot oxidation took place was between
370-500 °C (at which point it was usurped by the major soot oxidation peak), this is in rough
agreement with the reduction peaks of the catalysts observed in the TPR shown in figure 3.3,
which is evidence that the reduction of cerium and subsequent release of lattice oxygen was
responsible. This mass loss could be explained by the oxidation of soot particles in close
contact with the surface of the catalysts. Previous studies have shown that under tight contact
conditions, the oxidation of the hydrocarbon fraction of the soot can be catalysed at a lower
temperature than the majority carbon fraction?3. The remaining soot was then oxidised at the
higher temperature by atmospheric oxygen as in the uncatalysed reaction, the slightly lower
temperature could be attributed to the initiation of soot oxidation and the exotherm it

produced by the catalysed soot oxidation.

The catalysts showed similar soot oxidation temperatures to the benchmark catalyst,

indicating that the preparation method had been successfully replicated.

3.2 Automated co-precipitation of Ceo.35Zro.15Alo.501.75 supports — comparison
with manually prepared supports

The co-precipitation method employed in the preparation of the CZA catalysts was deemed
to be the cause of the discrepancies observed between batches, in particular their reduction

profiles and soot oxidation activities. The requirement to maintain constant pH and

temperature by varying the rates of both nitrate and carbonate reagents manually meant that
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inconsistencies in the rates of addition were inevitable between batches. In order to eradicate
these inconsistencies and ensure that all future co-precipitated materials were reproducible,
it was decided to standardise the preparation method by using an autotitrator to control the

rates of addition of the reagents and to monitor more precisely the pH throughout.

This section compares the CZA material prepared by the standardised autotitrator method
described in section 2.2.2.1 (referred to as ‘auto-CZA’) with those of the ‘manual’ co-

precipitation CZA materials presented in the section above.
3.2.1 Characterisation

Figure 3.8 again shows the XRD patterns of the ‘manual’-CZA materials, as well as that of the

‘auto’-CZA.

1111;

% ;’i\ (311)
miw j‘w e s

st asi ?\\"‘uw N ety

intensityf a.u.

! 1 t..

2(! 30 iﬂi !d.'l Eﬂ ?l:l B0
"

Figure 3.8 X-ray diffractograms of manual co-precipitated CZA supports (blue, green, red) and automated CZA
(purple)

The familiar reflections for the (111), (200), (220) and (311) planes of the fluorite structure
were present in the XRD of the auto-CZA material, and their positions were unchanged. It is
obvious from first glance that the XRD pattern of the auto-CZA material contained several
additional peaks that were not present when the materials were prepared by the manual co-

precipitation method. These have been highlighted in figure 3.8 by the red circles and
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appeared at 20 = 18.4 °, 20.4 °, 32.6 °, 33.7 °, 36.4 °, 38.0 °. While further characterisation
(which is described in further detail below) identified an increased presence of sodium species

within the material, no definitive match could be found to identify these XRD reflections.

Table 3.4 Crystallite sizes calculated by Scherrer equation

Catalyst Crystallite size (nm)
CZAl 2.7
CZA2 2.5
CZA3 2.5
Auto-CZA 3.6

It was also clear that the intensities of the main reflections were greater and peak widths
narrower for the ‘auto’-CZA material. Table 3.4 shows the crystallite sizes calculated from the
reflections of the three ‘manual’ CZA catalysts and the ‘auto’-CZA catalyst. The crystallite size
for ‘auto’-CZA were significantly larger than those of the ‘manual’-CZA materials, likely due to

the increased reaction time caused by the upscaling of the preparation method.
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The Raman spectrum of ‘auto’-CZA displayed in figure 3.9 also confirms the presence of ceria

by the appearance of the peak belonging to the F2; mode. As annotated, the frequency of this

peak is shifted to a higher frequency than those of the ‘manual’-CZA materials. This would

suggest a greater incorporation of zirconium ions into the ceria lattice, causing greater

deformation to the structure.
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Figure 3.9 Raman spectra of manual CZA supports (blue, green, red) and automated CZA (purple)

Also observed was the peak attributed to ceria oxygen vacancies in the 600-620 cm™ region.

As in the XRD profiles, the Raman of ‘auto’-CZA also showed peaks that not previously

observed. Raman spectra of sodium nitrate and sodium carbonate (shown in the appendix)

confirmed them to be responsible for the peaks at 1070 cm™ and 1080 cm™ respectively. This

provided evidence that sodium species had been incorporated into the structure of the

material during the preparation method, which was not observed using the previous method.
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Figure 3.10 TPR profiles of manual CZA (blue, green, red) and automated CZA (purple)

In contrast to the manual-CZA materials, the TPR profile of the ‘auto’-CZA material in figure
3.10 showed a bimodal profile, with the main surface cerium peak at 515 °C. The intensity of
this peak was considerably lower than those of the manual-CZA materials, and this was
explained by BET analysis which indicated a much lower surface area for this material,
displayed in table 3.5. XPS analysis (described in greater detail below) also showed a
significant decrease in the atomic concentration of cerium on the surface of the material (see

table 3.5), and this also contributed to the loss of intensity of this peak.

The surface reduction peak showed considerable overlap with a second peak, centred at
656 °C, which itself appeared to contain a shoulder. This area could be attributed to the
reduction of bulk cerium ions, as reported in literature?*. However, the presence of sodium
carbonate as established by Raman suggested that this may have been caused by the
decomposition of surface carbonates to CO and H,0, which was observed by Aneggi et al.
when reporting on the effect of alkali metal loadings on ceria?®. This would explain why no

similar peak was observed for the three manually prepared catalysts.
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X-ray photoelectron spectroscopy (XPS) was used in order to further investigate differences
between the manual and automated CZA materials. The elements detected by XPS are shown

in table 3.5, which also provides their concentrations in terms of atomic percentage.

Table 3.5 Surface properties of ‘manual’ and ‘auto’-CZA catalysts provided by XPS and BET analyses

Surface atomic conc. (%) Surface area
Catalyst
Ce3d Zr3d Al2p O1ls Cl1ls N1s Nals (m?%g?)
Manual-CZA 5.21 1.85 14.10 50.25 28.13 - 0.46 215 (£5)
Auto-CZA 2.69 1.16 8.80 45.23 3382 0.49 7.60 23 (1)

The XPS analysis showed that there was a significant increase in sodium concentration on the
surface of the CZA catalyst when the automated method was used over the manual method,
which is clear from the increased intensity of a peak at 1071eV shown in figure 3.11 a).
Figure 3.11 b) shows the peaks attributed to O 1s; in both cases a peak at 529 eV can be
observed, which is attributed to lattice oxygen present in CeO, and Zr0,2%. The main peak in
this spectrum is attributed to oxygen from the alumina component, and is centred at 531 eV
in both the ‘manual’- and ‘auto’-CZA spectra. An additional peak was observed at 533 eV in
the ‘auto’-CZA spectrum, possibly indicating the presence of oxygen from a carbonate source,
usually found at 532.5 eV. There was also an additional peak at ~536 eV observed in this
spectrum which was attributed to Na auger?’. The increase in intensity of the C 1s peak at
289.5 eV in figure 3.11 c) also indicated the increased presence of carbon from carbonate
source in the ‘auto’-CZA as compared with the ‘manual’-CZA material. A small percentage of
nitrogen was also detected on the ‘auto’-CZA which was not detected on the ‘manual’-CZA
analysis. These observations provided further evidence of the increased presence of sodium
species in the form of carbonate and nitrate when the automated method was used over the

manual method.
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3.2.2 Soot oxidation testing

The ‘auto’-CZA catalyst was tested for soot oxidation using TGA. The dTG plot in figure 3.12
shows clearly that soot oxidation took place at a considerably lower temperature when mixed
with this catalyst compared to the three manually prepared catalysts shown previously. This

is confirmed by several of the key temperature markers, highlighted in table 3.6.
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Figure 3.12 dTG plots of catalyst/soot mixtures containing: manual CZA supports (blue, green, red) and
automated CZA (purple)

The peak soot oxidation temperature when mixed with this catalyst was almost 40 °C lower
than even the best performing ‘manual’-CZA catalyst, and was over 70 °C lower than the
uncatalysed reaction. The extrapolated onset and final temperatures were also considerably
lower than the previous catalysed reactions, however the onset temperature was not lowered
correspondingly. The superior soot oxidation activity of this catalyst could be explained by the
increase in sodium content, which was shown by characterisation. It is well established from
literature that alkali metals are active soot oxidation catalysts, and are able to enhance the
soot oxidation properties of ceria-based catalysts by introducing carbonate intermediates and

increasing contact between catalyst and soot>?2>,
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Table 3.6 Soot oxidation temperatures of samples mixed with CZA catalysts

Catalyst To (°C) Teo (°C) Tp (°C) T+ (°C)
Soot (no catalyst) 465 535 622 651
CzZA1 400 491 608 658
CZA2 383 499 592 640
CZA3 370 498 588 635
Auto-CZA 405 431 549 607

In contrast with the manually prepared CZA catalysts, the ‘auto’-CZA catalyst did not provide
evidence of a separate minor soot oxidation — which could be attributed to the oxidation of
hydrocarbons as explained in the previous section —hence the higher onset temperature. This
could be linked to the findings of the TPR, which suggested that less reduction of surface
cerium was taking place, and at a higher temperature, resulting in lower availability of labile
oxygen from the lattice to oxidise close-contact hydrocarbon particles at this temperature.
However, it could be suggested that the alkali metal improved contact with soot overall,

resulting in a decrease to the overall soot oxidation temperature.

3.3 Varying the automated preparation method of Ceo.35Zro.15Alo.501.75 supports

It was deemed that the increase in sodium species observed in the ‘auto’-CZA material was a
consequence of the upscaling of the co-precipitation method. This meant that an increase in
the volume of sodium carbonate was used in the method, however there had not been a
corresponding upscale in the level of washing (0.5 L warm deionised water) to remove these
species during the filtration stage of the process. Since the result of this was an improvement
in catalytic activity, it was decided to investigate this further, first by attempting to remove
sodium from the catalyst by incrementally increasing the washing, and subsequently by

substituting sodium for alternative alkali metal carbonates (potassium and caesium).
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3.3.1 Investigation into varying washing of Na-CZA catalysts

In order to investigate the effect of increasing washing on the CZA catalysts prepared by the
automated co-precipitation method, three more catalysts were prepared by the method
described in section 2.2.2.1, this time washed with 1.0, 1.5 and 2.0 litres of warm deionised
water during filtration rather than the 0.5 litres used previously. The catalysts are referred to
as Na-CZA followed by the volume of water used during washing, to distinguish them from
each other. The original ‘auto’-CZA catalyst presented in the previous section was used for

comparison, and in this case is referred to as Na-CZA 0.5 L.

3.3.1.1 Characterisation
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Figure 3.13 X-ray diffractograms of Na-CZAO0.5L (purple), Na-CZA1.0L (green), Na-CZA1.0L (red) and
Na-CZA2.0L (black)

The XRD patterns of the Na-CZA catalysts in figure 3.13 showed that the peaks seen previously
were not present when washing was increased to at least 1 litre. This suggested that
increasing washing had been successful in removing these species from the catalyst material.
The ceria reflections were once again present at the same 26 angles, indicating the same

crystal structure was present in each case. The crystallite sizes of this phase were again
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calculated by the Scherrer equation from the main (111) reflection, and

table 3.7.

Table 3.7 Crystallite sizes of Na-CZA catalysts (calculated by Scherrer equation from XRD)

Catalyst Crystallite size (nm)
Na-CZA 0.5L 4.1
Na-CZA 1.0L 4.1
Na-CZA 1.5L 4.6
Na-CZA 2.0L 4.3
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Figure 3.14 Raman spectra of Na-CZAO0.5L (purple), Na-CZA1.0L (green), Na-CZA1.5L (red) and

Na-CZA2.0L (black)

The Raman spectra shown in figure 3.14 complemented the findings of XRD. The F,g mode of

ceria was again present and the shift from 460 cm™ was also observed, indicating

incorporation of ZrO,. There was significant decrease in the intensity of the sodium nitrate

and sodium carbonate peaks at 1070 cm™ and 1080 cm™ when washing was increased from

0.5Lto 1.0 L and above. This suggested that washing was effective at removing these species

but was not able to eradicate them fully, as XRD had suggested.
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Figure 3.15 TPR profiles of Na-CZAOQ.5L (purple), Na-CZA1.0L (green), Na-CZA1.5L (red) and Na-CZA2.0L (black)

The TPR profiles in figure 3.15 showed that increasing washing also had an effect on the
reduction properties of the CZA materials. An increase in the intensity of surface cerium
reduction was observed when washing was increased from 0.5L to >1.0 L. However, there
was no trend to suggest that increasing washing above 1.0 L had any further effect on this.
The BET and XPS analyses of these catalysts provided the surface areas and surface elemental
composition in table 3.8, which showed an increase in the surface areas and increase in
surface cerium concentration as compared with Na-CZA0.5L, indicating that more cerium was
available at the surface to undergo reduction. The increase in surface area may have resulted
from the removal of carbonates from the surface of the catalysts, also evidenced in XPS by
the considerable decrease in the percentage of carbon on the surfaces, as well as the decrease
in the Na,COs3 peak observed in Raman mentioned previously. The temperature at which peak
reduction took place was comparable in the case of Na-CZA 1.5L and 2.0L at around 530 °C,
however it was observed that this peak was at a lower temperature in the case of Na-CZA 1.0L.
The broad TPR peak between 600-800 °C which was previously attributed to both bulk cerium
reduction and decomposition of carbonates in Na-CZA0.5L, can be seen to have decreased in
intensity when washing was increased above 1.0 L, which could also be attributed to the

removal of carbonates from these catalysts.
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Table 3.8 shows the atomic percentages of elements detected by XPS analysis. Washing above
1 litre caused a significant decrease in carbon, and reduced nitrogen to an undetectable level
on the surfaces of the catalysts. This suggested, in agreement with the XRD and Raman, that
the carbonate and nitrate species previously detected had been removed by increasing the
volume of washing. However, this did not correspond to a decrease in the levels of sodium
on the surface of the catalysts. Even when taking into account the removal of carbon and
nitrogen, the level of sodium on the surface of the catalysts actually increased considerably
when washing was increased from 0.5 to 1 litre, and a less pronounced increase then occurred
when washing was increased from 1 to 1.5 litres, and again from 1.5 to 2 litres. It is possible
that with increasing washing, while removing the nitrates and carbonates substantially, the
sodium may have been displaced from within the catalyst structure and simply deposited on

the surface.

Table 3.8 Surface properties of Na-CZA catalysts provided by XPS and BET analyses

Atomic conc. (%) Surface area
Catalyst
Ce3d 2r3d AlI2p O1ls Cl1ls N1s Nals (m2g?)
Na-CZA 0.5L 269 116 880 4523 33.82 049 7.60 23 (£1)
Na-CZA 1.0L 6.51 1.71 1192 46.74 17.62 - 15.48 65 (+1)
Na-CZA 1.5L 5.13 1.15 14.10 4580 17.43 = 16.40 58 (£2)
Na-CZA 2.0L 4.96 1.15 1447 46.51 16.06 - 16.83 47 (+2)

3.3.3.2 Soot oxidation testing

Due to the continued presence of sodium on the catalysts’ surfaces, it was expected that the
improvement in soot oxidation observed between the ‘auto’-CZA and ‘manual’-CZA catalysts
would be sustained. However, a possible issue with alkali metals for soot oxidation catalysis
is that they have been reported to be thermally unstable, forming volatile species at high
temperatures which result in their removal from the catalyst and a subsequent loss in
activity®?>. For this reason catalysts were also tested for thermal durability, which was
achieved by retrieving samples after soot oxidation testing up to 900 °C, and repeating the

test with fresh soot.

76



Chapter 3

o028 | |
] |
| — B~
025 \ J T e ” =
5 4 |
- |
HA |
s 4 N | b «'J
1 1Y | 1
1 i\\.'. . |||l|I AN W 1" I X e “_H_,__‘.l [ e vy
|
:—E ] .m \ "l
-1.75 1 \ A
& Ny L
- i | '] et
g {'i' UJIL a-..l-u".--'a'l.l""'.l"'-"'l-‘k._...rlt F b
225 [
-2.75 -
=325
375 |
B T e e o e e T
0 100 200 300 404 500 2] oD and gl

Temperature/ “C

Figure 3.16 dTG plots of catalyst/soot mixtures containing: Na-CZAO.5L (purple), Na-CZA1.0L (green),
Na-CZA1.5L (red) and Na-CZA2.0L (black)

The dTG plots of each of the catalyst’s first runs are shown in figure 3.16, and the soot
oxidation temperatures extracted from these plots are presented in table 3.9. The soot
oxidation temperatures of the catalysts washed with >1.0 L were fairly consistent in each case.
Their peak and final temperatures were also consistent with those achieved with Na-CZA 0.5L,

while their onset temperatures were higher in comparison.

Table 3.9 Soot oxidation temperatures of samples mixed with Na-CZA catalysts on their first and second use

To (Oc) Teo (Oc) Tp (oc) Ts (OC)
Catalyst
1trun 2™ run  1trun 2"run 1%trun 2"run  1%trun 2" run
Soot (no catalyst) 465 535 622 651
Na-CZA 0.5L 405 402 431 476 549 544 607 587
Na-CZA 1.0L 438 456 454 463 547 534 601 585
Na-CZA 1.5L 440 448 473 460 543 541 609 588
Na-CZA 2.0L 437 435 468 470 547 544 607 599

The dTG plots in figure 3.17 show the soot oxidation temperatures of the Na-CZA catalysts on
first and second use. In each case, it was observed that the peak soot oxidation temperatures
(shown in table 3.9) did not change significantly between first and second use, and this

indicated that the catalysts all had good thermal stability up to 900 °C.
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It was concluded that an increase in washing was clearly effective at removing the carbonate
and nitrate species from the Na-CZA structures, however the XPS analysis suggested that
sodium itself persisted on the surfaces of the catalysts, and soot oxidation testing showed

that their catalytic activity was unaffected.

The purpose of this line of investigation was to attempt to remove or reduce sodium so as to
establish whether it was responsible for the improved catalytic activity reported when
switching from the manual to the automated co-precipitation method. Since increasing
washing had neither the desired effect of removing sodium, nor an effect on the activity of
the catalysts, it was not possible to achieve this. It was decided to use an alternative approach,

by removing sodium from the catalyst preparation entirely.
3.3.2 Alternative alkali metal carbonates as precipitating agent (potassium and caesium)

CZA catalysts were prepared using potassium and caesium carbonates rather than sodium
carbonate as the precipitating agent. In order to compare the effects of these metals on the

activity of the CZA catalysts, both were washed with only 0.5 L of water during filtration.

These catalysts are referred to as K-CZAO.5L and Cs-CZAO.5L. Both were tested for soot

oxidation and compared with the results for Na-CZA 0.5L from the previous section.
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Figure 3.18 dTG plots of catalyst/soot mixtures containing: Na-CZAO.5L (purple), K-CZA0.5L (green),
Cs-CZAO0.5L (red)
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The dTG plots in figure 3.18 demonstrate that the substitution of sodium carbonate for the
potassium and caesium analogues during the preparation method resulted in a further
improvement in soot oxidation activity. From table 3.10 it can be seen that peak soot
oxidation temperatures with K-CZA0.5L and Cs-CZAO.5L were lowered by around 25 °C
compared with Na-CZA0.5L. As mentioned previously, there have been numerous reports of
alkali metals being active soot oxidation catalysts, and have shown that activity increases
tending down the group due to the trend in decreasing electronegativity, allowing for
stronger electrostatic attraction between alkali metal and oxygen and maintaining higher
dispersion on the catalyst?>?%, Since the presence of alkali metals in this case is due to a by-
product of the preparation method rather than a controlled addition to the catalyst, a direct
correlation between activity and each alkali metal should not be made. However, it is clear
that the use of potassium and caesium carbonates rather than sodium carbonate led to an

improvement in activity.

Table 3.10 Soot oxidation temperatures of samples mixed with Na-CZA, K-CZA and Cs-CZA

Catalyst To (°C) Teo (°C) To (°C) T+ (°C)
Soot (no catalyst) 465 535 622 651
Na-CZA 0.5L 405 431 549 607
K-CZA 0.5L 407 437 529 596
Cs-CZA 0.5L 400 441 524 589

3.3.3 Investigation into varying washing of K-CZA catalysts

It was again decided to investigate removing the alkali metal from the CZA catalyst, this time
by increasing washing from 0.5 L to 2.0 L during the preparation using potassium carbonate.
The higher solubility of potassium carbonate in water over sodium carbonate?® suggested it
could be removed from the catalyst more readily, and that a comparison could be made
between CZA catalysts prepared by the automated co-precipitation method both with and
without the presence of alkali metals. This catalyst is referred to as K-CZA2.0L, and the

K-CZAO0.5L catalyst is again used as a comparison in this section.
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Figure 3.19 X-ray diffractograms of K-CZAOQ.5L (green) and K-CZA2.0L (orange)

The XRD patterns of the K-CZA catalysts shown in figure 3.19 both showed the familiar

reflections seen in the Na-CZA materials, again indicating the fluorite-type structure of CeO,.

The peak positions and intensities were consistent between both batches, and crystallite sizes

were also unaltered. Interestingly, no additional peaks were observed in K-CZA0.5L as had

been the case in Na-CZAO0.5L, which may have been an indication of the more facile removal

of potassium species than sodium species.

The crystallite sizes, shown in table 3.11, were slightly lower than the equivalent Na-CZA

catalysts, but were still higher than seen for the original ‘manual’-CZA catalysts.

Table 3.11 Crystallite sizes of K-CZA catalysts (calculated by Scherrer equation from XRD)

Catalyst Crystallite size (nm)
K-CZA 0.5L 3.8
K-CZA 2.0L 3.7
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Figure 3.20 Raman spectra of K-CZAO0.5L (green), K-CZA2.0L (orange)

The Raman spectra of the K-CZA catalysts in figure 3.20 also confirmed the presence of ceria.
The shift of the f,; mode peak to around 470 cm™ again indicated the incorporation of
zirconia. The peak at 1050 cm™ on the K-CZAO.5L spectrum was identified as belonging to
potassium carbonate, and this peak was seen to decrease significantly in intensity when

washing was increased to 2.0 L, again indicating that washing was effective at removing the

potassium species from the catalyst.
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Figure 3.21 TPR profiles of K-CZA0.5L (green) and K-CZA2.0L (orange)

The TPR profiles of the K-CZA catalysts are shown in figure 3.21. Both show the familiar peak

attributed to the reduction of surface Ce** at around 520 °C, which were in agreement with

the temperature range observed of the equivalent peaks found in the TPR profiles of the Na-

CZA materials in figure 3.15.
Similar to the Na-CZA materials, K-CZA 0.5L showed a secondary, broad peak centred at

660 °C, attributed to the decomposition of carbonate species. In this case, the peak can be

attribute to the presence of residual potassium carbonate from the catalyst preparation. This

peak is not present when washing was increased in K-CZA 2.0L, again indicating the removal

of the potassium species by washing.
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Surface analysis by XPS and BET also showed that a physical change occurred to the K-CZA
catalysts when washing was increased, summarised in table 3.12. Surface area was seen to
increase significantly upon increased washing, and the concentration of surface potassium
provided by XPS was seen to decrease significantly. Figure 3.22a) shows K 2p peaks with
binding energies 295.6 eV and 292.8 eV, attributed to potassium present from its carbonate
form3°. The spectra in figure 3.22b) show the peaks belonging to O 1s. In the case of
K-CZA2.0L, the peaks are centred at 529 eV and 531 eV indicating the presence of oxygen
from ceria/zirconia and alumina respectively; however in the spectrum belonging to K-
CZAO0.5L, there is an additional peak centred at around 532.5 eV which attributed to the
presence of oxygen in carbonate form. The increased presence of carbonate in K-CZAQ.5L is
also evidenced in the C 1s spectra in figure 3.22c), which shows a larger intensity peak centred

at around 289 eV.

Table 3.12 Surface properties of K-CZA catalysts provided by XPS and BET analyses

Surface atomic conc. (%) Surface area
Catalyst
Ce3d Zr3d AI2p O1ls C1s K2p (m2g?)
K-CZA 0.5L 3.62 0.68 12.25 56.05 18.69 8.72 37 (£2)
K-CZA 2.0L 8.02 1.59 17.52 54.05 16.25 2.57 171 (£3)

As previously described in the case of the Na-CZA catalysts, the correlation between low
surface area and higher alkali metal concentration could be explained by the metal plugging
the micropores on the catalyst surface. Thus, removing the potassium in this case resulted in

a significant increase in surface area.
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3.3.3.2 Soot oxidation testing

The K-CZA 2.0L catalyst was tested for soot oxidation and compared with that of the
K-CZA 0.5L catalyst shown in the previous section. Unlike the results of the Na-CZA catalysts,
the dTG plots in figure 3.23 show that increasing washing when using K,COs as the

precipitating agent had a substantial impact on the soot oxidation activities of the CZA

materials.
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Figure 3.23 dTG plots of catalyst/soot mixtures containing: K-CZA0.5L (green) and K-CZA2.0L (orange)

The soot oxidation temperature increased significantly when washing was increased from
0.5Lto 2.0 L. The peak soot oxidation temperature (show in table 3.13) increased by over
60 °C, while the Tr was around 50 °C higher when washing was increased. The slope of the
peaks suggested that soot oxidation occurred more rapidly in the case of K-CZAQ.5L, whereas
soot oxidation was slower to reach its maximum rate in the case of K-CZA2.0L. The greater
presence of potassium on the surface of K-CZAO.5L compared to that of K-CZA2.0L as
confirmed by XPS analysis explained the discrepancy in soot oxidation temperatures between

the two.
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Table 3.13 Soot oxidation temperatures of samples mixed with K-CZA catalysts on their first and second use

To (°C) Teo (°C) Tp (°C) T:(°C)

Catalyst
1trun 2™@run  1%run 2"run  1%run 2™run  1trun 2" run
Soot (no catalyst) 465 535 622 648
K-CZA 0.5L 407 360 437 436 529 534 596 590
K-CZA 2.0L 422 423 456 482 594 590 648 635

The durability of the catalysts were tested in the same way as the Na-CZA catalysts described
previously, and are shown in figure 3.24 and 3.25. Table 3.13 shows that the temperature
range over which soot oxidation occurred when mixed with K-CZA2.0L was not affected on
second use. While onset and peak soot oxidation temperatures were not affected, the
increase in extrapolated onset temperature suggested that the initial soot oxidation was
slower on second use, but subsequently accelerated towards peak oxidation at a greater rate.
The peak temperature of oxidation with K-CZA0.5L increased slightly on second use, however
the overall range of temperatures over which soot oxidation took place was not adversely

affected. This suggested that, as previously shown with sodium, potassium was stable on the

CZA catalyst.
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Figure 3.24 dTG plots of catalyst/soot mixtures containing K-CZA0.5L on the first run (solid line) and second
run (dashed line)
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Figure 3.25 dTG plots of catalyst/soot mixtures containing K-CZA2.0L on the first run (solid line) and second
run (dashed line)

3.4 Conclusions

The work detailed in this chapter originated from the initial attempts at reproducing an active
CZA catalyst previously prepared at this institute. In terms of soot oxidation activity, an
equally active CZA catalyst was successfully produced. It was also interesting to note from the
shape of the soot oxidation curves that two distinct processes may have been taking place,
one involving labile lattice oxygen oxidising soot (possibly the hydrocarbon fraction) within
close contact of the catalyst, and a separate process utilising the atmospheric oxygen flowed

over the sample.

The catalyst was prepared several times in order to establish the reproducibility of the
preparation method, however several characterisation techniques and catalyst testing found
that there were discrepancies between batches, which were attributed to the inconsistent
nature of the preparation method. By adopting an automated mechanical system to
undertake the co-precipitation of the CZA catalyst, it was found that soot oxidation improved
considerably compared to the same catalysts prepared manually. Characterisation suggested
that there was an increased level of sodium —in particular sodium carbonate, the precipitating
agent used in the preparation method — in the automated CZA compared to the inferior
manually prepared catalyst. Since alkali metals have been widely reported as active soot

oxidation catalysts, this opened up an interesting avenue of investigation into the role of the
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precipitating agent on the activity of the CZA catalyst. It was suggested that increasing
washing during the filtration step of the catalyst preparation could reduce the level of sodium
and confirm the link between the high activity and the presence of sodium. XRD and Raman
spectroscopy suggested that increasing washing above 1.0 litre was effective at removing
carbonate and nitrate species from the CZA materials, however XPS indicated that sodium on
the surface of the catalysts was not diminished by increasing washing. Soot oxidation
temperatures were fairly consistent when catalysed by each of these materials, and were all

equally effective on repeated use.

Changes to soot oxidation activity were observed when sodium carbonate was replaced with
alternative alkali metal carbonates as the precipitating agent. Low-volume washing of CZA
catalysts prepared with potassium and caesium carbonate as precipitating agents showed a
further decrease in the peak soot oxidation temperature compared with their sodium
carbonate counterpart. Since potassium and caesium have previously shown to be more
active soot oxidation catalysts than sodium?®, this provided evidence of a link between

precipitating agent and soot oxidation.

Further evidence was established by increasing washing on the CZA catalysts prepared using
potassium carbonate. In this case, washing was considerably more effective at removing
potassium than it had been for sodium, evidenced by the relative levels of potassium detected
by XPS. In this case, soot oxidation activity deteriorated considerably upon decreasing
potassium, to a similar level found in the manually prepared CZA catalysts from the initial

study.

Therefore the introduction of alkali metals in the form of the precipitating agent during the
automated co-precipitation method was able to significantly enhance the soot oxidation
properties of CZA catalysts. In terms of repeated use for soot oxidation, CZA catalysts
prepared with both sodium and potassium maintained their activity and so were considered
to be thermally stable. However, the ease with which potassium was removed by washing
with water compared to sodium during the preparation of the catalysts must also be
considered. High temperature thermal aging of ceria-based catalysts in the presence of water
has previously shown to result in significant loss of alkali metal content?, therefore it would
be interesting to investigate the stability of the alkali metals on the CZA materials presented

in this chapter in a similar manner.
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4. Rare-Earth metal dopants in ceria-alumina catalyst supports

The importance of introducing foreign cations into the ceria lattice in order to improve its
catalytic and thermal properties has been long-established and well-documented 3. The
previous chapter discussed the use of zirconium in this respect, and also served to establish
an effective method of producing ceria-based mixed-metal oxide catalysts. In this chapter,
the method employed to prepare ceria-zirconia-alumina catalysts was again used in order to
investigate the use of rare-Earth metal dopants (lanthanum, praseodymium and neodymium)

as alternatives to zirconium.

As with zirconium, the use of rare-Earth metals to dope ceria catalysts has been widely
reported>*®. The effects of incorporating rare-Earth metals into the structure of ceria differs
from that of zirconium due to the differences in their physical and chemical properties.
Whereas zirconium exists in the +4 oxidation state, and is therefore isovalent to the Ce** ions
in CeO;, the rare-Earth elements in this study exist in the +3 oxidation state (Pr is stable in
both +4 and +3 states®). The incorporation of these ions into the ceria structure has been
reported to cause lattice stress, induced by the need to maintain charge neutrality, which
forces the reduction of cerium ions and thus the creation of greater oxygen vacancies®. The
other significant difference is the size of the ionic radii compared to Ce*. While the
incorporation of the smaller Zr** ions causes a contraction of the ceria lattice’, the rare-Earth

metals cause an expansion to the lattice due to their larger ionic radii®.

This investigation aimed to establish whether the soot oxidation activity observed by the CZA
catalysts in chapter 3 could be enhanced by replacing zirconium with the aforementioned
rare-Earth metals. This initially involved maintaining the same 7:3:10 molar ratio of Ce:M:Al
(where M = zirconium/rare-Earth metal) as in the previous chapter so as to allow for a direct
comparison. As well as replacing zirconium outright, a catalyst containing a 7:1.5:1.5:10 molar
ratio of Ce:La:Zr:Al was also prepared in order to investigate whether a synergistic effect
between the two dopant metals could be established. These catalysts are referred to as CZA,

CLZA, CLA, CPA and CNA (C = ceria, Z = zirconia, L = lanthana, P = praseodymia, N = neodymia,
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A = alumina), and collectively as CMA. A further study into the effects of varying the Ce:M:Al
ratio (5:5:10 and 3:7:10) was also conducted with all of the above combinations (in each case
the La:Zr ratio of CLZA remained 1:1). Although a previous study at Cardiff University had
established the 7:3:10 ratio as the optimum for CZA%, the changes to the preparation method
described in chapter 3 justified repeating this study, which also allowed for a fair comparison
between each of the CZA catalysts and the corresponding rare-Earth metal-containing

catalysts.

The investigation concluded that the catalysts containing neodymium were the most active
for soot oxidation. These catalysts exhibited similar activity to the other CMA catalysts during
their initial testing, however on repeated use their activities improved significantly, which
suggested the catalysts could be improved by exposure to higher temperatures. An
investigation into the calcination conditions of CNA catalysts was therefore carried out. A CNA
catalyst calcined at 750 °C under flowing air was found to be the most active catalyst prepared

in this chapter.
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4.1 Rare-Earth metal alternatives to zirconium in ceria-alumina catalyst

supports

In this section, 5 catalysts were prepared by an automated co-precipitation method as
described in section 2.2.2.2. Each catalyst contained a Ce:M:Al molar ratio of 7:3:10, where

M =Zr, La, La+Zr (in a 1:1 ratio), Pr, Nd. These are referred to as CZA, CLA, CLZA, CPA, CNA.
4.1.1 Characterisation

Each of the catalysts were characterised in a similar fashion to those in chapter 3. Figure 4.1

shows the x-ray diffractograms of the CMA materials.

(111)

/ \ (220)

intensityf a.u.

2"

Figure 4.1 X-ray diffractograms of CZA (black), CLZA (purple), CLA (green), CPA (blue) and CNA (red). The black
lines are included to emphasise the shift in ceria peak positions relative to those of CZA

As explained in the previous chapter, ceria is a fluorite-type structure with an fcc cell
containing the (111), (200), (220) and (311) planes. The reflections corresponding to these
planes were observed in the diffractograms of each of the CMA catalysts. The substitution of
lanthanum, praseodymium and neodymium in place of zirconium caused the 2 theta values
of these reflections to decrease, summarised in table 4.1. As previously stated, the presence
of zirconium causes the contraction of the ceria lattice due to the difference in ionic radii (Ce**

~0.97 A and Zr** ~0.84 A%), resulting in a shift to higher 2 theta values. The partial substitution
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of Zr* for La3* (ionic radius ~1.10 A®) in the case of CLZA negated this effect, and the 2 theta
values observed were similar to those of pure ceria (referenced from JCPDS database, card
no. 071-4199). The 2 theta values of CLA and CNA (ionic radius of Nd3* ~1.15 A1) were
observed to decrease compared to pure ceria, indicating an expansion of the lattice. The 2
theta values of the reflections in the case of CPA indicated that no lattice expansion had taken
place. This would suggest that the praseodymium present within the structure was
predominantly in the form of Pr#*, as it has a similar ionic radius to Ce** (~0.96 A!). However
the shift to a lower 2 theta value of the (200) reflection suggested there may have been some
lattice expansion, which would be explained by the presence of Pr3* which has a larger ionic
radius of ~1.13 AL, The crystallite sizes for the ceria phase in each of the catalysts are shown
in table 4.1, which were calculated by the Scherrer equation from the (111) reflections. It was
observed that the crystallite size decreased when zirconium was replaced with rare-Earth

metals.

Several additional reflections were observed in the case of CLA, most prominently at 25.8°,
30.3° 44.5° and 47.5°. These were all matched with a reference for lanthanum oxide

carbonate, (La20,C0O3 JCPDS card no. 37-0804).

Table 4.1 Peak positions and crystallite sizes of CMA catalysts determined by XRD

2 theta (°)
Catalyst Crystallite size (nm)
(111) (200) (220) (311)
Ceria* 28.5 33.1 47.5 56.3 -
CZA 28.9 335 48.0 57.1 4.1
CLzA 28.5 33.0 47.4 56.4 3.6
CLA 28.3 32.9 47.2 56.0 34
CPA 28.5 32.9 47.5 56.3 3.5
CNA 28.3 32.8 47.2 56.0 3.4

*2 theta values of ceria referenced from JCPDS database (card no. 071-4199)
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Figure 4.2 Raman spectra of CZA (black), CLZA (purple), CLA (green), CPA (blue) and CNA (red). Inset, expanded
view of CPA and CNA major peaks between 350 and 700cm™

The CMA samples were analysed by Raman spectroscopy, and are shown in figure 4.2. The
peak representing the F2z Raman-active mode of ceria was observed in each of the spectra,
however the position and intensity of the peak was seen to vary depending on the dopant
metal used. As mentioned in the previous chapter, the incorporation of Zr** ions causes a
decrease in the lattice parameter of CeO,, which in turn results in an increase in the frequency
of the F23 mode from around 460 cm™ 1213, In the case of the CZA sample shown in figure 4.2
this resulted in a peak at 470 cm™. However due to the relatively large ionic radii of the RE
metals compared to Zr*, in each case their incorporation had the opposite effect, increasing
the lattice parameter and thus decreasing the Raman frequency of the active ceria mode. The
pattern for which this took place was much in agreement with the findings of the XRD. The
decrease in frequency was most pronounced in the cases of CLA and CNA, shifting to 454 cm™
and 453 cm respectively, likely due to the disruption to the ceria lattice caused by the bulky
La3* and Nd3* ions mentioned previously. In the cases of CLZA and CPA, the disruption caused
by the presence of bulky La3* and Pr3* ions was likely tempered by that of the smaller Zr** and
Pr** ions respectively, to a frequency of only 457 cm™. It was also observed that the intensity
of the F»¢ peak was considerably lower in the cases of CPA and CNA compared to the other

catalysts. For CPA, the intensity of the peak at 510-630 cm™ relative to the main ceria peak
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suggested a greater proportion of oxygen vacancies had been formed in CPA than the other
catalysts. This is a widely reported phenomenon in Ce-Pr materials, due to the ease with
which praseodymium is able to reduce from +4 to +3 oxidation state, aiding the formation of

Ce3* and thus oxygen vacancies®!4,

X-ray photoelectron spectroscopy and BET surface area analysis were performed on the
catalysts in order to determine their surface properties. The atomic percentages of the
elements detected by XPS were quantified and can be found in table 4.2 as well as the surface

areas determined by BET analysis.

There were significant variations observed in the surface areas of the CMA catalysts. As
reported in the previous chapter, the presence of high levels of sodium (as confirmed by XPS)
may have lowered the surface areas of the catalysts by plugging micropores, and so the values

may not reflect the physical change incurred by varying the dopant metal.

Table 4.2 Surface properties of CMA catalysts provided by XPS and BET analyses

Atomic conc. (%) Surface area
Catalyst

Ce3d 2r3d RE* Al2p O1ls Cl1s Nals (m2g?)
CZA 6.22 1.27 - 17.03 5151 7.25 16.73 36 (+1)
CLZA 5.49 0.40 146 1959 51.15 6.62 15.29 40 (+1)
CLA 3.36 - 1.66 18.18 51.31 755 1794 21 (1)
CPA 5.40 - 1.82 20.67 52.33 6.14 13.65 30 (+1)
CNA 3.29 - 1.11 21.03 53.75 6.04 14.78 30 (1)

*RE = La 3d/Pr 3d/Nd 3d

In each case cerium, the dopant metal(s) and aluminium accounted for around a quarter of
the elemental composition of the surface detectable by XPS. The ratios of these elements are
provided in table 4.3. Compared with the ratios used during the preparation method, it was
observed that each of the catalysts had an excess of aluminium on their surfaces. Apart from
CLA, there was also an excess of cerium over the dopant metal, in particular in the case of
CZA. The zirconium content on the surface of CLZA was also much lower than expected,
demonstrated by the Zr/La ratio, which deviated considerably from the equimolar ratio used

during the preparation of the catalyst.
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Figure 4.3 (a) example of XPS spectra of Ce3d region?, (b) Ce 3d region of CLA 7:3:10

Analysis of the Ce 3d region was able to provide information regarding the oxidation state of
cerium on the surfaces of the catalysts and hence the ability of the dopant to increase the
number of oxygen vacancies. As shown in figure 4.3 a)* the number of peaks and their
positions vary depending on whether cerium is in the (IV) or (lll) oxidation state. The peaks in
the Ce 3d region are assigned into the 3d 3/2 and 3d 5/2 components which are further split
into spin-orbital multiplets. In the case of Ce(IV) there are three states, and in Ce(lll) there are
two, with Ce(IV) easily distinguishable by its peak at 917 eV®. The spectra of the Ce 3d region
of the CMA catalysts provided evidence that cerium was predominantly in the (IV) oxidation
state, however the presence of Ce(lll) peaks were also detected to various extents. CLA was
found to have the most intense Ce(lll) peaks relative to Ce(IV), and is shown in figure 4.3b).
The Ce 3d spectra of the other catalysts can be found in the appendix. The peaks marked iv’
and iii’ belong to the 3d 5/2 component of Ce(lV) and Ce(lll) respectively, and those marked
iv” and iii” belong to the 3d 3/2 component. The relative intensities of the peaks of both states
were calculated and the ratios are provided in table 4.3. These show that the proportion of
Ce(lll) increased significantly when zirconium was totally replaced with lanthanum and a slight
increase was also observed upon partial substitution. In contrast, the presence of Pr and Nd

slightly lowered the proportion of Ce(lll) compared to CZA.
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Catalyst Ce:M: Al Ce: M Zr:La  Ce(lll) : Ce(IV)
Preparation method 7.0:3.0:10.0 7.0:3.0 1:1
CZA 5.1:1.0:13.9 83:1.7 - 0.14:1
CLZA 4.1:1.4:145 74:2.6 0.27:1 0.17:1
CLA 4.0:2.0:14.0 6.7:3.3 - 0.25:1
CPA 3.9:1.3:14.8 7.5:25 - 0.10:1
CNA 2.6:0.9:16.5 7.5:25 - 0.11:1

M = Zr/La,Zr/La/Pr/Nd

Temperature-programmed reduction was performed on the catalysts in order to determine

the effects of varying the dopant metal had on the reducibility of Ce** ions. Each of the

catalysts’ TPR profiles (figure 4.4) showed at least two distinct curves, the first centred at just

over 500 °C and the second at around 650 °C, with considerable overlap between both. A third

peak was observed in the case of CLA centred at 707 °C, while a significant shoulder peak

appeared at a similar temperature in the profile of CZA. The initial peaks centred at around

510-530 °C were attributed solely to the reduction of surface Ce** ions in the case of CZA,

CLZA, CLA and CNA, as the other cations are non-reducible®. In the case of CPA, reduction of

Pr#* to Pr3* could occur under these conditions®; however its reduction profile provided no

evidence that two distinct reductions took place.
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Figure 4.4 TPR profiles of CZA (black), CLZA (purple), CLA (green), CPA (blue) and CNA (red)
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The temperature of peak intensity for the surface cerium reduction occurred at around

520-530 °C, except for CLA which peaked in intensity at 512 °C. The areas under these peaks

were calculated in order to determine the relative reducibility of the catalysts’ surface cerium

ions. Table 4.4 shows the areas of the surface Ce** reduction peaks relative to the largest

peak, belonging to CZA. This showed reduction of Ce* ions on the surfaces of CLZA and CPA

were comparable to that of CZA (although the contribution of Pr** reduction could not be

determined in the case of CPA), and that the same reduction occurred to a much lesser extent

in the case of CLA and CNA.

Table 4.4 Summary of surface reduction properties of CMA catalysts

Peak surface

Relative intensity

Catalyst
reduction temp (°C) Peak Area
CZA 522 1 1
CLzA 525 0.87 0.98
CLA 512 0.70 0.71
CPA* 528 0.75 0.94
CNA 531 0.61 0.67

*Figures for CPA may include reduction of Pr#*
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Thermogravimetric analysis revealed that a mass loss occurred between 650 °C and 750 °Cin
each of the catalysts, as shown in the dTG plots in figure 4.5. This could be attributed to the
decomposition of polycarbonates and other contaminants within the bulk structure of the
catalysts'®, possibly as a result of sodium species that were unable to be removed during the
washing and calcination stages of catalyst preparation. In the case of CLA this could also be
linked to the presence of the lanthanum carbonate species detected by XRD?Y’. It is likely that
the peaks observed at a similar temperature range on the TPR plots were also caused by this,

since the decomposition of carbonates to CO; and H,0 would result in H, consumption?®.
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Figure 4.5 dTG plots of CZA (black), CLZA (purple), CLA (green), CPA (blue) and CNA (red)

4.1.2 Soot oxidation testing

Each of the catalysts were tested for soot oxidation using thermogravimetric analysis as in
Chapter 3. The dTG plots of these tests are shown in figure 4.6, offset by 1 %min! for ease of
comparison, and the key soot oxidation temperatures extracted from these plots are

presented in table 4.5.
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Figure 4.6 dTG plots of catalyst/soot mixtures containing: CZA (black), CLZA (purple), CLA (green), CPA (blue)
and CNA (red)

Each of the CMA materials were found to be catalytically active for soot oxidation, decreasing
the onset, peak and final temperatures in each case. The lowest peak soot oxidation
temperature was observed in the presence of CLZA, which was at least 10°C lower than with
any of the other catalysts, and the only one able to lower this temperature below 540 °C. The
lowest extrapolated onset temperature was also observed with this catalyst, followed by CLA,
both of which were considerably lower than CZA, CPA and CNA which were all above 460°C.
In each case soot oxidation was observed to begin slowly before accelerating rapidly towards
a peak rate. Since the rate of soot oxidation was so low during this initial stage, the Teo, Was

deemed a more significant measure of the catalysts’ soot oxidation activity than the To.
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Table 4.5 Soot oxidation temperatures of samples mixed with CMA catalysts on their first and second use

To (°C) Teo (°C) T (°C) T+ (°C)
Catalyst
1trun 2™@run  1%run 2"run  1%run 2"run  1trun 2" run
Soot (no catalyst) 465 535 622 651
CZA 410 389 461 436 542 538 605 597
CLzA 399 391 439 449 531 534 607 610
CLA 415 380 448 430 541 539 615 598
CPA 398 393 463 470 544 549 616 603
CNA 405 383 464 451 547 525 617 581

The thermal stability of the catalysts was tested by repeating soot oxidation testing with the
used samples. The dTG plots comparing the soot oxidation on first and second use are shown
in figure 4.7. From the data extracted from these plots in table 4.5 it was observed that the
catalysts were able to maintain their soot oxidation activity, with no significant increase in
temperature from the first run. Interestingly in the case of CNA, the soot oxidation
temperature was seen to decrease compared to the initial testing, which suggested an
increase in catalytic activity on second use. This improvement, in which peak soot oxidation
was reached at a temperature of 525 °C — the lowest observed in any of the catalysts — was

investigated further and is discussed in sections 4.6 and 4.7 of this chapter.
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4.2 Varying Ce:Zr ratio of CZA

Two additional CZA catalysts —in 5:5:10 and 3:7:10 ratios — were prepared by the same co-
precipitation method as above. These were characterised and tested for comparison with the

CZA catalyst in section 4.1. The catalysts are referred to according to their Ce:Zr:Al ratios.

4.2.1 Characterisation

Each of the catalysts were characterised and tested as in the previous section.
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Figure 4.8 X-ray diffractograms of CZA catalysts; 3:7:10 (green), 5:5:10 (purple) and 7:3:10 (red). Black lines
indicate peak shift from CZA 7:3:10

The familiar ceria reflections were observed in each of the X-ray diffractograms of the CZA
catalysts in figure 4.8, however the increase in zirconium content resulted in shifts to higher
2 theta values, as shown in table 4.6. As mentioned in the previous section, this is caused by
contraction of the ceria lattice brought about by the incorporation of the smaller Zr** ions’. It
was also observed that an increase in the zirconium content resulted in a decrease to the
ceria crystallite. No evidence of additional phases was observed, indicating homogeneity of

the ceria-zirconia structure in each case.
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Table 4.6 Peak positions and crystallite sizes of CZA catalysts determined by XRD

2 theta (°)
Catalyst Crystallite size (nm)
(111) (200) (220) (311)
Ceria* 28.5 33.1 47.5 56.3 -
7:3:10 28.9 33.5 48.0 57.1 4.1
5:5:10 28.9 33.5 48.1 57.3 34
3:7:10 29.2 33.6 48.3 57.5 3.3

*2 theta values of ceria referenced from JCPDS database (card no. 071-4199)

The Fz mode of ceria was observed in each of the Raman spectra of the CZA catalysts, as

labelled in figure 4.9. As stated previously, the incorporation of zirconium causes a

contraction of the ceria lattice, increasing the frequency of the Ce-O stretching mode. This

peak was centred at 470 cm™ for both CZA 7:3:10 and 5:5:10, shifted from the 460 cm™ value

reported for pure ceria'®3, The peak for CZA 3:7:10 was shifted further; centred at 473 cm™?,

indicating a greater incorporation of zirconium. The intensity of this peak was also

significantly lower in the case of CZA 3:7:10, reflecting the decrease in ceria ratio.
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Figure 4.9 Raman spectra of CZA catalysts; 3:7:10 (green), 5:5:10 (purple) and 7:3:10 (red)
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Further analysis by XPS and BET was carried out in order to characterise the surface properties
of the CZA catalysts. The elemental composition and areas of the catalysts’ surfaces are
provided in table 4.7. It was observed that CZA 5:5:10 had a lower surface area than CZA
7:3:10 and 3:7:10. Other than the expected increase/decrease in cerium and zirconium,
varying the Ce:Zr ratio did not have a significant effect on the elemental composition of the

catalysts’ surfaces.

Table 4.7 Surface properties of CZA catalysts provided by XPS and BET analyses

Atomic conc. (%) Surface area
Catalyst
Ce3d 2r3d AlI2p O1s Cl1s Nals (m2g?)
7:3:10 6.22 1.27 17.03 5151 7.25 16.73 36 (+1)
5:5:10 405 143 1834 5130 7.18 17.70 21 (+0)
3:7:10 2.68 256 19.14 4980 6.37 19.45 37 (£1)

As with CZA 7:3:10, table 4.8 shows that the proportion of zirconium was lower in each case
than anticipated from the catalyst preparation, while the proportion of aluminium greater
than expected. The Ce 3d regions showed that the proportion of Ce(lll) was similar in both

CZA 7:3:10 and 3:7:10, however an increase was observed in the case of CZA 5:5:10.

Table 4.8 Atomic ratio of metals on CZA catalyst surfaces

Catalyst Ce:Zr:Al Ce:Zr Ce(ll1):Ce(IV)
CZA 7:3:10 51:1.0:13.9 8.3:1.7 0.14:1
CZA 5:5:10 34:1.2:154 7.3:2.7 0.17:1
CZA 3:7:10 2.2:21:15.7 5.1:49 0.13:1

The TPR profiles of the CZA catalysts are shown in figure 4.10. It was observed in each case
that the catalysts produced multiple reduction peaks. An initial peak in the range of 350 °C to
600 °C was attributed to the reduction of surface cerium ions, and the peaks ranging from

600-800 °C were a combination of the reduction of cerium ions from within the bulk
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structures, as well as the decomposition of carbonates and other impurities from the

materials!8.
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Figure 4.10 TPR profiles of CZA catalysts; 3:7:10 (green), 5:5:10 (purple) and 7:3:10 (red)

Table 4.9 summarises the data obtained for surface cerium reduction from the TPR profiles.
The lowest temperature of surface Ce** reduction was observed in CZA 5:5:10, which reached
peak intensity at 493 °C, significantly lower than CZA 7:3:10 (522 °C) and 3:7:10 (536 °C). The
intensity at peak reduction was highest for CZA 7:3:10, followed by 5:5:10 and 3:7:10
respectively. However when the total area of the curves were calculated it was observed that

CZA 5:5:10 was the most reducible of the CZA catalysts.

Table 4.9 Summary of surface reduction properties of CZA catalysts

Peak reduction Relative intensity
Catalyst
temp (°C) Peak Total Area
7:3:10 522 1 1
5:5:10 493 0.83 1.13
3:7:10 536 0.72 0.80
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The peaks observed in the 650-800 °C region consisted of a major peak, centred at 648 °C,
637 °C and 632 °C for CZA 7:3:10, 5:5:10 and 3:7:10 respectively. This peak contained a
prominent shoulder, centred at 701 °C for CZA 7:3:10, and a less prominent shoulder in a

similar region for CZA 5:5:10. In the case of CZA 3:7:10, there was less overlap between peaks

in this region, therefore revealing a distinct peak centred at 716 °C.
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Figure 4.11 dTG plots of CZA catalysts; 7:3:10 (red) 5:5:10 (purple) and 3:7:10 (green)

As explained in section 4.1.1, it was difficult to determine to what extent the apparent
reduction taking place in this temperature range could be attributed to the reduction of bulk
cerium ions. Once again, thermogravimetric analysis was performed on the catalysts which,
as can be seen from the dTG plots in figure 4.11, revealed that a mass loss in the temperature
range 650-750 °C occurred in each case. As mentioned previously, this mass loss can be
attributed to the decomposition of polycarbonates and other impurities within the bulk
structure®. The loss of mass at this temperature range was most prominent in the case of
CZA 5:5:10, and could explain the high intensity of the TPR peak observed between 600-750 °C

relative to the other CZA catalysts, due to the reduction of the carbonate species to CO; and
H,08,
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4.2.2 Soot oxidation testing

The CZA catalysts were each tested for soot oxidation by thermogravimetric analysis. The

derivative plots are presented in figure 4.12, with each of the samples offset by 1 %min for

ease of comparison.
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Figure 4.12 dTG plots of catalyst/soot mixtures containing CZA: 7:3:10 (red), 5:5:10 (purple) and 3:7:10 (green)

The greatest decrease in soot oxidation temperature was observed in the case of CZA 5:5:10
which, as shown in table 4.10, lowered the onset and peak temperatures by around 10 °C
further than CZA 7:3:10 and 3:7:10. This improvement in catalytic activity was attributed to
the findings of TPR, which established that Ce** ions on the surface of CZA 5:5:10 were able
to reduce at lower temperatures and higher intensity than the other CZA catalysts. This
allowed the redox mechanism described in chapter 1 to take place at a lower temperature,
increasing the concentration of liberated lattice oxygen at the catalyst/soot interface and
allowing the capture and conversion of O, from the gas-phase into more reactive oxygen

species’®?0,
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Table 4.10 Soot oxidation temperatures of samples mixed with CZA catalysts on their first and second use

To (oc) Teo (oc) Tp (OC) Tt (Oc)
Catalyst
1trun 2™run 1trun 2™run  1trun 2™run  1%trun 2" run
Soot (no catalyst) 465 535 622 651
7:3:10 410 389 461 436 542 538 605 597
5:5:10 396 400 452 456 532 532 607 597
3:7:10 415 408 465 474 542 543 601 594

The test was repeated with fresh soot in order to determine the catalysts durability on

repeated use. The dTG plots of these tests are shown in figure 4.13.
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(green), on the first run (solid line) and second run (dashed line)
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Each of the catalysts showed good thermal stability, managing to maintain similar soot
oxidation temperatures on their second run as in their first, with the Teo of CZA 3:7:10 showing
the only meaningful increase. This provided evidence that the higher activity of CZA 5:5:10

compared to the other catalysts could be sustained over multiple usage.

4.3 Varying Ce:(La,Zr) ratio of CLZA

Two additional CLZA catalysts — in Ce:(La,Zr):Al ratios of 5:5:10 and 3:7:10 (La:Zr 1:1 in each
case) — were prepared by the same co-precipitation method as above. These were
characterised and tested for comparison with the CLZA catalyst in section 4.1. The catalysts

are referred to according to their Ce:(La,Zr):Al ratios.

4.3.1 Characterisation

intensityf a.u.
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Figure 4.14 X-ray diffractograms of CLZA catalysts; 3:7:10 (green), 5:5:10 (purple) and 7:3:10 (red). Black lines
indicate peak shift from CLZA 7:3:10

The diffractograms of the CLZA catalysts are shown in figure 4.14. As mentioned in section
4.1.1, replacing Ce** ions (ionic radius ~0.96 A), with La3* ions (ionic radius ~1.17 A) causes
expansion of the ceria lattice, while the presence of Zr** ions (ionic radius ~0.84 A) has the

reverse effect. In the case of CLZA 7:3:10 it was shown that this resulted in the positions of
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the (111), (200), (220) and (311) reflections remaining similar to those of CeO,. This indicated
there was no net expansion/contraction to the ceria lattice, which was explained by the
effects of La3* and Zr** ions negating each other. However, increasing the ratio of lanthanum
and zirconium over cerium resulted in the reflections shifting to lower 2 theta values
(summarised in table 4.11), indicating overall ceria lattice expansion. This suggested that the
increase in lanthanum within the material had a greater effect on the lattice parameter of
ceria than the equivalent increase in zirconium. As in the case of CZA, a reduction in the

cerium content within the materials corresponded to a decrease in the crystallite size.

Additional reflections were observed in the case of CLZA 3:7:10, most prominently at 22.3°,
25.8° 30.3° 44.5° 47.5° and 56.8°. As in the case of CLA 7:3:10 described in section 4.1.1,
these were matched with a reference for lanthanum oxide carbonate (La;0,COs JCPDS card
no. 37-0804). This revealed that lanthanum was present in a separate phase from ceria,

however was only detectable by XRD at higher lanthanum concentrations.

Table 4.11 Peak positions and crystallite sizes of CLZA catalysts determined by XRD

2 theta (°)
Catalyst Crystallite size (nm)
(111) (200) (220) (311)
Ceria* 28.5 33.1 47.5 56.3 -
7:3:10 28.5 33.0 47.4 56.4 4.1
5:5:10 28.2 32.8 47.2 56.1 3.9
3:7:10 28.0 32.6 46.9 55.9 2.6

*2 theta values of ceria referenced from JCPDS database (card no. 071-4199)
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Figure 4.15 Raman spectra of CLZA catalysts; 3:7:10 (green), 5:5:10 (purple) and 7:3:10 (red)

The Raman spectra of the CLZA catalysts shown in figure 4.15 also demonstrated the influence
of the lanthanum ions on the lattice parameter of ceria. In each case the familiar F,3 mode
belonging to ceria was shifted to a lower frequency than that found in pure ceria (460 cm™).
In CLZA 7:3:10 this peak was centred at 457 cm™, and a further shift to 455 cm™ was observed
when the lanthanum content was increased further in CLZA 5:5:10 and 3:7:10. It was also
observed that the intensity of this peak diminished as a result of the decreasing ceria content

of the catalysts. A low intensity band was observed at 366 cm™ in the spectrum of CLZA 3:7:10,
which could be attributed to La20,COs, as detected by XRD?%22,

114



Chapter 4

The catalysts were analysed by XPS and BET in order to determine their surface properties,
the elemental compositions and surface areas are provided in table 4.12. It was again
determined that the presence of sodium impurities (confirmed by XPS) were more likely
responsible for the variations in surface area than any trend concerning the composition of
dopant metals. The quantification of the elements showed that cerium, zirconium, lanthanum

and aluminium accounted for around a quarter of the composition of the surface in each case.

Table 4.12 Surface properties of CLZA catalysts provided by XPS and BET analyses

Atomic conc. (%) Surface area
Catalyst
Ce3d 2Zr3d La3d AlI2p O1ls Cl1s Nals (m2g?)
7:3:10 5.49 0.40 146 19.59 51.15 6.62 15.29 40 (+1)
5:5:10 343 064 253 1835 5198 6.44 16.63 46 (+0)
3:7:10 2.59 0.59 257 1896 5143 6.73 17.13 36 (+0)

The ratios of the metals showed there was a large excess of aluminium on the surfaces of the
CLZA catalysts. An excess of Ce over (La,Zr) was observed on each of the catalysts, however
the La:Zr ratio suggested this was due to a deficiency in zirconium on the surface rather than
lanthanum. The proportion of cerium in the +3 oxidation remained constant between CLZA

7:3:10 and 5:5:10, however decreased in favour of Ce(lV) in CLZA 3:7:10.

Table 4.13 Atomic ratio of metals on CLZA catalyst surfaces

Catalyst Ce:(La,zr):Al Ce:(La,Zr) La:Zr Ce(l)/Ce(1Vv)
CLzA 7:3:10 41:1.4:145 7.4:2.6 1:0.27 0.17:1
CLZA 5:5:10 2.8:25:14.7 5.2:438 1:0.25 0.17:1
CLZA 3:7:10 21:2.6:153 45:55 1:0.23 0.13:1

115



Chapter 4

Hs consumption/ a.w

656 | |

II" o
525 | ':". |I
527, i II';;"*EIT:;:'"
532 __ /-\ ;
|

[+ 100 200

200 400 500 GO0 00 00 00

Temperature) 'C

Figure 4.16 TPR profiles of CLZA catalysts; 3:7:10 (green), 5:5:10 (purple) and 7:3:10 (red)

The TPR profiles of the CLZA catalysts are provided in figure 4.16 and are annotated with the

peak temperatures. As with the previous catalysts presented in this chapter, two distinct but

partially overlapping curves were observed in each of the catalysts. The initial curve, centred

at around 530 °C was attributed to reduction of surface Ce** ions; while the second curve,

centred at around 660 °C was believed to be the result of a combination of bulk Ce*

reduction, as well as the decomposition of impurities within the catalyst structures.

Table 4.14 Summary of surface reduction properties of CLZA catalysts

Peak reduction

Relative intensity

Catalyst

temp (°C) Peak Total Area
7:3:10 525 0.87 0.98
5:5:10 532 0.70 0.83
3:7:10 527 0.73 0.84

The data obtained from the surface cerium reduction peaks are summarised in table 4.14, all

of which were calculated relative to the surface Ce*" reduction peak of CZA 7:3:10 from

section 4.1.1. Peak reduction occurred at similar temperatures in each case, within a narrow
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range of 525-532 °C. Unlike CZA, the trend in reducibility did not follow the trend in surface
cerium concentration, with CLZA 5:5:10 and 3:7:10 showing similar reduction profiles despite
the difference in quantities of cerium. This observation suggested that increasing the La,Zr

content of the material increased the ability of Ce** ions to reduce to Ce3*.
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Figure 4.17 dTG plots of CLZA catalysts; 7:3:10 (red) 5:5:10 (purple) and 3:7:10 (green)

As with the CZA catalysts in section 4.2.1, the thermogravimetric analysis of the CLZA
catalysts, provided in the form of the derivative plots in figure 4.17, showed a mass loss
between 650-750 °C. This was attributed to the decomposition of impurities from the bulk
structures of the catalysts, including carbonate species. As with the CZA catalysts, this
decomposition was also attributed to the reduction peak observed between 600-750 °Cin the
TPR profiles of the catalysts. This is supported by the relative intensities of these reduction
peaks, which were comparable for both CLZA 7:3:10 and 3:7:10 corresponding to a similar
mass loss in the dTG plots of the catalysts. It was observed that this reduction peak was of
higher intensity in the case of CLZA 5:5:10, and this also corresponded to a greater loss of
mass in this temperature range observed in the dTG plot. The shoulder peak at 704 °C in the
TPR profile of CLZA 3:7:10 may be of the same origin as peaks observed at a similar
temperature in the TPR profiles of the CLA catalyst in figure 4.4. This was linked to the

presence of La20,C0s, and is discussed in greater detail in section 4.4.1.
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4.3.2 Soot oxidation testing

The CLZA catalysts were each tested for soot oxidation by thermogravimetric analysis in the

usual manner. The derivative plots are presented in figure 4.18, with each of the samples

offset by 1 %min! for ease of comparison.
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Figure 4.18 dTG plots of catalyst/soot mixtures containing CLZA: 7:3:10 (red), 5:5:10 (purple) and 3:7:10
(green)

The dTG plots showed that the change in Ce:(Zr,La) ratio had little effect on the soot oxidation
activity of the catalysts. The data provided in table 4.15 showed that peak soot oxidation took
place at similar temperatures for each of the catalysts, at around 530 °C. The onset and
extrapolated onset temperatures were also comparable for each of the catalysts.
Interestingly, all three of the CLZA catalysts showed similar activity to CZA 5:5:10 presented
in the previous section. In that case, the improved activity was attributed to its low-
temperature, high-intensity reduction profile. However the TPR profiles of the CLZA catalysts

were unremarkable by comparison, which suggested this was not the only contributing factor

to improved catalytic activity.
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Table 4.15 Soot oxidation temperatures of samples mixed with CLZA catalysts on their first and second use

To (°C) Teo (°C) Ty (°C) T+ (°C)
Catalyst
1trun 2™run  1trun 2"run  1%trun 2"run  1%trun 2" run
Soot (no catalyst) 465 535 622 651
7:3:10 399 391 439 449 531 534 607 603
5:5:10 400 416 440 467 528 539 600 579
3:7:10 393 377 449 438 528 527 603 585
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Figure 4.19 dTG plots of catalyst/soot mixtures containing: CLZA: 7:3:10 (red), 5:5:10 (purple) and 3:7:10
(green), on the first run (solid line) and second run (dashed line)

Upon second use (figure 4.19), it was found that CLZA 3:7:10 showed comparable soot
oxidation activity to its first use, showing a decrease in onset temperatures and maintaining

the peak soot oxidation temperature. However CLZA 5:5:10 demonstrated a loss of activity
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on second use. The onset, extrapolated onset and peak temperatures all increased by at least

10 °C compared to the first use with this catalyst.

4.4 Varying Ce:La ratio of CLA

Two additional CLA catalysts —in 5:5:10 and 3:7:10 ratios — were prepared by the same co-
precipitation method as above. These were characterised and tested for comparison with the

CLA catalyst in section 4.1. The catalysts are referred to according to their Ce:La:Al ratios.

4.4.1 Characterisation
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Figure 4.20 X-ray diffractograms of CLA catalysts; 3:7:10 (green), 5:5:10 (purple) and 7:3:10 (red).

The X-ray diffractograms of the CLA catalysts observed in figure 4.20 indicated the presence
of two distinct crystalline phases, the intensities of which varied corresponding to the
cerium/lanthanum ratio. The cubic fluorite reflections of ceria were observed at around 28°,
33°% 47° and 56°. It was observed that as the cerium content decreased in favour of
lanthanum, these reflections diminished in intensity. Due to the low intensity of the
reflections and their overlapping with reflections of the second phase, it was difficult to

determine whether there were significant shifts in the 2 theta values between the catalysts.
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Asin the case of CLZA 3:7:10 mentioned previously, the second phase (the reflections of which
are denoted by the blue triangles) was identified as lanthanum dioxycarbonate, La;0,CO3
(JCPDS card no. 37-0804). It was observed that these reflections were sharp, indicating a
highly crystalline phase, which increased in intensity from CLA 7:3:10 through to CLA 3:7:10
corresponding to the increase in the lanthanum content. The presence of this phase
suggested that lanthanum carbonate formed during co-precipitation was not fully
decomposed to lanthanum oxide during the calcination process'’. As with CLZA, this indicated
that the catalysts with higher lanthanum concentrations did not contain a homogenous mixed

metal oxide crystalline phase.
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Figure 4.21 Raman spectra of CLA catalysts; 3:7:10 (green), 5:5:10 (purple) and 7:3:10 (red)

The CLA catalysts were also characterised by Raman, and their spectra are displayed in
figure 4.21. Each of the catalysts produced the typical F2¢ mode of ceria. In the case of CLA
7:3:10 and 5:5:10, this peak was centred at 454 cm™ shifted from the 460 cm™ value of pure
ceria, and for CLA 3:7:10 a further shift to 452 cm™ indicating disruption of the ceria lattice
due to the incorporation of La3* ions. There was also a significant decrease in the intensity of
this peak in the case of CLA 3:7:10 compared to the others, reflecting the decrease in ceria

content within the material.
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The Raman spectra of CLA 5:5:10 and 3:7:10 were able to support the findings of the XRD in
detecting the presence of La,0,COs within the catalyst structures. The peaks at 366 cm™ and
1088 cm™ have been reported as typical of La20,C03?%?2. A smaller peak detected at 405 cm™

could be attributed to lanthanum oxide, La;03%.

The surface properties of the CLA catalysts from XPS and BET analyses are summarised in
table 4.16. No trend was observed for the catalysts’ surface areas which, as mentioned
previously, were most likely influenced by the presence of sodium species plugging pores on
the catalyst surface. Other than the expected variations in cerium and lanthanum, no

significant changes in elemental composition were observed between the catalysts.

Table 4.16 Surface properties of CLA catalysts provided by XPS and BET analyses

Atomic conc. (%) Surface area
Catalyst
Ce3d La3d AlI2p O1ls Cl1s Nals (m2g?)
7:3:10 3.36 1.66 18.18 51.31 755 1794 21 (£2)
5:5:10 3.03 260 18.00 51.19 7.86 17.32 26 (+0)
3:7:10 2.56 432 18.41 51.07 7.15 16.49 23 (£0)

From the Ce/La/Al ratios calculated from XPS in table 4.17 it was found that there was an
excess of aluminium on the surfaces of each of the catalysts. No pattern in the Ce/La ratios
could be established, with CLA 7:3:10 containing an excess of lanthanum over cerium, and the
reverse being the case for CLA 5:5:10 and 3:7:10. A decrease in the proportion of cerium in
the +3 oxidation state was observed as lanthanum was increased, however it remained higher

than observed in the CZA and CLZA catalysts.

Table 4.17 Atomic ratio of metals on CLA catalyst surfaces

Catalyst Ce:La:Al Ce:la Ce(ll1):Ce(IV)
CLA 7:3:10 4.0:2.0:14.0 6.7:3.3 0.25:1
CLA 5:5:10 26:2.2:15.2 54:4.6 0.21:1
CLA 3:7:10 20:3.4:146 3.7:6.3 0.20:1

The TPR analysis conducted on the CLA catalysts provided interesting reduction profiles,

which are shown in figure 4.22. As with the catalysts presented in the previous sections, a
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reduction curve between 400 °C and 600 °C was observed for each of the CLA catalysts,
attributed to the reduction of surface Ce** to Ce3*. A second peak centred at around 660 °C,
also typical of the catalysts presented so far in this chapter and attributed to the
decomposition of structural impurities was also observed for each CLA catalyst. However the
most striking observation from the TPR profiles of these catalysts was the presence of a third
reduction curve between 700 °C and 900 °C, which showed a significant increase in intensity

with increasing lanthanum content.

Hs consumption/ a.w

o e 0 .0 40 %0 60 700 80 500
Temperature/ 'C
Figure 4.22 TPR profiles of CLA catalysts; 3:7:10 (green), 5:5:10 (purple) and 7:3:10 (red)
It was observed that the surface reduction peaks centred at 512 °C, 513 °C and 520 °C for CLA

7:3:10, 5:5:10 and 3:7:10 respectively decreased in intensity as the proportion of cerium

decreased, summarised in table 4.18, relative to CZA 7:3:10.

Table 4.18 Summary of surface reduction properties of CLA catalysts

Peak reduction Relative intensity
Catalyst
temp (°C) Peak Area
7:3:10 512 0.70 0.71
5:5:10 513 0.63 0.70
3:7:10 520 0.53 0.63
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Thermogravimetric analysis of the CLA catalysts was carried out in order to determine the

extent of impurity decomposition. The results are provided in figure 4.23 in the form of the

derivative TG plots.
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Figure 4.23 dTG plots of CLA catalysts; 7:3:10 (red), 5:5:10 (purple) and 3:7:10 (green)

As with CZA and CLZA, a loss of mass was observed between 650 °C and 750 °C, and this was

attributed to the same loss of impurity as in those cases. Again, this was evidence of the peaks

at around 660 °C on the TPR plots belonging to the decomposition of carbonates. This mass

loss was observed to be most intense in the case of CLA 3:7:10, and least intense in CLA 5:5:10,

matching the trend of the TPR peaks. Interestingly, in CLA 5:5:10 and more intensely in CLA

3:7:10 a separate mass loss occurred between 780 °C and 880 °C. The increasing presence of

this mass loss corresponded to an increase in the proportion of lanthanum within the catalyst,

and could be attributed to the decomposition of the La;0,COs3 (established from XRD and

Raman) to La203'’. This would also explain the increasing intensity of the third peak centred

between 700 °C and 750 °C on the TPR profiles of the catalysts, owing to the consumption of

H, associated with the decomposition of carbonate species to CO; and H;O.
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Chapter 4

The CLA catalysts were each tested for soot oxidation by thermogravimetric analysis in the

usual manner. The derivative plots are presented in figure 4.24, with each of the samples

offset by 1 %min! for ease of comparison.
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Figure 4.24 dTG plots of catalyst/soot mixtures containing CLA: 7:3:10 (red), 5:5:10 (purple) and 3:7:10 (green)

It was observed that an increase in the lanthanum content of the catalysts resulted in an

increase in soot oxidation activity. As can be seen from table 4.19, the onset, peak and final

temperatures all followed this trend, with CLA 3:7:10 decreasing the soot oxidation

temperature 20 °C further than CLA 7:3:10. As with CLZA, this was despite the TPR

measurements suggesting the reducibility of the catalysts in this temperature region was

unremarkable compared to the less active catalysts presented in this work, which again

suggested this was not the determining factor.
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Table 4.19 Soot oxidation temperatures of samples mixed with CLA catalysts on their first and second use

To (oc) Teo (oc) Tp (OC) Ts (Oc)
Catalyst
1trun 2™run 1trun 2™run  1trun 2™run  1%trun 2" run
Soot (no catalyst) 465 535 622 651
7:3:10 415 380 448 430 541 539 615 598
5:5:10 396 391 444 437 533 528 604 579
3:7:10 391 389 426 449 520 520 591 583
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Figure 4.25 dTG plots of catalyst/soot mixtures containing CLA: 7:3:10 (red), 5:5:10 (purple) and 3:7:10 (green),
on the first run (solid line) and second run (dashed line)

The thermal stability of the catalysts was tested by rerunning the tested samples. The dTG
plots of the 2" runs are shown in figure 4.25 compared to their corresponding first run, and

the soot oxidation temperatures extracted from these can be found in table 4.19. These
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showed that the catalysts were able to maintain their activity, confirming the stability of the

catalysts after subjection to high temperatures.

4.5 Varying Ce:Pr ratio of CPA

Two additional CPA catalysts —in 5:5:10 and 3:7:10 ratios — were prepared by the same co-
precipitation method as above. These were characterised and tested for comparison with the

CPA catalyst in section 4.1. The catalysts are referred to according to their Ce:Pr:Al ratios.

4.5.1 Characterisation
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Figure 4.26 X-ray diffractograms of CPA catalysts; 3:7:10 (green), 5:5:10 (purple) and 7:3:10 (red)
The increase in the molar content of praseodymium over cerium resulted in a change in the
crystalline structure of the catalysts, observed in the X-ray diffractograms in figure 4.26. As
mentioned in section 4.1.1, the diffractogram of CPA 7:3:10 provided the typical cubic fluorite
reflections at 28.5°, 32.9° 47.5° and 56.3° associated with CeO,. These reflections are seen to
reduce in intensity in the diffractograms of CPA 5:5:10 and 3:7:10, corresponding to the
decrease in the molar content of cerium. In addition, the diffractograms of these catalysts
provided evidence of a separate crystalline phase, with reflections centred at 28.3°, 32.8°,

47.0° 55.7°,58.4° 68.6° 75.8 °and 78.1° corresponding to the (111), (200), (220), (311), (222),
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(400), (331) and (420) planes of the cubic fluorite structure of PreO11 (identified by JCPDS
database, card no. 00-042-1121). These reflections were of greatest intensity in the case of
CPA 3:7:10, corresponding to the increase in the content of praseodymium. The overlapping
of many of the PrsO11 reflections with those of CeO, owed to the similarities of their fluorite-
type structures. The presence of both phases at higher concentrations of praseodymium
indicated that the catalysts did not consist of a homogenous mixed metal oxide phase. PrsO11
contains a mix of Pr(IV) and Pr(lll) and therefore its presence provided evidence of

praseodymium in both oxidation states.

m
ij;‘":
>
i

200 40a B0 BOO 1000 1200 1400
Wavenumber, cm*

Figure 4.27 Raman spectra of CPA catalysts; 3:7:10 (green), 5:5:10 (purple) and 7:3:10 (red)

The Raman spectra of the CPA catalysts, shown in figure 4.27, indicated that the intensities of
the F2g mode of ceria typically observed at around 460 cm™ (highlighted) were much lower
than those observed in the other CMA catalysts. The intensity of this mode decreased further
as the molar content of cerium was decreased. A broad peak at 500-650 cm™ was observed
for each of the catalysts, attributed to lattice defects resulting from the formation of oxygen
vacancies. The relative intensity of this peak compared to the Fy; peak of the other CMA
catalysts suggested a much higher concentration of oxygen vacancies in the CPA catalysts. As
mentioned previously, the high concentration of oxygen vacancies can be attributed to the

ease with which Pr is able to cycle between oxidation states®4,
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The CPA catalysts were analysed by XPS and BET in order to determine their surface

properties, which are summarised in table 4.20.

Table 4.20 Surface properties of CPA catalysts provided by XPS and BET analyses

Atomic conc. (%) Surface area
Catalyst
Ce3d Pr3d AlI2p O1ls Cl1ls Nals (m?g?)
7:3:10 5.40 1.82 20.67 52.33 6.14 13.64 30 (1)
5:5:10 5.28 4.47 20.40 50.22 6.88 12.75 20 (£1)
3:7:10 3.59 6.61 19.67 4995 6.94 13.24 21 (+0)

As observed in the other CMA catalysts, the ratios of the metals calculated in table 4.21
showed an excess of aluminium compared with cerium and praseodymium on the CPA
surfaces. It was also observed that there was an excess of cerium compared with

praseodymium on the surface in each case.

Table 4.21 Atomic ratio of metals on CPA catalyst surfaces

Catalyst Ce:Pr:Al Ce:Pr Ce(l11):Ce(IV) Pr(111):Pr(IV)
CPA 7:3:10 3.9:1.3:14.8 7.5:25 0.10:1 0.22:1
CPA 5:5:10 3.5:3.0:135 54:4.6 0.08:1 0.47:1
CPA 3:7:10 25:45:13.0 3.5:6.5 0.08:1 0.48:1
31-3;3:10 55N . lf 3

Smiey Sempr 14 Bouing Erergr 4 oty Ermge )

Figure 4.28 Pr 3d region of XPS spectra of CPA catalysts

Figure 4.28 shows the XPS spectra of the Pr 3d region of the CPA catalysts. As suggested from

XRD, the bimodal peak structure observed in each of the spectra confirmed the presence of
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both Pr(IV) (at 932.4 eV) and Pr(lll) at (927.8 eV) on the surface of the catalysts®. Table 4.21
shows the Pr(lll)/(1V) ratios on the surfaces of each of the catalysts. It was observed that the
majority of surface praseodymium was in the +4 oxidation state, however the proportion of
Pr(lll) was considerably higher in CPA 5:5:10 and 3:7:10 than observed in CPA 7:3:10. Also
shown in the table are the relatively low ratios of Ce(lll) on the surfaces of the CPA catalysts

compared with the other materials presented in this chapter.
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Figure 4.29 TPR profiles of CPA catalysts; 3:7:10 (green), 5:5:10 (purple) and 7:3:10 (red)

The reduction profiles of the CPA catalysts are provided in figure 4.29. Each of the catalysts
produced two distinct reduction curves, the first peaking at around 500 °C, and the second at
around 660 °C. The lower temperature curve of CPA 7:3:10 resembled those of the other
catalysts reported in this chapter, peaking at 528 °C, and thus this was attributed to the
reduction of surface Ce*" ions. However, as the proportion of praseodymium was increased,
it was observed that this curve became distorted, increasing in intensity at a lower
temperature (504 °C for CPA 5:5:10 and 509°C for CPA 3:7:10). This distortion was attributed

to the reduction of Pr#* taking place simultaneously with Ce** 14,
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Table 4.22 Summary of surface reduction properties of CPA catalysts

Peak reduction

Relative intensity

Catalyst

temp (°C) Peak Area
7:3:10 528 0.75 0.94
5:5:10 504 0.77 1.07
3:7:10 509 1.43 1.27

Chapter 4

The thermogravimetric analysis of the catalysts again provided evidence of a mass loss

between 650 °C and 750 °C corresponding to the decomposition of trapped carbonate species

within the bulk structures of the catalysts. The dTG plots in figure 4.30 showed that the mass

loss was greater in CPA 5:5:10 and 3:7:10 than in CPA 7:3:10. This corresponded to the

increase in the intensity of the second reduction curves of both CPA 5:5:10 and 3:7:10

compared to CPA 7:3:10 observed in the TPR profiles in figure 4.29.
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Figure 4.30 dTG plots of CPA catalysts; 7:3:10 (red) 5:5:10 (purple) and 3:7:10 (green)

4.5.2 Soot oxidation testing

The results of soot oxidation testing by TGA are expressed as the dTG plots in figure 4.31.
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Figure 4.31 dTG plots of catalyst/soot mixtures containing CPA: 7:3:10 (red), 5:5:10 (purple) and 3:7:10 (green)
The presence of reducible praseodymium ions established from TPR did not equate to an
improvement in catalytic activity for soot oxidation. This can be seen from table 4.23, which
showed that the peak soot oxidation temperature was not lowered below 540 °C — on the
contrary, it was observed that this temperature increased slightly in the case of CPA 3:7:10 to
above 550 °C. A study by Machida et al. determined that while Prs011 had a higher oxygen
release/storage potential, CeO, was able to generate superoxide O radicals which are highly
reactive with soot?°. Therefore despite the TPR profiles of the CPA catalysts showing that an
increase in praseodymium resulted in an increase in the release of oxygen, the lower

reactivity of this oxygen meant that this did not result in an increase in catalytic activity.

Table 4.23 Soot oxidation temperatures of samples mixed with CPA catalysts on their first and second use

To (OC) Teo (OC) Tp (OC) Tt (OC)

Catalyst
1run 2™run 1trun 2"run  1%run 2™run  1%trun 2" run
Soot (no catalyst) 465 535 622 651
7:3:10 406 393 463 470 544 549 616 603
5:5:10 386 403 468 479 544 547 631 603
3:7:10 391 396 458 477 553 548 - * 613

*Tr coincided with decomposition of impurities — difficult to establish accurate temperature
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The soot oxidation temperatures when catalysed by the used samples are shown in table 4.23,

which were extracted from the dTG plots in figure 4.32. This showed that the majority of soot

oxidation took place within a narrower temperature range, with a higher Te, and lower Ty,

while the peak temperature was not altered significantly.
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Figure 4.32 dTG plots of catalyst/soot mixtures containing CPA: 7:3:10 (red), 5:5:10 (purple) and 3:7:10
(green), on the first run (solid line) and second run (dashed line)

4.6 Varying Ce:Nd ratio of CNA

Two additional CNA catalysts —in 5:5:10 and 3:7:10 ratios —

were prepared by the same co-

precipitation method as above. These were characterised and tested for comparison with the

CNA catalyst in section 4.1. The catalysts are referred to according to their Ce:Nd:Al ratios.
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4.6.1 Characterisation
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Figure 4.33 X-ray diffractograms of CNA catalysts; 3:7:10 (green), 5:5:10 (purple) and 7:3:10 (red)

The CNA catalysts displayed similar diffractograms to those of CLA found in section 4.4.1. The
diffractogram of CNA 7:3:10 contained the cubic fluorite reflections of ceria, as discussed in
4.1.1. The decrease in cerium content in CNA 5:5:10 and 3:7:10 led to a decrease in the
intensity of these reflections. The sharp reflections denoted by red triangles in figure 4.33
were also detected in these catalysts, and were attributed to neodymium dioxycarbonate,
Nd>0,CO3 (JCPDS card No. 23-0421), the neodymium analog of the lanthanum phase detected
in the corresponding CLA catalysts. The intensities of these reflections increased in CNA 3:7:10
corresponding to the increase in neodymium concentration. As with CLA, the presence of this
phase suggested the calcination conditions were not sufficient to fully decompose
neodymium carbonate, Nd;(COs); formed during co-precipitation, to neodymium oxide,
Nd,0323. As with the catalysts which contained a high content of lanthanum and
praseodymium, the presence of two phases demonstrated that the catalysts did not consist

of a single homogenous mixed metal oxide phase.
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Figure 4.34 Raman spectra of CNA catalysts; 3:7:10 (green), 5:5:10 (purple) and 7:3:10 (red)

The Raman spectra of the CNA catalysts shown in figure 4.34 each contained the F,; mode
attributed to ceria. As annotated, the centre of this peak was seen to shift to lower frequency
upon increasing neodymium content, from 453 cm™ in CNA 7:3:10 to 451 cm™ in CNA 3:7:10,
indicating greater incorporation of Nd3* ions into the ceria lattice and decreasing the
frequency of the Ce-O stretching mode. In agreement with the findings of XRD, the prominent

peak observed at 1096 cm™ was attributed to the carbonate group found in Nd202C03%.

The surface properties of the catalysts were analysed by XPS and BET. Quantification of the
surface composition (table 4.24) determined that cerium, neodymium and aluminium
accounted for around a quarter of the elements in each of the catalysts. No changes were
observed to the positions and intensities of the peaks in the Ce 3d region when the proportion
of neodymium was increased, demonstrating that Ce(IV) remained the predominant form of

cerium on the surfaces of the catalysts.
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Table 4.24 Surface properties of CNA catalysts provided by XPS and BET analyses

Atomic conc. (%)

Surface area

Catalyst
Ce3d Nd3d AlI2p O1s Cl1ls Nals (m?%g?)
7:3:10 3.29 1.11 21.03 53.75 6.04 14.78 30 (£1)
5:5:10 3.42 1.76 20.53 53.21 6.85 14.23 34 (+1)
3:7:10 2.05 258 20.69 5336 6.47 14.85 28 (1)

As with the other CMA catalysts presented in this chapter, the metal ratios showed that

aluminium was in excess compared with cerium and neodymium on the surface of each of

the catalysts relative to the initial molar ratio (table 4.25). It was also observed that there was

a higher proportion of cerium than neodymium on the surface of each of the catalysts than

anticipated from the preparation method. No significant change to the relative intensities of

the cerium peaks was observed in the Ce 3d region of the spectra, indicating that the

proportion of Ce(lll) remained low.

Table 4.25 Atomic ratio of metals on CNA catalyst surfaces

Catalyst Ce:Nd:Al Ce:Nd Ce(ll1):Ce(IV)
CNA 7:3:10 26:09:16.5 7.5:25 0.11:1
CNA 5:5:10 2.7:13:16.0 6.7:3.3 0.10:1
CNA 3:7:10 16:2.0:16.3 4.5:55 0.11:1
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Figure 4.35 TPR profiles of CNA catalysts; 3:7:10 (green), 5:5:10 (purple) and 7:3:10 (red)

Each of the CNA catalysts showed a bimodal reduction profile in figure 4.35. The lower
temperature curve was once again attributed to the reduction of surface Ce*" ions.
Thermogravimetric analysis suggested the higher temperature curve was caused by the
decomposition of carbonate species within the bulk structure of the catalysts, described in
greater detail below, however there may also have been a contribution by the reduction of
bulk Ce* ions. A significant disparity between the peak temperatures was observed for the
surface cerium reduction curves. CNA 5:5:10 had the lowest peak reduction temperature at
523 °C, while CNA 3:7:10 had the highest at 543 °C. CNA 7:3:10 and 5:5:10 showed comparable
surface reduction intensities, which could be explained by the similar proportion of cerium
on the surface. This would also explain the decrease in intensity observed in the case of CNA

3:7:10, which had a significantly lower proportion of cerium.

Table 4.26 Summary of surface reduction properties of CNA catalysts

Peak reduction Relative intensity
Catalyst
temp (°C) Peak Area
7:3:10 531 0.61 0.67
5:5:10 523 0.59 0.65
3:7:10 543 0.43 0.54
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The thermogravimetric analysis of the CNA catalysts in figure 4.36 showed a mass loss above

700 °C attributed to the decomposition of impurities and carbonates within the bulk structure

of the catalysts, as reported in the previous sections of this chapter.
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Figure 4.36 dTG plots of CNA catalysts; 7:3:10 (red) 5:5:10 (purple) and 3:7:10 (green)

In the case of CNA 7:3:10 and 5:5:10, this occurred between around 700 °C to 750 °C and were

of similar intensity, peaking at around 720 °C. For CNA 3:7:10, the mass loss occurred over a

greater temperature range (700-800 °C, peaking at 740 °C), and was significantly higher in

intensity. This matched the trend observed for the second reduction curve of the TPR profiles,

with CNA 7:3:10 and 5:5:10 showing similar intensities and peak temperatures, whereas

CNA 3:7:10 was significantly higher in intensity, also with a higher peak temperature. This

increase was attributed to the decomposition of Nd202C03%3, which XRD and Raman indicated

had the greatest presence in CNA 3:7:10.
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The CNA catalysts were each tested for soot oxidation by thermogravimetric analysis in the

usual manner. The derivative plots are presented in figure 4.37, with each of the samples

offset by 1 %min! for ease of comparison.
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Figure 4.37 dTG plot comparison of catalyst/soot mixtures in; synthetic air (solid lines), and N2 (dashed lines)
containing: CNA: 7:3:10 (red), 5:5:10 (purple) and 3:7:10 (green)

As seen in table 4.27, varying the Ce:Nd ratio had little effect on the activity of the CNA

catalysts, with a peak soot oxidation temperature of around 550 °C in each case. As a group,

the CNA catalysts performed worse than those containing zirconium and the other rare-Earth

metals.

Table 4.27 Soot oxidation temperatures of samples mixed with CNA catalysts

Catalyst To (°C) Teo (°C) To (°C) T: (°C)
Soot (no catalyst) 465 535 622 651
7:3:10 411 464 547 617
5:5:10 419 475 550 633
3:7:10 418 467 551 610
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Figure 4.38 dTG plots of catalyst/soot mixtures containing CNA: 7:3:10 (red), 5:5:10 (purple) and 3:7:10
(green); on the first run (solid line), second run (dashed line) and third run (dotted line)

of any individual catalyst.

Each of the catalysts’ samples were reused in order to determine their thermal stability. As
was observed in the case of CNA 7:3:10 in section 4.1.2, each of the CNA catalysts were
significantly more active on 2™ use than they had been on their first. This can be seen from
the dTG plots in figure 4.38, and the soot oxidation data extracted from them in table 4.28,
which showed that the soot oxidation temperature decreased by every marker for each of
the catalysts. Remarkably, the peak soot oxidation temperature decreased by over 20 °C,
35°Cand 30°Cfor CNA 7:3:10, 5:5:10 and 3:7:10 respectively. In stark contrast to their activity
in their initial runs, this represented the most active group of catalysts presented so far in this

chapter; CNA 5:5:10 and 3:7:10 demonstrated the lowest peak soot oxidation temperatures
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The catalysts were subjected to a 3™ round of testing in order to determine whether their
improved activity could be sustained, the results of which are also provided in figure 4.38 and
table 4.28. The 3™ runs confirmed the thermal stability of the improved CNA catalysts, with

the peak soot oxidation temperatures remaining at the lower temperatures.

Table 4.28 Soot oxidation temperatures of samples mixed with CNA catalysts on their first, second and third use
To (OC) Teo (OC) Tp (OC) Ts (oc)
Catalyst 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st an 3rd

run run run run run run run run run run run run

Soot 465 535 622 651
7:3:10 | 411 383 398 | 464 451 441 | 547 525 528 | 617 581 579
5:5:10 | 419 389 356 | 475 439 434 | 550 514 515 | 633 575 590
3:7:10 | 418 383 383 | 467 444 445 | 551 519 515 | 610 567 562

The results suggested a significant structural change must have taken place to the catalysts
after subjection to high temperatures, resulting in a considerable improvement in catalytic
activity which was sustained upon repeated use. The soot oxidation temperature was lowered
further than had been observed with any of the corresponding CZA, CLZA, CLA or CPA
catalysts. It was therefore decided to investigate the effects the thermal treatment had on

the materials during catalyst preparation.

4.7 Varying calcination conditions of CNA catalysts

Three new batches of CNA 7:3:10 were prepared, each of which were calcined at 750 °C. This
temperature was chosen due to the results of the thermogravimetric analysis of the CNA
catalysts in figure 4.36 (section 4.6.1) which showed a mass loss at this temperature which
was attributed to the decomposition of impurities, (possibly Nd20,COs detected by XRD and

Raman) which may have contributed to the improvement of the catalysts.

The three batches were calcined under three different atmospheres. Since the original CNA
catalysts were calcined under static air, this atmosphere was chosen in order to establish
whether the higher temperature alone was sufficient to improve the catalyst. Flowing air was

the atmosphere used under the soot oxidation tests of the TGA, therefore this atmosphere

141



Chapter 4

was used in order to replicate those conditions. An atmosphere of 10%H,/Ar was used in

order to replicate the reducing effect of the soot on the catalysts during testing.

The three catalysts, referred to as “CNA 750°C Static Air”, “CNA 750°C Flowing Air” and “CNA
750°C Hy/Ar” were characterised and tested and compared with the same analyses of CNA
7:3:10 from section 4.6.1 which is referred to as “CNA 500°C Static Air” in this section. A

sample of the same catalyst pre-calcination was also analysed for comparison.

4.7.1 Characterisation
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Figure 4.39 X-ray diffractograms of calcined CNA catalysts
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The diffractograms of the CNA catalysts shown in figure 4.39 showed that upon calcination,
the intensity of the cubic fluorite reflections of ceria increased, indicating a more crystalline
phase. Increasing the calcination temperature from 500 °C to 750 °C resulted in a further
increase, to the extent that ceria reflections at 59.1°, 69.5° 76.7° and 79.1° — belonging to the
(222), (400), (331) and (420) planes respectively — were distinguishable from the background
interference. This increase in crystallinity is reflected in the crystallite sizes calculated from
the (111) reflections, shown in table 4.29, which show a significant increase upon higher

temperature calcination, especially in the case of “CNA 750°C Hy/Ar”. The reflections were
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observed to decrease to a slightly lower 20 angle compared to pure ceria, in agreement with

the findings discussed in section 4.1.1.

Table 4.29 Peak positions and crystallite sizes of CNA catalysts determined by XRD

2 theta (°) Crystallite
Catalyst
(111) (200) (220) (311) size (nm)
Ceria* 28.5 33.1 47.5 56.3 -
Uncalcined 28.4 - 47.2 56.1 2.1
500°C Static air 28.3 32.8 47.2 56.0 34
750°C Static air 28.3 32.8 47.1 55.9 11.9
750°C Flowing air 28.3 32.8 47.2 55.9 8.1
750°C Hy/Ar 28.3 32.8 47.0 55.8 16.9

*2 theta values of ceria referenced from JCPDS database (card no. 071-4199)
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Figure 4.40 Raman spectra of CNA catalysts

Raman spectra of the catalysts are provided in figure 4.40. An increase in calcination

temperature resulted in an increase in the intensity of the F,; mode attributed to ceria. As

with XRD, this was attributed to the increased crystallite size of the ceria phase in these
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catalysts. The peak positions of these catalysts were also observed to be shifted to a lower

wavenumber than pure ceria, although not to the same extent as “CNA 500°C Static Air”.

Table 4.30 Surface properties of CNA catalysts provided by XPS and BET analyses

Atomic conc. (%) Surface area
Catalyst
Ce3d Nd3d AlI2p O1s Cl1ls Nals (m?%g?)
Uncalcined 6.48 140 17.82 5194 984 12.52 87 (£3)

500°C Static air 3.29 1.11 21.03 53.75 6.04 14.78 30 (+1)
750°C Static air 042 053 12.65 46.61 1091 28.89 5 (+0)
750°C Flowing air 242 091 2438 46.32 596 20.03 14 (+0)
750°C Hy/Ar 1.84 0.73 2796 45.06 435 20.06 10 (+0)

The surface properties of the catalysts were analysed by XPS and BET, and are summarised in
table 4.30. It was observed that the surface area decreased upon calcination, and was lower
when calcined at 750 °C than 500 °C. The decline of surface area was attributed to sintering
of ceria at higher temperatures?>. This was observed to the greatest extent in the case of “CNA
750°C Static”, which had the lowest surface area of the catalysts presented in this section and
those in previous sections. Elemental quantification by XPS showed that — with the exception
of “CNA 750°C Static” — in keeping with the other CMA catalysts presented in this chapter,
cerium, neodymium and aluminium accounted for around 25-30 % of the surface of the
catalysts. As mentioned, this was not the case for “CNA 750°C Static”, of which Ce, Nd & Al
accounted for only around half this percentage, likely due to the high proportion of carbon

and sodium also observed on the surface.
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Table 4.31 Atomic ratio of metals on CNA catalyst surfaces

Catalyst Ce:Nd:Al Ce:Nd Ce(ll1):Ce(IV)
Preparation method 7:3:10 7:3 -
Uncalcined 5.0:1.1:13.9 8.2:1.8 0.25:1
500°C Static air 26:0.9:16.5 7.5:25 0.11:1
750°C Static air 0.6:0.8:18.6 4.4:6.6 0.08:1
750°C Flowing air 1.7:0.7:17.6 7.3:2.7 0.28:1
750°C Hz/Ar 1.2:0.5:18.3 7.2:2.8 0.29:1

Chapter 4

As seen from the atomic ratios of the metals in table 4.31, there was an excess of aluminium

on the surfaces of each of the catalysts compared to the original molar ratio used in the

preparation method. An excess of cerium over neodymium was also observed, most notably

in the uncalcined catalyst. “CNA 750°C Static” was again the exception to this, showing a

considerable cerium deficiency. Another interesting observation was the proportion of Ce(lll)

on the surfaces of the catalysts. The uncalcined catalyst showed a high proportion of Ce(lll)

over Ce(lV) compared to many of the catalysts reported in this chapter. While calcination at

750 °C under flowing atmospheres maintained this high proportion, calcination under static

air resulted in a decrease to the Ce(lll) content.

The C 1s and O 1s regions of the catalysts’ XPS spectra are shown in figures 4.41 and 4.42,

overleaf.
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The C 1s regions all showed two distinct peaks at 285 eV and 289 eV attributed to adventitious
and carbonate sources of carbon respectively. The areas of these peaks were quantified and
are shown in table 4.32. It was observed that the proportion of carbon in the carbonate form
was highest in the uncalcined catalyst, and decreased significantly when calcined at 750 °C
under flowing air and Hz/Ar. The peaks in the O 1s region were assigned to three groups. The
peaks in the 528.5-530 eV region are attributed to metal-oxide bonds (lattice oxygen), the
peaks at 531.5 eV were attributed to oxygen from alumina and carbonates, and the peaks at
~536 eV were attributed to Na auger?®. As table. 4.32 shows, the proportion of oxygen in the
alumina/carbonate region is significantly lower in the cases of “CNA 750°C Flowing Air” and
“CNA 750°C Hy/Ar”. The presence of a splitting of the metal-oxide component in the O 1s
regions of “CNA 750°C Flowing Air” and “CNA 750°C Hy/Ar” could have indicated that cerium
oxide and neodymium oxide produced two separate signals, due to the decomposition of
Nd>0,COs. The observations in the C 1s and O 1s regions suggested that a higher temperature
and a flowing atmosphere during calcination resulted in a decrease in the presence of
carbonates and increase in neodymium oxide. This may provide evidence of the

decomposition of the Nd20,COs3 phase that was detected in the CNA catalysts in section 4.6.1.

Table 4.32 Relative peak areas (%) of O 1s and C 1s regions

Atomic conc. (%) (O 1s) Atomic conc. (%) (C 1s)
Catalyst
Lattice 0% Al,03/CO3* | Adventitious COos*
Uncalcined 13 87 15 85
500°C static 8 92 21 79
750°C static 4 96 29 71
750°C flowing air 9 31 59 43 56
750°C Hy/Ar 7 40 53 51 49
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Figure 4.43 TPR profiles of CNA 7:3:10 catalysts: Uncalcined (black), 500°C static air (red), 750°C static air
(purple), 750°C flowing air (green), 750°C 10%H2/Ar (blue)

Figure 4.43 shows that the reduction profiles of the catalyst were greatly affected by changes
in calcination conditions. The peak at around 660 °C observed in the uncalcined catalyst was
the same as that observed previously for “CNA 500°C Static”, which was attributed in section
4.6.1 to the decomposition of carbonates and other impurities. This peak was not observed
in any of the catalysts calcined at 750 °C, suggesting these species had been removed during
calcination. The removal of this peak revealed a broad curve between 600 °C and 850 °C in
“CNA 750°C Flowing Air” and “CNA 750°C Hy/Ar”, which was attributed to the reduction of
bulk Ce* ions?. The calcination conditions also had an effect on the reduction of Ce** ions. As
seen in table 4.33, the reduction of surface cerium took place at the lowest temperature and
greatest intensity in the uncalcined catalyst. The surface reduction curves of the catalysts
calcined under static air both showed similar intensities, however when calcined at 750 °C the
temperature at which reduction took place was considerably higher. The other catalysts
calcined at 750 °C did not show as great an increase in reduction temperature, however the
overall intensity of the surface reduction curves were significantly lower. The deterioration in
surface Ce* reduction for the catalysts calcined at 750 °C was attributed to their lower surface

areas and high crystallinity, which impeded their reduction capabilities.
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Table 4.33 Surface cerium reduction properties of CNA catalysts

Peak reduction Intensity*
Catalyst

temp (°C) Peak Area
Uncalcined 508 0.69 0.86
500°C Static air 531 0.61 0.67
750°C Static air 608 0.51 0.68
750°C Flowing Air 534 0.35 0.46
750°C Hz/Ar 548 0.25 0.33

*Relative to CZA 7:3:10 (Section 4.1.1)

4.7.2 Soot oxidation testing

The CNA catalysts were each tested for soot oxidation by thermogravimetric analysis in the
usual manner. The derivative plots are presented in figure 4.44, with each of the samples

offset by 1 %min™! for ease of comparison.
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Figure 4.44 dTG plots of catalyst/soot mixtures containing CNA: Uncalcined (black), 500°C static air (red), 750°C
static air (purple), 750°C flowing air (green), 750°C 10%H2/Ar (blue)

Testing revealed that the calcination conditions were highly influential in the soot oxidation
activity of the CNA catalyst. As indicated in table 4.34, the increase in calcination temperature

under static air from 500 °C to 750 °C resulted in a decrease in activity, with the peak soot
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oxidation temperature rising to almost 560 °C in the case of the latter. Significantly, the onset
temperature was considerably higher, which could be explained by the higher temperature
reduction peak observed in the TPR profile of this catalyst described above. Interestingly, it
was also observed that the activity of both these catalysts decreased after calcination, with
the uncalcined material able to achieve peak soot oxidation at a considerably lower
temperature than both. The catalysts calcined under flowing air and H,/Ar were considerably
more active than the aforementioned “static air” catalysts, with the former being the most
active of the two. The soot oxidation temperatures of these catalysts were similar to the rerun

CNA catalysts described in section 4.6.2.

Table 4.34 Soot oxidation temperatures of samples mixed with CNA catalysts on their first and second use

To (°C) Teo (°C) T (°C) T¢ (°C)
Catalyst
1trun 2™run 1trun 2"run 1trun 2"run  1%trun 2" run
Soot (no catalyst) 465 535 622 651
Uncalcined 428 455 523 592
500°C Static air 405 383 464 451 547 525 617 581
750°C Static air 457 411 472 454 559 533 623 578

750°C Flowing air 369 364 419 433 512 516 587 575
750°C H2/Ar 378 396 434 436 523 523 584 583

The calcined catalysts were subjected to a second round of soot oxidation testing to
determine their thermal durability, which are shown in figure 4.45. As observed with the CNA
catalysts in the previous section, “CNA 750°C Static” performed much better on its second
run, decreasing the soot oxidation temperature at each marker by at least 25 °C. The other
two catalysts calcined at 750 °C were both able to maintain the high activity displayed during

the first round of testing.

This suggested that a flowing atmosphere, either during calcination or soot oxidation testing,
was essential to the improvement in activity observed. The higher activity of “CNA 750°C
Flowing Air” suggested that an oxidative flowing atmosphere was more beneficial than a

reductive atmosphere.
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4.8 Summary and conclusions

In this chapter the use of rare-Earth metals as an alternative to zirconium were investigated
as dopants in ceria-alumina catalysts. Zirconium, lanthanum, an equimolar mix of the two,
praseodymium and neodymium were mixed in 7:3, 5:5 and 3:7 ratios with cerium in order to
determine the optimum composition for an active and stable soot oxidation catalyst. A
catalyst prepared using a 3:7:10 Ce:La:Al ratio was found to be the most active during the first
round of testing, and proved to be thermally durable by maintaining this high activity during
its second testing. Each of the CNA catalysts were found to be considerably more active during
their second tests, leading to a subsequent investigation into the calcination conditions of the
CNA 7:3:10 catalyst. This investigation led to the discovery of the most active catalyst

presented in this chapter — CNA in a 7:3:10 ratio calcined at 750 °C in flowing air.
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Figure 4.46 Peak soot oxidation temperatures mixed with CMA catalysts (black line indicates the peak soot
oxidation temperature with CZA 7:3:10)

A summary of the peak soot oxidation temperatures achieved with each of the CMA catalysts
is shown in figure 4.46. The black line indicates the peak soot oxidation temperature with CZA

7:3:10, the benchmark from the previous chapter. From this chart we can see that the
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catalysts containing lanthanum were generally more active than CZA, while those containing

praseodymium and neodymium (during their first run) were less active.

The characterisation of the catalysts by XRD and Raman indicated that, as expected, the
dopant metals altered the parameters of the ceria lattice due to their ionic radii. In the case
of CZA this resulted in a lattice contraction due to the relatively small ionic radius of Zr#,
whereas lattice expansion was observed in the catalysts containing rare-Earth metals due to
the relatively large ionic radii of La3*, Pr3* and Nd3*. This was observed to the greatest extent
in the CLA and CNA catalysts, which were doped only with the larger La3* and Nd3*ions, but
less so in CLZA and CPA which also contained the smaller Zr** and Pr#* ions respectively. These
analyses also indicated the presence of a separate phase to ceria in the catalysts containing
higher concentrations of rare-Earth elements. CLA, CLZA and CNA were found to contain a
metal-oxycarbonate phase, while CPA showed evidence of a strong PrsO11 phase. The increase
of these phases corresponding to an increase in dopant metal content suggested that unlike
CZA, the rare-Earth metals were unable to form a homogenous crystalline phase with ceria,
the contrast possibly due to the greater difficulty of larger ions to fully integrate into the

lattice structure.

The temperature-programmed reduction profiles of the catalysts showed a distinct peak
attributed to the reduction of surface Ce** ions, and a further peak(s) at a higher temperature
which was attributed to the reduction of bulk cerium ions as well as the decomposition of
carbonates and other impurities. The intensity of the surface reduction peak was lower in
most of the catalysts than CZA 7:3:10 and was found to decrease as the proportion of cerium
decreased. The exceptions to this were CZA 5:5:10; which had a higher intensity and a lower
peak temperature surface reduction than CZA 7:3:10, and the CPA catalysts; which showed
an increase in reducibility as the proportion of cerium decreased and praseodymium

increased due to the reduction of Pr** ions.

Figure 4.47 a) and b) respectively, show the relative intensities of surface reduction and the
peak reduction temperatures of the catalysts compared to the peak soot oxidation

temperatures achieved.
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Figure 4.47 Comparison of peak soot oxidation temperatures (bars) with a) peak surface reduction temperatures, b) peak surface reduction intensities and c) surface

Ce(Ill)/Ce(IV) ratios (white circles) (black lines indicate the peak soot oxidation temperature with CZA 7:3:10)
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In the case of CZA 5:5:10, the decrease in temperature (at 493 °C, beyond the scale of the
chart) and increase in intensity of reduction compared to CZA 7:3:10 resulted in a decrease in
the soot oxidation temperature between the two catalysts. The reverse was observed in the
case of “CNA 750°C Static”, which underwent a less intense reduction at a significantly higher
temperature (608 °C), and which resulted in a considerably higher soot oxidation
temperature. However these were the two extreme cases, and a universal link between
surface reduction and the soot oxidation activity of the remaining catalysts was not
established. As mentioned in section 4.5, in the case of CPA 5:5:10 and 3:7:10, although the
reduction of Pr#* resulted in an overall increase in the reduction on the surfaces and at a lower
temperature, there is evidence in literature which suggests the oxygen released by this
reduction is not as reactive as the species released during reduction of Ce** 2. Therefore the
increase in oxygen released did not result in a decrease in the soot oxidation temperature.

Another consideration was the proportion of cerium in the +3 oxidation state on the surfaces
of the catalysts provided by XPS. This is an indication of the quantity of oxygen vacancies on
the catalysts’ surfaces, which could enhance the redox properties of ceria. As shown in figure
4.47 c), there was again no consistent trend between this and peak soot oxidation
temperature. However it was interesting to note that in almost all cases those catalysts
containing a higher proportion of Ce(lll) on their surfaces than CZA 7:3:10 tended to show a
lower soot oxidation temperature, whereas those with a lower Ce(lll) proportion tended to
result in higher soot oxidation temperatures. This was particularly relevant to the CNA 7:3:10
catalysts of varying calcination conditions, which showed a considerable improvement in
activity corresponding to a higher proportion of Ce(lll), despite “CNA 750°C Flowing air” and

“CNA 750°C Hz/Ar” having shown low intensity surface Ce** reduction in their TPR profiles.

In conclusion, the activity of ceria catalysts showed greatest improvement when doped with
lanthanum and, under the correct calcination conditions, neodymium. From XPS studies it
was determined that these catalysts had a high proportion of Ce(lll) present on their surfaces
compared to the original CZA catalyst. This indicated an increase in oxygen vacancies which
enhanced the redox properties of the catalyst, allowing more rapid exchange of oxygen at the
phase boundary, which could subsequently be utilised for soot oxidation. This was likely
brought about by distortion to the ceria lattice caused by the introduction of bulky aliovalent

La3* and Nd3* ions, confirmed by XRD and Raman. The study into praseodymium-doped ceria
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catalysts showed that despite increasing the reducibility of the catalyst, this did not result in
an improvement in activity. This emphasised the importance of the “quality” (reactivity)

rather than “quantity” of oxygen species available for soot oxidation at the catalyst surface.

It was observed from the study into the CNA 7:3:10 catalysts that calcination at a higher
temperature and under flowing atmospheres resulted in much more active catalysts. But for
time constraints, it would have been interesting to extend this study to the other CMA
catalysts presented in this chapter, particularly to the CLA catalysts which had many structural
similarities to CNA. However only the CNA catalysts showed such significant improvement
subsequent to testing under the TGA conditions, and therefore it was deemed unlikely that

an improvement to catalytic activity would have been observed to this extent.

4.9 References

1. A. Bueno-Lépez, Appl. Catal. B Environ., 2014, 146, 1-11.

2. J. Kaspar, P. Fornasiero and M. Graziani, Catal. Today, 1999, 50, 285—-298.

3. P. Fornasiero, G. Balducci, R. Di Monte, J. Kaspar, V. Sergo, G. Gubitosa, A. Ferrero
and M. Graziani, J. Catal., 1996, 164, 173-183.

4. P. Dulgheru and J. A. Sullivan, Top. Catal., 2013, 56, 504-510.

5. K. Harada, T. Oishi, S. Homamoto and T. Ishihara, J. Phys. Chem. C, 2014, 118, 559—
568.

6. D. Mukherjee, B. G. Rao and B. M. Reddy, App!. Catal. B Environ., 2016, 197, 105—
115.

7. I. Atribak, A. Bueno-Lépez and A. Garcia-Garcia, J. Catal., 2008, 259, 123-132.

8. R. Ramdas, Thesis, Cardiff University, 2014.

9. L. Katta, P. Sudarsanam, G. Thrimurthulu and B. M. Reddy, Appl. Catal. B Environ.,

2010, 101, 101-108.

10. J. Guo, Z. Shi, D. Wu, H. Yin, M. Gong and Y. Chen, J. Alloys Compd., 2015, 621, 104—
115.

11. S. Liu, X. Wu, D. Weng and R. Ran, J. Rare Earths, 2015, 33, 567-590.

12. V. G. Keramidas and W. B. White, J. Chem. Phys., 1973, 59, 1561-1562.

13. M. R. Benjaram, T. Gode and L. Katta, Chin. J. Catal., 2011, 32, 800—806.

14. N. Guillén-Hurtado, A. Garcia-Garcia and A. Bueno-L6pez, Appl. Catal. B Environ.,
2015, 174-175, 60-66.

15. Thermo Scientific XPS: Knowledge Base, http://xpssimplified.com/elements/cerium

16. B. Azambre, S. Collura, P. Darcy, J. M. Trichard, P. Da Costa, A. Garcia-Garcia and A.
Bueno-Ldpez, Fuel Process. Technol., 2011, 92, 363—-371.

17. A. N. Shirsat, M. Ali, K. N. G. Kaimal, S. R. Bharadwaj and D. Das, Thermochim. Acta,
2003, 399, 167-170.

18. E. Aneggi, C. de Leitenburg, G. Dolcetti and A. Trovarelli, Catal. Today, 2008, 136, 3—
10.

157



19.
20.
21.
22.
23.

24,
25.

26.

Chapter 4

C. F. Oliveira, F. A. C. Garcia, D. R. Aradjo, J. L. Macedo, S. C. L. Dias and J. A. Dias,
Appl. Catal. Gen., 2012, 413-414, 292-300.

M. Machida, Y. Murata, K. Kishikawa, D. Zhang and K. Ikeue, Chem. Mater., 2008, 20,
4489-4494.

A. Orera, G. Larraz and M. L. Sanjuan, J. Eur. Ceram. Soc., 2013, 33, 2103-2110.
R. P. Turcotte, J. O. Sawyer and L. Eyring, Inorg. Chem., 1969, 8, 238-246.

C. Artini, M. M. Carnasciali, G. A. Costa, R. Masini, E. Franceschi and F. Locardi, J.
Therm. Anal. Calorim., 2013, 112, 499-503.

C. Artini, J. Alloys Compd., 2009, 477, 532-536.

K. Krishna, A. Bueno-Lépez, M. Makkee and J. A. Moulijn, Appl. Catal. B Environ.,
2007, 75, 189-200.

Oxygen, http://sites.cardiff.ac.uk/xpsaccess/reference/oxygen/.

158



Chapter 5

5. Alkali and transition metal catalysts on ceria-based supports

The main focus of the project thus far has been on enhancing the properties of ceria in order
to improve its catalytic activity by introducing various foreign elements into its structure. The
main role of these foreign elements was not to act directly as soot oxidation catalysts, but
rather to improve the soot oxidation capabilities of ceria by influencing its structural and
physical properties, so called “ceria amplifiers”l. The co-precipitation method of catalyst
preparation has been used in order to ensure incorporation of the foreign metals throughout
the ceria structure, so as to enhance its surface and bulk properties. However it has also been
observed during this study that other active species — namely alkali metals — can be used in
conjunction with ceria in order to improve the overall ability of the material to catalyse soot

oxidation; termed “ceria synergy”?.

As stated in Chapter 1, there have been studies into a broad range of soot oxidation catalysts
supported on various materials. In this chapter, the ceria-based materials presented in the
previous chapter were utilised as supports for various species which have been reported to
exhibit activity for soot oxidation. The aim of this investigation was to provide stable supports
for these active species whilst also enhancing the catalytic activity of the supports themselves,
resulting in highly active soot oxidation catalysts. A wet impregnation method, described in

Chapter 2, was used to prepare each of the catalysts.

Initially, this expanded on a previous study at Cardiff University which utilised a combination
of silver and potassium on a CZA support?. Although scientifically significant, the use of silver
for real-world application is controversial due to its reported tendency to sinter3. Various
other transition metals were therefore screened on a CZA support as potential substitutes for
silver, of which copper was found to be the most promising. The use of copper was

subsequently expanded to the various other ceria supports presented in the previous chapter.

5.1 Silver and potassium on CZA catalyst supports

As discussed in Chapter 1, the high activity of silver and alkali metals for application in soot
oxidation catalysts have been widely reported in literature, as well as in conjunction with ceria

and doped-ceria catalysts. Silver, due to its ability to form highly reactive superoxide species
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and its interactions with ceria inducing facile oxygen mobility*®., and alkali metals due to their
ability to form carbonate intermediates for the reaction of solid carbon to CO», and their low-
melting points allowing mobility and increased soot contact’=°. A previous study into the use
of silver and potassium on a CZA support was undertaken at Cardiff University and established
a synergistic effect took place. The optimum loadings were found to be 2 and 10 weight%,
respectively, using AgNOs and K>COs as the precursors?. This was based on observations of
greatest cerium reduction intensity and lowest soot oxidation temperatures by 2%Ag as it was
predominantly present as Ag® and thus interacted favourably with CeO,. The 10%K loading
also produced the lowest soot oxidation temperatures, with lower loadings having less impact
and higher loadings decreasing the activity by lowering the concentration of cerium on the

surface of the support.

However before applying the findings of that study to the various new ceria supports
presented in Chapter 4, it was decided to impregnate both species separately on the CZA
support produced by this study in order to establish the role each has in enhancing the activity
of soot oxidation. These are referred to as 2%Ag/CZA and 10%K/CZA. The combination of both
silver and potassium with the same respective loadings on the same CZA support was also
prepared in order to establish the extent, if any of the synergistic effect between the two.
This catalyst is referred to as 2%Ag,10%K/CZA. The results of characterisation and testing

provided by these catalysts were compared with the bare CZA support in each case.
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5.1.1 Characterisation

Each of the catalysts were characterised in a similar fashion to those in the previous chapter.
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Figure 5.1 X-ray diffractograms of CZA (black), 2%Ag/CZA (purple), 10%K/CZA (green) and 2%Ag,10%K/CZA
(red)

The X-ray diffractograms of the catalysts in figure 5.1 each showed the typical fluorite-type
structure of ceria, with reflections at 28.9°, 33.5° 48.0° 57.0° attributed to the (111), (200),
(220) and (311) planes respectively as established in the previous chapters. As noted, the
positions of these reflections were consistent in each case. This suggested that the
impregnation of silver, potassium and a combination of both did not cause a change to the
lattice parameter of ceria in the manner observed when foreign cations were introduced by
co-precipitation in the previous chapter. Additional reflections were also observed in the
diffractograms of the impregnated catalysts. In 2%Ag/CZA, two prominent reflections were
observed at 38.2° and 44.4°, identified as belonging to a cubic phase of metallic silver, Ag®
(JCPDS 65-2871). The diffractogram of 10%K/CZA showed several reflections attributed to
monoclinic K2COs at 32.4°, 38.0° and 40.6° (JCPDS 16-820) which suggested that potassium
remained in its precursor carbonate form, despite calcination. The diffractogram of
2%Ag,10%K/CZA displayed the reflections of both the silver and potassium phases described

above.
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Figure 5.2 Raman spectra of CZA (black), 2%Ag/CZA (purple), 10%K/CZA (green) and 2%Ag,10%K/CZA (red)

The Raman spectra of the catalysts in figure 5.2 each showed F,; mode typical of the Ce-O
bond of ceria. In each case the position of the peak remained consistent with the bare CZA
support, at 470 cm™. The spectrum of 10%K/CZA contained a sharp peak at 1060 cm™ which
indicated the presence of K,COs, in agreement with the findings of the XRD. However, this

peak was not observed to this extent in the Raman spectrum of 2%Ag,10%K/CZA.

X-ray photoelectron spectroscopy and BET surface area analysis were performed on the

catalysts in order to determine their surface properties.

Peaks in the Ag 3d (2%Ag/CZA, 2%Ag,10%K/CZA) and K 2p (10%K/CZA, 2%Ag,10%K/CZA)
regions of the XPS spectra (examples in figure 5.3 shown from 2%Ag,10%K/CZA) confirmed

the presence of the impregnated metals on the surfaces of the catalysts.
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Figure 5.3 Ag 3d region and C 1s/K 2p region of 2%Ag,10%K/CZA

The concentrations of the surface elements were quantified and are shown in table 5.1. Few

changes were observed to the composition of the surface of the CZA support, save for the

presence of the impregnated metals and an increase in the concentration of carbon in the

case of the catalysts impregnated with potassium. This provided further evidence of the

presence of potassium carbonate in these catalysts as identified by XRD and Raman. BET

analysis of the catalysts showed that the impregnation of the metals resulted in a decrease in

surface area. The trend in decreasing surface areas corresponded to an increase in the

quantity of impregnated materials (2%Ag<10%K<2%Ag,10%K) and could be explained by the

plugging of pores on the surface of the support, as suggested in previous chapters.

Table 5.1 Surface properties of Ag and K/CZA catalysts provided by XPS and BET analyses

Atomic conc. (%) Surface
Catalyst
Ce3d Zr3d Al2p O1ls C1s Nals Ag3d K2p area(m?g?)
CZA 6.22 1.27 17.03 5151 7.25 16.73 = - 36 (+1)
2%Ag 6.30 1.23 1696 51.65 7.12 16.49 0.25 - 31 (£2)
10%K 5.79 1.10 1482 48.48 1191 15.73 - 2.17 27 (+0)
2%Ag,10% 6.02 1.15 11.87 51.50 11.57 1599 0.21 1.70 20 (+0)
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Figure 5.4 TPR profiles of CZA (black), 2%Ag/CZA (purple), 10%K/CZA (green) and 2%Ag,10%K/CZA (red)

The TPR profiles of each of the catalysts are shown in figure 5.4, again with the bare CZA
support included for comparison. In each case, a significant decrease in the intensity of the
reduction peak at around 520 °C was observed between the impregnated catalysts and the
bare support. In previous chapters this peak has been attributed to the reduction of surface
Ce* ions. In the case of 2%Ag/CZA, the formation of a reduction peak at a much lower
temperature of 252 °C was observed. This was attributed to a decrease in the temperature of
surface Ce* reduction as a consequence of interactions with silver, which weaken Ce-O bonds
and allow a more facile reduction®. It has also been extensively reported that a spillover
process can take place whereby H; is dissociated to H atoms by Ag and subsequently spills

onto the surface of the support whereby it reduces the oxygen of ceriall13,

This was corroborated by the decrease in the Ce reduction peak at around 525 °C observed
for the bare CZA support. The residual reduction curve in this region suggested that not all

the cerium on the surface of the support was interacting with Ag.

The impregnation of 10wt% potassium also significantly altered the TPR profile of CZA. In this
case a splitting of the surface Ce** reduction peak was observed, which resulted in a separate

reduction peak at 441 °C. A similar observation was made by Aneggi et al. with a similar
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loading of K supported on CeO; (figure 5.5) however did not offer an explanation, only stating
that potassium was responsible for the change®. Another notable change in the profile was a
significant increase in reduction above 700 °C. This was also seen in the work by Aneggi, and
was attributed to the decomposition of potassium carbonate (the presence of which was
evidenced from XRD and Raman), similar to the decomposition of sodium carbonate reported

in previous chapters of this work.
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Figure 5.5 TPR profiles of CeO2 and CeO: doped with various potassium loadings®

The TPR profile of 2%Ag,10%K/CZA contained both the main features of the 2%Ag and
10%K/CZA profiles. The peak associated with reduction of Ce* ions at a decreased
temperature due to the presence of silver, and the large broad peak in the 600-800 °C region

attributed to the decomposition of potassium carbonate were both observed.

5.1.2 Soot oxidation testing

Each of the catalysts were tested for soot oxidation using thermogravimetric analysis as in the
previous chapters. The dTG plots of these tests are shown in figure 5.6, offset by 1 %min for
ease of comparison, and the key soot oxidation temperatures extracted from these plots are

presented in table 5.2.
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Figure 5.6 dTG plots of catalyst/soot mixtures containing: CZA (black), 2%Ag/CZA (purple), 10%K/CZA (green)

and 2%Ag,10%K/CZA (red)

It was observed from the results of testing that the impregnation of silver and potassium
resulted in an increase in catalytic activity towards soot oxidation compared to the bare CZA

support.

Table 5.2 Soot oxidation temperatures of samples mixed with CZA catalysts on their first and second use

To (oc) Teo (OC) Tp (OC) Tt (OC)
Catalyst
1trun 2™run 1%trun 2"run  1trun 2™run  1%trun 2" run
Soot (no catalyst) 465 535 622 651
CZA 410 389 461 436 542 538 605 597
2%Ag/CZA 372 396 401 453 523 542 594 587
10%K/CZA 397 384 424 429 512 542 587 590

2%Ag,10%K/CZA 363 376 388 442 450 535 564 589

In the case of 2%Ag/CZA, the shape of the derivative curve suggests that two distinct
processes occurred during soot oxidation. Interestingly, the presence of a shoulder to the
main derivative curve representing a lower temperature soot oxidation process is also

observed when catalyst and soot are mixed in tight contact conditions. This phenomenon was
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observed in a study by Neri et al.}* into the activity of various metal oxide catalysts under tight

contact conditions, and was attributed to the combustion of the hydrocarbons present in the

soot.
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Figure 5.7 a) dTG plots of catalyst/soot mixtures containing: CZA (black), 2%Ag/CZA (purple) in loose contact,
and CZA in tight contact (blue). b) Comparison of dTG and Heat flow plots of soot oxidation with 2%Ag/CZA

As seen in figure 5.7a) the dTG profile of soot oxidation in a tight contact mix with CZA bore
much greater resemblance to the loose contact plot of 2%Ag/CZA than that of loose contact
CZA. As explained in Chapter 1, contact is an important factor in the ability of a catalyst to
oxidise soot, as closer contact allows for more facile transfer of oxygen from catalyst to soot,
increasing the probability of a successful reaction. Tight contact mixing increases the
proportion of soot within close enough proximity to the catalyst to allow this transfer to take
place. The lower temperature (<500 °C) soot oxidation process observed under tight contact
conditions can therefore be attributed to the higher proportion of hydrocarbons on the soot
in close contact with the catalyst. Despite the much lower proportion of soot particles in close
contact with 2%Ag/CZA due to loose contact mixing, a similar process appears to have taken
place. This could be explained by the findings of TPR, in that interactions between Ag® and
CeO:; allowed for release of oxygen at lower temperatures than observed in the bare CZA
support. As previously stated, it has also been reported extensively that Ag is able to form
highly reactive superoxide O, species which would result in rapid oxidation of the

hydrocarbons in contact with the catalyst'*!3, Kobayashi and Hikosaka observed a similar
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two-curve dTG soot oxidation with Ag/CeO; catalysts which was attributed to separate
catalysed and non-catalysed soot oxidation processes'>. As shown by the heat flow plot in
figure 5.7b), this initial process also resulted in an exotherm at the lower temperature which
may have contributed to the oxidation of the remaining soot proceeding at a lower
temperature. This resulted in the decrease of the peak soot oxidation temperature from
542 °C with the bare support to 523°C with 2%Ag/CZA. This represented a decrease of around

100 °C compared to the uncatalysed reaction.

Referring back to figure 5.6, the onset temperature of soot oxidation in the presence of
10%K/CZA showed a more modest decrease from the bare CZA support of about 10 °C. In this
case there was no evidence of a distinct process taking place at a lower temperature from the
major soot oxidation curve. However, this catalyst was able to lower the peak soot oxidation
temperature even further than the silver catalyst described above. This suggested that while
silver was capable of decreasing the soot oxidation temperature further, its effects were more
localised which resulted in two distinct processes. In contrast potassium was better able to
improve the major soot oxidation process. This was observed in a study by Shimokawa et al.
which showed that Ag/Ce0O; was superior at oxidising soot in close contact than K/CeO,,
however the former was superior at catalysing the complete oxidation of soot'®. This was
explained by the contact achieved between catalyst and soot. While silver was only able to
catalyse soot with which it was in close contact, the mobility of potassium species on the
surface of the support allowed for contact with a greater quantity of soot, resulting in a more

comprehensive oxidation.

In the presence of the combined silver and potassium catalyst the soot oxidation temperature
was observed to decrease even further. As with 2%Ag/CZA, the shape of the dTG curve
indicated two soot oxidation processes taking place. However, on this occasion the lower
temperature process (attributed to the presence of Ag®) was dominant, and occurred at a
slightly lower temperature. This resulted in a further decrease to the T, and Teo by around
10 °C compared to the silver-only catalyst. More significantly, the dominance of this initial
process resulted in a considerable decrease to the peak soot oxidation temperature to 450 °C.
There was also a sizeable decrease in the final soot oxidation temperature, to below 570 °C.
It is likely that this improvement to the catalytic activity can be attributed to a synergistic

effect between silver and potassium on the catalyst surface.
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The thermal durability of the catalysts was tested as in the previous chapters of this work.
The dTG plots of these tests are shown in figure 5.8, compared with the original run of the

corresponding catalyst. The data extracted from these plots is again presented in table 5.2.
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Figure 5.8 dTG plots of catalyst/soot mixtures containing: 2%Ag/CZA (purple), 10%K/CZA (green) and
2%Ag,10%K/CZA (red) on the first run (solid line) and second run (dashed line)

The tests showed that the two-process phenomenon observed in the silver-containing
catalysts during the first run was not observed on repeat testing. This resulted in an increase
in the onset temperature of soot oxidation, and a considerable increase in the extrapolated
onset temperature of over 50 °C. The peak soot oxidation temperature was also increased, in
the case of 2%Ag/CZA by almost 20 °C and in the case of 2%Ag,10%K/CZA by over 80 °C,
resulting in temperatures similar to those achieved by the bare CZA support. There are several

possible reasons for the loss of activity observed on the catalysts’ second runs. In the case of
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both silver-containing catalysts, it is well-known that silver sinters at higher temperatures,

which would contribute to its deactivation3.

The peak soot oxidation temperature of 10%K/CZA was also affected, returning to a similar
temperature as the bare CZA support. The To, Teo and Tr were not significantly affected,
however these temperatures were also similar to those of the bare CZA support on its second
run, suggesting the positive effect of potassium on the activity of the catalyst had been
considerably diminished. As stated in Chapter 3; despite their well-established soot oxidation
properties, alkali metals have also been reported as unstable due to their poor hydrothermal
resistance. The formation of volatile compounds at high temperatures and in the presence of
water has shown to result in significant decrease in alkali-metal content and subsequent
catalyst deactivation®. This contrasted with the co-precipitated catalyst containing K,COs
which was presented in Chapter 3, which showed similar soot oxidation activity to 10%K/CZA
on its first run, but was also able to maintain this activity on its second run, suggesting that

impregnated potassium was less stable than co-precipitated.

The results of the soot oxidation testing showed that the impregnation of silver and potassium
on the CZA support increased catalytic activity on the first run. However, repeat testing
showed that these catalysts were not thermally durable, as they were not able to maintain

their activity after being subjected to high temperatures due to the reasons described above.

5.2 Silver and potassium on alternative ceria-based catalyst supports

Despite their poor thermal durability, the impregnation of silver and potassium on a CZA
support has shown to be highly active for soot oxidation, both in the above section and in
previous work conducted at Cardiff University?. In this section, the same method was applied
to the various supports presented in section 4.1 from the previous chapter (Ce:M:Al 7:3:10,
where M = La, La+Zr, Pr, Nd), in order to investigate its effect on different ceria-based
supports, and whether an improvement to the thermal stability could be established. In

particular, a study by Gao et al. which demonstrated an improvement in Ag thermal stability
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by doping the ceria support with Nd offered some encouragement in this respect®3.

Collectively the catalysts are referred to as 2%Ag,10%K/CMA.

5.2.1 Characterisation

Each of the catalysts were characterised in a similar fashion to those in the above section.
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Figure 5.9 X-ray diffractograms of 2%Ag,10%K on CZA (black), CLA (green), CLZA (purple), CPA (blue) and CNA

(red)

The X-ray diffractograms of the 2%Ag,10%K/CMA catalysts in figure 5.9 showed the typical

fluorite-type structure of ceria in each case. As observed in the case of 2%Ag,10%K/CZA, the

20 values of the reflections attributed to the (111), (200), (220) and (311) planes of this phase

each remained in the same positions as their respective bare supports (around 28°, 33°, 47°

and 56° respectively). The reflections at 38.2° and 44.4° observed in 2%Ag,10%K/CZA and

attributed to metallic silver were also present in the diffractograms of the other catalysts.

However, the K2COs reflections observed weakly at 32.4° 38.0° and 40.6° in the CZA version

were not visible in the remaining 2%Ag,10%K/CMA catalysts.
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Figure 5.10 Raman spectra of 2%Ag,10%K on CZA (black), CLA (green), CLZA (purple), CPA (blue) and CNA (red)

In agreement with XRD, the Raman spectra of the catalysts shown in figure 5.10 also showed
no change in the peak positions of the main F;; mode associated with ceria. As with
2%Ag,10%K/CZA, only a weak signal associated with K;CO3 was observed at 1060 cm™ in the
CLA, CLZA and CNA versions of the catalyst, while this signal was not detected at all in
2%Ag,10%K/CPA.

X-ray photoelectron spectroscopy and BET surface area analysis were performed on the
catalysts in order to determine their surface properties. The Ag 3d and K 2p regions of the
XPS spectra confirmed the presence of silver and potassium on the surfaces of the catalysts.
The regions of all the elements were used to calculate the compositions of the surfaces, which
are shown in table 5.3, which showed silver accounting for around 0.2% and potassium 1.5%
of the atomic concentration of the surface in each case. As mentioned in the case of
2%Ag,10%K/CZA, the level of carbon on the surfaces of the catalysts had increased compared
to the respective bare supports, again suggesting the potassium carbonate precursor had
survived the calcination process. As was the case in the previous section, the impregnation of

silver and potassium resulted in a decrease to the surface areas of the catalysts.
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Table 5.3 Surface properties of 2%Ag,10%K/CMA catalysts provided by XPS and BET analyses

Atomic conc. (%)

Chapter 5

Surface area

Catalyst (m%g?)
Ce3d M* Al2p O1ls Cl1ls Nals Ag3d K2p
(bare support)
Ag,K/CZA 6.02 1.15 11.87 51.50 11.57 1599 0.21 1.70 20 +1 (36)
Ag,K/CLA 297 295 13.18 53.02 10.36 15.80 0.22 1.50 12 +0 (21)
AgK/CLZA 3.76 2.08 12.64 5453 10.58 14.77 0.19 1.45 17 +1 (40)
Ag,K/CPA 3.07 182 1486 53.81 10.72 14.20 0.18 1.34 14 +0 (30)
Ag,K/CNA 265 245 1352 54.04 10.60 15.04 0.23 1.47 13 +0 (30)

The TPR profiles of the catalysts are provided in figure 5.12. The pattern observed in these

profiles are each similar to that of 2%Ag,10%K/CZA, which was described in section 5.1.1,

suggesting the impregnated species had a similar influence on the reduction of Ce** ions in

each case. This could be seen in the comparisons of the catalysts’ TPR profiles and those of

their respective supports in figure 5.13, which showed that the peak representing the

reduction of surface Ce** in each of the supports decreased in intensity and was replaced by

the lower temperature reduction.

Ha consumption/ ..

400
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Figure 5.12 TPR profiles of 2%Ag,10%K on CZA (black), CLA (green), CLZA (purple), CPA (blue) and CNA (red)
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This was less pronounced in the case of CNA as this was the support with the lowest intensity
cerium reduction to begin with. It can be seen with all the catalysts that the Ag-influenced
cerium reduction curve was more intense than the reduction curves of the bare supports. The
peak temperature of reduction varied considerably between the catalysts, ranging between
235 °C for CLZA and 274 °C for CZA, representing a decrease in peak reduction temperature
of between 248 °C and 290 °C.

5.2.2 Soot oxidation testing

The 2%Ag,10%K/CMA catalysts were each tested for soot oxidation by thermogravimetric
analysis in the usual manner. The derivative plots are presented in figure 5.14, with each of

the samples offset by 1 %min! for ease of comparison.
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Figure 5.14 dTG plots of catalyst/soot mixtures containing: 2%Ag,10%K on CZA (black), CLA (green), CLZA
(purple), CPA (blue) and CNA (red)

The testing showed that the presence of the supported metals enhanced the catalytic activity
compared to the bare CMA supports. The dTG plots of 2%Ag,10%K with CLA, CLZA and CNA

all clearly showed a shoulder to the main soot oxidation curve, indicating the distinctive two-
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process soot oxidation previously observed and described in the case of 2%Ag,10%K/CZA in

section 5.1.2 attributed to the combustion of hydrocarbons. However in these cases the

lower-temperature curve was not the dominant process, which meant the peak soot

oxidation temperature occurred during the higher temperature process, hence the

considerable difference seen in table 5.4 in this regard between 2%Ag,10%K/CZA and the

other catalysts. The shoulder peak was also observed in the case of 2%Ag,10%K/CPA however

it was much less prominent even than the aforementioned CLA/CLZA/CNA catalysts. This was

demonstrated in the onset and extrapolated onset temperatures presented in table 5.4 which

were lowest in the case of 2%Ag,10%K/CZA and highest with 2%Ag,10%K/CPA, while the other

three catalysts all displayed comparable temperatures in between.

Table 5.4 Soot oxidation temperatures of samples mixed with 2%Ag,10%K/CMA on their 1t and 2" use

To (°C) Teo (°C) Tp (°C) T+ (°C)
Catalyst
1trun 2™run 1trun 2"run 1run 2™run  1%trun 2" run
Soot (no catalyst) 465 535 622 651
2%Ag,10%K/CZA 363 376 388 442 450 535 564 589
2%Ag,10%K/CLA 387 357 395 408 522 521 574 576
2%Ag,10%K/CLZA 388 370 396 409 514 508 586 575
2%Ag,10%K/CPA 396 402 410 435 527 522 603 579
2%Ag,10%K/CNA 387 386 397 428 523 503 602 572

Repeat testing of the samples was conducted as with previous catalysts. The dTG plots of

these tests are provided in figure 5.15 and are offset by 1 %min! in order to compare with

their initial run. The data extracted from these plots is presented in table 5.4.
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From these plots it was observed that, as with the repeat testing of 2%Ag,10%K/CZA
described in 5.1.2, the shoulder to the soot oxidation curve observed during the first run did
not appear during the second run of any of the catalysts. This suggested the combustion of
hydrocarbons at the lower-temperature did not occur on repeated use of the catalysts, and
resulted in an increase in the extrapolated onset temperature in each case. However unlike
in the case of 2%Ag,10%K/CZA, significant increases in the onset, peak and final temperatures
of soot oxidation with the remaining catalysts were not observed during the repeat testing,
suggesting the impregnated metals retained their activity on these supports after subjection
to high temperatures. In the case of 2%Ag,10%K/CNA a significant improvement was
observed in the peak and final soot oxidation temperatures on the second run compared to
the first. This was attributed to the improvement to the catalytic activity of the support as
described in Chapter 4. However it is important to note that the activity of the used
impregnated catalyst was greater than the activity of the used bare support, which suggested
the impregnated metals contributed to a further increase in activity after exposure to high
temperatures. These tests suggested that despite the loss of the low-temperature shoulder,
the activity of the reused impregnated catalysts remained higher than their respective bare
supports. This demonstrated that it was possible to maintain the improved catalytic activity

provided by the impregnated metals after initial use.

5.3 Screening of alternative transition metals for impregnation on CZA

The previous sections as well as numerous reports in literature have shown the high activity
provided by silver for the catalysis of soot oxidation. However it has also been observed that
silver is often not capable of maintaining this high activity when exposed to higher
temperatures. This is a significant obstacle for the real-world application of soot combustion
catalysts due to the temperatures that can often be reached in the exhausts of passenger
vehicles’, For this reason there is a reluctance in industry for the use of silver-containing
catalysts, and while their use is relevant in a scientific context, the ultimate goal of this project
is to produce viable soot oxidation catalysts for real-world applications. In this section, the
use of alternative transition metals (Fe, Co, Ni, Cu) as substitutes for silver were investigated

in an attempt to provide a more stable active soot oxidation catalyst. As described in
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Chapter 1, several of these transition metals have shown activity for soot oxidation due to

their redox abilities, allowing for the release of oxygen at the catalyst/soot interface'®.

In this investigation, these were not combined with potassium as the focus was solely on the
role of the transition metal. Each of the transition metals (TM) were impregnated on the same
batch of CZA support for initial screening, with the aim of applying the most promising
candidate to the other CMA supports, as already done with the 2%Ag,10%K catalysts. A
loading of 5 wt% was chosen so as to obtain clear signals by XPS. Therefore a 5 wt% Ag on

CZA catalyst was also prepared in order to make a fair comparison.

The catalysts in this section are referred to collectively as 5%TM/CZA.

5.3.1 Characterisation

The X-ray diffractograms of the 5%TM/CZA catalysts are shown in figure 5.16. Each of the

catalysts showed the typical reflections associated with ceria widely reported in this work.
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Figure 5.16 X-ray diffractograms of CZA (black), 5%Fe/CZA (red), 5%Co/CZA (green), 5%Ni/CZA (purple),
5%Cu/CZA (blue) and 5%Ag/CZA (brown)
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The positions of these reflections were unaltered from the bare CZA support at 28.9°, 33.5°,
48.0° 57.0° suggesting no significant change to the bulk structure of the support occurred
upon the impregnation of the transition metals. No additional phases were observed in the
Fe, Co, Ni/CZA catalysts, however there were reflections observed in the Cu and Ag/CZA
catalysts denoting additional crystalline phases associated with these metals. In the case of
5%Cu/CZA, reflections at 35.7° and 39.0° indicated the presence of monoclinic CuO
(JCPDS 65-2309%°) representing the (002) and (111) planes, respectively.

X-ray photoelectron spectroscopy and BET surface area analysis were performed on the

catalysts in order to determine their surface properties.

Figure 5.17 shows the regions of the XPS spectra relevant to the respective impregnated
metal for each of catalysts. A signal was detected in each of these regions, confirming the
presence of the impregnated metal on the surfaces of all the catalysts. Quantification of the
surface elements was calculated for each of the catalysts, and is shown in table 5.5 along with
the BET surface areas. The equivalent data for the bare CZA support is also presented for

comparison.
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Table 5.5 Surface properties of 5%TM/CZA catalysts provided by XPS and BET analyses

Chapter 5

Atomic conc. (%) Surface
Catalyst
TM* Ce3d 2Zr3d Al2p O1s Cls Nals N1s area(m?g?)

CZA - 6.22 1.27 17.03 5151 7.25 16.73 - 36 (1)
5%Fe/CZA 1.97 2.71 0.53 12.41 5486 1091 1435 2.26 28 (+0)
5%Co/CZA  2.28 3.38 0.77 12.15 5161 12.28 15.86 1.67 28 (£2)
5%Ni/CZA 2.01 1.63 0.32 10.60 5291 1757 1325 171 34 (+1)
5%Cu/CZA 1.77  3.35 0.68 14.02 5299 10.19 15.44 1.56 21 (+1)
5%Ag/CZA  0.35 3.10 0.34 1159 56.07 1341 14.77 0.37 20 (£0)

*TM = Fe 2p/Co 2p/Ni 2p/Cu 2p/Ag 3d

The table shows that the impregnated metals accounted for around 2% of the atomic
concentration on the surfaces of the catalysts. The exception to this was silver, which only
accounted for 0.35% of the surface. This was explained by the relative atomic mass of silver
being much higher than the other metals, therefore resulting in a much lower number of
moles. Also highlighted in table 5.5 is the appearance of an N 1s signal in each of the
impregnated catalysts which was not observed in the bare CZA support. This suggested that
the nitrate precursors did not fully decompose during calcination. Table 5.6 compares the
TM/nitrogen ratio in each of the precursor nitrates and the same ratio calculated from the
XPS quantification. The final column shows the surface TM/nitrogen ratio normalised to take
into account the precursor ratio. This showed that a similar degree of nitrate decomposition
had taken place in Fe, Co, Ni and Cu/CZA, with around 40% remaining relative to the
impregnated metal. In the case of Ag/CZA there was an almost equimolar ratio of silver to

nitrogen.

Table 5.6 Ratio of transition metal to nitrogen in precursors and catalyst surfaces

Catalyst Precursor Precursor TM: N Surface TM:N Normalised TM: N
5%Fe Fe(NOs)s 1:3 1:1.14 1:0.38
5%Co Co(NO3)2 1:2 1:0.73 1:0.37
5%Ni Ni(NOs3)2 1:2 1:0.85 1:0.42
5%Cu Cu(NO3), 1:2 1:0.88 1:0.44
5%Ag AgNO3 1:1 1:1.06 1:1.06
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The TM and N 1s peak positions were taken for each of the catalysts and are presented in

table 5.7.

Table 5.7 Comparison of TM & N 1s peak positions with reference values for their respective oxides and nitrates

Binding energy (eV)

Catalyst Impregnated TM 2p/3d N 1s
Catalyst TM-oxide (OS) [Ref] TM-nitrate [Ref] | Catalyst TM-nitrate [Ref]
5%Fe/CZA | 710.6 710.9 (+3) [25] 710.1 [25] 406.7 406.7 [25]
5%Co/CZA | 780.3 779.9 (+3/+2) [26] 780.9 [27] 407.2 399.2 [27]
5%Ni/CZA | 855.4 854.0 (+2) [26] 856.9 [28] 407.2 407.6 [28]
5%Cu/CZA | 933.2 933.6 (+2) [24] 935.5[28] 407.2 406.2 [29]
368.2 (0) [23]
5%Ag/CZA | 368.2 368.2 [22] 407.2 406.6 [22]
368.1 (+1) [30]

The N 1s peak in the 5%Fe/CZA spectrum matched the reference value for the Fe(NO3s)s
precursor, while the Fe 2p peak was found to be between reference values for both Fe;03 and
Fe(NOs)s. This suggested that the iron nitrate precursor was intact on the surface of the
catalyst before partially decomposing to the oxide upon calcination. In both cases Fe
remained in the +3 oxidation state. Similarly, the positons of the Co 2p and Ni 2p peaks were
also observed between the reference values for their respective nitrates and oxides. In the
case of Co, the lack of a shoulder to the main peak at around 786 eV indicated that it was
predominantly Co304 (and therefore containing Co?* and Co3*) rather than CoO?°. Ni exists in
the +2 oxidation state in both nitrate and oxide form. However the positon of the N 1s peak
in these spectra did not match the reference values of their respective metal nitrates, instead
matching that of sodium nitrate, NaNOs?'. This may have suggested that the nitrate ions
bonded with sodium on the surface of the support during the preparation method. Peaks at
the same binding energy were observed in the N 1s region of both 5%Cu and 5%Ag/CZA,
suggesting the same process occurred in the preparation of these catalysts also. The binding
energy of the Ag 3d peak did match that of a reference value for AgNOs, however as shown
in the table this also has the same binding energy as metallic Ag??%3. The presence of a strong
satellite peak between 940 eV and 945 eV in Cu 2p region of the 5%Cu/CZA spectrum

indicated that CuO was present. As shown in table 5.7, the position of the main peak had a
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slightly lower binding energy than the reference value for CuO, this suggested that some of
the surface copper had been reduced, possibly by interactions with the cerium on the surface

of the support?*.

The TPR profiles shown in figure 5.18 show that the reduction behaviour of the catalysts was
altered significantly by the impregnation of the various transition metals on the CZA support.
In the case of 5%Ag/CZA, the peak at 259 °C is similar in position to the peak observed in
figure 5.4 belonging to the 2%Ag/CZA catalyst presented in section 5.1.1. This can therefore

be attributed to the same Ag-Ce interactions described in that section.

5 |
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Figure 5.18 TPR profiles of CZA (black), 5%Fe/CZA (red), 5%Co/CZA (green), 5%Ni/CZA (purple), 5%Cu/CZA
(blue) and 5%Ag/CZA (brown)

The reduction profiles of catalysts containing Fe, Co and Ni all showed an intense peak at
around 450 °C, while the catalyst containing copper also showed an intense peak at a lower
temperature of 383 °C. These peaks were attributed to the reduction of the relevant transition
metal in each case. Although appearing to represent a single reduction, the asymmetrical
shape of the peaks indicated multiple overlapping reductions taking place in each case i.e.

CuO to Cu;0 to Cu3l.
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The same reduction profiles can be seen in figure 5.19, in this case each is shown alongside
the reduction profile of the original bare CZA support for comparison. The surface Ce*
reduction peak observed in the profile of the bare support was not present in the same
intensity in the profiles of the 5%Co, Cu and Ag/CZA catalysts, suggesting a change had taken
place. As explained in the previous section, interactions between Ag® and ceria resulted in a
decrease in the Ce**>Ce3* reduction temperature and hence the formation of a reduction
peak at 259 °C and a decrease in the intensity of the peak at 522 °C. It is also possible that
interactions between cobalt/copper and cerium could have resulted in a decrease in the
reduction temperature of surface cerium3?33, as the intensity of the peak at 522 °C is
significantly decreased in the TPR profiles of these catalyst also. However since cobalt and
copper species are much more reducible than Ce** a lower temperature ceria reduction peak
would be dwarfed and indistinguishable from the cobalt and copper reduction peaks3':3%3435,
From the TPR profiles of both 5%Fe and Ni/CZA the reduction of the respective impregnated
TMs are again the dominant feature, however the shape of these curves suggested that the
reduction of surface Ce** was still taking place at a similar temperature as on the bare CZA
support. This indicated that the impregnated metals on these two catalysts did not interact

with the support and the reduction of cerium was unaffected.
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Figure 5.20 dTG plots of 5%Fe/CZA (red), 5%Co/CZA (green), 5%Ni/CZA (purple), 5%Cu/CZA (blue) and
5%Ag/CZA (brown)

The presence of reduction peaks above 600 °C were attributed to the decomposition of
nitrates as identified by XPS. Thermogravimetric analysis was undertaken on the catalysts and
the derivative plots are presented in figure 5.20. The plots indicated mass losses at similar
temperatures to these TPR peaks in the cases of 5%Fe, Co and Cu/CZA. Slight losses of mass

were also observed for 5%Ni and Ag/CZA in this region.

5.3.2 Soot oxidation testing

The 5%TM/CZA catalysts were each tested for soot oxidation by thermogravimetric analysis
in the usual manner. The derivative plots are presented in figure 5.21, with each of the

samples offset by 1 %min! for ease of comparison.
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Figure 5.21 dTG plots of catalyst/soot mixtures containing: CZA (black), 5%Fe/CZA (red), 5%Co/CZA (green),
5%Ni/CZA (purple), 5%Cu/CZA (blue) and 5%Ag/CZA (brown)

As with the previous silver-containing catalysts presented in this chapter, a significant
shoulder peak appeared beside the major soot oxidation curve with 5%Ag/CZA. This shoulder
was also observed with the other 5%TM catalysts. With these catalysts it was even more
distinct from the main curve, almost forming a completely separate peak in the case of
5%Fe/CZA. The peak temperatures of these shoulders are provided in table 5.8. With the
exception of 5%Ag/CZA, these peaks were at similar temperatures to the sharp reduction
peaks observed in the TPR profiles of the catalysts. This suggested that the release of oxygen
as the TM-oxides were reduced was able to be utilised in the oxidation of soot (possibly the
hydrocarbon fraction) at this lower temperature. This also served to lower the T, considerably
in each case compared to the bare CZA support. Interestingly, of these catalysts only 5%Ni
and Cu/CZA were able to lower the T, and T of soot oxidation compared to the CZA support.
This provided further evidence that the two soot oxidation processes acted independently of
each other, and suggested that once the oxygen provided by the TM-oxide was depleted, the

continuation of soot oxidation was reliant on the activity of the CZA support.
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Table 5.8 Soot oxidation temperatures of samples mixed with 5%TM/CZA on their 1%t and 2" use

To (°C) Minor Tp (°C) Major T, (°C) T+ (°C)
Catalyst
1trun 2™@run  1%run 2"%run  1%run 2"run  1trun 2" run
Soot (no catalyst) 465 535 622 651

CZA 410 389 - 542 538 605 597
5%Fe/CZA 320 437 396 - 546 554 602 625
5%Co/CZA 356 413 420 - 542 557 616 615
5%Ni/CZA 342 424 436 - 525 561 594 615
5%Cu/CZA 359 372 422 409 521 538 583 591
5%Ag/CZA 365 424 447 = 527 549 601 610

This was further demonstrated by the dTG plots of soot oxidation on the catalysts’ second
use, which are shown in figure 5.22, overleaf (offset by 1 %min for comparison with their
respective first use plots). With the exception of 5%Cu/CZA, the minor soot oxidation peak
observed during the first use of the catalysts was not present during the second use. This
suggested that the impregnated TM in these cases was reduced during the initial test and was
not re-oxidised sufficiently to repeat the process during the second tests. This resulted in
these catalysts regressing to the activity of the bare CZA support and in some cases even
worse. For 5%Cu/CZA the shoulder peak observed during the first test was retained on second
use. However there was a regression in terms of the major soot oxidation process, which can
be seen in the increases to the T, and Tr in table 5.8. This suggested that, as with the other

5%TM/CZA catalysts on their first use, the copper acted independently of the CZA support.

In conclusion it was found that none of the 5%TM/CZA catalysts were able to provide thermal
stability after exposure to temperatures up to 900 °C. However, 5%Cu/CZA was the most
promising as it was the only catalyst able to retain the low temperature oxidation process
provided by the reduction of the TM-oxide. It was therefore decided to proceed with the
impregnation of copper onto the other CMA 7:3:10 supports from Chapter 4 in order to

investigate whether this activity could be further improved on other ceria-based supports.
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5.4 Impregnating copper on catalyst supports

The 5%TM/CZA catalysts did not provide the improved thermal durability that was desired
compared to the silver catalyst. However as noted, 5%Cu/CZA provided evidence that it was
able to partially oxidise soot particulates at a low temperature on repeated use and after
exposure to high temperatures. Despite the remaining soot oxidation taking place at the same
temperature as with the bare support, this still represented an improvement to the overall
catalyst. This justified investigating copper further by applying the same method and loading
to the other CMA supports from Chapter 4. These catalysts are referred to collectively as

5%Cu/CMA.

5.4.1 Characterisation

Each of the catalysts were characterised using the usual techniques.

®Ceo,

A Cuo

A A 5%Cu/C2A

E%CufCLEA
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Figure 5.23 X-ray diffractograms of 5%Cu on CZA (black), CLA (green), CLZA (purple), CPA (blue) and CNA (red)

Intensityf a.u.

As in the case of the 2%Ag,10%K catalysts, the X-ray diffractograms of the 5%Cu catalysts —
shown in figure 5.23 — showed no change in the positions of the ceria reflections compared
to those of their respective bare CMA supports. Each of the catalysts’ diffractograms
contained reflections at 35.7° and 39.0° which, as stated in section 5.3.1., indicated the

presence of a CuO phase.

191



Chapter 5

5% Cu/CZA

Mtﬁnﬂv'l‘( F 'H‘PW J‘L

e a ’
4 5 - Lt Rl M“Ww#“\l‘h‘

S3Cu/CLA

55.Cu/CLZA

WMMFM

SeCufCPA
Lr e R TIERIE TR

Intensity/ a.uw

M 5HCu/CNA
b b

200 400 (] ‘BOO 1000 1200 1400
Wavenumber, cm*

Figure 5.24 Raman spectra of 5%Cu on CZA (black), CLA (green), CLZA (purple), CPA (blue) and CNA (red)

The Raman spectra of the catalysts are presented in figure 5.24. The peak position of the Fy
signal between 450 cm™ and 470 cm™ attributed to the Ce-O stretching mode was the same
as that of the respective bare CMA support in each case, indicating the impregnation of Cu
had no influence on the lattice parameters of ceria within the structure of the support. The
prominence of the broad signal at 500-650 cm™ compared to the Fag signal indicated high
levels of oxygen vacancies within the ceria structure of the RE-metal-containing catalysts,
most notably in the cases of 5%Cu/CPA and CNA, however this was already the case prior to
the impregnation and so it was unclear to what extent — if any — this was influenced by the
presence of Cu. The presence of a broad signal in the 1040-1080 cm™ region indicated the
presence of nitrates, which was later confirmed by XPS described below. A weak signal at
around 495 cm™ (observed most prominently on the spectrum of 5%Cu/CLA) was attributed
to the Ag mode of CuO3¢, which complemented the findings of XRD and also the observations

made by XPS, again provided in further detail below.
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XPS used to quantify the surface elements of the catalysts, and these are presented in
table 5.9. The concentration of copper on the surface of the catalysts was fairly consistent in
each case with the exception of 5%Cu/CLA, which contained a much higher quantity. As in the
previous section, peaks were detected for each of the catalysts in the N 1s region of the
spectra. These were detected between 407 eV and 408 eV indicating the presence of nitrates,
however the concentration was lower in these catalysts than the 5%TM/CZA catalysts
presented in the previous section (including 5%Cu/CZA). As observed with all the impregnated
catalysts in this chapter, the surface areas of the catalysts were significantly lower than their

bare supports, as shown in table 5.9.

Table 5.9 Surface properties of 5%Cu/CMA catalysts provided by XPS and BET analyses
Atomic conc. (%) Surface area
Catalyst (m%g?)

Cu2p Ce3d M* Al2p O1s C1ls Nals N1s
(bare support)

5%Cu/CZA 177 335 0.68 14.02 5299 10.19 1544 1.56 21 +1(36)
5%Cu/CLA 3.16 298 391 12.26 55.10 7.22 14.67 0.70 9+0 (21)
5%Cu/CLZA 1.69 273 103 14.82 56.89 6.55 15.61 0.68 8 +0 (40)
5%Cu/CPA 182 143 0.82 15.72 5594 6.16 17.20 0.91 3+0(30)

5%Cu/CNA 1.84 2.23 2.86 13.85 56.14 6.51 1597 0.60 6 +0 (30)
*M = Zr 3d/La 3d/La 3d+Zr 3d/Pr 3d/Nd 3d

In agreement with the previous characterisations, the XPS spectra of the catalysts identified
the presence of copper as CuO. This can be seen from the Cu 2p regions shown in figure 5.25,
overleaf which all showed peaks at similar binding energies to the reference value for CuO of
933.6eV. The strong satellite peak at 940-945eV confirmed this. The Cu 2p peak of 5%Cu/CPA
also overlapped with the two Pr 3d peaks (observed in the region between 927 eV and 933 eV)
from the surface of the support. The Cu 2p peak has therefore been highlighted red in this

spectrum for clarity.
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Figure 5.26 TPR profiles of 5%Cu on CZA (black), CLA (green), CLZA (purple), CPA (blue) and CNA (red)

The TPR profiles of the 5%Cu/CMA catalysts are shown in figure 5.26. Each showed a sharp
reduction curve which peaked between 383 °C for 5%Cu/CZA and 418 °C for 5%Cu/CZA. This
curve was attributed to the reduction of CuO as identified by the characterisation above. The
enlarged section of the profile on the right hand side of the figure shows the region containing
these curves. From this image it was possible to observe the asymmetrical shape of the
curves, in some cases this appeared as a distinct shoulder to the main peak. This was
attributed to the two-step reduction of Cu?* to Cu via Cu,03'. However, literature values for
the reduction of CuO are much lower than observed in these profiles at around 200 °C3%3435,
The enlarged section on the left hand side of the figure shows a much smaller shoulder peak
on several of the catalysts which could be attributed to any CuO that was not stabilised by

the support and therefore underwent reduction at the typical temperature.

Figure 5.27 shows the same TPR profiles along with the respective bare CMA supports for
comparison. As in section 5.3.1 these profiles showed that the presence of the sharp CuO
reduction peak coincided with a decrease in intensity of the surface Ce** reduction peak
observed during the reduction of the bare supports. This again suggested that the reduction

of cerium was influenced by the presence of copper on the surface of the support.
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5.4.2 Soot oxidation testing

The 5%Cu/CMA catalysts were each tested for soot oxidation by thermogravimetric analysis
in the usual manner. The derivative plots are presented in figure 5.28, with each of the

samples offset by 1 %min! for ease of comparison.
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Figure 5.28 dTG plots of catalyst/soot mixtures containing: 5%Cu on CZA (black), CLA (green), CLZA (purple),
CPA (blue) and CNA (red)

The soot oxidation tests resulted in similar dTG patterns now familiar for TM-impregnated
catalysts in this chapter — namely, the appearance of a lower temperature oxidation between
400 °C and 450 °C prior to the main oxidation curve. As explained in the previous section, this
was attributed to the reduction of CuO as determined by TPR, which provided oxygen able to
be utilised for the oxidation of the hydrocarbons present on the soot particles. Once this
oxygen supply was depleted, the remaining soot was oxidised by the support. The peak
temperatures for the lower-temperature minor oxidation curve are shown in table 5.10, and
which appear at a similar temperature to the reduction of CuO, reaffirming this hypothesis.
This also greatly decreased the onset temperature of soot oxidation compared to the bare

supports in each case. The peak temperature of the main soot oxidation curve was also

197



Chapter 5

lowered compared to the supports. As with the Ag-containing catalysts, this was attributed

to the exotherm caused by the initial soot oxidation.

Table 5.10 Soot oxidation temperatures of samples mixed with 5%Cu/CMA on their 1%t and 2" use

To (°C) Minor Tp (°C) Major T, (°C) T: (°C)
Catalyst
1frun 2™run 1trun 2"run 1%run 2™run  1%trun 2" run
Soot (no catalyst) 465 - 622 651
5%Cu/CZA 359 372 422 409 521 538 583 591
5%Cu/CLA 353 413 428 - 498 533 592 579
5%Cu/CLZA 364 411 419 - 525 535 614 597
5%Cu/CPA 332 423 417 - 520 548 595 596
5%Cu/CNA 341 409 420 - 523 513 615 568

However unlike 5%Cu/CZA described in the previous section, the remaining 5%Cu/CMA
catalysts were unable to produce the lower temperature oxidation on repeated use, as seen
in the dTG plots of these tests in figure 5.29. With the exception of 5%Cu/CNA, this resulted
in a regression in overall catalytic activity, with the peak soot oxidation temperature returning
to a similar temperature as observed with the bare support. It was not possible to determine
to what extent, if any, the presence of copper was a factor in maintaining a low soot oxidation
temperature with 5%Cu/CNA. However given the overwhelming evidence of the deactivation
of copper on the remaining supports it was deemed more likely that this was due to the

improvement to the catalytic activity of the CNA support as described in Chapter 4.
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Chapter 5

5.5 Conclusions

In this chapter the viability of supporting active species for soot oxidation onto the ceria
materials prepared in the previous chapter was investigated. Each of the catalysts displayed
an ability to decrease the temperature of soot oxidation further than that of their respective

bare supports.

The dTG plots of the soot oxidation tests with the 2%Ag,10%K catalysts showed a significant
shoulder to the main soot oxidation curve, suggesting a two-step process which was
attributed to the lower temperature oxidation of the hydrocarbons present in the soot. The
presence of Ag was thought to be responsible for this, since it was not observed in the case
of the 10%K/CZA catalyst. The plots also resembled the dTG curve observed during tight
contact soot oxidation, which implied that the silver-containing catalysts were able to achieve
a better contact with the soot. The oxidation of the remainder of the soot was also able to
proceed at a lower temperature due to the exotherm produced by the combustion of the
hydrocarbon fraction of the soot. The presence of the lower temperature step was also
attributed to the findings of TPR, which showed a significant decrease in Ce*" reduction
temperature due to Ag-Ce interactions weakening the Ce-O bonds on the surface of the
support. This allowed the release of active oxygen species at a much lower temperature than
observed with the bare support, which were able to rapidly oxidise soot particulates with

which it had close contact.

Despite not exhibiting this low-temperature step, the 10%K/CZA catalyst was able to decrease
the temperature of the entire soot oxidation process more successfully than 2%Ag/CZA. This
was thought to be due to the mobility of potassium on the surface of the catalyst improving
contact with the soot. As reported in previous work, a synergistic effect was observed when
both Ag and K were used together, lowering the soot oxidation temperature considerably
compared to their individual examples. This combination improved the activity of all the CMA

supports.

The 5%TM/CZA catalysts also exhibited two-step soot oxidation dTG plots. In this case the
low-temperature step was observed as an almost completely distinct curve, and appeared at

a similar temperature to the reduction of their respective TM-oxides, provided by TPR. This
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suggested that unlike Ag, the other TMs acted independently of the support, resulting in two

distinct oxidation processes.

The major issue identified by this study was the thermal stability of the catalysts. In particular,
the two-step process described above did not occur during the second run subsequent to
exposure to 900 °C, and this often resulted in the performance of the catalyst regressing to
that of the bare support. Further analysis of the post-test samples would be required in order
to understand the reasons for this deactivation. In the case of the 5%TM/CZA catalysts, this
was likely due to the failure of the reduced metals to re-oxidise, which could be investigated
by repeated TPR-TPO experiments. Sintering of the metals at higher temperatures could also
be an explanation, as has been reported for Ag, which could lead to catalyst deactivation33’.
One other possibility which would be worth investigating is whether the lower-temperature
hydrocarbon oxidation was caused by decomposition of nitrates on the surface of the
catalysts (of which XPS suggested had increased compared to the bare supports) to NO;,
which is known as being much more reactive for soot oxidation than 0,%. This would explain
why this step was not observed on repeated use, as the nitrates were no longer present.
However, no evidence that this occurred was observed from either TPR or TGA analysis, and
this could easily be ruled out by substituting the nitrate precursors in each case for an

alternative.

Table 5.11 Peak soot oxidation temperatures of 2%Ag,10%K and 5%Cu catalysts compared to their respective
bare supports

Bare Support 2%Ag,10%K 5%Cu
Catalyst
15t use 2" yse 15t use 2 yse 15t use 2 yse
CZA 542 538 450 535 521 538
CLA 541 539 522 521 498 533
CLZA 531 534 514 508 525 535
CPA 544 549 527 522 520 548
CNA 547 525 523 503 523 513

As shown in table 5.11, in contrast to their 5%Cu equivalents, the disappearance of the low
temperature shoulder in their dTG plots did not prevent the 2%Ag,10%K/CMA catalysts
displaying improved peak soot oxidation temperature on their 2™ use compared to their

respective bare supports. This indicated that the impregnated species were still beneficial to
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the soot oxidation process. Continued repeated testing of these catalysts is required in order

to better establish their viability for real-world applications.

The catalyst containing 10%K on CZA support also showed evidence of deactivation on

repeated use, this is despite a similar catalyst in Chapter 3 (K-CZA 0.5L) maintaining its activity.

This may have resulted from the differences in preparation method, with the former using

wet impregnation of K,COs; and the latter co-precipitation during the formation of the

support. Another interesting investigation would be to see whether thermal stability could be

improved for all the active species presented in this chapter if they were similarly added

during the co-precipitation of the supports.
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6. Conclusions

6.1 Final conclusions

The aim of this study was to identify materials capable of catalysing the complete combustion
of soot particulates. Previous studies had identified ceria as a promising material for this
purpose due to its outstanding oxygen storage properties and formation of active oxygen
species. Therefore this work focused on the use of ceria-based catalysts for soot oxidation.
Ceria was doped with various metals in order to enhance both its catalytic and thermal
durability properties, so as to provide a suitable catalyst for use in exhaust aftertreatment
technologies. Other dopants, reported as having their own catalytic properties for soot
oxidation were also investigated in order to determine whether synergistic effects could take

place with ceria.

In Chapter 3 the co-precipitation method of preparing a mixed-metal oxide ceria-zirconia-
alumina material in a 7:3:10 molar ratio was investigated, based on the findings of a previous
Cardiff University study which showed this to be both an active and stable soot oxidation
catalyst!. The purpose of the investigation was to determine whether the method was
successful at producing active ceria-based catalysts, and its reproducibility for future studies.
The three batches prepared by this method each displayed soot oxidation activity, lowering
the onset and peak soot oxidation temperatures. However, their performances were not
consistent, as well as discrepancies appearing between the materials in several
characterisations — most notably TPR. Persisting with this method of preparation would
therefore have undermined any conclusions drawn from comparisons between catalysts of
different compositions. The availability of autotitrator equipment provided a mechanically
standardised co-precipitation method, as well as allowing the process to be scaled-up to

produce larger batches of catalyst.

The CZA catalyst prepared by the autotitrator was significantly more active than those
prepared by the previous manual co-precipitation method. The surface area and reduction
profile of this catalyst compared to its manually prepared counterparts indicated a significant
change in the physical structure and chemical properties of the material produced by this
method. These were attributed to the increased level of sodium species present on the

catalyst — evidenced by both Raman and XPS characterisation. As mentioned in Chapter 1,
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alkali metals are well-known for their catalytic activity, improving catalyst/soot contact and
providing an intermediate pathway to soot oxidation?. The presence of sodium species on the
catalyst was concluded to be a consequence of scaling-up the process and the deficiency of
post-filtration washing in removing the sodium carbonate precipitating agent. The
subsequent investigation into removing sodium by increasing washing proved to be
unsuccessful, with XPS indicating that sodium on the surface of the catalyst had actually
increased. However, increasing the washing above 1.0 L of warm deionised water resulted in
improved consistency between batches of CZA materials, evidenced from the composition of
the catalyst surfaces provided by XPS, and supported by their reduction profiles and soot

oxidation testing.

The influence of the precipitating agent on the soot oxidation activity of the CZA materials
was observed when Na,CO3 was replaced with K;COs and Cs,COs. These catalysts lowered the
peak soot oxidation temperature by at least a further 20 °C. However, it was also observed
that increasing washing was effective at removing potassium from the CZA catalyst. The
significantly higher soot oxidation temperatures achieved with this catalyst compared to
those with a high alkali metal content confirmed they were responsible for improving the

activity of CZA.

The work conducted in this chapter served to establish a reproducible method of preparing
ceria-based mixed metal oxide catalysts, and was utilised again for the catalysts prepared in
Chapter 4. It was decided to continue to use sodium carbonate as the precipitating agent as
it had improved the activity of the catalyst on first and repeated use, as well as proving
resistant to removal by washing, ensuring the material retained a relatively consistent

composition.

In Chapter 4, the use of alternative ceria-dopants to zirconium was investigated. This focused
on the rare-Earth metals; lanthanum, praseodymium and neodymium. Initially, the 7:3:10
molar ratio used for CZA in the previous chapter was applied. Characterisation showed that
the bulkier cations of these elements compared to Ce** resulted in an expansion of the ceria
lattice compared to CZA. This did not result in an increase in surface Ce** reduction however,

with each of the RE-containing catalysts showing a peak reduction temperature comparable
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with CZA, and a lower intensity reduction curve. It was also observed that soot oxidation
activity was not improved when Zr was completely replaced by one of the RE-metals — each
showing a peak soot oxidation temperature between 540 °C and 550 °C. However, a 1:1 mix

of Zr and La did show an improvement compared to CZA, with a T, of around 530 °C.

When the study was expanded to investigate different Ce/dopant ratios, it was observed that
the rare-Earth metals did not form solid solutions with ceria. XRD showed that at higher ratios,
each of the rare-Earth metals formed separate crystalline phases. In the cases of La and Nd
these were oxycarbonate phases which suggested the calcination conditions were not
sufficient to decompose their respective carbonates formed during co-precipitation. With the
exception of the CPA catalysts, in which Pr** ions were able to reduce, increasing the ratio of
rare-Earth metal generally decreased the reducibility of the materials due to the decrease in
cerium content. The activities of the catalysts containing Pr and Nd were seen to deteriorate
as their ratios increased, while those containing La improved. An overall trend between the
reducibility of the surfaces of the catalysts and their soot oxidation activity could not be
established, which suggested the volume of lattice oxygen released from the catalyst was not
the determining factor. It was tentatively proposed that the proportion of Ce3* ions (detected
on the surface of the catalysts by XPS), and hence the number of oxygen vacancies, was a
major contributing factor to the soot oxidation activity. While there was no universal trend,
in general the better performing catalysts contained a higher proportion of Ce3* on their

surface than those which performed relatively poorly.

This hypothesis was further strengthened by the investigation into the calcination conditions
of the neodymium-containing catalysts, which was pursued due to the significant
improvement in activity of the original CNA catalysts observed during their second test run.
All CNA catalysts calcined under static air were found to be able to decrease the T, of soot
oxidation by at least 20 °C on their second test run compared to their first, with CNA 5:5:10
decreasing it by over 30 °C. Calcining the CNA catalyst at 750 °C under a flowing atmosphere
resulted in a significant increase in catalyst activity; the T, of soot oxidation was lowered to
512 °C in the case of the catalyst calcined under flowing air, significantly lower than other
catalysts presented in Chapter 4. This was despite their TPR profiles showing a low intensity
reduction of surface cerium ions, which again suggested this was not a determining factor for

soot oxidation activity. However, the proportion of Ce3* on the surfaces of these catalysts was
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exceptionally high compared to their low-activity counterparts. As mentioned in the
introduction, there is evidence to suggest that increasing oxygen vacancies in the ceria lattice
can promote the formation of highly reactive oxygen species, such as O, superoxide, which

could explain the improvement in activity.

The work conducted in Chapter 5 aimed to improve on the activity of the CMA 7:3:10 catalysts
prepared in Chapter 4 by utilising these as supports for various other active soot oxidation
materials. A previous study at Cardiff University had established an optimum loading of 2% Ag
and 10% K on a CZA support as an active soot oxidation catalyst, and was therefore applied
to the aforementioned ceria-based materials from Chapter 4. It was observed that both silver
and potassium were individually able to enhance the catalytic activity of the CZA support,
however the dTG plots of these tests concluded that they achieved this in different ways. The
silver-promoted catalyst showed evidence of two distinct soot oxidation processes, both of
which took place at a lower temperature than achieved by the bare CZA support. This was
attributed to the ability of metallic silver (evidence of which was provided by XRD and XPS) to
lower the ceria reduction temperature (which had been observed from TPR) and form highly
reactive oxygen species. It was concluded that the lower temperature process was the
oxidation of soot particles in close contact to the catalyst, and possibly the more reactive
hydrocarbon fraction, as had been observed in previous studies®*. The remaining soot
oxidation was likely catalysed by the CZA support, and took place at a lower temperature due
to the exotherm produced by the lower-temperature reaction, as well as increasing the
concentration of reactive sites on the surface of the soot. The dTG plot of soot oxidation with
the K/CZA catalyst produced only a single curve, indicating that potassium had decreased the
temperature at which all soot had reacted. The contrasting effects of the two promoters was
attributed to the ability of potassium to achieve contact with a greater amount of soot. A
synergistic effect was observed when the two promoters were combined on CZA. The two-
process soot oxidation was again observed, however the lower-temperature process was
much more intense, leading to a lower overall soot oxidation temperature. This combination
of active promoters was used on the other CMA supports and also proved to be successful in
improving activity. On repeat use it was observed that the lower-temperature process was

lost from the silver-containing catalysts, which resulted in an increase to the onset

207



Chapter 6

temperatures achieved by these catalysts. In the case of the CZA catalysts this also resulted
in significant increases to the peak and final soot oxidation temperatures. However, those
with the rare-Earth containing supports showed comparable peak and final temperatures on

repeated use.

Similar to the silver containing catalysts, the dTG plots of soot oxidation with the various other
transition metals on the CZA support also showed two distinct processes taking place. The
minor lower-temperature process in these cases coincided with the temperature at which the
metals had been observed to reduce by TPR. This indicated that the release of oxygen from
the impregnated metal oxides was able to oxidise soot at a lower temperature and
independently of the CZA support, which oxidised the remaining majority of soot. Of these
catalysts, only 5%Cu/CZA was able to maintain the lower-temperature soot oxidation process
on repeated use, although the temperature of the major soot oxidation process was seen to
increase, indicating an overall loss of activity. The remainder of the catalysts reverted to the
activity of the CZA support. These observations indicated that the transition metals were not
durable at high temperatures. Similar observations were made when copper was
impregnated on the other CMA materials from Chapter 4. In each case it was observed from
XRD that the catalyst contained a CuO crystalline phase. The TPR profiles and soot oxidation
tests of these catalysts again suggested that the reduction of this phase and the subsequent
release of oxygen was responsible for the oxidation of a fraction of soot at a lower
temperature than achieved by the ceria-based supports. Repeat testing again showed that
the impregnated species did not function after exposure to high temperatures, with the

catalyst again reverting to a similar activity to the bare support.

To summarise; it has been observed that the activity of ceria-based catalysts for soot
oxidation prepared in this study benefited from the use of an alkali metal carbonate
precipitating agent during preparation. The presence of residual sodium from the preparation
of the material resulted in a decrease in peak soot oxidation temperature by a further 40 °C
than achieved by an equivalent catalyst without sodium. It was demonstrated that further
improvements to the activity of these catalysts could be achieved by altering the structure of
ceria by varying the dopant metal and increasing the proportion of oxygen vacancies. The
addition of other active soot oxidation species onto these ceria-based materials by
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impregnation was able to increase activity even further. In the case of the transition metals
this was achieved by drastically decreasing the temperature at which soot particles in close
contact with the catalyst (possibly the hydrocarbon fraction, more susceptible to oxidation)
were oxidised, and with potassium by improving overall soot oxidation by increasing
catalyst/soot contact and providing an alternative reaction pathway via carbonate
intermediates. With very few exceptions, the ceria-based materials presented in Chapters 3
and 4 exhibited good thermal stability by retaining their soot oxidation activity on repeated
use. Many of the impregnated catalysts in Chapter 5 suffered activity loss on repeated use,
however they were rarely observed to deteriorate beyond the activity of the bare support,
which indicated that the ceria support remained stable. This demonstrated the success of the
alumina “diffusion barrier” as described in Chapter 1 in preventing the deactivation of the
ceria-based catalysts by sintering. In particular, the high activity of the CNA catalysts despite
enduring high temperature calcinations and/or repeated soot oxidation tests was a promising

development.

6.2 Future work

The work conducted in this project has opened up numerous avenues of investigation which

could be pursued further.

While it was conclusively demonstrated that the alkali metals involved in the co-precipitation
of the ceria-based catalysts were responsible for improving their activities, it would be
interesting to prepare these catalysts with a non-alkali metal carbonate as the precipitating
agent. This would allow a fairer comparison of the activities of the various catalysts prepared
by this method, and the effects of the various dopant metals would be more apparent. Careful
consideration would need to be given to the choice of precipitating agent, as differences in
solubility and the pH of the resulting solution would affect the volume and rate of addition
into the mixture required to maintain the desired conditions of the reaction. Ammonium
carbonate, (NH3)>CO3 would be an obvious alkali metal-free candidate. Conversely, it would
be interesting to determine the activity of the alkali metals on similarly-prepared materials
that were not themselves active soot oxidation catalysts, i.e. by removing the cerium

precursor from the preparation method.
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Further work could also be conducted on the rare-Earth metal dopants in Chapter 4. The
combination of both zirconium and lanthanum as dopants for ceria showed good soot
oxidation activity. Without time constraints, a similar study could be conducted on
combinations of other dopants. It would also be beneficial to widen the calcination study of
the CNA catalysts to include those containing the 5:5:10 and 3:7:10 ratios. Catalysts with
higher a neodymium content would provide a better indication of whether decomposition of
Nd.0,C0Os3 to Nd;0s3 took place at the higher calcination temperature. Further calcination
studies could also be conducted with the various other catalyst compositions presented in

this work in order to determine the optimum conditions for each.

Many of the impregnated catalysts in Chapter 5 suffered from poor thermal durability during
testing, possibly due to sintering/loss of the metal promoters. It was observed in Chapter 3
that a CZA catalyst containing potassium through co-precipitation was able to maintain its
activity on repeated use, while the impregnated 10%K/CZA catalyst presented in Chapter 5
was less durable. It would be interesting to see whether introducing the metal promoters
during the co-precipitation of the ceria-based support would provide greater stability, and
prevent sintering and thus deactivation. As described in Chapter 1, a previous study of the
co-precipitation of silver with ceria was seen to form a rice-ball morphology where ceria
particles prevented the sintering of silver. This was also deemed to increase the interaction
of silver and ceria, which was favourable for soot oxidation®. It has also been shown in the
case of cobalt and iron that co-precipitation favoured greater dispersion on the ceria support

than impregnation, which resulted in better catalytic activity®’.

The soot oxidation tests conducted in this work were carried out under a narrow set of
reaction conditions using thermogravimetric analysis. While the purpose of using the loose
contact method of mixing catalyst and soot was to mimic conditions on a particulate filter, in
reality the conditions in a vehicle exhaust would alter significantly from those used in the TGA
tests. A fixed-bed reactor placed within a temperature-controlled furnace and connected to
a gas chromatograph (GC), and a gas flow regulated by mass flow controllers could provide a
more comprehensive analysis of soot oxidation under various conditions. This would allow
for the testing of the catalysts under various atmospheres, including exhaust gas
compositions and varying levels of O2/NOx. This could also allow for greater analysis of the

products formed during soot oxidation, and the selectivity of the catalysts towards the
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formation of CO,. Further soot oxidation tests could also be carried out using a TAP reactor
with labelled oxygen, as investigated by Bueno-Lopez et al., in order to better study the role

of lattice and gas-phase oxygen on the reaction?.

As mentioned, the ceria-based supports generally showed good thermal durability,
maintaining their soot oxidation activity after exposure to high temperatures. However, these
tests were short-term and under an atmosphere of synthetic air. In order to determine
whether these catalysts would be suitable for use in exhaust conditions the scope of the
durability testing would need to be expanded. A wide range of conditions, including varying
the temperatures and the periods of time that the catalysts are exposed to them, as well as
varying the composition of the atmosphere, could be investigated using the apparatus
described above. It was observed in this study that sodium was difficult to remove from the
catalysts by washing with water, but this could also be investigated further by conducting

harsher hydrothermal aging studies, as described in previous work on alkali metal catalysts?.
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7. Appendix

7.1

7.1.1 Raman

Characterisation
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Figure 7.7 XPS wide scan spectra of CLZA catalysts
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Figure 7.10 Ce 3d regions of CLA catalysts
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Figure 7.13 XPS wide scan spectra of CNA catalysts

216



Appendix

U ;:3:10 u;;:!;iﬂ “l;i;lh

i | o , i - f |
" I | | | N '
m, || l Iﬁ',ll ‘ “'E _|| || Illul |. ) I|| |I| ||'U|
5 | l', o Bl | R [ ol [ iNeaad \ |
u H‘Wi L"{i L_/ “ M ||| : 'M ‘I}’—{-qh: ‘|| A lII || ; “ wa‘ || 5 ‘.,';III\

uiaE ~L A |2 N A
.rc- ~|l 1 v u{ E‘ !’, 'H.-fl ‘ ] E |
o :l n] \ ai '-__\.l|||
L».._ ; ] Mk
L i - il i g R A gl e el
Bexibeg Enéegr o5} Biesllg Enrgy {14 By Energy 4L

Figure 7.14 Ce 3d regions of CNA catalysts

pir! p bt it
n ) Uncabeined =) GDOAC Static alr n! TS0°C Static alr
" " "
E | £
» » »
e H.j|_u1_ e H.j|_u1_ e H.j|_u1_
“1- h\.f-._,_,..—a)‘ “1- h\.f-._,_,..—a)‘ “1- h\.f-._,_,..—a)‘
1 1 1 1 1 1
Ly Ly —)
134 ) 'S o ' 10 w 'S o ' 10 w 'S o '
Beminp Eanrgr (v Beminp Eanrgr (v Beminp Eanrgr (v
e e
! TS0°C Flowing air n! TSOOC Wy flr
LB L
L] L]
E E
® .] ® .]
») - L‘L ») - L‘L
" ."\.»-_*,.—»} ‘ i ."\.»-_*,.—»} ‘

) —— 1
129 e o " ' 129 e o " '
Bemdg Barrgr el Bemdg Barrgr el

Figure 7.15 XPS wide scan spectra of CNA 7:3:10 catalysts prepared under various calcination conditions
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Figure 7.20 XPS wide scan spectra of 5%Cu on CZA, CLA, CLZA, CPA and CNA
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7.1.3 Thermogravimetric analysis

7.1.3.1 Chapter 4
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Figure 7.21 TGA plots of CZA 7:3:10 (black), CLZA 7:3:10 (purple), CLA 7:3:10 (green), CPA 7:3:10 (blue) and
CNA7:3:10 (red)
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Figure 7.22 TGA plots of CZA catalysts; 7:3:10 (red) 5:5:10 (purple) and 3:7:10 (green)
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Figure 7.23 TGA plots of CLZA catalysts; 7:3:10 (red) 5:5:10 (purple) and 3:7:10 (green)
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Figure 7.24 TGA plots of CLA catalysts; 7:3:10 (red) 5:5:10 (purple) and 3:7:10 (green)
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Figure 7.25 TGA plots of CPA catalysts; 7:3:10 (red) 5:5:10 (purple) and 3:7:10 (green)
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Figure 7.26 TGA plots of CNA catalysts; 7:3:10 (red) 5:5:10 (purple) and 3:7:10 (green)
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Figure 7.27 TGA plots of 5%Fe/CZA (red), 5%Co/CZA (green), 5%Ni/CZA (purple), 5%Cu/CZA (blue) and

5%Ag/CZA (brown)

7.2 Soot oxidation testing — TGA

7.2.1 Chapter3
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Figure 7.28 TGA plots of catalyst/soot mixtures containing: manual CZA supports (blue, green, red) and

automated CZA (purple)
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mass Fousf 3%

Figure 7.29 TGA plots of catalyst/soot mixtures containing: Na-CZAO.5L (purple), Na-CZA1.0L (green),
Na-CZA1.5L (red) and Na-CZA2.0L (black) on their first run (left) and second run (right)
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Figure 7.30 TGA plots of catalyst/soot mixtures containing: Na-CZAOQ.5L (purple), K-CZAO.5L (green),
Cs-CZAO0.5L (red)
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Figure 7.31 TGA plots of catalyst/soot mixtures containing: K-CZAO.5L (green) and K-CZA2.0L (orange) on their
first run (left) and second run (right)
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Figure 7.32 TGA plots of CMA 7:3:10 catalyst/soot mixtures containing: CZA (black), CLZA (purple), CLA (green),
CPA (blue) and CNA (red) on their first run (left) and second run (right)
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Figure 7.33 TGA plots of catalyst/soot mixtures containing CZA: 7:3:10 (red), 5:5:10 (purple) and 3:7:10 (green)
on their first run (left) and second run (right)
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Figure 7.34 TGA plots of catalyst/soot mixtures containing CLZA: 7:3:10 (red), 5:5:10 (purple) and
3:7:10 (green) on their first run (left) and second run (right)
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Figure 7.35 TGA plots of catalyst/soot mixtures containing CLA: 7:3:10 (red), 5:5:10 (purple) and 3:7:10 (green)
on their first run (left) and second run (right)
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Figure 7.36 TGA plots of catalyst/soot mixtures containing CPA: 7:3:10 (red), 5:5:10 (purple) and 3:7:10 (green)
on their first run (left) and second run (right)
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Figure 7.37 TGA plots of catalyst/soot mixtures containing CNA: 7:3:10 (red), 5:5:10 (purple) and 3:7:10 (green)
on their first run (top left), second run (top right) and third run (bottom)
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Figure 7.38 TGA plots of catalyst/soot mixtures containing CNA: Uncalcined (black), 500°C static air (red),
750°C static air (purple), 750°C flowing air (green), 750°C 10%H2/Ar (blue) on their first run (left)
and second run (right)

7.2.3 Chapter 5

Figure 7.39 TGA plots of catalyst/soot mixtures containing: CZA (black), 2%Ag/CZA (purple), 10%K/CZA (green)
and 2%Ag,10%K/CZA (red) on their first run (left) and second run (right)
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Figure 7.40 TGA plots of catalyst/soot mixtures containing: CZA (black), 2%Ag/CZA (purple) in loose contact,
and CZA in tight contact (blue)

Figure 7.41 TGA plots of catalyst/soot mixtures containing: 2%Ag,10%K on CZA (black), CLA (green),
CLZA (purple), CPA (blue) and CNA (red) on their first run (left) and second run (right)
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Figure 7.42 TGA plots of catalyst/soot mixtures containing: CZA (black), 5%Fe/CZA (red), 5%Co/CZA (green),

5%Ni/CZA (purple), 5%Cu/CZA (blue) and 5%Ag/CZA (brown) on their first run (left) and second run (right)
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Figure 7.43 TGA plots of catalyst/soot mixtures containing: 5%Cu on CZA (black), CLA (green), CLZA (purple),
CPA (blue) and CNA (red)
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