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Abstract

The focus of this thesis is to improve catalytic activity and stability of ceria-based catalysts for
soot oxidation. The main objective was to develop an inexpensive, active and stable catalyst
through iron and samarium doping. The role of iron and samarium doping towards improving
catalytic activity and stability was elucidated through nano (in-situ Environmental Transmission
Electron Microscope - ETEM) and bulk (Thermogravimetric Analysis - TGA) scales

investigations, along with a suite of characterization techniques.

Fe-doped ceria catalytic soot oxidation was investigated by observing in-situ catalytic oxidation
using ETEM. Both catalyst and carbon particles can be mobile. The relative mobility of these
particles appears to be correlated to the size of particles. A semi-quantitative analysis was carried
out to quantify the mobility of the particles and relate it to the catalyst activity. It was found out
that reaction rates were calculated and found to be positively correlated to the contact length
between carbon and catalyst particles, thus indicating that the catalytic carbon oxidation occurs at
the carbon/catalyst interface. Larger normalized reaction rates lead to higher movement velocity,

suggesting that the mobility is caused by carbon oxidation on the catalyst’s surface.

In order to improve the activity of the ceria-based catalysts for soot oxidation, different amounts
of Fe doping were incorporated into CeO». The catalysts were prepared using two different
methods, co-precipitation (CP) and solution combustion synthesis (SCS), leading to different
morphologies. It was confirmed by X-ray Diffraction (XRD) that iron was incorporated in the
cerium oxide lattice, which formed a solid solution. For both fabrication methods, there is an
optimum Fe content that gives the highest activity. For SCS catalyst, the optimum Fe content is

5%, and for CP catalyst, it is 10%. Irrespective of the fabrication method, the most important
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parameter that dictates the reaction activity (e.g. T50) is the Ce3* content, which is closely related
to the content of oxygen vacancies. The activity increases notably when Ce®* content increases up

to 20%. Above 20% Ce®* content, the activity increases moderately.

It is well known that pure ceria possesses poor stability performance (deactivation) and thus,
inspired by the work on solid oxide fuel cell (SOFC), samarium (Sm) doped ceria was considered
as a promising candidate for stable ceria-based catalysts for soot oxidation, because Sm can help
form stable fluorite crystal structure. It was found that samarium doping indeed improves the
stability of ceria-based catalyst for soot oxidation. In particular, at higher Sm content (10% and
20%), the reactivity (represented by T50 - temperature at 50% conversion of soot) nearly plateaus
after 5 cycles. However, increasing Sm content decreases activity for soot oxidation. The 10% Sm-
doped catalyst showed the best compromise between stability and activity. It was found that Ce*
and O, (surface oxygen species) played the most important role in controlling catalytic soot
oxidation activity, because they are directly related to oxygen vacancies and oxygen storage
capacity of the catalyst. Sm-doping catalysts, especially at 10% and 20% Sm, show minimum
decrease in Ce®*" content and O, percentage between fresh and spent catalysts after 5 cycles. Crystal
size growth over several cycles was not found as the most important parameter for catalyst
deactivation, unlike in most studies that looked at catalyst activity from accelerated thermal aging
point of view. Finally, although addition of Fe on 20% Sm doped ceria catalyst did improve the

activity in early cycles, but showed poor stability, which was unexpected.

In summary, a series of active and stable catalysts were synthesized and analyzed in this thesis.
The in-situ ETEM observation shows that catalysts and carbon particles are mobile during soot

oxidation and this mobility is initialized by the oxidation happened at catalyst-carbon surface.
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There is an optimum Fe content that gives the highest activity for CP (10%) and SCS (5%) catalysts
towards soot oxidation. The most important parameter that dictates the reaction activity is the Ce*
content. Sm-doped ceria catalysts improved stability of ceria-based catalyst for soot oxidation and
the activity of higher Sm doped catalyst (10% and 20%) nearly plateaus after 5 cycles, with
minimum decrease of Ce** and O, content between fresh and spent catalysts. The 10% Sm-doped

catalyst shows the best compromise between stability and activity.
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Chapter 1: Introduction

Particulate matters (PM) are undesirable aerosol pollutants formed in industrial and automotive
engines run on liquid fuels [1, 2]. Soot (a mass of impure carbon particles), as one type of PM, is
formed in fossil fuel power plants, refineries, and internal combustion engines [3]. These fine
carbonaceous particles, when released into the atmosphere, have been shown to be carcinogenic
and directly linked to an increase in mortality rates [4, 5]. Therefore, there is an urgent need to
develop novel materials for capturing and reducing particulate emissions from a wide range of
combustion sources. These emissions can be controlled through processing exhaust gases by

oxidizing the soot (carbon particles) to COz, as shown in Equation (1-1).
C+0,-CO, AH=-393.5kJ [6] (1-1)

For many sources, the most common and effective method of mitigating carbon PM emission is
the capture and then burning of particulates using a filter. Advanced materials have been sought
for developing high-efficiency filters, especially for these particulates with size below 10 nm. For
internal combustion engines, a diesel particulate filter (DPF) is usually installed in the exhaust
system of a diesel engine, to deposit and oxidize fine carbon particles [7-14]. When the DPF is
saturated with the deposited particulates, it must be regenerated or replaced, to avoid increasing
the back-pressure of the engine which affects the vehicle operation [15, 16]. The temperature of
unaided soot combustion is above 600°C [17], but the temperature of exhaust gas is only around
200-500°C [9, 10, 13]. In order to reduce the cost of adding extra fuel to burn out the deposited
particulates, a catalyst can effectively reduce the oxidation temperatures of carbon PM to 200-

400°C which is close to the temperature of engine exhaust gases [18]. It becomes important to find



catalysts, which are effective but less expensive than noble metals, to more effectively oxidize soot

particles and extend the required regeneration time.

Significant efforts have been made to find a way to “regenerate” the DPF at lower temperatures
using catalytic coatings. Among them, ceria (CeO2) has shown high potential to lower DPF
regeneration temperatures to 200-400°C — well within regular exhaust gas temperatures [19-21].
Ceria also presents some advantages compared to other DPF catalysts such as Pt, as it is naturally
abundant, relatively inexpensive, less sensitive to sulfur impurities which poison other catalysts,
and less environmentally toxic during recycling [22-25]. Ceria is frequently combined with a metal
doping in an attempt to further increase its activity and durability [23, 26-28]. Transition metal
doping has been reported to promote ceria assisted catalytic soot oxidation and produce more
active sites over the surface [29-32]. Iron, in particular, is prominent because it can enhance the
activity of CeO2 due to its good redox ability - the oxygen species can alternate between Fe®*" and
Fe?* [5, 22, 33-35]. The mechanism of iron doped ceria catalysts has been investigated by Zhang
et al. [29], highlighting the important role played by the redox cycle of iron in this reaction. Fe®*,
bonded with active oxygen, can be generated during doping and oxidize soot through its reduction
to Fe?*. This can also be reversed by oxidation of Fe?* to Fe®* with the interaction of Ce [22, 29].
The number of active Fe-O-Ce sites is reduced with less iron doping, while with more iron doping,
the fluorite lattice can be distorted, which leads to a decrease in the number of oxygen vacancies,
leading to lowered catalytic activity. Thus, the ratio of iron doping in ceria affects its catalytic

activity and should be optimized under the reaction conditions.



Figure 1.1 describes the schematic of soot oxidation through ceria-based catalyst. The absorbed
gaseous oxygen in catalysts is temporarily stored as lattice oxygen, which is, thereafter, delivered

as a reactive species to oxidize soot at the soot-catalyst contact interface.

O, COI/CO,
O_0
Ceria
catalyst

Figure 1.1. Schematic of soot oxidation through ceria based catalyst [8]

As a matter of fact, apart from the availability of active sites at the catalyst surface, the number of
soot-catalyst contact points also contributes to the overall soot oxidation rate [36]. It is well-known
that when soot is mixed with a catalyst in tight contact condition, the oxidation rate is much higher
than when soot and the same catalyst are mixed in loose contact condition [13, 22, 37]. The
increased number of contact points in tight conditions is responsible for this higher activity.
However, under practical conditions occurring in a catalytic DPF, loose contact rather than tight
contact is encountered [38]. In fact, good contact conditions are very difficult to be reached due to
the different orders of magnitude in the soot particle and the catalyst cluster sizes, which clearly
hinders the overall activity of the catalyst. It is, therefore, necessary to improve the soot-catalyst
interactions, which can be achieved by tailoring the morphology of catalyst to maximize the

number of contact points.

In order to directly observe the catalytic soot oxidation, in-situ microscopy studies can be carried

out, with the use of environmental transmission electron microscopy (ETEM). In-situ ETEM
3



allows the observation of particle morphology, shape changes, motions and contact condition in a
controlled temperature and oxygen partial pressure, and thus reveal the interactions between

carbon and catalysts particles.

In addition, ceria-based catalyst has poor stability, as it is easy to sinter at high temperature, which
is @ major issue for their wide applications on DPF. For transition metals doped ceria catalysts,
they generally exhibit low thermal stability due to the phase separation and dramatic reduction of
surface area at high temperature [39-42]. In order to increase the durability of ceria based catalysts,
researchers have attempted to modify CeO> based catalysts with metals such as Sm, Ba and Al
etc., which can help the formation of thermally stable ceria-based solid solutions and inhibits
crystal growth [43-46]. As a consequence, the stability of ceria-based catalyst for soot oxidation

can be increased by incorporation of metals mentioned above.

1.1. Research gap

It is clear that the ceria based catalysts are promising catalysts for catalytic soot oxidation and
application of DPF. However, challenges need to be addressed towards the synthesis of
multicomponent catalysts based, on the one hand, on a combination of metal oxide, and, on the
other hand, the modification of the structural parameters via the design of advanced nanoshape-
catalyst. In addition, the poor stability of ceria-based catalyst remains the major obstacle for its
application on DPF. When facing these challenges, this thesis has been devoted to develop

effective and stable nanostructured multicomponent catalysts.



1.2.Research objectives

The research objective of this thesis is to develop a ceria-based catalyst for soot oxidation in DPF

with the following characteristics:

1) Inexpensive and with good activity: thus, addition of iron for increased activity

2) Stable over many regeneration cycles: thus, use of more stable form of cerium oxide, such

as samarium doped ceria

3) Fundamental study on interactions between catalyst and soot particles within catalytic soot

oxidation

1.3. Research contribution

This research developed new effective and stable nanostructured ceria-based catalysts with tailored
morphology for soot oxidation. Their activities at both nano- and bulk-scales, along with the effect
of key parameters, such as temperature and gas composition, were investigated. The stability of
Fe and Sm doped catalysts were studied. The fundamental study on roles of Fe and Sm doping on
CeO catalyst were analyzed. All these studies will ultimately assist in improved understanding of

ceria-based catalyst for soot oxidation and facilitating the design of DPF.

1.4.0utline of the thesis

This thesis is organized as follows:

o Chapter 1 provides the introduction of the thesis, including research gap, research



objectives, research contribution, and outline of the thesis.

o The literature related to catalytic soot oxidation is reviewed in Chapter 2.

o Chapter 3 summarizes the detailed experimental methods and characterization techniques

used in the thesis.

o In Chapter 4, an in situ ETEM study was carried out to do real-time observation of carbon
oxidation by driven motion of catalytic ceria nanoparticles within low pressure oxygen (<1 Pa).

The main goal of this chapter is to analyze the individual particles behavior during the reaction.

o Chapter 5 evaluates the activity of Fe doped ceria catalysts for soot oxidation, by
investigating the nature of the reactive Fe-O-Ce sites. This chapter performed activity and kinetic

studies of Fe doped ceria catalyst towards soot oxidation based on bulk particles.

o In order to improve the catalyst stability, samarium doped ceria catalysts were designed

and investigated in Chapter 6.

o Chapter 7 gives the conclusions of the obtained results and recommendations for future

work.



Chapter 2: Literature Review

This chapter provides the relevant background and literature review used to fulfil this thesis. For
diesel engines, the most common method of mitigating soot emissions is using a catalytic diesel
particulate filter (DPF) [18, 47], where carbon particles are deposited and then oxidized [48-52].
Ceria (CeO.) has been shown to be a good candidate for DPF catalyst, as it is naturally abundant,
less sensitive to sulfur impurities which poison the catalytic oxidation of carbon PM, and less
environmentally toxic during end-of-life recycling [19, 23, 53]. Recently, in order to further
improve the activity and stability of ceria catalyst, different metal cations have been used as dopant
into the ceria lattice. These dopants effectively inhibit catalyst sintering and increase active sites,
both improving the catalyst durability and activity [23, 26-28, 54]. As the catalytic soot oxidation
is a surface sensitive reaction, the contact points between soot and catalysts is critical for good
catalyst activity [22]. Various morphologies of catalysts produced by different preparation
methods also provide different contact points and show diverse activities [55]. Therefore, the
appropriate metal doping and morphology of catalysts become essential and important for catalytic

soot oxidation, especially in terms of activity and stability.
2.1.Diesel engine emissions

Diesel engine (including biodiesel ones) is a key source of unavoidable air hazardous pollutants
such as particulate matter, nitrogen oxides (NOx) and other organic compounds, due to incomplete
hydrocarbon combustion. Soot (a mass of impure carbon particles resulting from incomplete
combustion of hydrocarbons) is the second largest contributor to climate change after carbon

dioxide; as it absorbs solar radiation, warming the atmosphere, and leading to faster climate change



[1, 2]. This contribution has been estimated at two-thirds the impact of CO. Particulate matter has
also been shown to be carcinogenic, penetrating deep into the respiratory system, causing a wide
variety of health issues. Particulate matter smaller than 10 um (PM10) can settle within lung tissue
and PM2.5 can penetrate deep into the alveolus of the lungs, thus causing lung cancer [2]. These
“fine” particles, when released into the atmosphere, have been shown to be carcinogenic, and have
been directly linked to increasing long-term risks of mortality [5]. It is therefore necessary to

reduce or eliminate diesel engine emissions.

2.2.Diesel particulate filter

For diesel engines, the most common method of mitigating soot emissions is using a diesel
particulate filter (DPF) which is installed in the exhaust system of a diesel engine, to capture and
burn out soot particles [7, 9, 11, 12, 14, 22]. A schematic of DPF is shown in Figure 1.1. . These
filters are in line with the engine exhaust stream, and oxidize soot particles as they pass through
the porous monolithic geometry of the DPF [9]. As shown in Figure 1.1. , the exhaust gas enters
the filter from the left. Because the cells of the filter are capped at the downstream end, the exhaust
gas cannot exit the cell directly. Instead, it passes through the porous walls of the filter cells. In
this process, particulate matter is deposited on the upstream side of the cell wall and the cleaned

exhaust gas exits the filter to the right.

An excellent DPF is characterized by a high filtration efficiency and a good regeneration process.
The filtration efficiency of DPF, which describes the ability of a DPF to deposit particles from
engine, is a crucial parameter to evaluate the performance of a typical DPF. An ideal DPF filtration
efficiency ranges is from 80% to 90% to sufficiently reduce the exhaust particulates from the diesel

engine. However, as the increasing of filter efficiency, it also rises another issue which is the
8



increase of backpressure, and this can result in undesired higher fuel consumption [56].

As the filter gets saturated once the soot level reaches a certain percentage blocked, the
backpressure increases, pushing exhaust gases back into the cylinder and lowering cycle efficiency
[57]. In order to avoid blocking the filter, the deposited soot needs to be burned off periodically
and this leads to the concept of regeneration. Regeneration is a process to consume the soot
accumulated in the filter and thus reduce backpressure. To realize this process, certain temperature
is required to oxidize soot, and the exhaust temperatures need to be higher than 600°C in the
absence of catalyst. In the absence of catalyst, the exhaust temperatures need to be higher than
600°C to oxidize soot. However, the temperature of the exhaust gas is only around 200-500°C [7,
9, 11]. In order to reduce the cost of adding extra fuel to burn out the deposited particulates, the
utilization of a catalyst can effectively reduce the required oxidation temperatures of carbon PM

to 200-400°C which is close to the temperature of engine exhaust gases [48].

DPFs utilizing catalysts can be categorized into two modes: DPF enhanced with a catalyst coating
directly on its wall (DPF-CC) and DPF collaborated with fuel borne catalysts (DPF_FBC) [50, 51,
58]. For DPF-CC, only a small amount of catalysts is needed as an immobilized thin coating (20
um [49]) on the DPF’s wall, which can reduce the cost. However, replacement of the disabled
catalyst coating after aging is tricky. In a DPF-FBC, the catalyst is added directly to the fuel and
reaches the DPF together with soot after fuel combustion [51]. For effective operation of
DPF_FBC, the catalysts/soot ratio is not too low, which increases the cost, while the maintenance
is relatively easy through replenishment with new catalysts [50, 51]. For both modes, the proximity
of soot and catalysts is an important factor for efficiency [52]. In DPF_CC, the structure of the

catalyst coating and the soot deposition on it affect the contact [58]. A porous coating leads to



higher soot mobility and thereby a more intimate contact during exhaust emission than a dense

coating [49]. In DPF_FBC, a homogeneous dispersion as well as tight contact of soot and catalysts

are achieved during exhaust emission [50, 51].
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Figure 1.1. Diesel particulate filter (modified with use of [59])

2.3.  Catalytic soot oxidation

2.3.1. Catalysts used for soot oxidation

Noble metal based catalysts have been widely used as catalysts for soot oxidation in recent years,
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thanks to their high activity and durability [60, 61]. However, their high cost, sensitivity to sulfur
poisoning and limited availability have motivated researchers to develop alternative low-cost
catalysts [62]. Three kinds of non-noble catalysts have been found effective in soot oxidation [63]:
1) Ceria based catalysts have drawn attention because of their good redox behavior and oxygen
storage ability [11, 12, 47, 57, 64-66]; 2) Perovskite/spinel/hydrotalcite/delafossite catalysts have
attracted significant interests due to their high stability and their capability for NOx decomposition
[67-70]; 3) Other metal oxide catalysts, such as LaOx, alkaline and alkaline-earth metal oxides,
which have been also applied as catalysts for soot oxidation because they are rather stable and

easier to synthesize [9, 71-74].

The desired catalyst for soot oxidation should have high activity, suitable stability, and low cost,
which makes ceria-based catalysts particularly attractive [22]. Ceria-based catalysts have been
found to be the most promising because of their excellent redox abilities, outstanding oxygen
storage capacity and affordable price [22]. This is the reason that ceria-based catalyst has been
chosen for this thesis, and only ceria-based catalyst will be discussed in the following parts of the

thesis.

2.3.2. Metal-doped ceria catalysts

The activity and durability of ceria-based catalysts can be further improved through doping or
incorporating other metal additives into the cerium oxide lattice in order to enhance oxygen storage
capability (OSC) and oxygen mobility [22, 63]. As indicated by Bueno-L6pez et al. [8], the crystal
size of CeO- grows rapidly at temperatures above 500°C, while the size of the doped ceria grows
much milder or remains even constant in a wider temperature range. Consequently, the modified

ceria exhibits higher soot oxidation activity than CeO..

11



Noble metals such as Pt, Au, and Ru doped CeO- catalysts have shown superior activity for soot
oxidation [75, 76]. Transition metals doping such as Fe, Mn and Cu have been reported to promote
ceria assisted catalytic soot oxidation as they produce more active sites over the surface [29-32].
Iron, in particular, is prominent because it can enhance the activity of CeO2 due to its good redox
ability - the oxygen species can alternate between Fe®* and Fe?* [5, 22, 33]. Rare-earth metal such
as Sm, Zr and Hf have been studied as additives into CeO- for soot oxidation. These catalysts have
shown to increase catalyst stability, but at the cost of lower activity [43]. Although alkali and
alkali-earth metals such as K, Cs and Ba incorporated into ceria can barely improve the redox
properties of the catalysts, they can increase the contact points between soot and catalyst due to

the high mobility of alkali metals [33, 77-79].

2.3.3. Morphologies of catalysts

The process of catalytic soot oxidation is strongly limited by two factors: 1) poor soot/catalyst
contact and 2) restricted active site activity [43]. In order to overcome these limitations,
morphology control based on material synthesis and preparation processes has already been
devoted to develop novel ceria-based catalysts for soot oxidation. So far, there have been mainly
five different types of ceria-based soot oxidation catalysts with tailored morphologies, as shown

in Figure 2.2 and Table 2.1 [22, 43].
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1

20 nm

Ceria-based catalysts with controlled
exposed lattice plane

3DOM Nano fibers

Figure 2.2. Different catalysts morphologies [80-83]

Table 2.1. Summary of catalysts morphologies

Morphology Advantages

Ceria-based catalysts with controlled | Ceria with more exposed planes belonging to
exposed lattice plane [80, 84, 85] the (100) and (110) families exhibits better

activity than those with more (111) faces

Core-Shell [24, 81, 86-88] Facilitate the interaction between different
components in the catalysts, and improve the

reactivity of the active sites
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Three dimensionally Ordered | The pore sizes are enlarged enough to permit

macroporous (3DOM) [82, 89-92] diesel soot to enter their inner pores, thus

increase number of contact points

Nanostructured catalyst [23, 28, 85, | Their surface atoms have high surface energy
93-95] and mobility, which may improve the catalyst-
soot contact especially under a loose contact

mode

Fiber [63, 96-99] A promising way to maximize the number of

catalyst-soot contact points

Researchers have studied the influence of various morphologies on catalytic soot oxidation under
different contact conditions [22, 63, 96]. They found that different morphologies exhibit various
catalytic activities, which are strongly dependent on the particle size along with their own physical

and chemical surface properties.

As the catalytic soot oxidation is a surface sensitive reaction, the contact points between soot and
catalyst particles have a great impact on activity [4]. Nanostructured catalysts have been widely
investigated recently for many catalytic applications because of their notable nanometer sizes,
which result in a high surface-to-volume ratio and render their chemical and physical properties
more size and shape dependent [100, 101]. More specifically, the higher surface areas make these
nanostructured catalysts possess more contact points between the soot and catalyst particles, while

the meso-scale pores (with diameters between 2 and 50 nm) within these nanostructured catalysts
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promote the oxygen diffusion through catalysts [100]. Among these preparation methods, co-
precipitation (CP) method has been widely used for catalyst preparation due to the formation of
higher surface area and smaller crystal size [29]. Alternatively, solution combustion synthesis
(SCS) is a time effective and energy saving method to produce nano-sized porous catalysts [102].
Herein, these two preparation methods have been chosen in this study to investigate the

morphologies influence on catalyst activity.

2.3.4. Mechanism of ceria-based catalytic soot oxidation

The catalytic performance of ceria based materials is related to their oxygen storage/release
capacity [34] and their ability to produce peroxide (O2%) or superoxide (O species [53, 62]. Ceria
acts as an active oxygen producer to promote the formation of reactive oxygen species and transfer
them to the soot catalyst interface to oxidize soot, which is described in the so-called active
oxygen-assisted oxidation mechanism [22, 25]. The oxidation mechanisms of carbon particles
using a pure CeO> catalyst are illustrated in Figure 2.3 a) [22, 29]. During the reaction, ceria
provides lattice oxygen for soot oxidation and creates oxygen vacancies through Ce** to Ce%*
reduction, followed by refilling of environmental oxygen into its crystal accompanied by absorbing
gaseous oxygen via Ce** to Ce** [4, 5, 29, 62, 63], which produces active superoxide O [53, 62,

103] as well as O2% [62, 103].

The mechanism of iron doped ceria catalysts has been investigated by Zhang et al. [29], as shown
in Figure 2.3 b, highlighting the important role played by the redox cycle of iron in this reaction.
Fe3* can provide its bonded active oxygen to oxidize soot through its reduction to Fe?*. Fe?* can
then be re-oxidized to Fe* with the interaction of Ce [22, 29]. The number of active Fe-O-Ce sites

can vary due to different ratios of iron doping, as iron doping can distort the fluorite lattice and
15



create oxygen vacancies to varying degrees. Thus, the ratio of iron doping in ceria affects the

catalyst activity and needs to be optimized with reaction conditions.

C om O
'

co,

)

Cea+ Ce4+

Bulk oxygen

¢

Bulk oxygen

Figure 2.3. Mechanisms of carbon oxidation with a) CeO; and b) Fe-CeO; catalyst. Red arrows represent
oxygen transfer, blue arrows represent the ceria state change cycle, and green arrows represent the iron

state change cycle. (reproduced based on references [22, 29])

2.3.5. Oxygen vacancies in catalyst

Different iron doping ratio and morphologies would vary the surface properties and oxygen
vacancies of catalysts, which has been found to be important for catalyst activity [104]. Kattal et
al. [27] found that increasing oxygen vacancies induced more active oxygen of CeO.-La>03
catalyst for soot oxidation. Pr, La, Th doped CeO. catalysts were studied for methane steam
reforming, revealing that increased oxygen vacancies contributes to higher activity [105]. Oxygen

vacancy of Ag-doped perovskite catalysts was found to be the primary intermediates for the NO
16



oxidation reaction [106]. Zr doped CeO: catalyst showed positive relation between oxygen
vacancy concentration and catalyst activity for dimethyl carbonate synthesis [107]. All the above
research showed a positive relation between oxygen vacancy and catalyst activity. However, the
effect of oxygen vacancy on soot oxidation by altering the catalyst morphologies along with

different metal doping ratios is still poorly understood.

2.3.6. Contact conditions between soot and catalyst

The contact points between the carbon and catalysts is a critical factor for determining the process
efficiency and the cost of the device, as catalytic carbon PM oxidation is a surface sensitive

reaction.

A “Loose” contact condition is obtained by gently shaking the catalyst and soot mixture with a
spatula. This procedure is sufficient to homogenize the mixture, but still allows the two solid
phases to be put in contact loosely. Although the procedure is very short (1-2 min), the established
contact leads to reproducible catalytic performances. Neeft et al. [38] observed that the contact
between the catalyst and soot in a DPF is as loose as that of materials mixed roughly with a spatula.

Therefore, loose contact conditions would be representative of the conditions in an actual DPF.

A “Tight” contact condition is usually prepared through in a mortar or ball milling to obtain close
contact between the catalyst and soot. This method maximizes the number of contact points, but it
is less representative of the real contact conditions that occur in a catalytic trap [13]. The tight
contact condition is used to investigate the intrinsic activity of catalysts and to determine the

Kinetics of catalytic soot oxidation.
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2.3.7. Techniques of investigation on catalytic soot oxidation

Thermogravimetric Analysis (TGA) and Temperature programmed oxidation (TPO) have been
widely used to investigate the activity of catalysts for soot oxidization [13, 22, 27, 43, 108].
Different characterization techniques including X-ray diffraction (XRD), Brunauer-Emmett-Teller
(BET), X-ray photoelectron spectroscopy (XPS), Hz-Temprature programmed reduction (Ho-
TPR), Raman, and Scanning electron microscopy (SEM) have enabled researchers to find out the
mechanism for high activity of catalysts for soot oxidization [12, 27, 43, 108]. Furthermore, some
advanced in-situ techniques such as Environmental transmission electron microscopy (ETEM), in-
situ Ultraviolet—visible spectroscopy (UV-VIS) offer an opportunity to monitor the real time
change of catalysts during the reaction [109]. Numerical models have also been constructed to

study the effect of catalyst activity on soot oxidization and soot distribution in DPF [110-113].

Among these techniques, ETEM is a promising technology for situ observation of a reaction. The
image captured from ETEM video could be used to reveal the interaction between nano-sized
carbon and catalyst particles during reaction, by allowing the observation of particle shape changes
and motions in a controlled temperature and gas pressure atmosphere [21, 114-116]. Sediako et al.
[115] used ETEM to observe the oxidation mode of mature and less mature soot particles in real
time. It was found that mature soot was oxidized through its surface, while the less mature soot
(collected at lower flame) showed surface oxidation, as well as internal oxidation with penetration
of oxygen into the core of soot particles. Kamatani et al. [116] utilized in situ Transmission electron
microscopy (TEM) to visualize catalytic soot oxidation using Ag/SiO2 and Cs>COs at 300°C under
0.5 Pa O2. They observed the catalytic reaction happened at the soot-catalyst interface with mobile

Ag species and immobile Cs based catalyst. The mobility of Ag/SiO. catalyst is considered as a
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result of heat released from carbon oxidation and partial liquefaction of Ag surface, while the fixed
Cs2COs was due to strong interaction with the substrate. Gao et al. [117] applied ETEM to
investigate Ag catalyst on alumina and sulphated alumina supports for soot oxidation. Sulphated
alumina was able to anchor the Ag catalyst thus making carbon particles move towards Ag species.
Baker et al. [118, 119] used a controlled atmosphere electron microscope (CAEM) to investigate
the catalyst (2-5 nm) behavior during the gasification of carbon and graphite particles (original in
1um, 2-20 nm after treatment). They proposed the concept of channeling catalysis, during which
the reaction begins at the catalyst/graphite interface and proceeds through channels generated
within the graphite crystal. Simonsen et al. [21] studied the oxidation of carbon black (30 nm)
using CeO catalyst agglomerate (50-100 nm) and observed that these carbon particles moved to
reach CeO, followed by the catalytic combustion at the carbon/catalyst interface. Another study
by Mori et al. [17] reported a similar motion of carbon black particles (around 10-20 nm) towards
an aggregated catalyst cluster made of Ag/CeQO2 and Cu/BaO/La;0Os3 cluster (around 200-300 nm).
Others reported the motion of carbon particles of around 20 nm that were approaching an
agglomerate of yttria-stabilized zirconia catalysts during catalytic oxidation [120]. Interestingly,
there has been no report in the literature on observing nano-sized ceria based catalyst moving
towards the carbon particles, which could provide insight on particle-particle interaction and

subsequently the reaction mechanism of catalyzed oxidation of particulate matters.

2.3.8. Stability of ceria-based catalysts

It was reported that active sites, crystal structures and surface properties of ceria-based catalysts
could change during the reactions, resulting poor stability (loss of catalytic activity) of ceria-based

catalysts [121]. All studies agreed that pure CeO2 shows poor stability for soot oxidation, which
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has become a major obstacle for widely applications of ceria-based catalysts [34, 121-123]. Liang
et al. [121] have studied the thermal stability of CeO. for soot oxidation by aging the catalyst at
800°C for 20 hours in air. They found that the temperature corresponding to the maximum rate for
CO. production with aged catalyst increased by about 60°C compared to fresh catalyst, because of
the highly reduced surface area and sintering. Aneggi et al. [34] observed that aging CeO; catalyst
at 750°C for 12 hours in air decreased its activity for soot oxidation as it lost oxygen storage
capacity. Liu et al. [122] investigated the deactivation of CeO. for soot oxidation through
isothermal conditions at 300 and 350°C; they found that deactivation occurred at isothermal
conditions and became more severe at higher temperature. The essential reason for deactivation is
inefficient O; formation. Corro et al. [123] tested the stability of CeO towards soot oxidation

during 6 cycles and found a slow and continuous deactivation of CeO..

Therefore, the stability of CeO> based catalysts for soot oxidation needs to be improved. Many
studies have looked at the incorporation of metal dopants into CeO- lattice to improve stability, as
described next. Wu et al. [8, 41, 44, 102] added BaO or Al>QOz into transition metal (Mn, Cu) doped
CeO- to improve its thermal stability. They found that these metals could improve the thermal
stability after aging at 800°C for 24 hours in air because they hinder crystal growth. Aneggi [34]
and Liang et al. [121] incorporated ZrO; into Fe-Ce and Cu-Ce mixed oxides and found enhanced
thermal stability due to the formation of stable solid solutions. Gao et al. [124] have aged Nd-
Ag/CeO; catalyst at 700°C for 48 hours under 1%02/10%H>0/N>, revealing Nd could prevent
crystal growth, thus improving thermal stability of Ag/CeO>. Xiong et al. [125] have added Y and
La into Zr/CeO; catalyst and aged it from 700 to 1000°C. The catalyst activity remained stable

below 800°C and decreased significantly above 900°C. Zhang et al. [126, 127] investigated the
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influence of thermal stability by adding Y into MnOx-CeO and introducing Al, La, Y, or Zr into
Pt/MnOx-CeO, after aging at 800°C for 12 hours in air. They observed that incorporation of
dopants could prevent the sintering and slow down crystal growth. Peralta et al. [79, 128]
introduced Ba into alkali metals-modified ceria such as K/CeO, and obtained good thermal
stability as no deactivation was observed after aging at 800°C. Noble metals, such as Ru, have also
been investigated as dopant to successfully improve ceria-based catalyst stability after aging at
800°C in Oz [129]. Doing several cycles of metal-doped ceria catalyst also becomes very
important. Although all the studies described previously investigated stability through accelerated
thermal aging, a few studies investigated stability through more realistic, albeit more cumbersome,
soot oxidation cycles [92, 130-132]. La loaded on CeO,-ZnO (5 cycles) [132], K added into CeO>
(3 cycles) [130], co-doping of Ag and Mn into CeO: (3 cycles) [131] and Au doped Ceo.gZro.20>
(3 cycles) [92] all showed enhanced stability of ceria-based catalysts for soot oxidation. These
studies identified that resistance of sintering and crystal growth, ability of CO2 desorption, and

oxygen species replenishment are important roles for catalyst stability on soot oxidation.

Ceria-based catalysts have been investigated, in particular stability, for applications other than soot
oxidations [133, 134]. One family of applications relates to catalytic combustion of different gases.
Dai et al. [135] investigated the stability and deactivation of CeO: catalyst and found that T50
increased from 165°C to 325°C after nine cycles of trichloroethylene combustion. Zhang et al.
[136] studied Al, Zr, La, or Y doped Pt/MnOx-CeO: stability toward NO oxidation after aging,
observed that modified ceria catalyst showed better activity. Han et al. [134] investigated the
stability of ZrO.-doped CeO»-based catalyst for toluene combustion, revealing that ZrO> can
stabilize the surface active structure, thus improving stability. Polychronopoulou et al. [137]

investigated Sm>03/CeO; catalysts for CO oxidation, finding that adding Sm can significantly
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improve the thermal stability of conventional CeO. catalyst. Mandal et al. [138] have demonstrated
enhanced stability of Gd-Sm-CeO- for benzyl alcohol oxidation. Another important family of
applications using ceria-based catalysts is solid oxide fuel cell (SOFC) (and its reverse operation
solid oxide electrolysis, SOEC) for intermediate temperature (650-750°C). The main ceria-based
material investigated for SOFC and SOEC are samarium doped ceria (SDC) [139, 140] and
Gadolinium doped ceria (GDC) [133, 141]. Sm and Gd were added essentially to stabilize ceria

during operation at high temperature, which can inhibit crystal growth and prevent sintering [147].

From the above literature review on stability of ceria-based catalyst, it is somewhat surprising to
see almost no studies on samarium doped ceria despite proven long-term stability at high
temperatures (750-850°C) in SOFC/SOEC. Granted, SDC in SOFC/SOEC has a different purpose
(electrolyte to transport oxygen ion) than it would have in soot oxidations. Yet, SDC should be a
promising stable catalyst for soot oxidation because of its thermal stability at high temperatures.
Very few papers studied Sm as dopant to ceria for soot oxidation. Liu et al. [93], using loose
contact condition, studied activity and thermal stability (calcination at 800°C for 20 hours) of a
20% Sm-doped ceria catalyst prepared through microwave assisted heating decomposition.
Sudarsanam et al. [142] carried out a similar study, except under tight contact condition and with
co-precipitation catalyst preparation method. Both reported increase in combustion temperatures
after aging, but were not conclusive regarding actual catalyst stability. Anantharaman et al. [143]
did not investigate catalyst stability, but studied the effect of Sm content on soot oxidation
reactivity for Sm-doped ceria catalyst prepared by ethylene-diamine-tetraacetic acid (EDTA) -
citrate method; they found that 10% Sm doping performed best on a fresh catalyst calcined at

600°C for 5 hours.
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Chapter 3: Experimental Methods and Characterization Techniques

3.1. Catalyst preparation methods
3.1.1. Co-precipitation method

FexCe100x-CP (x = 0, 5; 10; 20; and 30, molar ratio) catalysts were synthesized by a co-
precipitation (CP) method. A stoichiometric solution (depending their relative ratio) of iron nitrate
nonahydrate Fe(NO3)5 - 9H,0 (Sigma-Aldrich, CAS: 7782-61-8, 99.95% trace metals basis) and
cerium nitrate hexahydrate Ce(NO3)5 - 6H,0 (Sigma-Aldrich, CAS: 10294-41-4, 99.999% trace
metals basis) was dissolved separately in deionized water and then mixed together with vigorous
agitation. Aqueous ammonia (Sigma-Aldrich, CAS:1336-21-6, 28%-30% NH3 basis) was then
gradually dropped into the as-mentioned solution under stirring conditions until pH reached 8.5,
after which the solution was aged in air for one day at room temperature with constant stirring.
The resultant precipitates were separated by vacuum filtration and several times washed with
deionized water to eliminate impurities such as unreacted chemicals. The obtained precipitates
were dried at 100°C in a crucible for 12 h and then calcined at 500°C for 5 h in air. Pure cerium
oxide - CeO2 and Samarium doped Ceria (SDC) were also prepared by a similar procedure with
using Samarium nitrate hexahydrate Sm(NO3); - 6H,0 (Sigma-Aldrich, CAS: 13759-83-6,

99.999% trace metals basis).
3.1.2. Solution combustion synthesis method

FexCe100-x-SCS (x = 0, 5; 10; 20; and 30, molar ratio) catalysts were obtained by a solution

combustion synthesis (SCS) method. The preparation procedure of SCS method is shown in Figure
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3.1. An aqueous solution of iron nitrate nonahydrate Fe(NO3); - 9H,0 (Sigma-Aldrich, CAS:
7782-61-8, 99.95% trace metals basis), cerium nitrate hexahydrate Ce(NO;3)5 - 6H,0 (Sigma-
Aldrich, CAS: 10294-41-4, 99.999% trace metals basis) and glycine (Sigma-Aldrich, CAS: 56-
40-6) in a stoichiometric ratio (depending on their relative ratio) were mixed under vigorous
stirring at 90°C to form a gel. The gel was moved from a beaker to a crucible using a spatula which
was placed on an electric heating plate (Salton Canada, Canada). The gel was then heated up until
ignition occurs to start the combustion leading to the formation of nano to micro size particles. A
long glass tube was put on the top of the crucible to contain the resulting particles and to allow for
collecting the fine powder after combustion. After the reaction, the resultant sample was collected
into the crucible and then calcined at 500°C for 5 h in air in a furnace. CeO>-SCS and Sm doped
ceria catalysts were synthesized by a similar procedure with using Samarium nitrate hexahydrate

Sm(NO3)5 - 6H,0 (Sigma-Aldrich, CAS: 13759-83-6, 99.999% trace metals basis).

Figure 3.1. Experimental apparatus for solution combustion synthesis (SCS) catalyst preparation
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3.2.  Catalyst activity test

Thermogravimetric Analysis (TGA) for catalytic soot oxidation was conducted on a TA
Instrument Q500 apparatus to investigate the catalytic activity. Printex-U carbon black with
particle size of 25 nm and 100 m?g! surface area was used as model of soot, which has been widely
used as soot substitute in research studies [10, 13, 22, 29]. Tight contact condition mixture was
obtained by grinding soot and catalyst with a weight ratio of 1:9 in an agate mortar for 10 minutes
[13]. Loose contact condition was obtained by using a spatula gently mixing catalysts and soot for
3 min. For each TGA test, a weighted amount of 10 mg of the soot/catalyst mixture was put in a
TGA pan, and then pre-treated at 150°C under 60 ml/min nitrogen for 30 min to remove water.
Then, the sample was heated up to 800°C under 40 ml/min air with a heating rate of 10°C /min.
The thermogravimetric curves were obtained by continuously recording the mass change, along
with increased temperature. Each TGA test was repeated three times to determine the uncertainties
with the results. The catalyst’s activity was evaluated by T10 and T50. T10 is commonly used as
the ignition temperature, which is the temperature at 10% conversion of soot [7, 9, 10, 13]. T50 is
the combustion temperature, which is identified by the temperature when 50% of soot is oxidized

[7,11, 12, 14].

Temperature programmed oxidation (TPO) were also carried out using CATLAB (Hiden
Analytical). CATLAB is a system that combines a microreactor and mass spectrometer for
conducting catalysts characterization and studying catalytic reactions. The sample is put into the
reactor on the top of quartz wool. After inert gas passing through for about 20 minutes, 10% O3 in
He is flowed into the reactor at rate of 40 ml/min. The temperature ramped from room temperature

up to 800°C at 10°C/min. During the reaction, the mass spectrometer records different species that
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are produced from the reaction, here specifically CO and CO> for soot oxidation. By analyzing
these data, we can study the activity of catalyst and the ability of our catalyst to convert CO and

CO..

3.3.  Environmental transmission electron microscopy (ETEM) experimental set up

The ETEM is a TEM that enables the observation of specimen under a gas-controlled environment.
A small volume around the specimen is filled with desired gases so that the pressure of that volume
is kept higher than that of the TEM column. The ETEM experiments were designed to visualize
the reaction and the mobility of soot and catalyst particles under various conditions of temperature
(500 and 800°C) and oxygen partial pressure (1 Pa oxygen and 1 Pa air) by using ETEM. Printex-
U commercial carbon black powders with an average particle size of 25 nm were used as a
surrogate of soot. The catalyst used was Fe/CeO, (10 % iron doping) with a size around 20
nanometers made by combustion solution synthesis method. The soot and the catalyst were mixed
in a weight ratio of 1/9, and the sample mixtures were then drop coated onto microelectrical

mechanical system (MEMS) substrates (Norcada Inc. Model: HTN-010).

[ Observation window | v

Figure 3.2. Arrangement of Hitachi HF3300 [144]
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The experiments for catalytic soot oxidation were conducted with a Hitachi HF3300 ETEM,
functionalized by a secondary electron detector, gas injection and sample heating. To enhance
contrast and increase the resolution, all imaging was done at 300 kV [120]. Sensitivity tests were
also carried out to ensure that the observed phenomenon was not influenced by the electron beam,
the gas flow, or the sample/substrate interactions. All tests were conducted following the
procedures established by a previous study as following [115]: 1) Beam flashed and adjusted with
sample withdrawn and high vacuum; 2) Sample pre-heated to 400°C and then inserted into the
beam; 3) Particles selected, focused and recorded; 4) Temperature raised to experiment
temperature at 5°C/s; 5) Gas injection started; 6) Conditions maintained until the reaction

completes; 7) Gas off / cool down.

3.4. Stability test

The stability of catalysts was tested with up to seven times cycle reaction using a TGA. Firstly,
40 mg mixture of catalyst (90 wt.%) and soot (10 wt.%) were put in a TGA, then following the
normal TGA operation procedure as described in section 3.2. After the test, the spent catalyst was
collected and then mixed with fresh soot particles again with the same weight ratio and under same
contact condition. Then, this sample is analyzed through TGA again. This procedure is repeated
up to seven times and the thermogravimetric results (in particular T10 and T50) are recorded for

each cycle. These results are used to analyze the stability of the as-produced catalysts.

3.5. Characterization techniques

3.5.1. X-ray Diffraction (XRD)

XRD is a characterization technique used for the determination of crystal structure, chemical
27



composition and physical properties. X-ray diffraction peaks are produced by constructive
interference of a monochromatic beam of X-rays diffracted at specific angles from each set of
lattice planes in a sample. The peak intensities are determined by the distribution of atoms within
the lattice. Consequently, the X-ray diffraction pattern is the fingerprint of the periodic atomic
arrangements in a given material. A search of the International Centre for Diffraction Data (ICDD)
database of X-ray diffraction patterns enables the phase identification of a large variety of
crystalline samples. The crystal size can be estimated by using the Scherrer equation, as shown in

Equation 3-1, and inter planar spacing (d) can be calculated by Bragg’s law as shown in Equation

3-2.
kA
- Bcos6O (3-1)
niA = 2dsinf (3-2)

where D is the mean size of the crystalline domains, k is a dimensionless shape factor (around 0.9,
but varies with the actual shape of the crystallite), A is the wavelength of the X-rays, g is the line
broadening at the half the maximum intensity (FWHM), @ is the incident angle, and d is the inter

planar spacing. n is the order, a positive integer, usually 1.

3.5.2. Brunauer—Emmett-Teller (BET) surface area

The surface area was measured by means of N2 adsorption-desorption isotherms. BET theory is
used to measure the specific surface area and porosity of the materials. BET surface area
measurement is based on gas molecules adsorption on a solid surface. BET theory builds upon the
foundational Langmuir adsorption theory, which provides a model for monolayer molecular

adsorption, and extends this theory to multilayer adsorption. Nitrogen is the most commonly
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employed gaseous adsorbate used for surface probing by BET methods. For this reason, standard
BET analysis is most often conducted at the boiling temperature of N2 (77 K). Specific surface
area is a scale-dependent property, with no single true value of specific surface area definable, and
thus quantities of specific surface area determined through BET theory may depend on the

adsorbate molecule utilized and its adsorption cross section.

3.5.3. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is an equipment used to observe and analyse the
morphology, microstructure and surface features of materials at micro and nanoscale. With the
focused beam of electrons hitting the sample, the interactions between electrons and atoms will
emit different kinds of signals such as secondary electrons and backscattered electrons. Then, by
detecting various signals, mainly secondary electrons and converting them to electronic signals, a
SEM image can be obtained. SEM will be used to investigate the distinct nanostructures of the

synthesized and spent iron doped ceria oxide catalysts.

3.5.4. Energy-dispersive X-ray Spectroscopy (EDS)

Energy-dispersive X-ray Spectroscopy (EDS) is used to identify and quantify the chemical
composition of the sample. Given that each element produces unique characteristic x-ray when
bombarded with high energy electrons inside SEM or TEM, EDS employs detectors which sort
incoming x-ray signals according to intensity. This is typically accomplished through a
semiconductor detector such as silicon or germanium doped with lithium. Characteristic x-rays
bombard the detector, creating a fixed number of electron-hole pairs, which are translated into

voltage/energy to be processed electronically.
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3.5.5. Transmission Electron Microscopy (TEM)

TEM is widely used in imaging nanostructures, atomic arrangements, and crystal orientation. TEM
is the technique that allows direct visualization of samples’ morphologies on the nanometer scale
by a beam of electrons transmitted through an ultra-thin specimen to form an image. The image is
then magnified and focused onto an imaging device. High-resolution TEM imaging can even show
the atomic level morphology. Scanning transmission electron microscopy (STEM) imaging of a
sample performs scanning of a finely focused electron beam in a faster pattern and collect the

signal generated pixel by pixel.

3.5.6. X-ray Photoelectron Spectroscopy (XPS)

XPS is a surface sensitive technique used to investigate the surface chemistry of the sample, such
as elemental composition, chemical state, and electronic state. In principle, the sample is irradiated
by a beam of X-rays with a known energy. With the interaction between electrons and the sample,
a number of electrons would escape from the top surface (0 to 10 nm). By detecting and analyzing
the kinetic energy and number of escaped electrons, the binding energy spectrum versus the
number of electrons can directly identify the elements on the surface of the sample and provide
the relative amounts of each element. XPS spectra-fits can be performed with Gaussian-Lorentzian

functions by using specific software (like CasaXPS here).

3.5.7. Raman Spectroscopy

Raman spectroscopy is a spectroscopic technique used to study the vibrational, rotational and other
low frequency modes of the crystal lattice of a material. The inelastic scattering spectra with

different frequencies of incident light is usually used to excite the visible light and to obtain
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molecular vibration and rotation information of the sample. With the interaction between laser and
the system phonon, the final photon energy would increase or decrease. By getting the information
of these changes in energy, the phonon mode can be learnt and thus applied to the study of
molecular structure. Raman spectroscopy is commonly used in chemistry to provide a structural

fingerprint by which molecules can be identified.

3.5.8. H2-Temprature programmed reduction (H2-TPR)

H>-TPR, which is often used in the field of heterogeneous catalysis, is a characterization technique
used to study the reducibility of the catalysts and find the most efficient reduction conditions of
the material. The oxidized material is placed inside a fixed bed reactor and a reducing gas (e.g. 10%
H> in Ar) is flowed at a constant rate with temperature increasing. When the temperature reaches
a certain point, the material would begin its reduction. The reduction of the material is directly
related to H> consumption. Through TPR characterization, the chemical state change, the
interaction within the material, the interaction between the material and the carrier, and the

reduction activation energy of the oxidized material can be obtained.
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Chapter 4: Real-Time Observation of Carbon Oxidation by Driven
Motion of Catalytic Ceria Nanoparticles within Low Pressure

Oxygen

4.1. Overview

Carbon particulate matter (PM) is an undesirable aerosol pollutant formed from combustors such
as power plants, refineries, and engines. The most common and effective method of mitigating PM
emission is the capture of particulates using a filter, before particles are released into the
atmosphere. In order to develop and improve advanced filtering materials, a better understanding
is required of their chemical and mechanical behavior. We report on a novel phenomenon on the
mobility and oxidation behavior of catalytic iron doped ceria nanoparticles in contact with mobile
carbon black nanoparticles. The process is recorded by real time imaging within an environmental
transmission electron microscope. In contrast to observations in previous studies, the separated
ceria nanoparticles are found to actively move on the substrate and consume the connecting carbon
particles one-by-one. The velocity of particle motion is correlated to the reaction temperature and
oxygen pressure, both determining the reaction rate. Modeling using the Density Functional
Theory suggests that this motion is driven by the chemical bonding between the surface oxygen of
the catalyst and the graphite layers of carbon black, initiated through the van der waals force

between two types of nanoparticles.
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4.2. Introduction

There is an urgent need to develop novel materials for capturing and reducing particulate emissions
from a wide range of combustion sources. Soot, as one type of particulate matters (PM), is an
undesirable aerosol pollutant which forms in fossil fuel power plants, refineries, and internal
combustion engines [1, 2]. These fine carbonaceous particles, when released into the atmosphere,
have been shown to be carcinogenic and directly linked to an increase in mortality rates [16]. For
many sources, the most common and effective method of mitigating carbon PM emission is the
capture of particulates using a filter, before they enter into the atmosphere. Advanced materials
have been sought for developing high-efficiency filters, especially for these particulates with a size
below 10 nm. For internal combustion engines, a diesel particulate filter (DPF) is usually install in
line with the exhaust stream from the engine [18]. When the DPF is saturated with the deposited
particulates, it must be cleaned or replaced, to avoid increasing the back-pressure of the engine
which affects the vehicle operation [17]. In order to reduce the cost of adding extra fuel to burn
out the deposited particulates, a catalyst can effectively reduce the oxidation temperatures of
carbon PM to 200-400°C which is close to the temperature of engine exhaust gases [48]. DPFs
utilizing catalysts can be categorized by the method through which the catalyst is introduced: DPF
enhanced with a catalyst coating directly on its wall (DPF-CC) and DPF utilizing fuel borne
catalysts (DPF-FBC). For DPF-CC, a small amount of catalysts is immobilized as a thin coating
(20um [49]) on the wall of DPF, which can reduce the oxidation temperature during regeneration.
In a DPF-FBC, the catalyst is added directly to the fuel at a concentration of around 10ppm and
reaches the DPF to oxidize carbon PM at a lower temperature [50, 51, 58]. For both type of
enhanced DPF, the contact points between the carbon and catalysts is a critical factor for

determining the process efficiency and the cost of the device, as catalytic carbon PM oxidation is
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a surface sensitive reaction. In literature, the structures of the coated catalyst and carbon deposition
were found to affect the capability of a DPF-CC [52]. It was suggested that a porous catalyst
coating leads to more contact points between catalyst and carbon PM [49]. For DPF-FBC, a
homogeneous dispersion as well as intimate contact between catalyst and carbon PM contributes

to better DPF performance [50, 51].

Ceria (CeO2) has been shown to be a good candidate for DPF-CC catalyst, as it is naturally
abundant, less sensitive to sulfur impurities which poison the catalytic oxidation of carbon PM,
and less environmentally toxic during end-of-life recycling [5, 19, 21, 24, 53, 55, 145]. Recently,
in order to improve the activity and stability of ceria catalyst, metal cations such as Fe and Mn
have been doped into the ceria lattice. These dopants effectively inhibit catalyst sintering and
increase active sites, both improving the catalyst durability and activity [5, 26-28, 54]. The
oxidation mechanisms of carbon particles using a pure CeO2 and a Fe/CeO> catalyst have been
investigated by Liu et.al [22, 29]. For the reaction with pure CeO>, ceria provides oxygen for
carbon oxidation, followed by refilling of environmental oxygen into its crystal accompanied by
the redox cycle between Ce** and Ce3*. As for carbon oxidation with the Fe/CeO, catalyst, the
redox cycle between Fe?* and Fe®" provides oxygen to oxidize carbon, and the redox of Ce
continuously provides oxygen to re-oxidize Fe?*. Although many methods exist to dope metal ions
into the ceria catalyst, recently it was found that 10% iron doping into a spongy ceria catalyst,
prepared through combustion synthesis, produces the best results in terms of carbon oxidation rate

and reduced oxidation temperature [146].

During the catalyzed oxidation of carbon particles by the ceria catalyst, the mobility of these

particles were found to affect the reaction rate [21, 147]. Environmental transmission electron
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microscopy (ETEM) is a promising technology for revealing the interaction between nano-sized
carbon and catalyst particles during reaction, by allowing the observation of particle shape changes
and motions in a controlled temperature and gas pressure atmosphere [115, 116, 148, 149]. Sediako
et al. used ETEM to observe mature and less mature soot oxidation in real time. It was found that
mature soot was oxidized on its surface, while the less mature soot showed internal oxidation [115].
Kamatani et al. utilized in situ Transmission Electron Microscopy (TEM) to visualize the catalytic
soot oxidation using Ag/SiO2 and Cs,COz under 300°C with 0.5Pa Oz [116]. They observed the
catalytic reaction happened at the soot-catalyst interface with mobile Ag species and immobile Cs
based catalyst. The mobility of Ag/SiO- catalyst is considered as a result of heat released from
carbon oxidation and partial liquefaction of Ag surface, while the fixed Cs2COs was due to strong
interaction with the substrate. Gao et al. applied ETEM to investigate Ag catalyst on alumina and
sulphated alumina supports for soot oxidation. Sulphated alumina was able to anchor the Ag
catalyst thus making carbon particles move towards Ag species[117]. Baker et al. used a controlled
atmosphere electron microscope (CAEM) to investigate the catalyst (2-5nm) behavior during the
gasification of carbon and graphite particles (original in 1um, 2-20nm after treatment) [118, 119].
They proposed the concept of channeling catalysis, during which the reaction begins at the
catalyst/graphite interface and proceeds through channels generated within the graphite crystal.
Simonsen et al. studied the oxidation of carbon black (30nm) using CeO. catalyst agglomerate
(50-100nm) and observed that these carbon particles moved to reach CeO,, followed by the
catalytic combustion at the carbon/catalyst interface [21]. Another study by Mori et al. reported
the similar motion of carbon black particles (around 10-20nm) towards an aggregated catalyst
cluster made of Ag/CeO. and Cu/BaO/La203 cluster (around 200-300nm) [17]. Others reported

the motion of carbon particles of around 20nm that were approaching an agglomerate of yttria-
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stabilized zirconia catalysts during the catalytic oxidation [120]. Interestingly there has been no
report in the literature on observing the nano-sized ceria based catalyst moving towards the carbon
particles, which could provide insight on particle-particle interaction and subsequently the reaction

mechanism of catalyzed oxidation of particulate matters.

In this work, the research focus is on the visualization and analysis of relative movement and
interaction between carbon black nanoparticles and Fe/CeQO> catalyst nanoparticles, using the
commercial CeO> catalyst as a reference. This is the first report of the movement of Fe/CeO>
catalyst nanoparticles towards carbon nanoparticles under the extremely low pressure of oxygen
(< 1Pa) within an ETEM. The motion of the nanoparticles is analyzed using the catalyst activity

and Density Functional Theory (DFT) modeling.

4.3. Experimental procedures

4.3.1. Catalyst manufacturing

The catalyst was an iron doped cerium oxide compound, prepared by solution combustion
synthesis (SCS) method. A stoichiometric solution of iron nitrate nonahydrate (Sigma-Aldrich,
CAS: 7782-61-8, 99.95% trace metals basis), cerium nitrate hexahydrate (Sigma-Aldrich, CAS:
10294-41-4, 99.999% trace metals basis) and glycine (Sigma-Aldrich, CAS: 56-40-6) was stirred
for 1 day under vigorous agitation to form the precursor, which was then combusted and calcined
at 500°C for 5 h in air. This catalyst was labeled as 10%Fe/CeO2 with a specific surface area of
22.5 m?gt. After grinding, the catalyst was particles with around 20 nanometers. Commercial
CeO; catalyst (Sigma-Aldrich, CAS: 1306-38-3, particle size < 50 nm) were also used as a

comparison.
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4.3.2. ETEM experiments

The ETEM experiments were conducted by using a Hitachi HF3300 ETEM equipped with Energy-
dispersive X-ray spectroscopy (EDX), gas injection and sample heating. In-situ observation videos
with spatial resolution of 0.2nm can be recorded under desired temperature and gas atmosphere,
particularly 500°C or 800°C, and 1Pa or 0.2Pa O.. Time-lapsed ETEM videos were obtained in
situ of carbon nanoparticles in contact with catalyst as well as control experiments with only

carbon nanoparticles.

Printex-U carbon black powder with an average particle size of 25nm was used as a model of
carbon nanoparticles, which is common for research on carbon PM oxidation [29, 120, 150]. The
catalyst used was a 10% iron doped ceria catalyst (10%Fe/CeQO>) with a size around 20 nanometers
after grinding for 10 minutes, synthesized by means of the solution combustion method [151]. The
crystal structure and morphology of the catalyst were investigated by German Bruker D4 (40kV,
30mA, CuKa radiation) X-ray Diffraction (XRD) and Scanning Electron Microscopy (SEM, Zeiss
MERLIN with Gemini-Il column). Carbon and catalyst were mixed by grinding in a weight ratio
of 1:9 [38]. The mixtures were then drop coated onto microelectrical mechanical system (MEMS)
substrates (Norcada Inc. Model: HTN-010). The distribution of the catalyst and carbon particles

on the substrate before and after the reaction was measured by EDX elemental mapping.

To enhance the contrast and increase the resolution, all imaging was done at 300 kV. Sensitivity
tests were also carried out to ensure that the observed particle movement were not induced by the
electron beam, the gas flow, or the sample/substrate interactions ([115] and Appendix). All tests
were conducted according to the procedures established by a previous study as follows [115]: 1)

Adjusted beam with sample within high vacuum; 2) Sample pre-heated to 400°C and then inserted
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into the beam path. 3) Particles selected, focused and recorded; 4) Temperature raised to
experiment temperature at 5°C/s; 5) O, or dry air injection started; 6) Conditions maintained until

the reaction completes; 7) Gas off / cool down.

For computational method, the DFT calculations (which is completed by Dr. Jingde Li) were
carried out using the VASP package[152, 153]. The Perdew-Burke-Ernzerhof (PBE) functional
was used for the exchange and correlation energy terms. The CeO2 and carbon were modeled using
a CesFeOs cluster and a two-layer 6x6 graphene supercell, respectively. To be more specific, three
graphene supercells with no carbon defects, six carbon defects (6-C) and eighteen carbon (18-C)
defects were considered to model the realistic chemical states of the carbon materials during the
reaction. The calculations performed on this study were spin-unrestricted, and all the atoms were
set free to relax. The vacuum height is set to 15A. The planewave cutoff was set to 400 eV. The k-
space was sampled using a 2x2x1 Monkhorst—Pack grid. Structures are fully relaxed until the
forces acting on the atoms are smaller than 0.03 eV/A. Based on the fully relaxed structures, the
cohesive energies (E.,j) of CesFeOg cluster on the graphene (G) supercells were calculated by the

following equation:

Econ = Ecesreos—¢ — Ecesreos — Eg (4 - 1)

where Ecesreos—c represents the total energy of the CesFeOs cluster to the graphene structure,
Ecesreos 1S the energy of an isolated CesFeOg cluster, E; represents the energy of the optimized
graphene model before bonding to CesFeOs. The more negative Econ corresponds to a stronger

bonding system.
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4.4. Results and discussions

4.4.1 Characterization of catalyst and carbon nanoparticles

The XRD pattern of the 10%Fe/CeO- catalyst is depicted in Figure 4.1 (A). The diffraction lines
match the pattern of pure CeO> with a cubic fluorite structure (Fm3m, JCPDS 34-0394), while no
peak of any Fe>Os crystal was found, suggesting that iron incorporation into the CeO> crystal lattice
does not change the hosting crystalline structure. An SEM image of the catalyst is shown in Figure
4.1 (B). It shows the 10%Fe/CeO> catalyst has a spongy/porous structure, which may enhance the
contact to carbon nanoparticles and can facilitate diffusion of oxygen species to the carbon/catalyst

interface.
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Figure 4.1 XRD pattern and SEM image of as-produced 10%Fe/CeQ; catalyst

TEM and EDX elemental mapping results of three elements (C, Fe, Ce) on the as-produced carbon-
catalyst mixture are displayed in Figure 4.2. Figure 4.2 (A) is a bright field (BF) TEM image.
Figures 4.2 (B), (C) and (D) are higher resolution EDX elemental maps for C, Fe and Ce,
respectively, around a catalyst particle. In Figure 4.2 (A), the black feature represents catalyst
particles, while the light grey feature represents carbon particles. This figure shows catalyst

particles of different sizes, from large ones of over several hundred nanometers, to some about 100
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nm, to very small ones under 10 nm. Figures 4.2 (C) and (D) show a zoom around a 100 nm catalyst
particle, indicating that Fe is well dispersed on the Ceria support. The observed individual small

dots for both Fe and Ce are caused by unavoidable noise due to the high-resolution nature of the

measurement.

Figure 4.2. (A) TEM image of 10%Fe/CeQ, catalyst and carbon mixture, (B) EDX image for carbon, (C)

EDX image for iron, (D) EDX image for cerium

4.4.2 Mobility and catalytic oxidation in 1 Pa pure Oz at 500°C

As shown in Figure 4.3, when the catalyst was aggregated into a relatively small size dispersed
among carbon, both the catalyst and carbon showed obvious movement during the oxidation in 1
Pa O at 500°C, especially the small clusters of catalysts. Previous studies [21] have shown the

movement of carbon towards fixed ceria catalyst. However, this work provides the observation of
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the movement and restructuring of the 10%Fe/CeQO> catalyst. In Figure 4.3 (B) and (D), the
processed image of Figure 4.3 (A) and (C), the movement of carbon was indicated by blue arrows
and red arrows represented the catalyst movement. During the reaction, the catalysts oxidized the
immediate surrounding carbon, and then began to actively travel and consume carbon along the
trail of carbon. The interface and morphology of the catalyst cluster was always changing due to
the varying configuration of the catalysts and their surrounding carbon, as shown in Figure 4.3 (E).
In the meantime, several adjacent catalyst clusters numbered as ‘4, 5, and 6’ in Figure 4.3 (B)
tended to agglomerate into one cluster. As the carbon oxidation continued, the sizes/mass of carbon
aggregates decreased to be relatively small compared with the catalysts. In this case, the catalyst
cluster would stop moving and the surrounding carbon would keep moving towards it to maintain
the reaction interface as shown in Figure 4.3 (F), which confirmed that the catalytic carbon
oxidation occurred directly at the interface. One special observation was that the catalyst cluster
labeled as number ‘3’ in Figure 4.3 (B) moved left together with surrounding carbon aggregation.
Catalyst ‘3’ was pulled to left by connected mobile carbon, possibly driven by the cluster of

catalyst circled in red in Figure 4.3 (D).
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,/Fe

Figure 4.3. ETEM images of carbon and 10%Fe/CeO; recorded at 500°C in 1 Pa O,; A and B — Omin; C
and D — 7min; B and D are processed images of A and C, respectively, by cleaning the background, tracing
10%Fe/CeO; clusters with a red outline and erasing 10%Fe/CeO; to increase the contrast. The movement
of carbon and 10%Fe/CeO, is marked by blue and red arrows, respectively. E: movement and morphology

change of catalysts marked ‘4, 5, and 6’ in B. F: carbon moved towards the fixed catalyst marked ‘1’ in B.
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The analysis of the movement of the catalyst and carbon particles was carried out as follows: first
the video was divided into several images at different times; at 500°C images were analyzed every
one minute, whereas at 800°C images were analyzed every 30 seconds due to faster reaction. Each
image was pixelated using ImageJ software who could assign coordinates to all pixels using a
common reference origin (red point) as shown in Figure 4.4 (B). For Figure 4.4, the pixel size is
0.83 nm by 0.83 nm. Once the boundary of the particles was determined (manually using
Photoshop), the coordinate of its centroid was calculated using ImageJ. The movement velocity of
the catalyst clusters labeled as number 1, 2 and 3 in Figure 4.3 (B) was tracked through the
coordinate of its center, and the results are shown in Figure 4.4. The velocity was obtained via
dividing the displacement distance by the time interval of 1min for a continuous period of 7min
and the movement velocity ranged from 0.17 to 0.74 nm/s. From Figure 4.4, it was noticed that
the mobility of catalyst was related to the configuration of the catalyst cluster and its surrounding
carbon. The varying morphology of the catalyst cluster during carbon oxidation could change its
center, and thereby the velocity, obtained by tracing the cluster center, involved not only the
movement of the cluster towards carbon but also the shift of the cluster center. Apart from this,
the velocity was also influenced by the mobile carbon. For example, the catalyst cluster ‘3” moved
left against carbon, and its velocity was actually that of the surrounding carbon being pulled left
by another larger catalyst cluster. Therefore, when the catalysts are dispersed in carbon in a

complex configuration, it is reasonable to expect that their velocity will vary over a broad range.
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Figure 4.4. The velocity of 10%Fe/CeO- clusters labelled as number 1, 2 and 3 in Figure 4.3 (B) and (D).

For four values, the configuration of carbon and 10%Fe/CeO, nanoparticles is given.

The carbon oxidation rate (r) was estimated by measuring the decrease of the area (A) representing
carbon particles at a given time. The methodology to determine the area (A) is described next. As
mentioned previously, the contour of the catalyst particles was drawn manually using Photoshop.
In a ETEM micrograph (e.g. Figure 4.3), the black particles usually represent the catalyst, but not
always, as several carbon particles existing on top of each other and would look dark grey or black.
In order to avoid misrepresenting carbon particles as catalyst particles, those dark particles were
monitored closely and carefully (if they shrunk or disappeared then it meant that they are carbon
particles, otherwise they are considered as catalyst particles. Once all catalyst particles have been
identified, they are artificially removed from the ETEM micrograph (e.g. see Figures 4.3 (B) and
(D)). The area (A) considered for calculating the reaction rate was the entire surface area left on
the ETEM micrograph (i.e. surface area representing carbon particles). The value of the area, A,
was calculated using ImageJ. For each time interval, an oxidation rate along with a value of the
catalyst velocity were obtained. As the catalytic reaction occurred at the interface and the reaction
rate depended on the contact points between the carbon and catalyst, the reaction rates can be

normalized (r') by being divided by the contact length, as shown in equations (4-2) and (4-3).
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Related to the movement of carbon and catalysts, the contact length varied from 1435 to 2530 nm
and the reaction rate was in the range 115-331 nm?/s. Figure 4.4 shows the relation between contact
length and reaction rate ‘r’ at 500°C in 1Pa O>. This figure indicates that the reaction rate increases

as the contact length increases.
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Figure 4.5. Correlation of contact length and reaction rate ‘r’ at 500°C in 1 Pa O

The data in Figure 4.5 were converted into normalized oxidation rate. Note that each of these data
points were taken at different time intervals during the course of the reaction. Figure A2 in
Appendix gives the normalized reaction rate as a function of time. For the reaction at 500°C (for

both O and air), normalized reaction rates are given for more or less the first 500 seconds. It can
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be seen that the normalized oxidation rate does not vary much during this time period with an
average value of 0.11 + 0.02 nm/s (uncertainty given as one standard deviation). The catalyst
movement velocity was of the same order as the normalized oxidation rate at the interface, which

implied that the mobility or the speed is correlated with the normalized reaction rate.

4.4.3 Mobility of catalyst nanoparticles in 1Pa Oz at 800°C

In order to justify the movement of the catalyst and better correlate the movement of the catalysts
to the reaction rate, the same experimental procedure was conducted at 800°C in 1Pa oxygen, as
shown in Figure 4.6. The increase in temperature caused the movement of catalyst, as shown by
the red arrows, to become more rapid and active. Apart from the same observations in scenario of
1Pa O at 500°C, such as the movement of the catalysts and carbon, one notable phenomenon is
that the catalyst aggregated as seen in Figure 4.6 (C) then separated as in Figure 4.6 (D), which is
probably because they were pulled by carbon located at their upper right and lower right. It
suggests that the catalyst clusters tend to aggregate instead of sintering as the reaction processes,

because the sintered catalysts would not split afterwards.

With the movement of the catalysts and carbon, the contact length varied from 116 to 367 nm and
the reaction rate was from 64 to 275 nm?/s. Figure 4.6 (E) also showed that reaction rate has a
positive relation with contact length. As seen in Figure A2 in Appendix, the normalized reaction
rate at 800°C is given for the first 250 seconds of the reactions; more fluctuations are observed
than at 500°C because the reaction is faster. The average value of the normalized reaction rate at
800°C is found to be 0.51 + 0.08 nm/s. The velocity of the catalysts movement varied from 1.05

to 1.62 nm/s, much higher than that at 500°C. Therefore, the increase of temperature enhanced
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both the oxidation rate of carbon and the mobility of the catalysts, that is, the catalysts became

more active and more mobile at a higher temperature.
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Figure 4.6. ETEM images of carbon and 10%Fe/CeQO; during the reaction at 800°C in 1Pa O2; A: Omin; B:
2min; C: 4min; D: 6min. The 10%Fe/CeO, catalyst clusters are circled in red lines. E: Correlation of contact

length and reaction rate ‘r’

4.4.4 Catalytic oxidation in 1Pa dry air at 500°C

To investigate the effects of the partial pressure of oxygen on catalyst mobility and reaction, an in-
situ ETEM experiment with 1 Pa dry air (~0.2Pa O, compared with 1Pa pure O in section 3.2) at
500°C was carried out. Two representative images are shown in Figure 4.7 (A) and (B). The
observed phenomenon was similar as in previous two scenarios, involving the movement of the
catalysts and carbon, and the split of the catalyst aggregate. During the reaction, the contact length

between the carbon and catalyst varied from 452 to 525 nm and reaction rate ranged from 21.2 to
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31.1 nm?/s. Figure 4.7 (C) shows that with increase of contact length between catalyst and carbon,
the corresponding reaction rate ‘r’ also shows an increasing trend. The measured velocity of
catalysts movement was in a range of 0.02 - 0.18 nm/s and the normalized reaction rate was
calculated as 0.05 = 0.01 nm/s. Both the velocity and the activity of the catalysts were lower than
those at a higher temperature (800°C) and in a higher O partial pressure (1Pa), indicating that both

temperature and oxygen partial pressure have influence on reaction rate and mobility.
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Figure 4.7. ETEM of carbon and 10%Fe/CeQO; during the reaction at 500°C in 1Pa air (~0.2 Pa Oy); A:
Omin; B: 7min. The 10%Fe/CeO; catalyst clusters are circled in red lines. The movement of carbon and
10%Fe/CeO; is marked by blue and red arrows, respectively. C: Correlation of contact length and reaction
rate ‘r’.
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4.4.5 Mobility of catalyst nanoparticles and affecting factors

a) Dependence on the reaction rate

During the trials, the mobility of the 10%Fe/CeO- catalysts towards carbon was found during the
catalytic oxidation. As shown in Figure 4.8 (E) and the Appendix, the carbon particles were only
consumed and oxidized at the carbon-catalyst interface, rather than on the entire outer surface of
the carbon. Kamatani et al. [116] have observed the reaction happened at the interface and found
the mobile Ag species during carbon oxidation. The mobility of Ag is due to the liquefaction
occurring at the Ag/SiO; interface. However, in this study, the reaction temperature is far below
the melting temperature of Ce and no visible reaction or movement of nanoparticles was observed
in vacuum (Appendix). This demonstrates that the catalyst nanoparticle movement is caused by
the catalytic oxidation of carbon. In other words, the mobility of catalyst nanoparticles within this
ETEM environment results from the oxidation of carbon, which subsequently re-constructs the
carbon /catalyst interface to continue the reaction (possibly through minimizing the surface energy

of the reactive interface).

The overview of the normalized reaction rate ‘r’’ and the catalyst movement velocity at different
temperatures (500°C and 800°C) and for different O partial pressures is presented in Figure 4.8
(with solid points representing the average value). Overall, it suggests a positive relation between
the normalized reaction rate and the mobility of catalyst; with a higher normalized reaction rate,
the catalyst mobility is promoted. The normalized reaction rate and corresponding average
movement velocity are shown in Table 4.1. The normalized reaction rate and catalyst mobility are
sensitive to temperature and to a lesser extend O partial pressure. The comparison between

reaction at 500°C in 1 Pa O. and air shows that a higher O, partial pressure can increase the
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normalized reaction rate and hence the catalyst mobility. This is because the O partial pressure
can affect oxygen adsorption on the ceria catalyst and diffusion to the reactive sites and thereby
affect the oxidation rate [154]. The effect of temperature on catalytic carbon oxidation can be
revealed by comparing the reaction in 1 Pa O, at 500°C and 800°C. At a higher temperature, both
the normalized reaction rate and catalyst mobility can be promoted. This is because an increase in
temperature can facilitate the global oxidation process [147, 155]. Since the normalized reaction
rate is larger at a higher temperature, it is difficult to accurately measure the catalyst velocity.
Considering the influence of these factors such as surface properties of the substrate, the nature
and shape of the nanoparticles and the availability of carbon particles along the movement pathway,
a largely fluctuating curve was obtained at the high temperature. Nevertheless, both O, partial

pressures and temperature were found to affect the reaction rate and catalyst mobility.
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Figure 4.8. Correlation of the normalized reaction rate and the velocity of 10%Fe/CeQ; catalyst. The

symbols with solid fill represent the average values.
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Table 4.1. Normalized reaction rate and corresponding movement velocity

Normalized rate (nm/s) Movement velocity (nm/s)

500°C, O2 0.11 £ 0.02 0.43+0.14
800°C, Oz 0.51+0.08 1.24+0.21
500°C, Air 0.05+0.01 0.10 £ 0.06

In comparison of reaction with commercial CeO- catalyst (Appendix), where movement of catalyst
was barely observed, our 10%Fe/CeO> catalyst showed significant movement during the reaction,
regardless of temperature and oxygen partial pressure. During the reaction with commercial CeO>
catalyst, the carbon particles showed movement towards the catalyst similar to a previous
investigation [21]. However, only slight mobility of the catalyst was observed, emphasizing that
only catalyst with certain properties can move during the reaction. Most importantly, this
movement phenomenon could be attributed to the preferable normalized reaction rate of
10%Fe/CeO> catalyst for carbon oxidation (avg. 0.12nm/s), compared with normalized rate for
CeO: (avg. 0.024nm/s). Since the mobility of catalyst results from rebuilding the carbon-catalyst
interface in the process of carbon oxidation and is positively correlated with the normalized
reaction rate, it is reasonable that the higher normalized reaction rate with 10%Fe/CeQO; catalyst
leads to faster catalyst movement. Moreover, the spongy morphology of 10%Fe/CeO catalyst has
a lower density or mass/size, which could have less friction with substrate and become easier to
move. And this porous morphology could increase the contact points between carbon and catalyst
and facilitate the oxygen diffusion to the catalyst/carbon interface, thus promoting reaction activity
and catalyst movement [156]. Furthermore, adding Fe into ceria lattice could also enhance reaction

rate due to good redox properties between Fe3* and Fe?* [29]. With Fe incorporated into ceria,
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more oxygen vacancies on catalyst surface could be produced to keep the redox cycle continuing
and provide more oxygen species for carbon oxidation. Figure 4.2 (A) shows that catalyst particles
of different sizes exist, including dispersed catalyst particles under 10 nm. Such dispersed
nanoparticles increase the specific contact surface area between the catalyst and carbon particles
and possibly increase the overall reaction rate. Therefore, another possible reason for the higher
reaction rate for the Fe/CeO> catalyst compared to that of the commercial CeO- catalyst could be

the presence of finely dispersed catalyst particles.

b) Driving forces

The movement of the catalyst and carbon nanoparticles can be explained by these forces among
the nanoparticles including liquid bridging, electrostatic forces, thermophoresis, van der Waal
forces and chemical bonding [157-159]. Liquid bridging is not considered as a driving force in
reactions at 500°C or 800°C, as the mobility occurs during the high temperature reaction, which
drives off any potential liquids. As for electrostatic or Coulombic forces, there is a known charging
resulting from the high energy electron beam used by the TEM. This electron charging results in
a negative charge in all particles, however, and repels the particles apart. Likewise, thermophoresis
would also drive the particles apart - due to the exothermic oxidation reaction releasing hot

products around the reaction zone, compared to the cold oxygen atmosphere elsewhere.

Despite all these repulsive or neutral forces, the catalysts and carbon move towards each other
during the reaction, and actively react. Another possible source of electrostatic force is the transient
states of catalysts during the catalysis. There are formations of oxygen vacancies, transformation
of Ce*/Ce®" and Fe®'/Fe?*, and formation of O,?/O% [103], probably resulting in local charge

unbalance in the reaction interface of catalysts. But this electrostatic interaction was deemed too
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minimal to be the driving force, as the locally charged area is too small, the particle itself remains
electroneutral, and no charged species were detected on carbon during the reaction in a previous
study [24]. This leaves the possible driving forces as VVan der Waals forces and chemical bonding,

as they are related to the chemical nature of materials and always exist [157].

C) DFT modeling on particle-particle interactions

Chemical bonding is also considered to drive the movement of catalyst towards carbon particles.
Figure 4.9 show the DFT results (calculated by Dr. Jingde Li) from modeling the interactions
between Fe/CeO> and carbon particles. For CesFeOg on perfect (or defect-free) graphene, no
apparent bonding between the CesFeOs cluster and surface C atoms was observed (Figure 4.9 A).
It has a cohesive energy E_,, of -0.97eV. However, when CesFeOg interacts with the defect
graphene edges, the O atoms in CesFeOs forms covalent bonds with the defect C atoms (Figure
4.9 B and C). The cohesive energies E,j are -12.08eV and -15.91eV for 6-C and 18-C defect
graphene, respectively. These results suggest that the in-situ movement of the Fe/CeO:
nanoparticles might have resulted from the strong O-C bonding between CeO- and the defective

edge C in the carbon material during their continuous reaction.
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4.5. Summary

In this work, the performance of a 10%Fe/CeO> catalyst towards carbon oxidation was investigated
by observing in-situ the catalytic oxidation using ETEM. A semi-quantitative analysis was carried
out to quantify the mobility of the particles and relate it to the catalyst activity. DFT calculations
complemented this analysis to clarify the catalyst-carbon interactions. The main conclusions of

this study are as follows:
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o Both catalyst and carbon particles can be mobile. Typically, small catalyst agglomerates
(50-100 nm) first move through nearly immobile carbon particles. As the amount of carbon
decreases, these catalyst particles then slow down and eventually become immobile while mobile
carbon particles move towards the catalyst. This relative mobility of the carbon and catalyst

particles appears to be correlated to the size of those particles.

o Using 2D ETEM videos, reaction rates were calculated and found to be positively
correlated to the contact length between carbon and catalyst particles, thus indicating that the

catalytic carbon oxidation occurs at the carbon/catalyst interface.

o Normalized reaction rates (reaction rate divided by contact length) and corresponding
movement velocities for reaction conditions of 500°C in Oz, 800°C in Oz, and 500°C in air were
found to be 0.11 £ 0.02 and 0.43 £ 0.14, 0.51 £ 0.08 and 1.24 + 0.21, 0.05 £ 0.01 and 0.10 + 0.06
nm/s, respectively. These data show that larger normalized reaction rates lead to higher movement
velocity, suggesting that the mobility is caused by carbon oxidation on the catalyst’s surface. These
data also show that both normalized rate and movement velocity increase when the temperature

and the oxygen partial pressure increase.

o DFT analysis revealed that there is a strong O-C bonding (12-16 eV) during the catalytic
carbon oxidation process. This O-C bonding is likely an important contributor to the strong
interactions between the Fe/CeQO> catalyst and carbon particles during the oxidation reactions,

thereby driving the relative mobility of catalyst and carbon particles.

55



Chapter 5: Reactive Fe-O-Ce Sites in Ceria Catalysts for Soot

Oxidation

5.1. Overview

In this chapter, a series of Fe doped ceria catalysts with various Fe doping ratio and different
morphologies were prepared and investigated. The Fe content was varied between 0 and 30% for
two catalyst preparation methods, co-precipitation (CP) and solution combustion synthesis (SCS).
The role of oxygen vacancy on Fe-doped CeO; catalyst activity were investigated for soot
oxidation. The oxygen vacancy was assessed through Ce** content. X-ray photoelectron
spectroscopy indicates that ceria exists as both Ce** and Ce®*, while iron is present only as Fe®*.
The catalyst’s activity was evaluated by ignition (T10) and combustion (T50) temperatures using
thermogravimetric analysis. Optimum Fe contents yielding the highest activity were found to be
10% and 5% for CP and SCS catalysts, respectively. The surface area and morphology have shown
moderate effect on catalyst activity, because catalytic soot oxidation involves solid-solid contact.
More importantly, regardless of the fabrication method, it was found that Ce3* content, which is

closely related to oxygen vacancies, plays the most important role in affecting the catalyst activity.
5.2. Introduction

PM (consisting primarily of soot) can cause serious environmental and health problems, such as
lung cancer [4, 5, 103]. PM emission can be controlled through processing the exhaust gas through
a diesel particulate filters (DPF). DPF with a monolithic geometry have been used to capture and

oxidize fine carbon particles [8]. The desired temperature of soot combustion is above 600°C, but
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the temperature of exhaust gas is around 200-500°C [9, 10, 13]. It is necessary to introduce
catalysts to effectively decrease the soot oxidation temperature and improve the reactor efficiency.
Usually, the catalyst is coated on the monolith wall of the DPF [7-14]. After a period of soot
deposition, a pressure drop may occur through the DPF, making it necessary to regenerate the DPF

periodically [14].

The desired catalysts for soot oxidation should have high activity and suitable stability but low
cost, which makes ceria-based catalyst particularly attractive [22]. Ceria-based catalysts have been
applied on DPF to study their catalytic activity for soot oxidation [22, 160, 161]. Ceria has been
found to act as an active oxygen producer to promote the formation of reactive oxygen species and
transfer them to soot-catalyst interface to oxidize soot, which is described in the active oxygen-
assisted oxidation mechanism [22, 25]. The oxygen species can be transferred between the
oxidized state Ce*" and reduced state Ce3* [4, 5, 29, 62, 63], thus forming oxygen vacancies

through Ce** to Ce3* reduction, and absorbing gaseous oxygen via Ce3* to Ce**,

The activity of ceria-based catalysts can be further improved through doping other metal additives
into the ceria lattice, in order to enhance the oxygen storage capability (OSC) and oxygen mobility
[22, 63]. Transition metal doping has been reported to produce more active sites over the catalyst
surface and promote catalytic soot oxidation [29-32]. Iron, in particular, is prominent because it
can improve the catalyst activity due to its good redox ability - the oxygen species can alternate
between Fe®* and Fe?* [5, 22, 33]. The mechanism of iron doped ceria catalysts has been
investigated by Zhang et al. [29], indicating that the redox cycle of iron played an important role
in this reaction. Fe3* can provide its bonded active oxygen to oxidize soot, along with its reduction

to Fe?*. Fe?* can then be re-oxidized to Fe®* with the interaction of Ce [22, 29]. The number of
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active Fe-O-Ce sites can vary due to different ratios of iron doping, as iron doping can distort the
fluorite lattice and create oxygen vacancies to varying degrees. Thus, the ratio of iron doping in

ceria affects the catalyst activity and need be optimized with reaction conditions.

As the catalytic soot oxidation is a surface sensitive reaction, the contact points between soot and
catalyst particles have a great impact on activity [4]. Nano-sized materials result in a high surface-
to-volume ratio and make their chemical and physical properties more size and shape dependent
[100, 101, 162]. More specifically, the quantum size effects and higher surface areas make these
nanostructured catalysts possess more potential contact points between soot and catalyst particles
while their meso-scale pores (with diameters between 2 and 50 nm) can promote the oxygen
diffusion through catalysts [100]. In order to enhance the interactions between soot and catalyst,
different morphologies of ceria-based catalysts have been fabricated by a number of preparation
methods [85, 86, 89, 90, 96, 163, 164]. It is found that different morphologies exhibit distinct
catalytic activity, which is strongly dependent on their physical and chemical surface properties
[22]. Among these preparation methods, co-precipitation (CP) method has been widely used for
catalyst preparation due to the formation of higher surface area and smaller crystal size [29].
Alternatively, solution combustion synthesis (SCS) is a time effective and energy saving method
to produce nano-sized porous catalysts [102]. Herein, these two preparation methods have been

chosen in this study to investigate the morphologies influence on catalyst activity.

Different iron doping ratios and morphologies would change the surface properties and oxygen
vacancies of catalysts, which has influence on catalyst activity [104]. Kattal et al. found that
increasing oxygen vacancies induces more active oxygen for CeO,—La>Os catalyst [27]. Pr, La, Tb

doped CeO catalyst were studied for methane steam reforming, revealing that increased oxygen
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storage capacity contributes to higher activity [105]. Oxygen vacancy of Ag-doped perovskite
catalysts was found to be the primary intermediates for the NO oxidation reaction [106]. Zr doped
CeO> catalyst showed positive relation between oxygen vacancy concentration and catalyst
activity for dimethyl carbonate synthesis [107]. The above-mentioned studies showed a relation
between oxygen vacancy and catalyst activity. However, the effect of oxygen vacancy on soot
oxidation by altering the catalyst morphologies along with different Fe doping ratios is still poorly
understood. Therefore, this study aims at investigating the role of oxygen vacancy on catalyst

activity through varying the Fe doping ratio and tailored catalyst morphology.

5.3. Experimental Section

5.3.1 Preparation of the catalysts

FexCe100-x-CP (x = 5; 10; 20; and 30 in percent of molar ratio) catalysts were synthesized by co-
precipitation (CP). A stoichiometric solution of iron nitrate nonahydrate (Sigma-Aldrich, CAS:
7782-61-8, 99.95% trace metals basis) and cerium nitrate hexahydrate (Sigma-Aldrich, CAS:
10294-41-4, 99.999% trace metals basis) were dissolved separately in deionized water, then mixed
together with vigorous agitation. The aqueous ammonia (Sigma-Aldrich, CAS:1336-21-6, 28%-
30% NH3 basis) was then gradually dropped into the above mentioned solution under stirring
conditions until pH reached 8.5, after which the solution was aged in air for one day at room
temperature with constant stirring. The resultant precipitates were separated by vacuum filtration
with three washes with deionized water. The obtained precipitates were dried at 100°C for 12h and
then calcined at 500°C for 5h in static air. For comparison, pure cerium oxide - CeO2 was prepared

using a similar procedure.
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FexCe100x-SCS (x = 5; 10; 20; and 30 in percent of molar ratio) catalysts were obtained by solution
combustion synthesis (SCS). An aqueous solution of iron nitrate nonahydrate (Sigma-Aldrich,
CAS: 7782-61-8, 99.95% trace metals basis), cerium nitrate hexahydrate (Sigma-Aldrich, CAS:
10294-41-4, 99.999% trace metals basis) and glycine (Sigma-Aldrich, CAS: 56-40-6) in a
stoichiometric ratio was prepared under vigorous stirring at 90°C to form the gel. Then, the gel
was combusted on a heating plate. The combustion procedure is very fast, producing fine powders.
The resultant sample was then calcined at 500°C for 5 h. CeO,-SCS catalyst was developed using

a similar procedure.

5.3.2 Characterization of the catalysts

X-ray powder diffraction (XRD) analysis was performed on X-ray powder diffractometer (German
Bruker D4 (40 kV, 30 mA), with position-sensitive detector and CuKa radiation). The XRD
patterns were recorded in steps of 0.01° with a scanning rate of 5°/min from 5° to 85°. The
diffraction peaks were indexed according to the Powder Data File database (PDF 2004,

International Centre of Diffraction Data, Pennsylvania).

The surface area was measured by means of N2 adsorption-desorption isotherms using Beishide
3H-2000PS2 static volumetric method analyzer. The surface area of catalysts were evaluated by

Brunauer-Emmett-Teller (BET) method.

The morphologies, microstructures and elemental composition of the obtained catalysts were
characterized by a Field-emission scanning electron microscope (FE-SEM, Zeiss MERLIN with

Gemini-Il column).
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X-ray photoelectron spectroscopy (XPS) measurements were carried out on ESCALab220i-XL
electron spectrometer (VG Scientific Ltd, UK) with 300 W AlKa X-ray source equipment to
investigate the oxidation states of cerium and iron, and availability of oxygen on catalyst surface.
The calibration of binding energies was conducted by using C1s peaks at 284.8eV. Spectra-fits

were performed with Gaussian-Lorentzian functions by using CasaXPS software.

The Raman spectra of the catalysts were measured on a Renishaw InVia micro laser Raman
spectrometer (Renishawplc, Wottonunder-Edge, UK) with a 4mW Ar+ laser source (Aex = 532nm)
with a cooled CCD detector at room temperature to differentiate chemical structures. The

acquisition time was 60s and the scanning range was 100-2000cm™.

Temperature-programmed reduction with Hz (H2-TPR) experiments was carried out to study the
reducibility of the catalyst by using a Micromeritics Autochem 11 2920 analyzer with a thermal
conductivity detector (TCD). 50mg catalyst was first pre-treated at 150°C for 1h under 40ml/min
N2 flow to remove water and other contaminants and then cooled down to room temperature. TPR
analysis was conducted by heating up the sample to 700°C at 10°C /min in a flow of 40 ml/min

10% Ha/Ar.

5.3.3. Catalytic activity tests

Thermogravimetric analysis (TGA) of catalytic soot oxidation were conducted on a TA Instrument
Q500 apparatus to investigate catalytic activity. Printex-U carbon black, with particulate size of
25 nm and 100 m?g? surface area, was used as model of soot. Tight contact condition of mixed
sample was obtained by grinding soot and catalyst with a weight ratio of 1:9 in an agate mortar for

10 minutes [29]. For each TGA test, a weighted amount of 10 mg sample was pre-treated at 150°C
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under 60 ml/min Nitrogen for 30 min to remove water and other contaminants. Then, the sample
was heated up to 800°C under 40 ml/min air with a heating rate of 10°C /min. The
thermogravimetric curves were obtained by continuously recording the mass change, along with
increased temperature. Each TGA test was repeated three times to ensure the repeatability of the
results. The activity of catalyst was evaluated by T10 and T50. T10 is commonly used as the
ignition temperature, which is the temperature at 10% conversion of soot [4, 29, 63, 150]. T50 is
the combustion temperature, identified as the temperature when 50% of soot is oxidized [4, 5, 63,

150].

5.4. Results and Discussion

5.4.1. Characterization

The crystal structure of all catalysts was studied by XRD. The XRD patterns of iron doped cerium
oxide catalysts prepared by SCS and CP methods are depicted in Figure 5.1. The main diffraction
peaks could be attributed to (111) (200) (220) (311) (222) (400) (331) (420) planes, referring to a
typical face-centered cubic fluorite structure matching the spectra for pure cerium oxide (JCPDS
NO. 34-0394) [165]. The characteristic peaks shifted to higher 26 diffraction angle with iron
doping and no peaks of Fe>Os was observed, suggesting the uniform incorporation of iron into
cerium oxide lattice and the formation of solid solution, thus the catalyst could be represented by
FexCe1o0-x [5, 27, 33, 166]. The absence of characteristic peaks of iron oxide could also result from

the absence of iron oxide on the surface or from crystal being too small to be detected by XRD.
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Figure 5.1. Powder X-ray diffraction patterns of (a) Co-precipitation method, (b) Solution combustion

synthesis method

The textural properties of catalysts are listed in Table 5.1; the crystal size was calculated by using
the Scherrer equation, while the unit lattice parameter was calculated by Bragg’s law using the
strongest peak (111). From Table 5.1, it is clear that CP catalysts lead to smaller crystal size than
for SCS catalysts. In addition, compared to pure ceria, iron doping results in smaller crystal size
for CP catalyst, but in much higher crystal size for SCS catalyst. Table 5.1 also shows that the
lattice parameter slightly decreases with more iron doping. This is because of the smaller iron
atoms (Fe3*-0.64 A, Fe?*-0.74 A) substituting larger ceria sites (0.97 A) in the lattice to form Ce-

Fe-O solid solution [33]. These results also indicated the incorporation of iron into ceria lattice.
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Table 5.1 Textural properties of as-derived catalysts

Catalyst Crystal size [nm] Lattice parameter Sger [m?gl]  Pore size
[A] [nm]

CeO,-CP 11.71(+0.05) 5.38(+0.0009)  73(+1.41) 2.46(+0.13)
FesCegs-CP 9.11(+0.08) 5.36(+0.0012) 87(x1.23) 3.48(x0.11)
Fe10Cego-CP 8.63(+0.04) 5.34(+0.0011) 94(+0.97)  3.49(x0.19)
Fe20Cego-CP 7.96(+0.11) 5.33(+0.0025) 87(+2.15) 5.60(+0.25)
FesoCez-CP 7.89(x0.09) 5.32(+0.0017) 65(+1.72) 3.51(+0.21)
Ce0,-SCS 13.33(+0.06) 5.39(+0.0013)  38(+0.98)  3.63(+0.09)
FesCegs-SCS 30.59(%0.05) 5.38(+0.0015) 39(£1.03) 4.61(x0.13)
Fe1Cegp-SCS  31.53(x0.13) 5.37(+0.0008) 20(+1.84) 3.66(+0.35)
Fe20Ces0-SCS 32.79(z0.07) 5.37(+0.0028) 3(+3.12)  4.56(+0.32)
Fez0Ce70-SCS 34.15(x0.06) 5.37(x0.0031) 2(£2.56)  3.82(x0.27)

As shown in Table 5.1, catalysts made by CP method reveal higher surface area than those made
by SCS method. Fe10Cego- CP and FesCegs-SCS yielded the highest specific surface area within
their preparation method, and Fe1oCego-CP showed the largest surface area (94 m2g™) among all.
Accordingly, introduction of iron enlarged the surface area of CP catalyst. For SCS catalysts, only
5% iron doping showed slight increase of surface area compared to pure CeOg, but other ratio
doping led to a surface area decrease. It was also noticed that the surface area greatly dropped with
more than 20% of iron doping, especially for SCS method. The pore diameters of both CP and

SCS catalysts are around 3-5 nm.

SEM was performed to explore the surface morphologies of catalysts. In Figure 5.2, both pictures
clearly show the nanoparticle morphologies: the CP method produced uniform spherical
morphology with some agglomeration, while catalyst made by SCS method reported a spongy

structure. The spherical morphology for CP method was a result of precipitants’ nucleation, and
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these small particles yielded higher surface area. The foamy and highly porous spongy structure is
a more unpredictable structure made from SCS method, which was due to the combustion
procedure- the reacting precursor releasing lots of gaseous products in a short time. Moreover,
these bigger openings got from this morphology can be large enough (around 250 nm diameter)
for soot particle (typical size around 25 nm) to penetrate, thus creating more contact points between

soot and catalyst particles.

Figure 5.2. FE-SEM images of (a) Co-precipitation method, (b) Solution combustion synthesis method

XPS analysis was undertaken to study the surface properties of catalysts in terms of their oxidation
state and surface oxygen vacancies. Figure 5.3 shows the Ce 3d spectra of all catalysts. The Ce 3d
spectra could be curve fitted into eight peaks corresponding to the spin-orbit splitting of Ce 3dsy2
and Ce 3ds/2, which were labelled as “u” and “v” respectively [167]. The peaks labelled as v0, v2,
v3, u0, u2, u3 with binding energy (BE) around 882, 888, 898, 900, 907, 916 eV correspond to the
Ce* species and peaks labelled as v1, ul with binding energy of 884 and 902 eV are ascribed to

Ce®" species. The analysis of XPS spectra suggested that Ceria existed as both Ce** and Ce**, but
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primarily in Ce** state. When Ce*" transferred to Ce®", an oxygen vacancies associated with Ce3*
could be generated to potentially absorb oxygen and provide it for soot oxidation. Therefore, the
existence of Ce3* becomes important to indicate the generation of oxygen vacancies [5, 33]. The
calculations of integrated peak areas were used to get a quantitative analysis of a selected element.
In this way, the ratio of Ce®" area to total area including Ce®*" and Ce** was applied to estimate the
ratio of Ce®*; the result are given in Figure 5.3. From Table 5.2, all Ce®* percentage are around
20%, CP catalysts are between 19% - 25%, and SCS catalysts are between 17% - 27%. Ce** content
has the similar trend for both CP and SCS catalysts, which is Ce®*" goes up to a maximum value
then goes down. The maximum Ce®* value for CP catalysts is 24.9% with 10% iron doping, and is
27.1% with 5% iron doping for SCS catalysts. Among all catalysts, FesCegs-SCS gives the highest
Ce** percentage, higher than FeioCeg-CP. Therefore, it can be deducted that FesCegs-SCS has the

highest concentration of oxygen vacancies.
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Figure 5.3. XPS spectra of Ce3d (a) Co-precipitation method, (b) Solution combustion synthesis method

The Fe 2p spectra in Figure 5.4 showed the characteristic Fe 2ps» and Fe 2pz/1 peaks at binding
energy of 711 and 724 eV, respectively. Two satellites peaks at 718 and 733 eV were slightly

distinguished. These peaks indicated the existence of Fe3*. The binding energy of Fe 2p decreased
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with more iron doping, further confirming that Fe3* incorporated into CeO lattice and formed a

solid solution, as shown by XRD results.
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Figure 5.5. XPS spectra of O1s (a) Co-precipitation method, (b) Solution combustion synthesis method

The O1s spectra showed two distinct peaks in Figure 5.5. The peak at higher binding energy
(~531.7 eV) referred to the surface oxygen species O,, and the peak at lower binding energy
(~529.5 eV) is attributed to the lattice oxygen Og [89]. As Fe is added into CeO, the main peak
Op shifted to higher binding energy, suggesting the chemical environment of lattice oxygen

changed due to incorporation of Fe [168]. The surface oxygen species O, are critical for soot

oxidation because they can become active and react with soot particles. The ratio of surface oxygen
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concentration to lattice oxygen concentration can be estimated by the integrated peak areas of O,
and Og, and the results are shown in Table 5.2. For CP method, O, percentage - 0,/(0,+0g)
increased to a maximum point (60%) at 10% iron doping, and then decreased. SCS catalysts
showed similar behavior, where it reached a maximum value (64%) at 5% iron doping ratio.
Among all, FesCegs —SCS led to the highest surface oxygen concentration. These results agree well

with concentration percentage of Ce®*.

Table 5.2. Curve fitting results of Ce3d and O1s on obtained catalysts

Catalyst Preparation method Ce** content [%] O, content [%] Isos/l4s3

CeO, CP 20.1 31.5 0.023
SCS 24.5 33.3 0.028
FesCegs CP 19.7 32.8 0.037
SCS 27.1 39.0 0.032
FewCesp CP 24.9 37.5 0.029
SCS 20.4 33.8 0.029
FexoCeg CP 214 355 0.028
SCS 17.1 29.1 0.021
FexCen CP 20.5 33.3 0.013
SCS 16.9 28.1 0.011

The Raman spectroscopy was conducted to study the oxygen vacancies and active sites within
the catalysts. Figure 5.6 shows the Raman spectra of FexCe1oo-x catalysts made by CP and SCS
methods. The prominent band at ~463cm™ could be assigned to the first order scattering F2g
symmetric oxygen active mode around Ce** with a CeO; fluorite structure [54], which is in
agreement with the XRD and XPS results. All catalysts spectra are identical to that of pure CeOo,
further indicating that iron has been incorporated into the CeO> lattice. Compared to the Raman

spectra of pure CeO., the F2g band shifted to lower frequency and broadened with an increase in
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iron doping, suggesting the lattice distortion due to the incorporation of iron into CeO. fluorite
lattice [96]. The intensity (1) of Raman spectra decreased with increasing iron doping, indicating
the structure change due to Fe incorporation and lower ceria content [33]. No peaks of Fe;O3
were observed, which is possible due to the much weaker bands of Fe>O3than CeO, and the
formation of solid solution. Two weak bands at ~261 and 596 cm™* were characteristic bands of
second order scattering, which can represent the oxygen vacancies in the lattice [29]. The low
intensity of oxygen vacancies showed in Raman spectra was because the sample was not

outgassed, the intensity would be higher if the sample was outgassed at high temperature [166].
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Figure 5.6. Raman spectra of (a) Co-precipitation method, (b) Solution combustion synthesis method

The 596 cm™ band exhibits the oxygen vacancies caused by Ce®*, thus the value of Ises/ls3 (as
shown in Table 5.2) becomes important to evaluate the oxygen vacancies or amount of defects

in the catalysts. Catalysts made by the two methods (CP and SCS) showed similar trend of
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Isos/l1263 With increasing iron content, that is rise first to reach a maximum and then drop down.
This is because Fe prefers to occupy Ce sites in CeO», thus the oxygen vacancy concentration
increases with more Fe doping. But when the amount of Fe exceeded a critical value, Fe turned
into interstitial in CeO lattice, thus decreasing oxygen vacancy concentration [169]. The results
showed that FeioCego-CP and FesCegs-SCS reached optimum Ises/lses value within their

preparation method. FesCegs-SCS obtained the maximum lIsee/lss3 Vvalue, indicating highest

0Xygen vacancies.

a y /“\

\
%ﬁiﬁ“

Fe Ce,

e o

CeQ,

Intensity /a.u.

T T T T T
200 400 600 800 1000

Temperature | °C

Intensity / a.u.
E
|
o
L

T T T T T
200 400 600 BOO 1000

Temperature | °C

Figure 5.7. H>-TPR results of (a) Co-precipitation method, (b) Solution combustion synthesis method

H>-TPR was applied to investigate catalysts’ reducibility. As shown in Figure 5.7, pure CeO- had
two main Hx consumption peaks. The peak at lower temperature (500°C for CP and 440°C for
SCS) corresponded to reduction of surface oxygen of ceria, and the other peak at higher
temperature (~750°C) is attributed to reduction of bulk oxygen of ceria. Pure CeO2 made by SCS

method had a better reducibility than that prepared by CP method. For Fe-doped ceria CP catalysts,
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the reduction peak of surface oxygen shifted towards lower temperature with increase of Fe
doping, indicating that the Ce-O bond weakened and the mobility of surface oxygen improved.
For SCS catalysts, the peaks of surface oxygen reduction shifted to lower temperature with 5%
and 10% Fe doping (378°C and 384°C, respectively). But when the doping ratio was higher than
20%, the peak shifted to higher temperature and remained similar to pure CeO2, meaning that
reducibility can only be improved by low Fe doping (<10%). Additionally, these peaks of surface
oxygen reduction for both CP and SCS catalysts were broader and with higher intensity as more

Fe is incorporated.

However, the temperature of bulk oxygen reduction remained almost unchanged for CP and SCS
catalysts. This is because lattice oxygen needed to be transferred to the surface before being
reduced, and adding Fe did not change the reducibility of bulk oxygen. . It is noticed that the peaks
of SCS bulk oxygen reduction became higher and broader when increasing Fe doping, suggesting
that more releasable lattice oxygen could be transferred to surface oxygen [22]. For FezoCego-CP
and FezoCe70-CP, an additional peak around 550°C was observed, which could be attributed to
reduction of iron oxide species. According to the literature, Fe.Os normally showed two steps
reduction: Fe2Osto FesO4 around 385-425°C and FesO4 to Fe at 590-745°C, respectively [29].
Hence, the additional peak shown on FexoCesgo-CP and FeszoCero-CP catalyst could be assigned to
the iron oxide reduction. This means that some isolated iron oxide species can exist when Fe
doping ratio is above 20%. The reason for XRD not detecting single phase iron oxide was because
of the very limited amount of these iron oxide and XRD only detect the surface properties, but iron
oxide could be inside the crystal structure. Herein, for higher ratio of iron doping, the CP catalysts

had co-existence of solid solution and some iron oxide phase. But for SCS method catalysts, no
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reduction peak of iron oxide was observed, which might be due to the absence of iron oxide or not

detecting the limited amount of iron oxide.
5.4.2. Activity study

TGA experiments were carried out to investigate the catalyst activity for soot oxidation. Tight
contact condition was used to study the influence of iron doping ratio and morphology on catalyst
activity. The result of soot conversion as a function of temperature is shown in Figure 5.8. Tight
contact condition was used to explore the intrinsic activity of the catalysts because soot and
catalysts were ground together to produce more contact points [63]. The activity of catalyst is
evaluated by the ignition temperature (T10-the temperature at 10% conversion of soot) and
combustion temperature (T50-the temperature at 50% conversion of soot). T10 and T50 for tight
contact condition are summarized in Table 5.3. For comparison, non-catalytic soot oxidation was

also conducted at the same reaction conditions.
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Figure 5.8. Soot conversion of tight contact condition: (a) Co-precipitation method, (b) Solution

combustion synthesis method

From Figure 5.8, it is obvious that soot oxidation temperatures decreased significantly when
adding catalyst compared to non-catalytic soot oxidation. Different iron doping ratios and

morphologies have distinct effects on catalyst activity. CP and SCS catalysts showed similar trend
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of T10 and T50 with different iron doping ratio, which decreased first to a threshold then began to
increase. The minimum temperature in T10 and T50 for CP catalysts are T10~328°C and
T50~378°C with 10% iron doping, and for SCS catalysts, they are T10~324°C and T50~372°C
with 5% iron doping. It is noted that when doping ratio exceeded 20% for SCS catalysts, the
catalyst activity greatly reduced (decreased by about 70°C). Comparing CP to SCS catalysts, it is
interesting to find that SCS catalyst performed better than CP catalyst with low Fe doping (<5%)
despite their lower surface area. However, this situation changed when Fe content increased from
10% to 30%, CP catalysts became better performing than SCS catalysts of the same composition.
This makes the surface area not the determining factor for catalytic soot oxidation. Although this
reaction is surface sensitive, what matters most is the contact between solid soot and catalyst
particles, making the available surface for contact points become important. As seen from Table
5.1, the pore size of CP and SCS catalysts are around 3-5 nm, which is too small for soot particles
(around 25 nm) to go through. Although SCS catalysts had a spongy structure with lower surface
area, many openings (~250 nm) resulted from the combustion process could easily let soot particles
penetrate in to increase the contact points and possibly provide more absorbed oxygen to the
contact points and facilitate the oxygen diffusion through the catalyst [63]. But when the iron
content exceeds 20%, the BET surface area for SCS catalysts degrade significantly (only 2-3 m?g"
1. This makes the available contact points become very limited, resulting in a reduced activity

performance.

Table 5.3. T10 and T50 for catalysts in tight contact condition

Tlght Ce0Os FesCegs Fe1oCeqo Fe,oCeso FesoCero Printex-U
T10-CP(°C) 335.8+1.2 3424428  328.1+19  329.3+16  333.1+35 581+2.3
T10-SCS(°C) 328.7+25 323.6+1.7 336.0+1.2 396.8+2.4  400.9+3.7 581+2.3
T50-CP(°C) 393.140.7 400.241.3  377.5+2.0 388.5+1.1 396.44+1.0 649+3.1
T50-SCS(°C) 376.2+2.0 371.5+0.8 387.5+1.8 472.8+1.9  476.1+2.3 649+3.1
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XRD results showed that Fe was successfully incorporated into CeO: lattice for both CP and SCS
catalysts. For CP catalysts, the crystal size decreased with introduction of iron, implying that iron
incorporation could inhibit crystal growth. In this way, the smaller crystal size and higher surface
area can benefit oxygen diffusion and increase contact points. On the contrary, XRD pattern
showed that crystal size grew with more Fe doping for SCS catalysts. Crystal growth can be an
obstacle for good catalytic performance. The spherical structure of CP catalysts (shown in SEM

image), resulting from the nucleation of the precipitates, can explain their higher surface area.
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Figure 5.9. Relation between Ce®* percentage and T10, T50

XPS results indicate that 10%-CP and 5%-SCS iron doping had the highest Ce*" and O, ratios on
the surface among their own preparation method, which meant that the oxygen vacancies were
maximized at these ratios. The trend of Ce3* and O, ratio follows the trend of T10 and T50, and
hence follows the catalyst activity. Raman results and Isee/l463 Values further confirmed oxygen
vacancies, and Fe1oCego-CP and FesCegs-SCS showed highest oxygen vacancies within their own
preparation method. Figure 5.9 shows the relation between Ce3* percentage and T10, T50. It is
noticed that the activity (trough T10 and T50) is really directly dependent on Ce®*, irrespective of

the preparation method. The ratio of Ce®* can represent the availability of oxygen vacancies [54]
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as it is reported that higher Ce®*" concentration indicates more oxygen vacancies on the catalyst
surface [22, 85, 104]. Therefore, oxygen vacancies on the surface is found to be the determining
factor for catalyst activity. With more Ce®" or oxygen vacancy concentration, both T10 and T50
decreased in a similar fashion. Figure 5.9 shows that there is a threshold of around 20% Ce®",
below which the catalyst activity rapidly deteriorates with further decreasing Ce®" content, as
indicated by the sharp drops in T10 and T50 at low Ce3* content (T50: 476 to 393°C). The samples
with low Ce3* also correspond to the lowest BET surface area (2-3 m?g?), which could also
contribute to the lower activity. However, because the catalytic soot oxidation involves contact
between two solids, the BET surface area is less likely to play the most important role. Thus, the
lower activities associated with Fe2oCego-SCS and FezCezo-SCS are attributed more to the low
Ce** content than the low BET surface area. Above 20% Ce®', T10 and T50 would still decrease
with increasing Ce3* content, but at a much reduced rate (T50: 393 to 372°C). This meant that Ce®*
content, and hence oxygen vacancy, has a great influence on catalyst activity. More oxygen
vacancies facilitate adsorbing more oxygen species from gaseous oxygen, which then diffuse
through the crystalline structure to the contact point between soot and catalyst and oxidize soot.
Due to the existence of Ce®*" and Ce**, the reaction proceeds through redox mechanism. According
to the mechanism study by Zhang et al. [29], redox cycle between Fe?* and Fe®** also participates
in this soot oxidation and formed Fe-O-Ce bond, suggesting a synergetic effect of Fe and Ce
interaction. When Fe®* provided one O to oxidize soot, Fe3* became Fe?*. The Ce*" on the
neighboring site can supply one O to Fe?*, changing it to Fe3* through the reduction of Ce** to
Ce®*. Then absorbing one O from bulk could oxidize Ce®** to Ce** again. The oxygen species are
transferred within the catalyst lattice to reach the interface between soot and catalyst. The as-

derived catalysts have different crystal structures due to various ratios of iron doping, which can
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cause lattice distortion and surface defects, thus changing the bond between Ce and O and creating
some oxygen vacancies on the catalyst surface. This is the reason why certain ratios of iron doping

can improve the catalyst activity.

H>-TPR results showed that 10%-CP and 5%-SCS led to the highest reducibility, and therefore,
highest activity, which is in agreement with XPS and Raman results. For SCS catalysts with iron
doping, more bulk oxygen becomes releasable and can be more easily transferred to surface
oxygen and oxidize soot. This makes the diffusion of bulk oxygen very important for SCS
catalysts. However, for CP catalysts, the bulk oxygen reduction peaks were almost unchanged,

implying that the Fe doping does cannot influence the bulk oxygen reduction.

Herein, the different activities of the as-produced catalysts were due to their different
morphologies, lattice distortion and changed surface properties based on various iron doping.
When the Fe doping ratio was lower than 5%, SCS catalysts showed better activity towards soot
oxidation regardless of their low BET surface area. This is due to their porous structure, high
surface oxygen vacancy concentration and better reducibility of surface oxygen. However, when
the Fe doping ratio exceeds 10%, CP catalyst performed better, which can be attributed to their

relative higher surface oxygen vacancies.

The activation energy (Ea) of 10% Fe doped ceria catalyst made by SCS method was calculated
based on ETEM and TGA results. It was found that the two activation energies were very different,
35 kJ/mol and 109 kJ/mol for ETEM and TGA, respectively. An important difference between
ETEM and TGA analysis is that in the ETEM, the focus was on a few particles that were well

contacted with clear observable movement (i.e. particles with high reaction rate). On the other
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hand, for TGA, the results represent the oxidation of the entire particles bed where soot/catalyst

particles were reacting at different rates.

5.5. Summary

Distinct morphologies of iron doped ceria catalyst with different Fe doping ratios were prepared
by co-precipitation and solution combustion methods, for catalyzing soot oxidation. It was
confirmed by XRD that iron was incorporated in the cerium oxide lattice, which formed a solid

solution. The main conclusions of this study are:

e lrrespective of the fabrication method, the most important parameter that dictates the
reaction activity (e.g. T50) is the Ce®* content, which is closely related to the content of oxygen

vacancies.

e The activity increases notably when Ce®" content increases up to 20% (T50 from 476°C at
17% Ce** down to 393°C at 20% Ce%*). Above 20% Ce*" content, the activity increases

moderately (T50 of 372°C at 27% Ce®*).

e For both fabrication methods, there is an optimum Fe content that gives the highest activity.

For SCS catalyst, the optimum Fe content is 5%, and for CP catalyst, it is 10%.

e The pore size is mostly about 3-5 nm (both CP and SCS), which is much smaller than the
25 nm soot particles used here. This is why, although the BET surface area is greater for CP

than SCS, it has only moderate effect on the activity.
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e The catalyst preparation method has a profound impact on the catalyst morphology. The
CP catalyst shows dense spherical morphology, whereas the SCS catalyst has a spongy
structure with large openings, around 250 nm, which can be large enough for soot particles to
penetrate in and contact with the catalyst. Therefore, it can be anticipated that more soot

particle can deposit on the SCS catalyst.
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Chapter 6: Investigation of the Stability of Ceria-based Catalysts

6.1. Overview

As poor stability of CeO: catalysts has become the major obstacle on their wide application on
DPF, it is necessary to develop stable catalysts towards soot oxidation. In this study, different
ratios of Samarium (Sm) were doped into CeO lattice to improve catalyst stability. The stability
was investigated by recycling the catalyst, mixing it with soot again and repeating running TGA
tests for seven times. It was found that doping 5%, 10% and 20% samarium into CeO lattice can
improve the catalyst stability, but at the price of losing some activity. With increase of Sm doping,
the catalyst became more stable. Considering stability and activity together, 10% Sm-doped
catalyst showed best compromise between stability and activity. Ce** and O, played the most
important role in controlling catalytic soot oxidation activity, because they are directly related to
oxygen vacancies and oxygen storage capacity of the catalyst. Sm-doped catalysts showed
minimum decrease in Ce®* and O, content between fresh and spent catalysts. In addition, crystal
growth is not considered as the most important parameter for catalyst deactivation. Finally,
although addition of Fe on 20% Sm-doped ceria catalyst did improve the activity in early cycles,

it showed poor stability.
6.2. Introduction

Ceria has already been widely studied towards soot oxidation because of its excellent redox
properties and oxygen storage capacity (OSC). Previous studies have shown that metal-doped ceria
can further improve the activity of ceria-based catalysts [22]. In Chapter 5, the activities of iron

doped ceria catalysts at different doping ratios were investigated. It was found that 5% iron doping
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prepared with SCS performed best due to its highly reactive Fe-O-Ce sites. Chapter 5 reported on
the reactivity of fresh catalysts, but not on catalyst stability, which is the focus of the present

chapter.

It was reported that the active sites, crystal structures and surface properties of ceria-based catalysts
could change during the reactions, resulting in poor stability of ceria-based catalysts [121]. All
studies agreed that pure CeO2 shows poor stability for soot oxidation, which has become a major
obstacle for the wide application of ceria-based catalysts [34, 121-123]. Liang et al. [121] have
studied the thermal stability of CeO, for soot oxidation by aging the catalyst at 800°C for 20 hours
in air. They found that the temperature corresponding to the maximum rate for CO2 production
with aged catalyst increased by about 60°C compared to fresh catalyst, because of the highly
reduced surface area and sintering. Aneggi et al. [34] observed that aging CeO; catalyst at 750°C
for 12 hours in air decreased its activity for soot oxidation as it lost oxygen storage capacity. Liu
et al. [122] investigated the deactivation of CeO: for soot oxidation through isothermal conditions
at 300 and 350°C; they found that deactivation occurred at isothermal conditions and became more
severe at higher temperature. The main reported reason for deactivation is inefficient O3
formation. Corro et al. [123] tested the stability of CeO. towards soot oxidation during 6 cycles

and found a slow and continuous deactivation of CeO-.

Therefore, the stability of CeO. based catalysts for soot oxidation needs to be improved. Many
studies have looked at the incorporation of metal dopants into CeO: lattice to improve stability, as
described next. Wu et al. [8, 41, 44, 102] added BaO or Al>QOz into transition metal (Mn, Cu) doped
CeO- to improve its thermal stability. They found that these metals could improve the thermal

stability after aging at 800°C for 24 hours in air because they hinder crystal growth. Aneggi [34]
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and Liang et al. [121] incorporated ZrO; into Fe-Ce and Cu-Ce mixed oxides and found enhanced
thermal stability due to the formation of stable solid solutions. Gao et al. [124] have aged Nd-
Ag/CeO, catalyst at 700°C for 48 hours under 1%02/10%H20/N2, revealing Nd could prevent
crystal growth, thus improving thermal stability of Ag/CeO». Xiong et al. [125] have added Y and
La into Zr/CeO- catalyst and aged it from 700 to 1000°C. The catalyst activity remained stable
below 800°C but decreased significantly above 900°C. Zhang et al. [126, 127] investigated the
influence of thermal stability by adding Y into MnOx-CeO- and introducing Al, La, Y, or Zr into
Pt/MnOx-CeO: after aging at 800°C for 12 hours in air. They observed that incorporation of
dopants can prevent the sintering and slow down crystal growth. Peralta et al. [79, 128] introduced
Ba into alkali metals-modified ceria such as K/CeO. and obtained good thermal stability as no
deactivation was observed after aging at 800°C. Noble metals, such as Ru, have also been
investigated as dopant to successfully improve ceria-based catalyst stability after aging at 800°C
in O2 [129]. Although all the studies described previously investigated stability through accelerated
thermal aging, only a few studies investigated stability through more realistic, albeit more
cumbersome, soot oxidation cycles [92, 130-132]. La loaded on CeO,-ZnO (5 cycles) [132], K
added into CeO2 (3 cycles) [130], co-doping of Ag and Mn into CeO- (3 cycles) [131] and Au
doped Ceo.sZro202 (3 cycles) [92] all showed enhanced stability of ceria-based catalysts for soot
oxidation. These studies identified that resistance of sintering and crystal growth, ability of CO>
desorption, and oxygen species replenishment are important roles for catalyst stability on soot

oxidation.

Stability of ceria-based catalysts have also been investigated for applications other than soot

oxidations [133, 134]. One family of applications relates to catalytic combustion of different gases.
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Dai et al. [135] investigated the stability and deactivation of CeO: catalyst and found that T50
increased from 165°C to 325°C after nine cycles of trichloroethylene combustion. Zhang et al.
[136] studied Al Zr, La, or Y doped Pt/MnOx-CeO stability toward NO oxidation after aging, and
observed that modified ceria catalyst showed better activity. Han et al. [134] investigated the
stability of ZrO.-doped CeO»-based catalyst for toluene combustion, revealing that ZrO» can
stabilize the surface active structure, thus improving stability. Polychronopoulou et al. [137]
investigated Sm2>03/CeO; catalysts for CO oxidation, finding that adding Sm can significantly
improve the thermal stability of conventional CeO; catalyst. Mandal et al. [138] have demonstrated
enhanced stability of Gd-Sm-CeO- for benzyl alcohol oxidation. Another important family of
applications using ceria-based catalysts is solid oxide fuel cell (SOFC) (and its reverse operation
solid oxide electrolysis, SOEC) for intermediate temperature (650-750°C). The main ceria-based
material investigated for SOFC and SOEC are samarium doped ceria (SDC) [139, 140] and
Gadolinium doped ceria (GDC) [133, 141]. Sm and Gd were added essentially to stabilize ceria
during operation at high temperature, while achieving good oxygen ion conductivity, as they can

inhibit crystal growth and prevent sintering [147].

From the above literature review on stability of ceria-based catalyst, it is somewhat surprising to
see almost no studies on samarium doped ceria despite proven long-term stability at high
temperatures (750-850°C) in SOFC/SOEC. Granted, SDC in SOFC/SOEC has a different purpose
(electrolyte to transport oxygen ion) than it would have in soot oxidations. Yet, SDC should be a
promising stable catalyst for soot oxidation because of its thermal stability at high temperature.
Very few papers studied Sm as dopant to ceria for soot oxidation. Liu et al. [93], using loose
contact condition, studied activity and thermal stability (calcination at 800°C for 20 hours) of a

20% Sm-doped ceria catalyst prepared through microwave assisted heating decomposition.
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Sudarsanam et al. [142] carried out a similar study, except under tight contact condition and with
co-precipitation catalyst preparation method. Both reported increase in combustion temperatures
after aging, but are not conclusive regarding actual catalyst stability. Anantharaman et al. [143]
did not investigate catalyst stability, but studied the effect of Sm content on soot oxidation
reactivity for Sm-doped ceria catalyst prepared by EDTA-citrate method; they found that 10% Sm

doping performed best on a fresh catalyst calcined at 600°C for 5 hours.

The present study aims at developing an optimum ratio of Sm doping into CeO> catalyst to improve
catalyst stability for soot oxidation. Therefore, in this chapter, different ratios of Sm doping were
investigated, along with its influence on catalyst surface properties and activity. Characterizations
were performed to understand surface and crystal properties of catalyst. Seven repeating reaction

cycles were used to study the activity and stability of Sm-doped CeO: catalyst.

6.3. Experimental procedures

6.3.1 Preparation of the catalysts

Smy/Ce1x (X = 0.05, 0.10 and 0.20 in percent molar ratio) catalysts were obtained by SCS
preparation method. An aqueous solution of Samarium nitrate nonahydrate (Sigma-Aldrich, CAS:
13759-83-6, 99.999% trace metals basis), cerium nitrate hexahydrate (Sigma-Aldrich, CAS:
10294-41-4, 99.999% trace metals basis) and glycine (Sigma-Aldrich, CAS: 56-40-6) in a
stoichiometric ratio was prepared under vigorous stirring at 90°C to form a gel. Then, the gel was
combusted on a heating plate. The combustion procedure was fast, producing nano powders
(around 20 nm). The resulting samples were then calcined at 500°C for 5 hours. CeO,-SCS catalyst

was developed using a similar procedure.

83



6.3.2 Catalysts’ activity and stability tests

TGA was used to test the catalyst’s activity for soot oxidation through a TA Instrument Q500
apparatus. Printex-U carbon black was used as model of soot. Catalyst and soot particles were
weighted at a ratio of 9:1 and then mixed by grinding them for 10 minutes in order to obtain tight
contact condition [29]. For the first cycle of TGA test, a weighted amount of 40 mg sample was
pre-treated at 150°C under 60 mL/min nitrogen for 30 min to remove water. Then, the sample was
heated up to 600°C under 40 mL/min air with a heating rate of 10°C/min. The thermogravimetric
curves were obtained by continuously recording the mass change, along with increased
temperature. The catalyst’s activity was evaluated by T50. T50 is the combustion temperature,

identified as the temperature when 50% of soot is oxidized [4, 5, 63, 150].

The stability tests were performed through several soot oxidation cycles using the same catalyst.
One cycle is defined by a step of mixing soot and catalyst particles, followed by a step of soot
oxidation in the TGA. Once the first cycle soot oxidation reaction was completed, the remaining
catalyst was collected and re-mixed with soot particles again under tight contact condition with
the same weighting ratio of 9:1. TGA test was run again with the newly mixed sample. This
procedure was repeated for several cycles. Note that after each cycle, it was inevitable that some
amount of catalyst is lost (mostly during the mixing step where several particles stick to the mortar
and pestle). This means that for a given amount of fresh catalyst there will be a maximum number
of cycles that can be investigated; for example, with our typical 36 mg of fresh catalyst (with 4 mg

of carbon), it was hardly possible to go beyond 7 cycles.
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6.3.3 Characterization of the catalysts

X-ray powder diffraction (XRD) analysis was performed on X-ray powder diffractometer (German
Bruker D4 (40 kV, 30 mA), with position-sensitive detector and CuKa radiation). The XRD
patterns were recorded in steps of 0.01° with a scanning rate of 5°/min from 5° to 85°. The
diffraction peaks were indexed according to the Powder Data File database (PDF 2004,
International Centre of Diffraction Data, Pennsylvania). Specific surface areas were measured by
means of N2 adsorption-desorption isotherms using a Beishide 3H-2000PS2 static volumetric
method analyzer. Catalysts’ surface areas were evaluated by the Brunauer-Emmett-Teller (BET)

method.

The morphologies, microstructures and elemental compositions of the obtained catalysts were
characterized by a Field-emission scanning electron microscope (FE-SEM, Zeiss MERLIN with

Gemini-1l column).

X-ray photoelectron spectroscopy (XPS) measurements were carried out on ESCALab220i-XL
electron spectrometer (VG Scientific Ltd, UK) with 300 W AlKa X-ray source equipment to
investigate the oxidation states of cerium and iron, and availability of oxygen on catalyst surface.
The calibration of binding energy was conducted by using C1s peaks at 284.8eV. Spectra-fits were

performed with Gaussian-Lorentzian functions by using CasaxXPS software.

The Raman spectra of the catalysts were measured on a Renishaw InVia micro laser Raman
spectrometer (Renishawplc, Wottonunder-Edge, UK) with a 4mW Ar+ laser source (Aex = 532nm)
with a cooled CCD detector at room temperature to differentiate chemical structures. The

acquisition time was 60s and the scanning range was 200-800cm™.
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6.4. Results and discussion

6.4.1 Fresh and spent catalysts characterizations

The crystalline structures of catalysts were studied by XRD. Figure 6.1 presents the XRD pattern

of fresh and spent Sm-doped CeO- catalysts, as well as pure CeO. for comparison. All XRD
patterns show similar main diffractions peaks, which can be attributed t0 (111) (200) (220) (311)

(222) (400) (331) (420) planes. These peaks refer to typical cubic fluorite structures of pure CeO>
[165]. No peaks referring to Sm>0O3 were found, even for 20% SDC, meaning that no individual
Sm>0s3 crystal structure was detected, indicating that the Sm forms a solid solution in ceria lattice.
For fresh catalysts, when increasing the Sm doping ratio, the characteristic peaks shifted to lower
20 diffraction angles, further suggesting that Sm was incorporated into CeO; lattice and formed
solid solution. The unit lattice parameters were calculated by Bragg’s law using the strongest peak
(111), and the crystal size was calculated by Scherrer equation. With an increase in Sm doping,
the lattice parameter (as shown in Table 6.1) tends to increase, because of the larger Sm atoms
(1.07 A) substituting smaller ceria atoms (0.97 A) in the lattice, thus resulting in lattice expansion

[170].

As seen in Table 6.1, comparison of fresh and spent catalysts shows that the lattice parameters of
spent catalysts slightly increased compared to fresh catalysts with the same doping ratio. Although
those increases are very small, the trend is clear that the change in lattice parameters decreases as
the amount of Sm increases: for pure ceria, 5%, 10%, and 20% Sm, the differences in lattice
parameters between fresh and spent catalysts are 0.013, 0.006, 0.004 and 0.003 A. Although for
fresh catalyst, the crystal size clearly increases as the amount of Sm increases (from 12.3 nm for

pure ceria to 13.6 nm for Smo 2Cegs), such clear trend is not observed for the spent catalysts where
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the crystal size seems to converge for a size range between 13.5 and 14.5 nm. The spent catalysts
always showed higher crystal size than the fresh one, indicating that there is an increase in
crystallinity after several cycles of reactions on the catalyst. For all spent catalysts, Smo.1Ceo.9

showed a notably lowest crystal size.
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Figure 6.1. XRD results of fresh and spent catalysts after 5 cycles of reactions a) CeO>, b) Smg ¢sCeo.95, C)

Smo.1Ceo, d) Smo2Ceos

The BET surface areas for Sm-doped ceria catalysts are listed in Table 6.1. For the fresh Sm-doped
catalysts, except Smo.1Ceo., they all have a surface area of 41- 42 m?gt, which is lower than that
for fresh pure ceria (45.5 m?g™t). Fresh Smo.1Ceo obtained the highest BET surface area of 48 m?g"

1
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When comparing fresh and spent catalysts, the BET surface area of pure CeO> decreased the most
(from 45.5 to 40.9 m?g™). Sm-doped CeO catalysts also showed a slight decline in BET surface
area (2-4% loss) regardless of the doping ratio. Interestingly, with the exception of Smg.1Ceo all
other spent catalysts, including pure ceria, have similar surface area, around 40-41 m?g™. There
seems to be something particular for Smo.1Ceo.9, which had the highest surface area for both fresh
and spent catalysts. Note that this catalyst also stood out, having the lowest crystal size after several
cycles. Since the catalysts for XRD and for BET characterization were made from different
batches, it indicates that Smo.1Ceo.9 presents interesting properties, which cannot be attributed to
experimental error.

Table 6.1. Texture results of Sm-doped ceria fresh and spent catalysts (after 5 cycles). Percentages for spent

catalysts indicate relative change compared to fresh catalysts.

Catalyst Crystal size [nm] Lattice parameter [A] Sger [M?g?]
CeO-fresh 12.33 (x0.09) 5.405 (+0.0018) 45.5 (+1.57)
Smo.0sCeo.gs-fresh 12.43 (£0.19) 5.424 (+0.0075) 42.2 (£0.99)
Smo.1Ceoq-fresh 11.89 (+0.17) 5.432 (+0.0028) 48.3 (+0.78)
Smg2Ceos-fresh 13.61 (+0.06) 5.442 (+0.0014) 40.9 (+1.94)
CeOz-spent 14.52 (x0.13)/ +17.8% 5.418 (+0.0015) 40.9 (+1.43)/ -10.1%
Smo 0sCeo g5-spent 14.71 (+0.07) / +18.3% 5.430 (+0.0015) 40.5 (+0.75)/ -4.0%
Smo1Cepg-spent 13.33 (+0.11)/ +12.1% 5.436 (+0.0032) 46.2 (+2.36)/ -4.3%
Smg.2Ceo.s-spent 14.26 (£0.12)/ +4.8% 5.445 (+0.0087) 40.2 (£1.52)/ -1.7%

SEM was used to study surface morphologies of the produced catalysts. Figure 6.2 shows the SEM
images of all fresh and spent catalysts. All fresh catalysts have spongy structures with large
openings, which are due to their fast combustion reaction during SCS. The main effect of Sm
doping on the catalyst morphology is to increase those openings. However, all spent catalysts lost

the spongy structure and tend to agglomerate, to have in the end very similar morphologies.
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Figure 6.2. SEM images of all fresh and spent catalysts after 5 cycles. a) CeO2-fresh; b) Smg ¢sCeo.gs-fresh;
c) SmgiCeoo-fresh; d) Smg.Ceos-fresh; €) CeO»-spent; f) SmoosCeoss-spent; g) SmoiCeog-spent; h)

SmgoCegs-spent.
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XPS was used to detect different oxidation states of each element. Figure 6.3 is the XPS spectra
of all catalysts regarding their Ce3d and O1s spectra. Ce3d spectra can be split into 8 peaks for
detailed analysis. The peaks labeled with “u” and “v”” correspond to the spin-orbit splitting of Ce
3d5/2 and Ce 3d3/2, respectively. The peaks vO0, v2, v3, u0, u2, u3 are the characteristic peaks for
Ce* species and peaks noted with v1, ul correspond to Ce3* species [29]. It is clear that ceria
exists primary as Ce** for each catalyst, with the coexistence of some Ce®*. Since oxygen vacancy
is generated when Ce*" is reduced to Ce®, it is crucial to calculate the Ce** percentage in order to
evaluate the generation of oxygen vacancy on the catalyst surface [5, 33]. The calculations of
integrated peak areas can be used to quantitively analyze XPS results. The ratio of Ce®" was
calculated by dividing the peak areas of Ce®* by the total peak area. Table 6.2 shows the results of
Ce®" percentage for fresh and spent catalysts. For fresh catalysts, it is found that adding Sm into
CeO:, lattice decreases the Ce3* percentage (about 15-17%) from that in pure ceria (24%). 5% and
10% Sm doping possesses similar Ce3* percentage (~17.3%) and 20% Sm-doped catalyst has the

lowest Ce3* percentage (15.3%).

Table 6.2 indicates that Ce®" percentage of spent catalysts decreases when compared to fresh
catalysts. Pure CeO, in particular, showed a significant Ce* percentage decrease, from 23.8 % to
13.8%, that is, it changed from the highest percentage to the lowest one. However, Sm-doped
catalysts showed lower decrease (1% for 5% doping and 0.7% for 10% doping). The Ce3"
percentage for the Smo2Ceog catalysts only decreased by about 0.4%. Those results suggest that

Sm help establishing a more stable catalysts’ surface, at least in term of Ce3* content.

The O1s spectra were curve fitted into two peaks, including lattice oxygen Og at a lower binding

energy of 529.5 eV and surface oxygen species O at a higher binding energy of 531.7 eV [89].
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The concentration of Oy is critical to evaluate oxygen storage capacity (OSC) and potential active
oxygen for soot oxidation. The ratio O« / (Oat+ Og) was calculated by dividing the peak areas of
O by the total peak areas, whose results are shown in Table 6.2. This table shows that, for fresh
catalysts, Sm doping up to 10% marginally decreases the O, ratio (from 39.5 down to 39.1%).
However, the decrease in O, ratio is more pronounced for 20% Sm doping (O, ratio of 34.2%).

The results regarding O, ratio are in agreement with that of Ce3* percentage.

Regarding spent catalysts, the Oq ratio of pure CeO. dropped significantly compared to that of
fresh CeO- catalyst (from 39.6% to 29.5%) and became the lowest among all spent catalysts. On
the other hand, the O« percentage for 5% and 10% Sm-doped ceria catalysts decreased by less than
2% point. Finally, the 20% Sm-doped catalysts did not show decrease in O« content, although its
final value is still lower than for the other two Sm-doped ceria catalysts. Those results suggest that

Sm doping, reduces considerably the loss in surface oxygen after several cycles.
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Figure 6.3. XPS results of a) Ce3d of fresh catalysts, b) Ce3d of spent catalysts, ¢) O1s of fresh catalysts,

d) O1s of spent catalysts

Table 6.2. Ce* percentage and O, percentage

Catalyst CeO, SMmo.0sCeo.95 Smo.1Ceo.o Smo.2Ceos
Ce® (%)-fresh 23.8 17.2 17.3 15.4
Ce® (%)-spent 13.8 16.2 16.6 15.0

Ou(%)-fresh 39.6 39.1 39.2 34.2
Ou(%)-spent 29.5 37.4 37.6 34.2

Raman spectra of Sm-doped CeO: catalysts are depicted in Figure 6.4. The dominant band around
463 cm™ correspond to the F2g symmetric oxygen mode within a CeO> cubic fluorite structure,

which is in agreement with XRD results [142]. With the increase of Sm doping ratio, the F2g band
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shifted to lower frequency due to the cell expansion in the catalysts. No peaks of Sm>0s3 (~375 cm”
1y were found, reinforcing that Sm-Ce forms a solid solution [138]. The weak peak around 596 cm-
! represents the surface defects including intrinsic oxygen vacancies cause by Ce®" in the lattice
[29]. The peak around 554 cm™ refers to the extrinsic oxygen vacancy created by Sm3* substituting
Ce*, in order to maintain charge neutrality [171]. With an increase in Sm doping, the peak
intensity at 554 cm™ becomes stronger, indicating that more Sm3* associated oxygen vacancies are
created. The ratio Iss4/lses represents, therefore, the ratio of oxygen vacancies originating from
Sm** over that from Ce?*. Results pertaining to the Iss/lsgs ratio are shown in Table 6.3. For fresh
catalysts, as expected, incorporation of Sm increases the Iss4/lsos ratio. Note that for spent
Smo2Ceos, this ratio is above 1, indicating more oxygen vacancies from Sm** than from Ce®",

whereas it is the opposite for Sm content below 10% (values of the Issa/lsge ratios below 1).

After five cycles of reactions, the Iss4/lsge ratio for all catalysts further increased (by about 0.1).
This indicates that after several cycles, the relative amount of oxygen vacancy correlated to Sm3"
increases (and its corollaire, that the relative amount of oxygen vacancy correlated to Ce®*
decreases). The peak intensity of the Raman spectra increases, in all cases, after 5 cycles, possibly
due to the increase in crystal growth, which is in agreement with XRD results. Another reason

could be lattice distortion of spent catalysts leading to resonance with inlet Ar* laser source.
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Figure 6.4. Raman results of fresh and spent catalysts after 5 cycles of reactions a) CeO, b) Smo.0sCeo.95, C)

Smo.1Ceo, d) Smo2Ceos

Table 6.3. Iss4/ls6 0of Raman results.

SMg.o5Ceo 95 Smp.1Ceos SmgCegs
Is54/ I596-fresh 0.52 0.63 0.97
Iss4/ Isg6-SpeENt 0.69 0.73 1.06

6.4.2 Activity

TGA experiments were performed to study the activity of fresh Sm-doped CeO, catalyst for soot
oxidation. Figure 6.5 depicts soot conversion as a function of temperature. Fresh pure CeO:

catalyst achieves the highest activity, as indicated by the lowest T50. Increasing Sm content in
94



fresh catalysts tends to increase T50, revealing a loss in activity. In fact, 5% and 10% Sm doping
ratio for fresh catalyst show similar effects on catalyst activity, whereas the 20% Sm doping sample

led to the worst activity.
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Figure 6.5. Soot conversion activity test of fresh Sm-doped ceria catalysts

Since catalytic soot oxidation is a surface sensitive reaction, i.e. reaction only happens at the
contact point of soot and catalyst, crystal size, specific surface area and morphology can all play
an important role on the catalyst activity. From Figure 6.2, the morphology does not change
significantly between pure ceria and Sm-doped catalysts, and thus cannot explain the difference in
reactivity. Table 6.1 indicates that BET surface area increase slightly when increasing Sm content,
but this would lead to higher activity at higher Sm content, which is the opposite of what was
observed; BET surface area can, thus, not explain here the trend in activity. Finally, Table 6.1
shows modest change in crystal size when increasing Sm content, and without a clear trend. Crystal

size can, therefore, also be dismissed to explain the activity trend for the fresh catalysts.

Soot oxidation on ceria-based catalysts occurs via the so-called Mars-Van-Krevelen mechanism
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[22], where the active surface oxygen reacts with soot through catalyst-soot contact point. Once
the active oxygen is consumed, an oxygen vacancy is generated at the surface, and bulk O fills
this vacancy and create another active oxygen. Therefore, factors affecting the amount of active
surface oxygen and oxygen vacancies can also play an important role in determining catalyst
activity. Ce®" content is a good representation of oxygen vacancy generation which, in turn, can be
potential site for creating active surface oxygen. Here, surface oxygen and oxygen vacancies are

related to Ce®* content, O, percentage and Iss4/lsgs ratio. Those are discussed next.

Figure 6.6a shows the relation between T50 and Ce®*" percentage, which indicates that the higher
the Ce3* content, the lower the T50 (and thus the higher the activity). The highest Ce®" ratio
(23.8%) corresponds to fresh pure CeO; catalyst, which can be a reason for the highest activity of
pure ceria. The activity results reported in Figure 6.5 for Sm-doped catalysts correlates very well
with the Ce3* content shown in Table 6.2: 5% and 10% doped CeO- have identical Ce** content,
and also very similar activity (e.g. same T50), whereas Smo2Ceos has much lower Ce3* content,

as well as much lower activity (i.e. higher T50).
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Figure 6.6. Effect of Ce®" percentage and O, percentage on activity for all catalysts. a) T50 vs. Ce®*

percentage, b) T50 vs. O, percentage

Figure 6.6b shows the relation between T50 and O, percentage, which follows the trend of Ce®*
content, indicating that surface oxygen species are also vital for catalyst activity. It has been
reported that higher O« concentration could result in superior catalyst activity, as it can evaluate

the oxygen storage capacity and potential active oxygen for reaction. From Table 6.2, O«
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percentage slightly decreased for 5% and 10% Sm-doped catalysts, but it considerably decreased
for 20% Sm doping, when comparing with pure CeO; the data about O« percentage also correlates

very well with activity results.

The relation between T50 and Iss4/lsge ratio is illustrated in Figure 6.7, which shows that T50
increased when increasing the lssa/lses ratio. This implies that Sm3* associated oxygen vacancy
decreases the catalyst activity. From XPS results, it is already known that higher Ce3* associated
oxygen vacancy plays a key role in improving catalyst activity. Therefore, both the increase in
oxygen vacancy around Sm3* and decrease of oxygen vacancy adjacent to Ce®* lead to activity

decline.
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Figure 6.7. The relation between T50 and Issa/lsgs

6.4.3 Stability tests for Sm-doped CeO: catalysts

Figure 6.8 presents the results of stability on Sm-doped CeO> for soot oxidation through 7 cycles.

This figure shows that T50 for pure CeO: catalyst increased after each cycle, going from the lowest
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value (379°C) with fresh catalyst to the highest one (462°C) after 7 cycles. The Smo.osCeo.95
catalyst also shows a continuous increase in T50 after each cycle, but at a much lower rate than
pure ceria. The samples with 10% and 20% Sm doping follow very similar trends (as seen in Figure
6.8, they are almost parallel): first a moderate increase in T50 after 3 or 4 cycles, followed by a
near plateauing of T50. The differences in T50 between initial and plateau values are 17°C for
10% Sm and 8°C for 20% Sm. Those results indicate good stability performance for Sm doping
above 10%. Considering activity and stability together, 10% Sm-doped catalyst performed better
among all catalysts, with comparable stability as for 20% Sm, but with the lowest T50 after 7

cycles (412°C).
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Figure 6.8. Stability of Sm-doped CeO- for soot oxidation

Figure 6.9 shows the relation between change of T50 (between first and 7" cycle) and Sm doping
ratio. Spent CeO> catalyst led to 64°C change in T50, compared to fresh one. T50 of 5% and 10%

Sm-doped catalysts show smaller differences, which are about 31°C and 19°C, respectively. T50

99



for 20% Sm-doped catalyst showed the lowest difference (13°C). It is clear that T50 difference

reduces with higher Sm doping, indicating that richer Sm contributes to a more stable catalyst,

albeit with lower activity.
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Figure 6.9. Relation AT50 and Sm doping ratio

As discussed previously, Ce3* content plays an important role for catalyst activity towards soot
oxidation. Figure 6.10 illustrates the relation between Ce®* content change (between first and 5%
cycle) and Sm doping ratio. This figure indicates that addition of Sm (even at 5%) results in a
significant decrease in the change of Ce®* between fresh and spent catalysts. Ce** content for pure
ceria decreases from 23.8% to 13.8%, indicative of poor stability performance. In contrast, Sm-
doped ceria catalysts exhibit change in Ce®" content below 1%, with 20% Sm doping only 0.4%
change. This is why Sm-doped catalysts show higher activity after 5 cycles (or more) than pure

ceria.
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Figure 6.10 shows the relation between change of O, percentage (between first and 5" cycle) and
Sm doping ratio. It is observed that with increasing the doping ratio, the decrease of O, percentage
became smaller. The 5% and 10% Sm-doped catalysts decreased by about 2%, whereas the 20%
Sm catalyst did not show any change. This suggests that higher Sm doping makes a more stable
catalyst and prevent the decline of O, percentage. The O, percentage of fresh CeO, catalyst is
39.6% and vyields to 29.5% after 5 cycles. This indicates that the OSC of CeO- catalysts is not
stable, and the significant decline of OSC after reacting with soot demonstrates a poor stability of

pure ceria catalysts.

XRD results have shown that Sm is incorporated into CeO: lattice and causes lattice expansion.
The increased crystal size of the spent catalyst compared with the fresh one indicates that re-
crystallization occurred. However, the larger crystal size does not benefit the catalyst activity
towards soot oxidation, as smaller crystal size could favor oxygen diffusion and provide more
contact points. Sm-doped catalyst showed smaller change in crystal size after reactions, and such
difference become lesser with higher amounts of Sm doping, indicating that adding Sm can inhibit
this re-crystallization process. Therefore, adding Sm can stabilize the catalyst crystal structure and

maintain surface properties such as Ce®* and O, percentage.
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Figure 6.10. Relation between Ce**/O, change and Sm doping ratio

6.4.4 Stability tests for Fe and Sm co-doped CeO: catalysts

So far in Chapter 6, the addition of Sm (at least 10% Sm) into ceria leads to more stable catalysts,
but at the expense of lowering the activity. In Chapter 5, it was found that for fresh catalyst, 5%
Fe-doped ceria made by SCS method performed better than pure CeO.. It is, therefore, a logical
step to consider co-doping of Fe and Sm on CeO2. The Smo2Ceo.s catalyst was chosen because it
showed best stability. Herein, 20% Sm was introduced into 5% Fe doped CeO catalysts to increase
its stability, and TGA tests were performed for five cycles. Figure 6.11 shows the stability results
of Fe-Sm-doped CeO; for soot oxidation. For comparison, Fe-CeO2 and Smo2Ceo g are also shown
in this Figure. During the 5 cycles, T50 still showed the trend of direct increase with number of
recycles. It was found that although Smo2Ceoz is stable, it loses its stability by adding 5% Fe and

becomes similar to the performance of Fe-CeOs,.
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Figure 6.11. Stability of Fe and Sm-doped CeO; for soot oxidation

6.5. Summary

Doping 5%, 10% and 20% samarium into CeO: lattice improve the stability of ceria-based
catalyst for soot oxidation. In particular, at higher Sm content (10% and 20%), the
reactivity (represented by T50) nearly plateaus after 5 cycles. However, increasing Sm

content decreases activity for soot oxidation (after 7 cycles, T50 is 413°C for 10% Sm and

431°C for 20% Sm).

Considering stability and activity together, 10% Sm-doped catalyst showed the best

compromise between stability and activity.

Ce*" and O, played the most important role in controlling catalytic soot oxidation activity,
because they are directly related to oxygen vacancies and oxygen storage capacity of the

catalyst. Sm-doping catalysts, especially at 10% and 20% Sm, show minimum decrease in
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Ce®" content (4.0 and 2.6% for 10% and 20% Sm, respectively) and O, percentage (4.1 and

0% for 10% and 20% Sm, respectively) between fresh and spent catalysts after 5 cycles.

Higher stability in crystal size between fresh and spent catalysts can also explain the greater
stability for Sm doped ceria catalysts. However, from activity of the fresh catalyst, the
results did not indicate a clear correlation between crystal size and activity for both fresh
and spent catalysts. Therefore, crystal size growth is not considered here as the most
important parameter for catalyst deactivation, unlike in most studies that looked at catalyst

activity from accelerated thermal aging point of view.

Finally, although addition of Fe on 20% Sm doped ceria catalyst did improve the activity

in early cycles, it shows poor stability.
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Chapter 7: Conclusions and Recommendations

7.1. Conclusions

The focus of this thesis is to improve catalytic activity and stability of ceria-based catalysts for

soot oxidation. The main objective was to develop an inexpensive, active and stable catalyst

through iron and samarium doping. The role of iron and samarium doping towards improving

catalytic activity and stability was elucidated through nano (in-situ ETEM) and bulk (TGA) scales

investigations, along with a suite of characterization techniques. The main conclusions drawn from

this work are as follows:

The ETEM study showed that both catalyst and carbon particles can be mobile. The relative
mobility of these particles appears to be correlated to the size of particles. It was found that
reaction rates were positively correlated to the contact length between carbon and catalyst
particles, thus indicating that catalytic carbon oxidation occurs at the carbon/catalyst interface.
Larger normalized reaction rates lead to higher movement velocity, suggesting that the
mobility is caused by carbon oxidation on the catalyst’s surface. These data also showed that
both normalized rate and movement velocity increase when the temperature and the oxygen
partial pressure increase. DFT calculations indicate that O-C bonding is likely an important
contributor to the strong interactions between the Fe/CeQO> catalyst and carbon particles during

the oxidation reactions, thereby driving the relative mobility of catalyst and carbon particles.

For the two fabrication methods investigated, co-precipitation (CP) and solution combustion
synthesis (SCS), there is an optimum Fe content that gives the highest activity. For SCS

catalyst, the optimum Fe content is 5%, and for CP catalyst, it is 10%. Irrespective of the
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fabrication method, the most important parameter that dictates the reaction activity (e.g. T50)
is the Ce®*" content, which is closely related to the content of oxygen vacancies. The activity
increases notably when Ce®* content increases up to 20%. Above 20% Ce®* content, the activity
increases moderately. The pore size is mostly about 3-5 nm (both CP and SCS), which is much
smaller than the 25 nm soot particles used here. This is why, although the BET surface area is

greater for CP than SCS, it has only moderate effect on the activity.

It is well known that pure ceria possesses poor stability performance and thus, inspired by the
work on SOFC, samarium doped ceria was considered as a promising candidate for stable
ceria-based catalysts for soot oxidation because Sm can help form stable fluorite crystal
structure. It was found that samarium doping indeed improves the stability of ceria-based
catalyst for soot oxidation. In particular, at higher Sm content (10% and 20%), the reactivity
(represented by T50) nearly plateaus after 5 cycles. However, increasing Sm content decreases
activity for soot oxidation. The 10% Sm-doped catalyst showed the best compromise between
stability and activity. It was found that Ce®*" and O, played the most important role in
controlling catalytic soot oxidation activity, because they are directly related to oxygen
vacancies and oxygen storage capacity of the catalyst. Sm-doping catalysts, especially at 10%
and 20% Sm, show minimum decrease in Ce®*" content and O, percentage between fresh and
spent catalysts after 5 cycles. Crystal size growth over several cycles was not found as the most
important parameter for catalyst deactivation, unlike in most studies that looked at catalyst
activity from accelerated thermal aging point of view. Finally, although addition of Fe on 20%
Sm doped ceria catalyst did improve the activity in early cycles, it showed poor stability, which

was unexpected.
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7.2. Recommendations

This research presents a promising step to improving the activity and stability of catalyst for soot
oxidation. It also provides an understanding of the influence of different metal doping ratio and
preparation methods towards catalytic soot oxidation. Nevertheless, there are still many challenges

for the development of ceria-based catalyst with good activity and stability.

e The first challenge is to increase the activity of the stable 10-20% Sm-doped ceria catalyst.
Our first attempt by adding 5% Fe failed in term of stability; further work is needed to
understand the deactivation mechanism and to possibly alternative doping solutions.

e The second challenge is to consider more realistic conditions with the presence of SOx and
NOx on catalyst activity and stability.

e Finally, activity and stability experiments must be carried out under real DPF coated with

newly developed catalyst for soot oxidation.
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Appendix

1. TGA experiments

For comparison with the ETEM experiments, thermogravimetric analysis (TGA) experiments
were conducted with a TA Instrument Q500 to study the reaction rate of the catalytic soot oxidation.
Every TGA test follows the procedure below: 1) pre-treat 10 mg mixture at 150 °C under inert gas
for 30 min to remove water and other contaminants; 2) heat up the sample to the desired

temperature (500, 800°C); 3) isothermal at the specific temperature for 20 min with air.

Reaction rate is calculated based on the equation below:

dm
dt

Where r is reaction rate, m is the remaining mass of the carbon black (mg) at time t (min).

The calculated reaction rate by using TGA at 500°C and 80°C were 0.0856 mg/min and 0.4438
mg/min. The ratio of rate at 80°C to rate at 500°C is 5.185. While the normalized reaction rate
from ETEM at 500°C and 800°C were 0.12nm/s and 0.62nm/s, respectively, making the ratio
become 5.167 (0.62/0.12). As 5.167 is similar to 5.185, the in-situ ETEM experiments are

validated by the ex-situ TGA experiment.

2. Catalytic oxidation in 1 Pa Oz at 500°C with commercial CeO2 catalyst

A similar ETEM experiment was done with mixture of commercial CeO; catalyst and carbon in 1
Pa O> at 500°C, as shown in Figure Al. The movement of catalyst can be barely observed, which
is different from the scenario with our 10%Fe/CeO- catalyst. The contact length between carbon

and catalyst ranged from 629-822 nm, and the measured normalized reaction rate is in a range of
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0.015-0.03 nm/s with an average of 0.024 nm/s, suggesting a lower reaction rate than the
10%Fe/CeO> catalyst at the same reaction conditions. This low oxidation rate could be the reason

that catalyst movement is not observed.

Figure Al. ETEM of carbon and commercial CeO; during the reaction at 500°C in 1Pa Oz; A: Omin; B:

24min. The CeO; catalyst clusters are circled in red lines.

For image processing, the carbon oxidation rate (r) was estimated by measuring the decrease of
the area (A) representing carbon particles at a given time. The methodology to determine the area
(A) is described next. As mentioned previously, the contour of the catalyst particles was drawn
manually using Photoshop. In an ETEM micrograph, the black particles usually represent the
catalyst, but not always, as several carbon particles existing on top of each other and would look
dark grey or black. In order to avoid misrepresenting carbon particles as catalyst particles, those
dark particles were monitored closely and carefully (if they shrunk or disappeared then it meant
that they are carbon particles, otherwise they are considered as catalyst particles. Once all catalyst
particles have been identified, they are artificially removed from the ETEM micrograph. The area

(A) considered for calculating the reaction rate was the entire surface area left on the ETEM
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micrograph (i.e. surface area representing carbon particles). The value of the area, A, was
calculated using ImageJ. So, for each time interval, an oxidation rate was obtained. The contact
length where carbon and catalyst particles are connected were measured by ImagelJ, as well.
Because the catalytic reaction occurs at the interface and the reaction rate depends on the contact
points between the carbon and catalyst particles, the reaction rates were normalized by being

divided by the contact length, in order to obtain normalized reaction rate (r’).

The analysis of the movement of the catalyst and carbon particles was carried out as follows: first
the video was divided into several images at different times; at 500°C images were analyzed every
minutes, whereas at 800°C images were analyzed every 30 seconds due to faster reaction. Each
image was pixelated using ImageJ software who could assign coordinates to all pixels using a
common reference origin (red point) as shown in Figure 4.4 (B). For Figure 4.4, the pixel size is
0.83 nm by 0.83 nm. Once the boundary of the particles was determined (manually using
Photoshop), the coordinate of its centroid was calculated using ImageJ. The movement velocity
can then be calculated based on the distance between two consecutive centroid dividing by the

time interval.

3. The normalized reaction rate as a function of time

The appropriateness of the normalized rate calculation as a function of time is shown in Figure
A2, showing that the normalized rate remains reasonably constant during the initial period of the
reaction. This Figure also helped identifying a few outliers that were removed for subsequent

calculations.
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Figure A2. The normalized reaction as a function of time

4. Sensitivity analysis

Due to the sensitive nature of nanoparticles, where conventionally negligible forces can play an
enormous role, a sensitivity analysis must be done for such work to establish that the effects

observed are not due to the effect of the electron beam or gas flows.

4.1. Beam Effects

Although the electron beam within ETEM would effect the carbon oxidation, but in order to
establish that the observed movement is not the result of beam charging, a sample of carbon and
catalyst nanoparticle mixture was heated up to 500°C in high vacuum. Images were taken, the
beam was turned off, and oxygen injection started. Figure A3(A) was recorded just before turning
off the beam. After 40 minutes reaction, the beam was turned on again and image was recorded as

shown Figure A3 (C). Since Figure A3 (A) and (C) were not able to clearly show the catalyst
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configuration, Figure A3 (B) and (D) - the dark field image corresponding to Figure A3 (A) and
(C) respectively, were used to exhibit the movement of catalyst. It can be observed that carbon
originally in contact with the catalyst was consumed by the time Figure A3 (C) was taken, and the
catalyst circled in red has obviously moved significantly and assembled into a larger aggregate.
This demonstrated that the movement of the catalyst is not the result of beam energy, but rather by

the reactions between the catalyst and carbon nanoparticles.

Figure A3. ETEM images for carbon and 10%Fe/CeO; catalyst nanoparticles recorded at 500°C in 1 Pa O,
A and B: Secondary electron image and corresponding dark field image before turning off beam,

respectively; C and D: Secondary electron image and corresponding dark field image after 40 min
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4.2. Gas Flow and Substrate Effects

As the sample is in a constant cloud of replenishing reactant gas, it is necessary to demonstrate
that the mobility of catalyst was not caused by gas flow. Initial calculations and experiments have
established that the sample is well clear of the mean free path of the gas, and can be considered to
sit in a quiescent atmosphere of gas. These trials were repeated with a catalyst/carbon sample at
500°C and 1 Pa of N2 flow, as shown in Figure A4. There was no obvious change or movement of
catalyst and carbon, which meant that no carbon oxidation or catalyst movement happened in the
N2 atmosphere. It confirmed that the carbon oxidation and movement of catalyst were not caused

by gas flow, nor any potential reactions with the substrate.

Figure A4. ETEM images for carbon and 10%Fe/CeO; catalyst nanoparticles recorded at 500°C in 1 Pa N,

A: 0 min, B: 60 min

4.3.  Secondary Reactions and Movement

In order to further understand catalyst mobility, it was necessary to justify if the movement of the

catalyst was caused by the reaction between the particles themselves. To check this influence, tests
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were run with a sample of the catalyst and carbon nanoparticles separately at 500°C in 1 Pa oxygen
atmosphere. As shown in Figure A5, for catalyst only, no obvious change of the catalyst was
observed after 25 minutes. In Figure A6, non-catalytic carbon oxidation only happened from the
outer surface of carbon nanoparticles and no movement was observed during 40 minutes reaction.
This shows that only with catalytic carbon oxidation, both carbon and catalyst nanoparticles would

show mobility.

Figure A5. ETEM images for 10%Fe/CeO; catalyst only recorded at 500°C in 1 Pa Oz, A: 0 min, B: 25

min

Figure A6. ETEM images for non-catalytic carbon oxidation recorded at 500°C in 1Pa Oz, A: 0 min, B:

40 min
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4.4. In high vacuum

Finally, a study was done to establish the reactivity of the catalyst with no oxygen injection. For
the reactions in vacuum, as recorded in Figure A7, the carbon-catalyst mixture was heated up to
500°C and maintained at this temperature for 10 minutes at high vacuum. Without oxygenated
atmosphere, extremely slow oxidation of carbon, as well as the movement of carbon and catalyst

nanoparticles, could be observed because the catalyst itself can provide oxygen to carbon.

Figure A7: ETEM images for carbon and 10%Fe/CeO; catalyst nanoparticle mixture recorded at 500°C in

vacuum: A: 0 min, B: 10 min

5. Uncertainty analysis:

1) Distinguishing background and carbon particles are somewhat difficult because they are

all in grey color.

2) Distinguishing boundary of catalyst may induce error since the boundary are determined

by human eyes.
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3) Since 3D image was converted to 2D image, we assume there are only one layer of carbon,
but in some area there are possibly not only one layer of carbon.

4) When calculating the reaction rate at the interface, the contact length may change during a
time period. But the contact length we used to calculate the reaction rater is the length at the

beginning or end of that time period.
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