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The objective of the thesis is to study cerium oxide thin films grown by the atomic 

layer deposition (ALD) for soot removal. Cerium oxide is one of the most 

important heterogeneous catalysts and can be used in particulate filters and 

sensors in a diesel exhaust pipe. Its redox/oxidation properties are a key factor in 

soot oxidation. Thus, the cerium oxide coating can help to keep particulate filters 

and sensors clean permanently. 

The literature part of the thesis focuses on the soot removal, introducing the origin 

and structure of soot, reviewing emissions standards for diesel particulate matter, 

and presenting methods and catalysts for soot removal. In the experimental part 

the optimal ALD conditions for cerium oxide were found, the structural properties 

of cerium oxide thin films were analyzed, and the catalytic activity of the cerium 

oxide for soot oxidation was investigated.  

Studying ALD growth conditions of cerium oxide films and determining their 

critical thickness range are important to maximize the catalytic performance 

operating at comparatively low temperature. It was found that the cerium oxide 

film deposited at 300 °C with 2000 ALD cycles had the highest catalytic activity. 

Although the activity was still moderate and did not decrease the soot oxidation 

temperature enough for a real-life application. The cerium oxide thin film 

deposited at 300 °C has a different crystal structure, surface morphology and 

elemental composition with a higher Ce
3+

 concentration compared to the films 

deposited at lower temperatures. The different properties of the cerium oxide thin 

film deposited at 300 °C increase the catalytic activity most likely due to higher 

surface area and addition of the oxygen vacancies. 
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Työn tarkoituksena on tutkia atomikerroskasvatuksella (atomic layer deposition, 

ALD) valmistettujen ceriumoksidiohutkalvojen käyttöä noen poistossa. 

Ceriumoksidi on yksi tärkeimmistä heterogeenisistä katalyyteista ja sen hapetus-

pelkistysominaisuudet ovat tärkeässä osassa noen hapetusreaktiossa. 

Ceriumoksidia voidaan käyttää pinnoitteena diesel-moottorien pakokaasu-

putkiston partikkelisuodattimissa ja antureissa, jolloin se auttaa pitämään 

partikkelisuodattimet tai anturit puhtaana noesta. 

Työn kirjallisuusosa keskittyy nokeen ja sen poistamiseen. Kirjallisuusosassa 

noen synty ja rakenne esitellään, dieselpartikkelien päästörajoitukset käydään läpi 

ja menetelmiä sekä katalyyttejä noen poistamiseen esitetään. Kokeellisessa osassa 

etsitään optimaaliset ALD-olosuhteet ceriumoksidin kasvattamiselle, analysoidaan 

ceriumoksidikalvojen rakenteelliset ominaisuudet ja tutkitaan ceriumoksidi-

pinnoitteiden katalyyttistä aktiivisuutta noen hapetuksessa. 

ALD-kasvatusolosuhteiden tutkiminen on oleellista katalyyttisen tehokkuuden 

maksimoimiseksi suhteellisen alhaisessa lämpötilassa. Ceriumoksidikalvolla, joka 

kasvatettiin 300 °C:ssa 2000 syklillä, todettiin olevan tutkituista ohutkalvoista 

suurin katalyyttinen aktiivisuus. Aktiivisuus oli kuitenkin kohtalainen eikä 

alentanut noen hapetuslämpötilaa riittävästi, jotta sitä voitaisiin soveltaa käyttöön 

tosielämässä. Ohutkalvossa, joka kasvatettiin 300 °C:ssa 2000 syklillä, oli 

erilainen kiderakenne, pinnan morfologia, alkuainekoostumus ja Ce
3+

-

konsentraatio muissa kasvatuslämpötiloissa valmistettuihin kalvoihin verrattuna. 

Nämä ohutkalvon ominaisuudet parantavat katalyyttista aktiivisuutta 

todennäköisesti suuremman pinta-alan ja happivakanssien muodostumisen vuoksi. 
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ALD atomic layer deposition 

Ce(thd)4 2,2,6,6-tetramethyl-3,5-heptadionatecerium, Ce(C11H19O2)4 

Cf free carbon site 

CVD chemical vapor deposition 

DPM diesel particulate matter 
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FCC fluid catalytic cracking 

HC hydrocarbons 
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R ratio of the mass of the sample to the initial mass, - 

S2h amount of combusted soot on the film after 2 hours annealing, % 

S4h amount of combusted soot on the film after 2 hours annealing, % 

SEM scanning electron microscopy 

SOC surface oxygen-carbon complex 

T20 temperature, at which 20 % of soot is oxidized, K or °C 

T50 temperature, at which 50 % of soot is oxidized, K or °C 

Tf temperature, at which soot oxidation ends, K or °C 

TGA thermogravimetric analysis 

Ti temperature, at which soot oxidation begins, K or °C 

Tm combustion temperature of soot, temperature of peak top at TPO 

or DSC 

TPO temperature programmed oxidation 

TWC three way catalyst 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction, X-ray crystallography 
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1 INTRODUCTION 

The main pollutant of diesel engines, in addition to nitrogen oxides, is particulate 

matter (Trovarelli et al. 1999). Soot is the largest part of particulate matter 

(Kittelson 1998). The constantly tightening emissions standards of diesel 

particulate matter (DPM) have led to increased research of reducing DPM and 

soot emissions. Nowadays, the most used technique collects soot from the exhaust 

gases on a filter (Banús et al. 2012). The challenge is the regeneration of the filter 

to remove the collected soot. The most convenient way to regenerate an exhaust 

filter is to combust the collected soot into carbon dioxide with the oxidants 

present in the exhaust gas. The exhaust gas temperature is not high enough for a 

spontaneous regeneration. Thus, either the exhaust gas temperature must be raised 

or the soot combustion temperature lowered by using catalysts (Neeft et al. 

1996a).  

Various catalysts have been studied for soot oxidation. The widely used catalysts 

for soot oxidation, which decrease the soot combustion temperature the most, are 

platinum (Oi-Uchisawa et al. 1998) and silver (Aneggi et al. 2009). The biggest 

disadvantage of platinum is its cost. Therefore its application is limited. (Prasad & 

Bella 2010).  The various alternative catalysts have been investigated recently.. 

For example, cerium oxide catalyst is commonly used nowadays because of its 

ability to store oxygen from the exhaust gas and release it to soot oxidation under 

oxygen shortage conditions. This is called oxygen storage capacity (OSC). 

(Trovarelli et al. 1999). A powder-form cerium oxide catalyst is a moderately 

active catalyst for soot oxidation (Liang et al. 2008). 

Atomic layer deposition (ALD) is an enabling technology for precise deposition 

of ultra-thin and highly conformal coatings on substrates with high complexity. 

The thickness of the films can be controlled by controlling the number of 

deposition cycles. There is no mixing of the precursors in the gas phase and the 

only reactions take place on the substrate surface. The ALD process allows the 

growth of uniform films even on complex shapes. (George 2010). The ALD can 

be used to deposit catalytic coatings which can be applied in diesel engine exhaust 
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systems, such as coatings on particulate filters or sensors in exhaust pipe. The 

catalytic coating can help to remove soot by oxidizing it continuously at the 

exhaust gas temperatures. Cerium oxide thin films grown by ALD have been 

studied for electronics and solid oxide fuel cells (Päiväsaari et al. 2002), but not as 

a catalytic coating. The main goal of the thesis is to study the application of 

cerium oxide thin films as a catalyst for soot oxidation.  

1.1 Objective and limitations 

The aim of the thesis is to study cerium oxide thin films grown by atomic layer 

deposition and their application to soot removal. The effects of the ALD 

deposition temperature and film thickness on the catalytic activity are studied. The 

research questions are as follows: 

1) How do the ALD deposition temperature and the thickness of the thin film 

affect the properties of cerium oxide films? 

2) How do the specific ALD deposition temperature and the cerium oxide 

film thickness improve the catalytic properties? 

The laboratory experiments are limited to study of cerium oxide thin films 

deposited by ALD method with using two precursors, Ce(thd)4 and O3. The 

deposition temperatures were chosen according to the optimal ALD conditions. 

The analysis methods of the catalytic activity of cerium oxide films are limited to 

the oxidation of the soot by annealing in the high temperature oven and by 

thermogravimetric analysis (TGA). Other instruments of studying the soot 

oxidation were not available. 

1.2 Structure 

This thesis consists of the literature part and the experimental part. The literature 

part is focused mostly on the soot properties. The origin, chemical structure, and 

composition of soot are presented. The effects of diesel emission and the emission 

standards are also reviewed. Methods to remove diesel soot and some of the 

catalysts used for soot oxidation are presented. In the next chapter, the properties 
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of cerium oxide and its applications are described. The next chapter concentrates 

on the atomic layer deposition (ALD). The principles of surface reaction 

mechanism and the applications, advantages and limitations of ALD are reviewed. 

In the experimental part the methods used to find the optimal ALD conditions, to 

prepare the cerium oxide thin films and to analyze the thin films and their 

catalytic activity for soot removal are described. In the next chapter, results of 

cerium oxide ALD, analyses and catalytic activity of cerium oxide are discussed. 

At the end of the thesis the research work, the results and the conclusions are 

summarized.  
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2 SOOT REMOVAL 

Diesel engines are moderately clean when concerning hydrocarbon and carbon 

monoxide emissions. Instead, particle and NOx emissions are the main pollutants 

of diesel exhausts. (Trovarelli et al. 1999). Techniques for particle removal, 

especially soot, from diesel exhaust gases have been studied very much. In this 

chapter, the structure and formation of soot are reviewed. Thereafter, some 

techniques for soot removal with catalyst application are presented. Finally, a 

review of catalytic materials used in the soot oxidation is provided.   

2.1 Diesel particulate matter and soot 

Diesel particulate matter (DPM) consists of carbon, various unburned 

hydrocarbons originating from fuel and lubricating oil, ash, sulfur compounds, 

and other species. Approximately 40 % of all DPM is elemental carbon, in other 

words, soot. (Kittelson 1998). There are some volatile organic compounds (VOC) 

present in the exhaust which may get adsorbed or condensed on the existing soot 

particles. The VOC include mostly polycyclic aromatic hydrocarbons (PAHs) and 

aliphatic hydrocarbons (ALs). (Myung & Park 2012). Exhaust gas may also 

contain sulfuric acid particles and sulfate particles. Usually they output to the 

atmosphere as aerosol particles and do not adsorb or attach onto soot particles. 

(Kittelson 1998). 

Particulate matter is formed from incomplete combustion of fuel. In the case of a 

diesel engine, soot is formed while the oxidation reaction of fuels hydrocarbons 

occurs in substoichiometric oxygen conditions. (Neeft et al. 1996a) Driving 

conditions and sulfur content of fuel have an effect on the composition of DPM 

and on the size of particulates (Myung & Park 2012).  

In the engine, soot is formed in the reaction zone around individual fuel droplets. 

In the reaction zone, oxygen concentration limits the fuel oxidation reaction. Soot 

formation occurs through four steps, which are nucleation, surface growth, 

coagulation and aggregation. When diesel fuel is oxidized, aliphatic and aromatic 
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fuel molecules decompose into alkenes, which then form acetylene. The acetylene 

acts as a precursor for soot formation. In the nucleation step, the acetylene 

molecules grow into small soot nuclei by reacting with each other. The soot nuclei 

are large PAH molecules. In the surface growth step, gaseous carbonaceous 

compounds attach to the nuclei. The size of the particles increases from 

approximately 1-2 nm to 10-30 nm. The coagulation step occurs concurrently with 

the surface growth step. (Neeft et al. 1996a).  The particles collide to each other 

and coagulate into larger spherical particles by sharing a carbon atom (Neeft et al. 

1996a, Stanmore et al. 2001). The nucleation and coagulation processes occur at 

the high temperature in the engine cylinder. After the spherical particles leave the 

cylinder they aggregate further and form chain-like structures with the final size 

of several hundred nanometers.  

During the soot formation, simultaneously an oxidation process takes place. A 

major part of the soot particles is oxidized during the growth and coagulation 

steps inside and outside the cylinder. (Neeft et al. 1996a). When the exhaust gases 

cool down in a tail-pipe, sulfates and sulfuric acid, gaseous hydrocarbons and 

water condense on soot. (Myung & Park 2012, Stanmore et al. 2001). 

Diesel particulates can be divided into three classes by size: 1) Nucleation mode 

particles which are less than 50 nm in size; 2) Accumulation mode particles which 

are more than 50 nm in size; and 3) Coarse mode with even larger particles. The 

nucleation mode particles are mostly suplhate and heavy hydrocarbons. 

(Kittelson 1998). The particles classified into accumulation mode are mostly 

carbonaceous soot agglomerates, although there is volatile material condensed on 

the soot. The average size of soot particles in the accumulation mode is around 80 

nm. Accumulation mode comprises the most of particle mass. Therefore the 

largest part of DPM is soot. (Burtscher 2005). The size of the coarse mode 

particles is larger than 1000 nm. The coarse mode particles consist of soot 

agglomerates which have been deposited on a motor cylinder or exhaust pipeline 

and later have been detached. 1-20 % and 5-20 % of particles compose nuclei 

mode and coarse mode, respectively. (Kittelson 1998). 
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2.1.1 Effects of DPM and emission standards 

Diesel emissions have many effects on human health, animals, environment, and 

global warming (Prasad & Bella 2010). Therefore, some restrictions exist on 

diesel emissions. Carbon monoxide and volatile hydrocarbons emissions from 

diesel engines are approximately at the same level as from the Otto engine 

equipped with a catalytic convertor. At the same time, NOx and particulate 

emissions are significantly higher in diesel engines and regulated by legislation. 

Thus, ongoing research works concentrate on reducing these emissions. (Neeft 

et al. 1996a). 

Particulate emissions, including soot, affect humans and animals, and also the 

environment. The adverse effects on humans and animals are caused mostly due 

to breathing of particulates. Acute symptoms caused by particulate emissions are 

irritation of nose and eyes, lung function changes and airway inflammation. The 

chronic exposure influences more severely, causing lung function decrements and 

even cancer. Environmental effects include pollution of soil, waters and 

atmosphere. Furthermore, diesel emissions are a key factor to global warming, in 

addition to carbon dioxide. Soot combines with other pollutants in the atmosphere 

to form atmospheric brown clouds, which are one of the causes of the atmospheric 

heating. (Prasad & Bella 2010). 

In addition to harmful impacts on humans, animals and environment, diesel 

emissions have other detrimental properties. Diesel particulates decrease 

visibility, and foul and possibly damage buildings and materials. (Neeft et al. 

1996a). Exhaust systems connected to diesel engines are also fouled and due to 

this, sensors and other devices may be damaged (Stanmore et al. 2001). 

Emissions from diesel engines are restricted by legislation. Mass emission limits 

for diesel vehicles were first introduced in 1992 and since then, restrictions have 

tightened. (Prasad & Bella 2010). Different standards are applied for passenger 

vehicles, light commercial vehicles and heavy duty vehicles. At the moment, the 

EURO V emission standard is in use in the European Union. It came into effect 

for heavy duty engines in 2008, for all models of passenger vehicles in 2011, and 
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for all models of light commercial vehicles in 2012. There are stricter standards 

coming into force during 2014 and 2015, but in which particulate emission limits 

stay the same. Limits are defined as mass per distance for passenger and light 

commercial vehicles, and as mass per energy for heavy duty vehicles. Particle 

matter emissions are limited to 5 mg/km for passenger cars and light commercial 

vehicles. For heavy duty vehicles, PM standard is 10 mg/kWh. (DieselNet 2014). 

2.2 Catalytic processes of soot removal 

There are many ways for removal of soot from diesel exhaust. The widely used 

technique is a filter to collect particulates. The main problem of using filters is the 

regeneration of the filters to burn off the collected soot (Banús et al. 2013). 

Temperature of the exhaust gas is around 250-450 °C (Jeguirim et al. 2007) and 

too low for soot combustion. Thus, application of filters is usually combined with 

catalysts to decrease the oxidation temperature of soot and thereby soot can be 

combusted at the relatively low exhaust gas temperatures. (Prasad & Bella 2010). 

In optimal case, soot is collected and oxidized continuously. Catalytic material 

can be used in three different ways; as precursors added to the fuel, as reagents or 

catalysts injected upstream of particulate trap, and as catalytic coating of 

particulate traps. (Neeft  et al. 1996a).  

2.2.1 Fuel additives  

Fuel additives are precursors, which are added to the fuel before combusting it to 

form catalytic material. The catalysts formed this way are called fuel-borne 

catalysts. The fuel additives are organometallic compounds that can be dissolved 

into the diesel. When the fuel is combusted, the organometallic compound is 

converted into metal oxide or metal sulfate particles, which get mixed with soot 

during soot formation. This way the catalyst is well distributed within soot 

particulates, which enhances oxidation activity. Fuel additives are used in 

combination with particulate trap to increase the particulates’ time in exhaust 

which should be enough for the oxidation. (Neeft et al. 1996a). Various metals 

have been studied as fuel additives. For example, Lahaye et al. (1996) and Jung et 
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al. (2005) have studied fuel additives based on cerium to lower the soot ignition 

temperature significantly. Barium and calcium were also found to be effective by 

Miyamoto et al. (1987, 1988, cit. Jung et al. 2005), resulting in both suppressed 

soot formation and enhanced soot oxidation. The main difficulty for fuel-borne 

catalysts is the long-term clogging of the filter caused by accumulation of ash and 

catalysts (Prasad & Bella 2010). Also, logistic and possible environmental 

problems, such as the need of an on-board tank for fuel additives and 

environmental effects of formed catalyst when released to atmosphere, decrease 

the interest of the use of fuel additives (Banús et al. 2013, Neeft et al. 1996a). 

2.2.2 Reagents in the exhaust stream 

Another way to regenerate a particulate filter is to inject reagents into the exhaust 

gas stream. Either organic compounds or catalysts are used as the reagents. (Neeft 

et al. 1996a). When organic compounds are used, the soot oxidation process is 

initiated by a temperature rise. The increase of the temperature is generated by 

combusting the organic compound upstream of the soot-loaded particulate filter. 

The combustion of the organic compounds occurs usually with an oxidation pre-

catalyst, that is mounted upstream of a DPM filter. (Fino 2007). The combustion 

reaction produces heat, and the collected soot on the filter is oxidized due to 

increased temperature. For example hexane, propane or diesel oil can be used for 

this purpose, because their combustion reactions produce enough heat for the 

regeneration of the particulate filter. (Neeft et al. 1996a). When catalytic material 

is used, the catalyst is injected to exhaust gas stream and it spreads over 

accumulated soot on a filter. Then soot is oxidized, because the catalyst increases 

the reactivity of soot oxidation. For example copper compounds have been tested 

by this method in one of the research works. (Neeft et al. 1996a).  

The drawback in this technique with applying organic compounds is that 

emissions might be actually increased because of the combusted matter, even 

though the soot filter is regenerated. When using catalysts, the amount of catalytic 

material is large and thereby it will accumulate onto particulate filter, or may be 

released to atmosphere among exhausts. With both types of compounds, this 
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method requires quite large changes into vehicles pipelines, and therefore is only 

reasonably applicable for new vehicles. (Neeft et al. 1996a). 

2.2.3 Particulate filters 

The most studied and used filter for soot and DPM collection is a ceramic wall 

flow monolith. A wall flow monolith has parallel channels, in which every other 

channel is open at inlet and closed at outlet, and every other is closed at inlet and 

open at outlet. Thin porous walls separate the channels. (Banús et al. 2013; Neeft 

et al. 1996a). This way exhaust gas is forced to flow through the channel walls 

and soot is collected onto them (Neeft et al. 1996a). When catalyst is used, the 

channel walls are coated with catalytic material (Banús et al. 2013). Monoliths are 

classified as surface filters, in other words, cake filters. While soot is collected 

onto the wall surfaces, the pressure drop is increasing. (Banús et al. 2013) A wall 

flow monolith has been applied commercially to soot removal: Peugeot-Citroen 

commercialized a system containing a wall flow monolith for a serial production 

(Prasad & Bella 2010). 

Ceramic and metallic foams are also well-studied filters for DPM. The pores of 

foams are connected to each other and allow exhaust gases to flow through them. 

In this case soot is trapped to the complicated structure of the foam. The catalyst 

material is coated onto the surface of the pores. (Banús et al. 2013). Foams are 

classified as depth filtration type filters. This means that their collection efficiency 

and pressure drop is much more constant compared to surface filtration type. 

However, the collection efficiency is much lower. (Neeft et al. 1996a). 

There are also other structured systems studied to use as DPM filter with catalyst. 

Ceramic papers and wire meshes are used to collect soot. When ceramic paper is 

used, the catalyst may either be coated onto the ceramic paper or the catalyst is 

held between the fibers of the ceramic paper as particles. When wire mesh is used, 

the catalyst is coated onto the surface of the metal, or onto a ceramic layer on the 

metal wire. (Banús et al. 2013). 
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Particle filters are considered to be the most practical option for soot removal 

from diesel exhaust gases. Catalytic coating is a key factor for oxidation of the 

collected soot on filter. (Neeft et al. 1996a). The catalytic materials that are used 

as coatings in particulate filters may have applications in other devices. For 

example, sensors in exhaust pipe can be coated with catalyst to keep them clean 

by oxidizing the soot collected on them. Next, the oxidation reaction of soot is 

introduced shortly and some of the researches about soot oxidation catalysts are 

reviewed.  

2.2.4 Reactions in soot oxidation  

In soot oxidation, soot reacts with an oxidant, and carbon monoxide or carbon 

dioxide is formed. When the composition of exhaust gases is being considered, 

O2, H2O, CO2, NO or N2O might be used as oxidants. The gasification reactions 

of soot with these oxidants can be presented as follows: 

2C + O2 → 2CO 

C + H2O → CO + H2 

C + CO2 → 2CO 

C + NO → CO + ½ N2 

C + N2O → CO + N2 

All the reactions need two steps to occur. In first step, an oxygen atom transfers 

from gas phase to a free carbon site on the surface of solid carbon, and forms a 

surface oxygen complex (SOC). In the second step, a carbon atom is lost from the 

solid, as the decomposition of CO and/or CO2 takes place at the surface. (Moulijn 

& Kapteijn 1995). The decomposition of CO and/or CO2 leaves a highly reactive 

carbon on the surface. This is called a free carbon site and the oxidants will 

preferentially react there. (Figueiredo et al. 1999).  At the same time, the 

following reaction in the gas phase occurs: 

CO + H2O → CO2 + H2 
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This reaction forms carbon dioxide from the CO desorbed from the surface with 

the water present in the exhaust. Also other oxygen exchange reactions may 

occur, for example between CO and CO2. (Moulijn & Kapteijn 1995). 

The temperature needed for soot oxidation reactions is around 500-600 °C when a 

catalyst is not used. The aim of catalysts is to decrease the onset temperature of 

soot combustion to the level of the exhaust gas stream. (Prasad & Bella 2010, 

Biabolok et al. 2007). The use of catalysts may cause different oxidation 

pathways and thus the reactions may differ from a non-catalyzed oxidation. 

Despite carbon is the main component of soot, it contains other compounds. These 

impurities may have an effect on the reaction pathways and the soot combustion 

temperature. (Stanmore et al. 2001).  

2.3 Catalysts for soot oxidation 

A large variety of catalysts have been studied for soot oxidation over the years. 

Most of them are metal or metalloid oxides, although some alkali metal and 

alkaline earth metal carbonates and hydroxides have also been studied. Some of 

the studied catalysts are reviewed below with emphasis on the catalytic activity of 

them. The activity of a catalyst indicates its’ ability to decrease a soot combustion 

temperature. When comparing results of different researches it was noticed that 

the temperatures for soot combustion have been observed differently. However, 

there is some common designation. Ti refers to the temperature at which the 

oxidation initiates. T50 indicates the temperature, at which 50 % of soot has 

oxidized. The term of ‘combustion temperature’, Tm, refers to the temperature 

programmed oxidation (TPO) or differential scanning calorimetry (DSC) peak 

top. In other words it is the temperature at which CO2 formation (TPO) or heat 

flux (DSC) is maximal. 

The contact between soot and catalyst is a significant factor in soot oxidation, and 

has a great influence on the combustion temperature (Neeft et al. 1996b, 1996c). 

Neeft et al. (1996c) defined two types of contacts between a powder-form catalyst 

and soot: tight contact and loose contact. In the tight contact, catalyst material and 
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soot are milled in a mechanical mill for a one hour. In loose contact, catalyst and 

soot are loosely mixed with a spatula. Also, Neeft et al. (1997) observed that the 

loose contact mode is more realistic and resembles the contact under practical 

conditions on top of a particulate trap in a diesel engine exhaust pipe. Van Setten 

et al. (2000) described methods to achieve realistic contact between soot and 

catalyst. In addition to mixing with spatula, shaking in a sample bottle, dipping in 

a soot dispersion, and filtration from an artificial soot aerosol were also observed 

to give a rather realistic contact between soot and catalyst. All of them are referred 

to as a loose contact. In the research works that are reviewed below, the soot 

combustion temperatures relate to loose contact conditions, unless otherwise 

indicated. 

2.3.1 Transition metals 

Some transition metal oxides have been studied as soot oxidation catalysts. Neeft 

et al. (1996b) investigated many transition metal oxides for soot removal. The 

most catalytically active metal oxides were MoO3, CuO and Cr2O3. Their soot 

combustion temperatures were 500, 550 and 570 °C, respectively. In tight contact 

conditions the activities of the catalysts are different from the activities in loose 

contact. The most active catalyst in tight contact were observed to be CoO3, V2O5 

and MoO3, which had soot combustion temperatures of 390, 430 and 470 °C, 

respectively. In more recent work, iron oxide was studied by Wagloehner and 

Kureti (2012) as a catalyst for soot oxidation. It was found that the activity of 

Fe2O3 is good in a tight contact mode with the combustion temperature at 410 °C. 

On the other hand, in a loose contact mode the combustion occurs at higher 

temperatures and the temperature range is wider; around 550-600 °C. 

2.3.2 Noble metals 

Noble metal catalysts for soot oxidation have been widely studied. Oi-Uchisawa 

et al. (1998) investigated several metal oxide supported platinum catalysts. They 

used four different precursors for platinum and three different supports. The most 

active catalyst for soot oxidation was observed to be platinum from 
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Pt(NH3)4(OH)2 supported on SiO2, which decreased the soot combustion 

temperature down to 312 °C. The platinum prepared with Pt(NH3)4(OH)2 

precursor resulted in the lowest soot oxidation temperatures on all the support 

materials among the tested platinum precursors. However, the application of the 

other support materials (Al2O3 or ZrO2) resulted in much higher soot oxidation 

temperatures than the SiO2 support. In the research work by Oi-Uchisawa et al. 

(2000) the combustion temperature of platinum supported on SiO2 was observed 

near 500 °C. However, the temperature range was rather wide where the oxidation 

begins at 280 °C and ends at approximately 560 °C. In this study, the most active 

catalyst noticed was platinum supported on Ta2O5 with soot combustion 

temperature at approximately 420 °C. This catalyst started the soot oxidation 

process more rapidly than others and it was indicated as the most active catalyst in 

temperature range of 350-450 °C. 

Neeft et al. (1996b) included silver in their study as a silver oxide, as composite 

catalysts silver vanadate and silver manganese, and as zirconia-supported silver 

manganese catalysts. In this research work, silver based catalysts were observed 

to have an average catalytic activity. The combustion temperature of this catalyst 

was noticed around 430 °C in a tight contact and around 550 °C in the more 

realistic loose contact. More recent studies have also concerned silver based 

catalysts. Aneggi et al. (2009) investigated silver catalysts supported on CeO2, 

ZrO2 and Al2O3. While Ag/Ag2O mixtures were found in the catalyst on all 

supports, it was concluded that the silver supported on zirconium oxide and 

aluminium oxide was more likely to be in the metallic form, unlike on the cerium 

oxide support in which the silver stabilized in the oxidation state. Consequently, 

ZrO2 and Al2O3 supported silver catalysts were observed as very active catalysts 

with T50 value at approximately 340 °C. 

As other noble metals, ruthenium has been studied as a catalyst for soot oxidation 

in two research works of Dhakad et al. (2007a, 2007b). One of the studies (2007a) 

considered titanium oxide supported ruthenium oxide. It was concluded that the 

T50 value was lowered down to approximately 450 °C. The titania support was 

observed as a good thermal stabilizer for ruthenium oxide. The second research 
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(2007b) investigated ruthenia-cobaltate bimetallic catalyst supported on zirconia. 

It was observed that the catalyst showed good catalytic activity, thermal stability 

and the T50 was decreased down to approximately 480 °C. 

2.3.3 Alkali metals and alkaline earth metals 

Alkali metals and alkaline earth metals have a high interest as catalysts for soot 

oxidation. Neeft et al. (1996b) included lithium, sodium, potassium and caesium 

carbonates and sodium, potassium and caesium hydroxides in their research work 

of many soot oxidation catalysts. Both hydroxides and carbonates were observed 

as active catalysts in a tight contact with soot combustion temperatures at 350-

410 °C. However, the catalytic activity was noticed to be much lower in the loose 

contact cases with combustion temperatures at 510-570 °C. In addition, the 

hydroxide and carbonate catalysts were difficult to handle due to their 

hygroscopicity. The results were considered unreliable because of their lack of 

reproducibility. Castoldi et al. (2009) studied caesium and potassium catalysts 

supported on alumina (Cs/Al2O3 and K/Al2O3) and found them to be active 

catalysts for soot oxidation. In a loose contact, the soot combustion temperatures 

were observed at 515 °C for Cs and at 570 °C for K, which are similar to the 

temperatures of alkali metal carbonate and hydroxide catalysts in the work of 

Neeft et al. (1996b). 

As alkaline earth metals, barium has been investigated as a composite catalyst 

with other catalytic materials. Lin et al. (2009) observed that BaAl2O4 is an active 

catalyst with a soot ignition temperature Ti around 330 °C in a loose contact 

condition. Ti was defined by extrapolating the steeply rising portion of CO2 curve 

to zero CO2 concentration in the CO2 profiles of TPO. The average combustion 

temperature (peak top in CO2 profiles) was found to be around 430 °C. Sui & Yu 

(2008) studied cobalt-barium mixed catalysts. They found that a Co-Ba-K catalyst 

was able to lower the soot combustion temperature. The soot ignition temperature 

Ti was found to be around 310 °C and the soot combustion temperature was 

around 450 °C. In this work, the catalyst was coated on an alumina substrate. 

Castoldi et al. (2009) studied several alkaline earth metal oxides. The most active 
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catalysts for soot oxidation in “full contact” conditions were found to be barium 

and calcium with soot combustion temperatures at 460 °C and 520 °C, 

respectively. Unfortunately, both catalysts showed poor catalytic activity for soot 

oxidation in a loose contact. Therefore, it is unlikely that either of them would be 

feasible in real conditions. Kustov and Makkee (2009) also studied alkaline earth 

metals for soot oxidation. The alkaline earth metals were used as nitrates. The 

most active catalyst in their study was found to be alumina supported calcium 

nitrate (Ca(NO3)2/Al2O3) with T20 value (the temperature at which 20 % of soot is 

oxidized) at 486 °C. It was concluded that in the presence of nitrates in catalyst, 

soot oxidation occurs in two stages; oxidation with NO2 and oxidation with O2. 

The presence of nitrates in catalyst helps to decrease the combustion temperature.  

2.3.4 Metalloids and poor metals 

As poor metals, Neeft et al. (1996b) studied lead oxide. Lead oxide was observed 

as the most active catalyst in a tight contact and to have a good activity in a loose 

contact as well with the combustion temperature at 510 °C in a loose contact. 

Aluminium has been combined with other catalysts for soot oxidation. López-

Suárez et al. (2008) investigated a copper-aluminium catalyst with several copper 

loadings. The catalyst with 10 % copper loading was noticed to have an average 

catalytic activity with a minimum T50 value at 664 °C. Sun et al. (2009) used 

aluminium to dope cerium oxide catalyst. The best result was found with catalyst 

that had 30:1 molar ratio of Ce to Al with the combustion temperature at 356 °C. 

Dhakad et al. (2009) used alumina as a support for Co-K-Mo mixed metal oxide. 

They found that this catalyst has a good catalytic activity due to synergistic effect 

of molybdenum and cobalt on alumina support, which is further enhanced by the 

presence of potassium. The soot combustion occurred between 200 and 430 °C 

and T50 value was at 310 °C. 

As metalloid oxides, Neeft et al. (1996b) included germanium and antimony in 

their study. Germanium oxide was found to be the least active catalysts where the 

decrease in a soot combustion temperature was insignificant. On the contrary, 
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antimony has an average catalytic activity and it decreased the soot combustion 

temperature down to approximately 470 °C.  

2.3.5 Rare earth metals 

Some rare earth metals have been studied as soot oxidation catalysts. Lanthanum 

has usually been combined with other catalysts or used as a catalyst support. 

Aneggi et al. (2006) showed that ceria-zirconia catalyst doped with lanthanum in 

a tight contact had a soot combustion temperature at approximately 415 °C. As a 

support for other catalyst, lanthanum has been studied by Peralta et al. (2009) and 

Sánchez et al. (2009). Both found La2O3 supported catalysts to be active in soot 

oxidation with a soot combustion temperature around 390 °C. 

As rare earth metals, cerium has raised much interest for soot oxidation. Cerium 

oxide has been used as catalyst by itself, as part of composite catalyst and as a 

support for other catalytic materials. Especially the oxygen storage capacity of 

cerium oxide has increased the interest of applying cerium for soot oxidation. 

Cerium oxide has been observed as an active catalyst for soot oxidation and it can 

lower the soot combustion temperature down to approximately 400 °C what was 

shown in many research works. Aneggi et al. (2008) investigated cerium oxide 

and alkali metal promoted cerium oxide. In this work, bare cerium oxide was 

concluded to have a good activity with the soot combustion temperature at 

approximately 390 °C in a tight contact. Machida et al. (2008) found a similar 

soot combustion temperature in tight contact conditions. In loose contact 

conditions the combustion temperature is higher than in a tight contact. With 

applying of cerium oxide catalyst in a loose contact with soot, Setiabudi et al. 

(2004) found the soot combustion temperature at approximately 450 °C. The work 

of Wu et al. (2010) showed the similar soot combustion temperature at 470 °C. 

Atribak et al. (2007) compared cerium oxide with titanium oxide (TiO2) and 

zirconium oxide (ZrO2) for soot oxidation in a loose contact with soot under 

NOx/O2 gases. They found cerium oxide to be more active than the other two with 

T50 at 551 °C. The cerium oxide has a better catalytic activity because of its ability 
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to accelerate the conversion of NO to NO2, which in turn oxidizes soot among 

with O2.  

In addition, cerium oxide combined with other catalyst materials has been widely 

studied. Muroyama et al. (2010) investigated mixed oxides of La-Ce, Nd-Ce, Fe-

Ce and Cu-Ce in a tight contact with soot. The most catalytically active catalyst 

was found to be Cu-Ce catalyst prepared be citric acid complex method, which 

resulted in a soot combustion temperature at 430 °C. Liang et al. (2008) also 

investigated Ce-Cu mixed oxide in their study. They found soot combustion 

temperatures at 324 and 496 °C for tight and loose contact conditions, 

respectively. Fu et al. (2010) used CuO to dope CeO2 catalyst. The lowest 

combustion temperature was found with Cu-Ce catalyst prepared by citrate acid 

complex-combustion. This catalyst resulted in combustion temperature at 438 °C 

in a loose contact. Gross et al. (2009) used cerium oxide as a support for 

potassium with varying loadings. It was concluded that the catalyst with 7 wt.% of 

potassium had a good catalytic activity and leads to the combustion temperature at 

approximately 350 °C in a tight contact conditions. 

Liang et al. (2008) and Katta et al. (2010) have studied ceria-zirconia mixed 

oxides. Liang et al. found the soot combustion temperature at 517 °C for Ce-Zr in 

a loose contact conditions and at 375 °C in a tight contact. Katta et al. (2010) 

showed T50 at approximately 520 °C in a tight contact. Other mixed oxides with 

cerium that have been studied recently are Ce-Al mixed oxide by Sun et al. 

(2009), and Mn-Ce by Wu et al. (2010). Sun et al. showed cerium-aluminium 

mixed oxides to have a good catalytic activity in a tight contact. Combustion 

temperatures were around 350-380 °C which depends on the molar ratio of cerium 

to aluminium. The presence of aluminium oxide also had a better thermal stability 

than the bare cerium oxide. Wu et al. (2010) observed that mixed oxides of Mn 

and Ce are more active catalysts in loose contact conditions than the individual 

oxides with a soot combustion temperature at 463 °C. 
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2.3.6 Summary of soot oxidation catalysts 

Overall, it is difficult to determine the most active catalyst for the soot oxidation. 

Many types of catalysts have been studied, the huge research work has been done 

but the comparison of the results between different studies may be impossible due 

to different experimental conditions such as preparation methods of catalysts and 

carbon material. According to the reviewed research works in the thesis, the 

catalyst with the lowest soot combustion temperature was platinum catalyst 

supported on SiO2 in the work of Oi-Uchisawa et al. (1998). The high cost of 

platinum and the platinum’s high activity to the oxidation of the possible SO2 in 

the exhaust gas to H2SO4 are the disadvantages of it. Therefore, non-platinum 

catalysts are constantly researched. The most active non-platinum catalyst of the 

studies reviewed in the thesis was BaAl2O4 in the work of Lin et al. (2009). 

Catalysts with the lowest soot combustion temperatures are listed in table 1. All 

research works reviewed in the thesis are summarized in the appendix I. 

Table 1. The most active catalysts of the research works reviewed in the thesis. 

Catalyst T Contact Ref. 

Mo-K-Co (Al supported) T50 = 310 °C loose Dhakad et al. 2007b 

Ag (Zr supported) T50 = 341 °C loose Aneggi et al. 2009 

CeO2 T50 = 551 °C loose Atribak et al. 2007 

Pt (SiO2 supported) Tm = 312 °C loose Oi-Uchisawa et al. 1998 

BaAl2O4 Tm = 430 °C loose Lin et al. 2009 

Cu0.05Ce0.95 (CA) Tm = 438 °C loose Fu et al. 2010 

MnOx-CeO2 Tm = 463 °C loose Wu et al. 2010 

CuO-CeO2 Tm = 496 °C loose Liang et al. 2008 

CeO2 Tm = 501 °C loose Liang et al. 2008 

CeO2 Tm = 390 °C tight Aneggi et al. 2008 
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3 CERIUM OXIDE 

Cerium oxide, or ceria, is a rare earth metal oxide that is used as a catalyst in 

various processes (Trovarelli et al. 1999). This chapter starts with introducing the 

synthesis and structure of cerium oxide. Thereafter, the most important 

applications of cerium oxide are reviewed. In the end of this chapter, the 

properties of ceria are presented with emphasis on the main properties which can 

affect the catalytic activity of cerium oxide.  

Cerium oxide can be synthesized by several methods. These methods can be 

divided to wet chemical techniques and vapor deposition techniques. Wet 

chemical techniques include a coprecipitation, an impregnation, a hydrothermal 

method, a solvothermal method, a sol-gel method, microemulsions, a combustion 

synthesis and so forth. The vapor deposition techniques include a chemical vapor 

deposition (CVD), an atomic layer deposition (ALD) and a sputtering. (Reddy et 

al. 2002). Widely used techniques for the preparation of cerium oxide catalysts or 

a mixed oxide catalysts containing ceria are an impregnation, a coprecipitation 

and a sol-gel method. Usually a cerium nitrate solution is used as a precursor with 

these methods (see for example Aneggi et al. 2009, Qi et al. 2004; and de 

Leitenburg et al. 1996).  

Cerium has two oxidation states Ce
3+

 and Ce
4+

. According to these oxidation 

states cerium forms the following oxides Ce2O3 or CeO2 (Bueno-López 2014). 

The crystal lattice structure of CeO2 is shown in the figure 1.  
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Figure 1. Crystal lattice structure of CeO2. Red spheres represent O

2-
 ions and 

blue spheres Ce
4+

 ions. (Malavasi et al. 2010). 

The oxygen storage capacity is the ability of cerium oxide to accumulate and store 

excess oxygen, and to release it when needed. (Trovarelli et al. 1999). The oxygen 

storage capacity of cerium oxide is due to the ability of cerium to undergo a redox 

cycle switching between the Ce
3+

 and Ce
4+

 oxidation states (Bueno-López 2014). 

Cerium has a high tendency to form oxide in the Ce
3+

 oxidation state compared to 

other lanthanides with both 4+ and 3+ oxidation states. However, Ce2O3 is easily 

oxidized back to CeO2 when there is oxygen available. (Sugiyama et al. 2000). 

3.1 Applications of cerium oxide 

Cerium oxide is used in various applications. Most of these applications utilize the 

catalytic properties of cerium oxide (Trovarelli et al. 1999), but ceria is also used 

in electronics and optics (Päiväsaari et al. 2002). As a catalyst, the most important 

applications relate to environmental applications. The use of ceria in the treatment 

of gaseous emissions such as a three way catalysts (TWC) and SOx removal, and 

in the treatment of liquid wastes such as catalytic wet oxidation, are the most 

essential solicitations of ceria catalysts. Ceria is often used in combination with 

other oxides or noble metals, and its purpose is to enhance efficiency. (Trovarelli 

et al. 1999).  

In the treatment of gaseous emissions, the most important applications of cerium 

oxide catalysts are processing of mobile source exhausts such as automotive 
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exhausts and removal of sulfur oxides. Treatment of liquid waste with ceria 

catalyst includes, for example, catalytic wet oxidation. (Trovarelli et al. 1999)  

Three way catalysts (TWC) are widely used in the treatment of automotive 

exhausts. TWC is an effective way to convert hydrocarbons, carbon monoxide 

(CO) and nitrogen oxides (NOx) to more harmless compounds such as water 

(H2O), carbon dioxide (CO2) and nitrogen (N2). The active catalysts in TWC are 

metal oxides or noble metals, such as aluminium oxide (Trovarelli et al. 1999), 

platinum or ruthenium (Kaspar et al. 1999). Role of cerium oxide in TWCs is to 

act as the oxygen buffer. The conversion of HC, CO and NOx is highest when 

reactions occur close to the stoichiometric conditions. In practice, the ratio of air 

to fuel varies and causes the catalyst to be exposed to varied exhaust gas feed 

streams. The composition of feed stream changes rapidly from a fuel-rich, 

oxygen-deficient composition to a lean condition with the excess of oxygen. The 

ability of cerium oxide to store oxygen from O2, NO and H2O under a lean 

stoichiometry and to release it under a fuel-rich stoichiometry significantly 

increases the efficiency of TWCs. (Kaspar et al. 1999).  

In the fluid catalytic cracking (FCC), ceria is used to remove SOx from gaseous 

emissions. During the fluid catalytic cracking, coke builds up on the main FCC 

catalyst. Approximately 10 % of the incoming sulfur remains trapped in this coke. 

During the catalyst regeneration, the sulfur in the catalyst is oxidized to an 

SO2/SO3 mixture, which needs to be treated before releasing into the atmosphere. 

Shortly, this process first oxidizes SO2 to SO3 during the FCC catalyst 

regeneration. Thereafter, SO3 is chemisorpted and stored as a sulfate. Finally, 

sulfate is released as hydrogen sulfide H2S in the FCC riser reaction. (Trovarelli et 

al. 1999). A catalytic system containing cerium oxide in combination with 

magnesium aluminate spinel-MgO was shown to be effective in SOx removal 

(Bhattacharyya et al. 1988). This catalytic system has been modified with 

vanadium (Kim & Juskelius 1993) or iron (Yoo et al. 1993). The role of ceria in 

this kind of catalytic system is to promote the oxidation of SO2 and to adsorb SOx. 

(Trovarelli et al. 1999). 
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Ceria is also used in the application of liquid waste treatment mostly as a catalyst 

in the catalytic wet oxidation. The catalytic wet oxidation is a method to reduce 

organic pollutants in wastewater by decomposing them into less harmful products. 

(Trovarelli et al. 1999). Usually oxygen or air is used as an oxidant. It is a very 

clean process, because when the oxidation reaches completion the final products 

are carbon dioxide and water. High temperature and pressure are required to 

achieve high conversion and catalysts are used to enhance the process. (Bhargava 

et al. 2006). Ceria has been studied in the catalytic wet oxidation of several 

compounds. For example, it is an effective catalyst in the wet oxidation of phenols 

(Chen et al. 2001), acetic acid (de Leitenburg et al. 1996), formaldehyde (Tang et 

al. 2006), and ammonia (Imamura et al. 1985). Cerium oxide is often used in 

combination with other catalyst materials such as ruthenium, manganese, cobalt or 

platinum (Bhargava et al. 2006). 

Cerium oxide is also applicable in dehydrogenation processes, such as 

dehydrogenation of ethylbenzene to styrene (Ikenaga et al. 2000), and in 

hydrogen production from steam reforming (Zhang et al. 2007). Cerium oxide 

grown by the atomic layer deposition can also be applied in electronics and optics. 

For example, ceria can be used as buffer layers for high-temperature 

superconductors. (Päiväsaari et al. 2002). 

3.2 Cerium oxide catalyst in soot oxidation 

The most important property of cerium that affects its catalytic behavior is its 

oxygen storage capacity (OSC). The OSC is a very useful property when treating 

soot emissions because the stoichiometrics of the exhaust gas stream varies from 

the excess of the oxygen to the deficiency of the oxygen. (Trovarelli et al. 1999). 

The lattice oxygen in cerium oxide oxidizes soot during lean stoichiometric 

conditions creating an oxygen vacancy. The oxygen vacancy is then filled with 

gas-phase O2 during oxygen rich stoichiometric conditions (Bueno-López et al. 

2005). Two potential schemes have been proposed by Bueno-López (2014): the 

active oxygen mechanism and the NO2-assisted mechanism. A schematic 

presentation of the active oxygen mechanism is shown in the figure 2. 
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Figure 2. Schematic presentation of the potential ceria catalyzed soot oxidation 

reaction: active oxygen mechanism. 

Bueno-López (2014) proposed the active oxygen mechanism for soot oxidation 

reactions as follows: 

CeO2 + C → CeO2-δ + SOC 

CeO2-δ + δ/2O2  CeO2 

SOC → CO/CO2 + Cf 

O-containing gas + Cf →SOC 

where SOC is surface oxygen-carbon complex 

 Cf is a free carbon site. 

In the active oxygen mechanism, carbon in soot reacts with an oxygen atom 

released from the cerium oxide to form a surface oxygen-carbon complex. The 

surface oxygen-carbon complex is desorbed from the surface as carbon monoxide 

or carbon dioxide leaving a free carbon site on the surface. When cerium oxide 

releases an oxygen the oxygen vacancy is formed, which is later filled with 

oxygen from the gas phase. In this reaction mechanism, the role of cerium oxide is 

to promote the oxygen transfer from the gas phase to the surface. (Bueno-López et 

al. 2014). 

The NO2-assisted mechanism is schematically presented in the figure 3. 
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Figure 3. Schematic presentation of the potential ceria catalyzed soot oxidation 

reaction: NO2-assisted mechanism. 

According to Bueno-López (2014), the reactions in NO2-assisted mechanism are 

as follows: 

CeO2 + δNO  CeO2-δ + δNO2 

CeO2-δ + δ/2O2  CeO2 

NO2 + C  NO + SOC 

SOC → CO/CO2 + Cf 

In the NO2-assisted mechanism, cerium oxide also catalyzes the reaction of NO to 

NO2. Cerium oxide releases oxygen to form NO2 and an oxygen vacancy in the 

cerium oxide is formed. The oxygen vacancy is then filled with oxygen from the 

gas phase. NO2 continues to react with soot and forms a surface oxygen complex 

and NO. Then the surface oxygen complex desorbs from the surface as CO or 

CO2 leaving a free carbon site to the surface. (Bueno-López 2014) 
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4 ATOMIC LAYER DEPOSITION 

Atomic layer deposition is a thin film deposition method which is based on the 

sequential use of two gas phase chemical precursors. It is very similar to the 

chemical vapor deposition technique and can be considered as a variant of CVD. 

The difference of these two deposition techniques is that in ALD, the precursors 

react only with the surface compounds on the substrate. In CVD the precursors 

react with each other in the gas phase. (Päiväsaari et al. 2007). The most 

important applications of ALD are in the semiconductor industry, optics, 

microelectronics, and other nanotechnology usages (George 2010; Putkonen & 

Niinistö 2005). Metal oxides such as Al2O3, TiO2, ZnO, and ZrO2, and metal 

nitrides such as TiN and TaN are the most investigated ALD systems (George 

2010). 

4.1 Principles of ALD 

ALD is based on chemical reactions of gas phase precursors that sequentially 

react with the substrate surface. The film is formed in a stepwise manner. (George 

2010). One deposition cycle consists of four steps. In the first step, the first 

precursor is allowed into the reaction chamber and it reacts with the hydrogen 

groups on a surface of the substrate forming surface species. In the second step, 

reaction chamber is purged with an inert gas to remove the reaction by-products 

and the excess of unreacted precursor. In the third step, the second precursor is let 

into the reaction chamber to react with the surface species formed during the first 

chemical reaction. In the final step, the inert gas purge is applied to the final 

purging process. The ALD is a self-limiting chemical deposition method where 

gas phase chemical precursors do not react with each other in a gas phase. This 

allows self-terminating growth of thin films with precise thickness control by 

repeating deposition cycles. (Putkonen & Niinistö 2005). A schematic 

presentation of the principle of ALD with two precursors is shown in the figure 4. 
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Figure 4. Principle of the atomic layer deposition with two precursors (A and B) 

(George et al. 1996). 

When the reactions between the precursors and the surface species occur 

spontaneously at a certain temperature, the ALD process is considered to be 

thermal ALD. Sometimes the thermal energy is not enough for the surface 

reactions to occur or to reach completion. In these cases, plasma or radical-

enhanced ALD is used. Plasma sources can be used to create the radicals needed 

for the reactions. The radical-enhanced ALD can be used to deposit single-

element materials such as metals or semiconductors, and compounds such as 

metal oxides or metal nitrites. While depositing single-element materials the 

chemical reactions do not occur when using only thermal energy. Thus, radicals 

are used for the reactions to complete. For example, titanium has been deposited 

by using H2 plasma. (George 2010).  

The advantages of radical-enhanced ALD are lower temperature, higher quality 

and lower impurity level. Decreasing the deposition temperature is beneficial 

when thermally fragile substrates such as polymers are used. The deposition of 

metal nitrites in a radical-enhanced ALD with using organometallic precursors 
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leads to the higher quality of films. For example, TaN has been deposited with 

hydrogen radicals. In addition, when depositing metal oxides using β-diketonate 

precursors, oxygen radical-enhanced ALD leads to lower carbon impurities in the 

film. (George 2010). 

4.2 Advantages of ALD 

One of the main advantages of the ALD is the simplicity and precision of the 

thickness control by controlling the number of reaction cycles. Because the 

precursor flux is usually uneven some of the surface will react before other. 

However, this does not affect the thickness since the adsorbed precursors will 

desorb from the surface when the reaction is completed, and continue to react with 

unreacted surface area. This also allows very thin films to be deposited. (George 

2010). Thus, the ALD reactions do not depend on the homogeneity of precursor 

flow, given that there is a sufficient amount of precursor pulsed into reaction 

chamber (Putkonen & Niinistö 2005). 

ALD thin films are very smooth because the chemical reactions are driven to 

completion and all the surface sites are filled during every deposition cycle. This 

leads to continuous and pin-hole-free films, which are required in dielectrics. The 

ALD can be used to deposit films on multiple and varying sizes of substrates and 

the scale-up of processes is easy (George 2010; Putkonen & Niinistö 2005).  

4.3 ALD temperature and ALD window 

In a thermal ALD, the deposition temperature affects the growth of thin film on 

the substrate surface. The ALD window is the temperature range, in which the 

film growth is self-limiting, desirable and controllable. (George 2010). Therefore, 

the film growth is constant within the ALD window regardless of the deposition 

temperature. Below the ALD window temperature the thermal energy is not 

enough to complete the surface reactions or the precursors may condense on the 

surface. Above the ALD window, precursor decomposition or surface species 

desorption may occur. (Putkonen & Niinistö 2005). 
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4.4 Precursors for metal oxide ALD 

Whereas using solid precursors, the precursors need to be gaseous at the operating 

temperature, they still need to have a reasonable thermal stability. This is a 

problem especially for metal oxide deposition. Thus, halides, β-diketonate 

complexes, alkoxides and organometallics such as metal alkyls or 

cyclopentadienyls are used as precursors for metal deposition. They are volatile at 

lower temperatures than pure metals, and react at lower deposition temperatures. 

(Putkonen & Niinistö 2005).  
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5 EXPERIMENTAL PART 

The experimental part of this thesis is focused on the influence of the ALD 

process parameter on the catalytic behavior of cerium oxide thin film and thereby 

the oxidation of soot. The effect of the ALD process parameters was studied by 

preparing varying films with different deposition temperatures and numbers of 

cycles. First, the optimal ALD conditions were determined. The cerium oxide thin 

films were analyzed with the spectroscopic ellipsometry, the x-ray diffraction 

(XRD), the x-ray photoelectron spectroscopy (XPS), the scanning electron 

microscopy (SEM) and the atomic force microscopy (AFM). To study the 

catalytic behavior of the coating, soot was deposited on the cerium oxide coated 

substrates. The annealing test and the thermogravimetric analysis (TGA) of soot 

covered substrates with catalytic coating were performed. 

5.1 The ALD conditions 

The deposition of cerium oxide was done by ALD using the F-120 ALCVD 

reactor (ASM Microchemistry Ltd., Espoo). Ce(thd)4 (2,2,6,6-tetramethyl-3,5-

heptadionatecerium Ce(C11H19O2)4) provided by Volatec (Porvoo) and ozone (O3) 

were used as precursors. Ozone was generated by the ozone generator (Wedeco 

Modular 4HC Lab, Herford, Germany) from pure oxygen.  

Optimal ALD conditions were determined by finding the saturation curve, the 

ALD window, and the film thickness as a function number of deposition cycles. 

Silicon wafers were used as substrates. Thicknesses of cerium oxide films were 

measured with the M-2000FI spectroscopic ellipsometer (J.A. Woollam Co., 

Lincoln, United States). A Cauchy model was used to fit the experimental data. 

Growth rate of cerium oxide film deposited at different temperatures was 

calculated using the measured film thickness and the number of deposition cycles. 

Saturation curve was found by the influence of Ce(thd)4 and O3 pulse time. The 

surface of the substrate is saturated when the film thickness stays constant even if 

the pulse time is increased. Pulse time for Ce(thd)4 was varied from 0.5 to 4 s by 

0.5 s steps while keeping the O3 pulse time constant at 2.5 s. After finding the 
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optimal pulse time for Ce(thd)4, the pulse time for O3 was determined with the 

same method. ALD window was determined by completing depositions at 

different range of temperatures with 2000 ALD cycles. ALD window can be seen 

as the saturated growth, reliable and repeatable results from function of the 

growth rate of cerium oxide and the deposition temperature. The linear growth of 

cerium oxide thin film was determined as a function of the thickness of the cerium 

oxide film and the number of deposition cycles at the deposition temperature 

300 °C.  

5.2 Sample preparation 

Aluminium foil, stainless steel foil and silicon wafers were used as substrate 

materials. Aluminium foil was Alu-Laborfolie (Korff, Oberbipp, Switzerland). It 

was 99.0-99.5 % of aluminium. Thickness of the aluminium foil was 0.030 mm. 

Stainless steel foil was AISI 316 (Goodfellow Cambridge Ltd., London, United 

Kingdom). It consisted of iron with 16.5-20 % of chromium, 8-14 % nickel, 2-

3.5 % of molybdenum, <2 % of manganese and <1200 ppm of carbon. Thickness 

of the stainless steel foil was 0.025 mm. Silicon wafers were a type-orient of 

P/Bor <100> (Si-Mat Germany, Kaufering, Germany). The thickness of silicon 

wafers was 525 ± 5 µm and the resistivity was 10-20 ohmcm. 

The silicon wafers and aluminium foils were cleaned before the ALD process. 

They were placed in the ultrasound bath first in isopropanol for 20 minutes and 

then in deionized water for 20 minutes. Thereafter, they were dried in the oven at 

100 °C. Stainless steel foil was cleaned by blowing it with compressed air to 

remove dust and particles from the surface. Varying sizes of samples were used in 

different analyses. The approximate sample sizes for different analyses can be 

seen in the table 2 in the chapter 5.2.2.  

Cerium oxide was deposited on the substrates by the ALD. The ALD process 

parameters were determined with the methods explained in the chapter 5.1. The 

exposure times were 1.5 s for Ce(thd)4 and 2.5 s for O3. Precursor evaporation 

temperatures were 160 °C and 25 °C for Ce(thd)4 and O3, respectively. As carrier 
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and purging gas, nitrogen gas (99.99 %) was used. Purge time was 2.5 s. 

Deposition temperatures were 180, 200, 250, 300, and 350 °C. The numbers of 

deposition cycles were 2000, 1000, 500 and 100. 

Soot was deposited on the cerium oxide deposited samples to estimate the cerium 

oxide thin films catalytic activity for soot oxidation. The catalytic activity was 

estimated with annealing test and TGA.  

5.2.1 Soot deposition system 

Soot was deposited on samples with a custom-made system from Pegasor Oy 

(Tampere), which simulates soot formation and accumulation on an object in the 

exhaust pipe in a realistic manner. A schematic diagram of the soot deposition 

system is shown in the figure 5. 

The soot deposition system is shown in the figure 6 and consists of a Webasto 

heater (1), a fuel pump (2), the power supplies for the heater (3) and the fuel pump 

(4), a battery for igniting diesel fuel (6), a filter and a fan for the exhaust gas (7), a 

heating plate (8), and a pipeline (9). The pipeline has a U-shape with an open 

space in the middle where samples are placed.  This is called sample area. The 

heater works by combusting diesel oil and it has an internal blower for air intake. 

In the system, parameters for the diesel combustion can be changed by modifying 

the flow of air and diesel. The air flow was decreased to produce more soot than 

in normal diesel combustion. The air flow was controlled with a laboratory power 

supply (4.0 volts) connected to the heater. The diesel flow was controlled with a 

frequency controller. The rate of diesel pulses was 2 Hz. There was a heating plate 

under the sample area, which was kept at 100-120 °C to prevent water 

condensation on the sample surface and onto the soot. The samples were taped 

with thermal tape to a normal copy paper, which was placed on the sample area, 

to prevent samples from drifting along with the exhaust gas. 
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Figure 5. A schematic diagram of the soot deposition system. 

 

Figure 6. A photograph of the soot deposition system. 

The amount of accumulated soot was studied with weighing of the samples before 

and after soot deposition. Aluminium foil and silicon wafers were used as 

samples. The samples were placed in the sample area on the heating plate. The 

samples were weighed at time points of 1, 5, 10, 15, 20 and 60 minutes. A 
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function of the accumulation of soot was calculated from the mass differences 

before and after soot deposition. 

5.2.2 Summary of sample preparation 

A summary of sample preparation with the sample materials, the approximate 

sample sizes, the ALD parameters, the soot deposition time, and the aim of each 

analysis is presented in the table 2. 

Table 2. A summary of sample preparation for each analysis. 

Analysis 
Sample 

material 

Approximate 

sample size 
ALD parameters 

Soot 

deposition 

time 

Aim of analysis 

CHARACTERIZATION 

SEM Si 1 x 1 cm 
180, 200, 250, 300, 350 C 

2000 cycles 
no soot Film structure 

XRD Si 1 x 1 cm 
180, 200, 250, 300, 350 C 

2000 cycles 
no soot 

Crystal structures 

Crystal sizes 

XPS Si 1 x 1 cm 
180, 200, 250, 300, 350 C 

2000 cycles 
no soot 

Elemental analysis 

of the film 

AFM Si 1 x 1 cm 
180, 200, 250, 300, 350 C 

2000 cycles 
no soot 

Film structure 

Cluster size 

CATALYTIC ACTIVITY 

Annealing at 

constant 

temperature 

Al foil 

Steel foil 

Si 

1.5 x 1 cm 

180, 200, 250, 300, 350 C 

2000, 1000, 500, 100 cycles 

uncoated references 

1,5 min 

Effect of ALD 

parameters on soot 

combustion 

TGA 
Al foil 

Steel foil 
0.7 x 0.3 cm 

180, 200, 250, 300, 350 C 

2000, 500, 250 cycles 

uncoated references 

10 min 

Combustion profile 

and combustion 

temperature  of soot 

5.3 Cerium oxide thin film analyses  

Several analyses were performed to study the structure and composition of the 

cerium oxide film deposited on silicon wafers. Deposition temperatures of cerium 

oxide were 180, 200, 250, 300 and 350 °C. All depositions were done with 2000 

ALD cycles.  

The structure of the cerium oxide thin film was studied with the field emission 

scanning electron microscopy (SEM) in Mikkeli University of Applied Sciences. 
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SEM analysis was done with Hitachi S-4800 scanning electron microscope 

(Hitachi, Tokyo, Japan).  

The film morphology, the roughness of the film, and the cluster size were 

determined with atomic force microscopy (AFM). AFM was performed with Park 

NX10 (Park Systems, Suwon, South Korea). 

The elemental composition and the impurity level of the cerium oxide film were 

investigated with the X-ray photoelectron spectroscopy (XPS) with ESCALAB 

250Xi (Thermo Scientific, United Kingdom). The molecular structures of the 

cerium oxide crystals were analyzed with the X-ray diffraction (XRD) with X-

Ray Difractometer SmartLab® Type F (Rigaku, Japan). XPS and XRD were both 

done in Masaryk University in Brno, Czech Republic. The crystals size was 

calculated from XRD patterns. 

5.4 Catalytic activity of cerium oxide coating 

Various experiments were performed to study the catalytic activity of cerium 

oxide thin film. The catalytic activity was studied with annealing tests in a high 

temperature oven and with a thermogravimetric analysis. The annealing tests were 

done to samples with cerium oxide coating deposited with the same number of 

cycles, but with varying deposition temperatures. After finding the ALD 

deposition temperature, which leads to the most active coating, the number of 

ALD cycles was varied within this deposition temperature. TGA was performed 

to samples with a cerium oxide coating deposited with same number of ALD 

cycles but with varying deposition temperatures. 

5.4.1 The effect of ALD process parameters on soot oxidation 

The cerium oxide thin films deposited at different temperatures have different 

chemical and crystal structure properties. Annealing tests were performed to the 

samples deposited at varying temperatures to see how these differences affect the 

cerium oxide thin films catalytic activity for soot oxidation. The samples for the 



42 

 

 

 

annealing tests were stainless steel foil covered with cerium oxide and uncoated 

steel foil as a reference. The cerium oxide deposition with 2000 ALD cycles was 

done at 180, 200, 250, and 300 °C. Further, it was observed that the cerium oxide 

film deposited at 300 °C has the highest catalytic activity in the annealing tests. 

Thus, annealing tests for films deposited at 300 °C with 100, 500, 1000 and 2000 

cycles were performed. Soot was deposited on all samples for 1.5 minutes. The 

amount of soot was determined by weighing the samples before and after soot 

deposition. 

The samples were placed in the oven at a constant temperature and were kept 

there for 4 hours. The oven temperatures were chosen with the aim of finding the 

starting point of soot oxidation. The temperature was not increased anymore if all 

soot was oxidized from the reference sample. The oven temperatures were chosen 

350, 370, 390, 410, 430, 450, and 490 °C. The annealing at 490 °C was performed 

only to samples with cerium oxide deposited with 2000 deposition cycles. The 

samples were weighed after 2 and 4 hours of annealing to find the amount of 

oxidized soot. The experiments were held in the ambient air. 

5.4.2 Reuse of cerium oxide catalyst 

The reuse of the cerium oxide thin film catalyst was studied with annealing tests 

at 450 °C and 490 °C. Stainless steel foil samples with cerium oxide coating were 

used. The ALD of cerium oxide on the stainless steel foil with 2000 deposition 

cycles was done at 180, 200, 250, and 300 °C and depositions with 100, 500 and 

1000 cycles were done at 300 °C. Bare stainless steel foil was used as reference 

samples. Soot was deposited on all samples for 1.5 min. The first annealing test 

was performed as described above in the chapter 5.4.1.  

After the first annealing at 490 °C, the samples were left in the oven until all soot 

had been combusted. Overall time in the oven was 21 h. Thereafter, soot was 

deposited on the same samples once again for 1.5 minutes. Samples were weighed 

before and after soot deposition to determine the mass of soot. Then the samples 
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were placed in the oven at the same annealing temperature at 490 °C. Second 

annealing test was performed for 4 hours as described in chapter 5.4.1.  

During the annealing at 450 °C, all soot was not combusted off the samples. 

Depending on how much soot was left on the samples after the first annealing, 

soot was deposited on the samples for 30 s or 1 min. The aim was to have 

approximately the same amount of soot on all samples for the reuse of cerium 

catalyst. The soot covered samples were placed in the oven at the same annealing 

temperature at 450 °C and the annealing was performed as described in the 

chapter 5.4.1. 

5.4.3 Thermogravimetric analyses 

Thermogravimetric analyses (TGA) were made to determine the soot combustion 

profile and the combustion temperature of soot. Stainless steel foil was used as 

substrate material. Cerium oxide thin film was deposited with 2000 ALD cycles at 

180, 200, 250, and 300 °C. Soot was deposited on the cerium oxide covered 

samples for 10 minutes. A sample without a catalytic coating covered with soot 

was used as reference samples. TGAs were performed with TG 209 F1 

Thermogravimetric analyzer (Netzsch, Selb, Germany). The samples were folded 

to fit into the crucible used in TGA. The temperature range was from room 

temperature to 700 °C with a heating rate of 10 °C/min. A synthetic air mixture of 

oxygen and nitrogen was used in the analysis. Flows of nitrogen and oxygen were 

20 mL/min and 5 mL/min, respectively.   



44 

 

 

 

6 RESULTS AND DISCUSSION 

The results of the experimental part of the thesis are presented and discussed in 

this section. First, the finding of optimal ALD conditions and sample preparation 

are presented. Thereafter, the different types of analyses are performed to 

characterize the deposited cerium oxide thin films. The catalytic activity of cerium 

oxide coatings are estimated with annealing tests and thermogravimetric analyses. 

Finally, the obtained results are discussed. 

6.1 The ALD conditions 

Fabrication of cerium oxide thin film was done by ALD method. First the effect 

of the Ce(thd)4 and ozone pulse time on the saturation of the surface was studied. 

The saturation curve for Ce(thd)4  is presented in the figure 7.  

 

Figure 7. The effect of Ce(thd)4 pulse time on the growth rate of cerium oxide at 

250 °C. 

The duration of Ce(thd)4 pulse time was varied from 0 till 4 s. From the figure 7, 

it can be seen that the growth rate of cerium oxide film stabilizes when the pulse 

time of Ce(thd)4 was 1.5 seconds with a constant ozone pulse duration of 2.5 s. It 
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means that this time is enough for the surface saturation over the entire substrate 

surface with 1.5 s and 2.5 s pulse time for Ce(thd)4 and ozone, respectively. 

The growth rate of cerium oxide film as a function of the deposition temperature 

is presented in the figure 8.  

 

Figure 8. The growth rate of cerium oxide film as a function of deposition 

temperature with 2000 cycles.  

It can be seen from the figure 8, that the ALD window is located between 

deposition temperatures of 180 and 300 °C. In this temperature range, the growth 

rate of cerium oxide film is nearly linear and does not depend on the deposition 

temperature. Above the temperature of 300 °C, the growth rate increases 

remarkably. This is most likely due to the thermal decomposition of the Ce(thd)4 

precursors.   

The cerium oxide film thickness was determined as a function of the number of 

cycles and presented in the figure 9. 
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Figure 9. Thickness of the cerium oxide film as a function of the number of 

deposition cycles at the deposition temperature of 300 °C. 

From the figure 9, it can be seen that the thickness increases linearly as the 

number of cycles increases. This means that the ALD process has the ideal 

behavior within the ALD window. 

6.2 Soot accumulation 

In the figure 10, the accumulation of soot on a substrate is presented as a function 

of time. The accumulation of soot was calculated as the ratio of the sample mass 

after soot deposition to the initial mass, R. 
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Figure 10. The accumulation of soot on Al foil and Si samples in the soot 

depositing system as a function of time. 

The soot accumulation of soot is fairly linear and depends on the time in the soot 

system, as can be seen in the figure 10. The soot was deposited equally on both 

substrates, silicon and aluminium foil. 

6.3 Film analyses 

Film was analyzed with the SEM, the AFM, the XRD and the XPS. All the results 

and the processing of the results are presented in this chapter. 

6.3.1 SEM analysis 

The scanning electron microscopy was used to determine the surface structure of 

the cerium oxide film. SEM images of samples deposited at different temperatures 

are shown in the figure 11. 
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Figure 11. The SEM images of cerium oxide coated silicon wafers deposited with 

2000 cycles at temperatures of 180, 200, 250, 300 and 350 °C.  

The increase of ALD deposition temperature can promote cerium oxide grain 

growth, which was confirmed in the SEM micrographs on the figure 11. The 

cerium oxide thin film consists of small clusters which are in turn consisted of 

small crystals. This phenomenon can be seen later from the AFM measurements. 

It was observed that the structure of the cerium oxide thin film deposited at 

350 °C differs from the others. The deposition temperature of 350 °C was not 

within the ALD window, which might effect on the ALD growing conditions.  

180 °C 200 °C 

250 °C 300 °C 

350 °C 
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6.3.2 AFM analysis 

Atomic force microscopy (AFM) was used to investigate the film morphology and 

the roughness of the cerium oxide thin film. The AFM cluster size results are 

explained with more details in the chapter 6.3.5. AFM images of cerium oxide 

thin films deposited at different temperatures are shown in the figure 12.  

 

 

 
Figure 12. The AFM images of cerium oxide deposited on silicon wafers with 

2000 cycles at temperatures of 180, 200, 250, 300 and 350 °C deposition 

temperatures. 
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From the figure 12, it can be seen that the clusters’ size increase as the deposition 

temperature increases. In addition, the roughness values for the cerium oxide thin 

film increase as the deposition temperature increases. This phenomenon can be 

seen more clearly in the 3D rendered AFM images of the cerium oxide, which are 

presented in appendix II. The average surface roughness of the cerium oxide thin 

films calculated from AFM results and the average thickness of the films 

measured by ellipsometry for each deposition temperature are presented in the 

table 3. 

Table 3. The average thickness and average roughness of the cerium oxide films 

deposited with 2000 ALD cycles at 180, 200, 250, 300 and 350 °C. 

Deposition temperature, °C Average roughness, nm Average thickness, nm 

180 0,986 48 

200 0,826 45 

250 1,388 57 

300 2,689 107 

350 6,442 200 

The roughness of the cerium oxide thin films deposited at 180 °C and 200 °C is 

very similar, about 0.9 nm. With increasing the deposition temperature until 

250 °C the roughness increases to 1.3 nm. However, the thickness or the cerium 

oxide coating is similar on the films deposited at 180, 200 and 250 °C, 

approximately 50 nm. The roughness values of the cerium oxide deposited at 300 

and 350 °C are higher than on the other samples and varies between 2.7 and 6.4 

nm. The rougher surface would increase the catalytic activity because of the larger 

surface area of the film. The films deposited at 300 and 350 °C are also much 

thicker than the films deposited at lower temperatures, 107 and 200 nm, 

respectively. 

6.3.3 XPS analysis 

XPS analysis was done to determine the surface composition of the cerium oxide 

film. The results of XPS analysis are presented in the table 4. 
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Table 4. Surface elemental composition of cerium oxide films deposited with 

2000 ALD cycles at 180, 200, 250, 300 and 350 °C. 

Deposition 

temperature, °C 

Surface composition (at.%) Concentration 

of CeO2, % 

Concentration 

of Ce2O3, % Ce3d O1s C1s O/Ce 

180 25,7 53,2 21,1 2,1 89,35 10,65 

200 25,9 52,9 21,3 2,0 88,71 11,29 

250 26,7 52,1 21,2 2,0 88,36 11,64 

300 36,4 43,8 19,8 1,2 76,61 23,39 

350 23,5 49,7 26,9 2,1 85,85 14,15 

Using the values of surface atomic composition from table 4, the O/Ce atomic 

ration can be estimated. The ratio O/Ce for the cerium oxide deposited at 180, 200 

and 250 °C is around 2, which indicates that the film primarily consists of CeO2. 

As can be seen from the table 4, the concentration of CeO2 in these samples is 

near to 90 %, and the concentration of Ce2O3 is only approximately 10 %. The 

carbon impurity level is around 21 at.%. The carbon impurities originate from the 

cerium precursor, Ce(thd)4. 

The sample deposited at 300 °C differs from the samples deposited at lower 

temperatures. The surface oxygen concentration is lower that stoichiometric value, 

which is probably due to the significantly higher amount of Ce
3+

 present on the 

surface than in the films deposited at lower temperatures. The table 4 indicates 

that the concentration of Ce2O3 is more than two times higher than in the samples 

deposited at lower temperatures, being approximately 23 %. Carbon impurities are 

at a similar level as in the samples deposited at 180, 200 and 250 °C. 

The cerium oxide deposited at 350 °C has a higher percentage of carbon 

impurities, as can be seen from the table 4. The ALD deposition of cerium oxide 

at 350 °C is above the ALD window that was determined earlier. The excess 

adsorption of carbon into the film indicates that during the ALD process the 

cerium oxide precursor Ce(thd)4 decomposes at this temperature. Thus, the ALD 

process does not behave ideally at this temperature. This might affect negatively 

to catalytic activity, and because the ALD behavior at this temperature cannot be 

fully predicted, the deposition temperature at 350 °C is rejected from the further 

research and not included in the results, except for crystallite and cluster size in 

chapter 6.3.5.  
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6.3.4 XRD analysis 

XRD analysis was done to identify the molecular structure of the cerium oxide 

crystals. XRD patterns for films deposited with 2000 ALD cycles at 180, 200, 250 

and 300 °C are presented in the figure 13. 

 
Figure 13. XRD patterns of cerium oxide films deposited with 2000 ALD cycles 

at 300, 250, 200 and 180 °C. 

From the figure 13, it can be seen that the cerium oxide films deposited at 

different temperatures are polycrystalline. At all deposition temperatures the films 

have diffraction peaks centered about at 8.6°, 33.6°, 47.6° and 56.3°, 

corresponding to the cubic (111), (200), (220) and (311) diffraction peaks, 

respectively (COD database, card №9009008). The exception was found out for 

the cerium oxide films deposited at 300 °C. From the figure 13, the small 

reflection (101) at 31° can be seen, which relates to the Ce2O3 crystal structure 

(COD database, card № 1010279). The films grown at 300 °C do not have the 

peaks in the 2θ region from 65° to 100°. In addition, when the substrate 

temperature was increased from 250 to 300 °C, the reflection (111) starts to be 

dominant. 
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6.3.5 Crystallite and cluster size 

Peak profile analysis of the (111) and (200) reflections was performed in order to 

find the full width at half maximum and the crystal size was estimated using 

Scherrer’s equation (Langford & Wilson 1978): 

  
  

     
    (1) 

where ε is the apparent crystallite size 

 K is Scherrer’s constant 

λ is the wavelength of the radiation 

b is the additional broadening due to the crystal size 

θ is the Bragg angle. 

Instrumental broadening effects were not taken into account because these were 

significantly smaller than the broadening due to the crystal size. It is important to 

remember Scherrer’s equation is not optimal for asymmetric crystallites because 

the Scherrer’s constant K depends on the alignment of the reflection planes with 

the long or short dimensions of the crystallites (Heikkilä et al. 2009).  

The changes in the crystal size are shown in the figure 14 (assuming spherical 

shaped crystals). 

The cluster size was calculated from the AFM measurements. The crystallite sizes 

and cluster sizes for films deposited with 2000 ALD cycles at different 

temperatures are presented in the figure 14. Exact crystallite and cluster sizes are 

presented in the table in the appendix III. 
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Figure 14. Crystallite and cluster sizes of the cerium oxide film deposited with 

2000 ALD cycles at 180, 200, 250, 300 and 350 °C. 

In the figure 14, it can be seen that the cluster size increases fairly linearly from 

15 to 80 nm when the deposition temperature increases. These show a similar 

behaviour to the results derived from the SEM and AFM analyses. The crystallite 

size increases for the cerium oxide films deposited from 180 to 250 °C. The 

crystallite size of the film deposited at 300 °C remarkably differs from the others 

with average size approximately 6 nm. The clusters’ size grows with increasing 

the deposition temperature when the crystals get smaller. This could increase the 

surface area of the deposited film, which would affect positively to catalytic 

activity. 

6.4 Catalytic activity of the cerium oxide coating 

The catalytic activity of the cerium oxide coating was estimated with annealing 

tests and thermogravimetric analyses. The results of catalytic properties are 

presented and discussed in this chapter. 
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6.4.1 Catalytic activity of cerium oxide films in the annealing tests 

Results from the annealing tests of cerium oxide deposited with 2000 ALD cycles 

at 180, 200, 250 and 300 °C on a stainless steel foil and the bare foil as a reference 

are presented in the figure 15. The annealing temperature was from 350 °C until 

490 °C when all the soot was combusted. The exact values of oxidized soot during 

2 and 4 hours are presented in the appendix IV. 

 
Figure 15. The amount of oxidized soot on cerium oxide thin films deposited on 

stainless steel foil at different temperatures with 2000 ALD cycles, at annealing 

temperatures from 350 to 450 °C during 4 hours.  

From the figure 15, it can be seen that the amount of oxidized soot on all samples 

increases at higher annealing temperatures. The behavior of soot oxidation with 

applying cerium oxide film deposited at 180, 200, and 250 °C is similar to each 

other at all annealing temperatures. However, the amount of oxidized soot on 

these samples is close to the reference sample except for annealing temperatures 

of 350 and 370 °C. At these temperatures 350 and 370 °C, the cerium oxide film 

has much more effect on the oxidation of soot, but the amount of oxidized soot is 

small. At annealing temperatures of 350 and 370 °C, the activity of the cerium 

oxide deposited at 300 °C is on a similar level to the films deposited at lower 

temperatures. The activity of the film deposited at 300 °C starts to increase 
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compared to the others, when the annealing temperature is 390 °C or higher. 

When annealing temperature is 390 °C, the amount of combusted soot is 

approximately two times higher, around 40 %, with applying cerium oxide 

deposited at 300 °C than on the others. Approximately the same amount of soot is 

oxidized when the annealing temperature is 410 °C. At annealing temperatures of 

430 and 450 °C, the amount of oxidized soot on the film deposited at 300 °C is 

around 60 and 90 %, respectively. When annealing at 490 °C, the amount of 

oxidized soot is close to 100 % in all cerium oxide films and on the reference 

sample. At this annealing temperature, the catalyst does not have very large effect, 

because soot is oxidized even without a catalyst. 

Since the cerium oxide film deposited at 300 °C with 2000 ALD cycles had the 

highest catalytic activity, the annealing test was performed for this catalytic film 

with smaller number of cycles: 1000, 500 and 100 cycles. The results for 

annealing tests at temperatures of 350, 370, 390, 410, 430 and 450 °C for these 

samples can be seen in the figure 16. The values of annealing tests during 2 and 4 

hours are presented in the appendix IV. 
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Figure 16. The amount of oxidized soot on cerium oxide thin films deposited on 

stainless steel foil at 300 °C with 2000, 1000, 500, and 100 ALD cycles, at 

annealing temperatures from 350 to 450 °C during 4 hours. The value marked 

with stripes is assumed to be an outlier. 

From the figure 16 can be seen that the amount of combusted soot was 

approximately the same at annealing temperatures of 350 and 370 °C regardless of 

the number of cycles. At all the other annealing temperatures, the samples 

deposited with 2000 and 1000 cycles have fairly similar catalytic activity, 

although the activity of these samples is not remarkably higher than the activity of 

the samples with fewer deposition cycles. The high value of the sample deposited 

with 1000 cycles at the annealing temperature of 390 °C is assumed to be an 

outlier or error. The real value is likely to be close to the value of the 2000 cycles 

sample in this annealing temperature. 

The better catalytic activity of the films deposited with 2000 and 1000 cycles is 

most likely due to the thickness of film. The size of the cerium oxide crystals in 

the film increases as the film thickness is higher. Therefore, the film has a higher 

surface area. Furthermore, the thicker film might be porous, which also increases 

the surface area. In the porous film, the soot can react within the whole thickness 

of the film. 
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6.4.2 Reuse of cerium oxide catalyst 

The multiple reuses of cerium oxide thin films were performed for all deposition 

covered with soot twice. The results of the annealing tests at 450 °C are presented 

in the figure 17. The values of the annealing tests during 2 and 4 hours are 

presented in the appendix IV. 

 
Figure 17. The amount of oxidized soot on cerium oxide thin films deposited with 

2000 ALD cycles at 180, 200 and 250 °C, and with 2000, 1000, 500 and 100 ALD 

cycles at 300 °C, at the annealing temperature 450 °C during 4 hours in multiple 

annealing tests.  

From the figure 17 can be seen that the samples deposited with 2000 ALD cycles 

at different temperatures seem to have similar or even better catalytic activity on 

the second annealing as in the first. Instead, the catalytic activity seems to be 

lower in the second annealing than in the first for the samples deposited with 

fewer deposition cycles.  

The annealing test was performed twice on the same samples also at 490 °C 

temperature. The results can be seen in figure the 18. The values of annealing tests 

during 2 and 4 hours are presented in the appendix IV. 
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Figure 18. The amount of oxidized soot on cerium oxide thin films at annealing 

temperature 490 °C during 4 hours. Stainless steel samples were covered by 

cerium oxide with 2000 ALD cycles at 180, 200, 250 and 300 °C. 

As can be seen in the figure 18, the amount of combusted soot on all samples is 

very similar at the annealing temperature of 490 °C. Since the soot is combusted 

at this temperature completely without any catalysts, it is hard to determine the 

effect of cerium oxide coating. However, the amount of combusted soot is smaller 

during the second annealing on all the samples. Therefore, the catalytic activity 

seems to decrease after the first annealing, although the difference is small. 

6.4.3 Thermogravimetric analyses 

The thermogravimetric analyses were performed for stainless steel foil samples 

with cerium oxide deposited with 2000 ALD cycles at different temperatures to 

estimate the catalytic activity of cerium oxide coating. The combustion profiles 

from a TGA for samples with cerium oxide deposited with 2000 ALD cycles at 

180, 200, 250, and 300 °C are presented in the figure 19. In the figure 19, the 

temperature range has been cut to show from 100 to 700 °C. The soot mass on 

each cerium oxide covered steel foil sample has been corrected to start at 100 % 

for easier comparison between the samples. 
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Figure 19.  The TGA curves of soot combustion with applying cerium oxide films 

deposited with 2000 ALD cycles at 180, 200, 250, and 300 °C. Measurements 

were carried out in a synthetic air mixture with O2 and N2. 

From the figure 19 can be seen that all soot combustion profiles are very similar 

to each other. None clear starting point of soot combustion can be seen, and the 

oxidation occurs the fastest at approximately between 500-650 °C. There seems to 

be no significant difference between any sample coated with cerium oxide and the 

uncoated reference. The catalytic activity of cerium oxide is hard to estimate from 

the combustion profiles. Because the annealing tests showed catalytic activity for 

the cerium oxide coated samples, it has to be stated, that thermogravimetric 

analysis does not give any additional information of the catalytic activity in this 

case. 

The main disadvantage of the TGA method in this case was the limitation of the 

weight of the substrate. Foil was chosen as the substrate material to decrease the 

substrates weight. However, the amount of catalytic material deposited on the 

substrate was very small compared to the weight of the substrate.  
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6.5 Discussion 

The film analyses showed that the cerium oxide film deposited at 300 °C differed 

from the others on many aspects. This film has the smallest crystals’ size, and the 

cluster size was the largest of the films tested for the catalytic activity. The XRD 

analysis showed that the film deposited at 300 °C had some differences in the 

crystal orientation compared to the films deposited at lower temperatures. The 

most important difference from the XRD results is that (101) reflection was found 

for the film deposited at 300 °C, but not for any other. This indicates the presence 

of Ce2O3 in the coating and it is affirmed by the XPS results which showed there 

was more Ce2O3 present in the film than in the films deposited at lower 

temperatures.  

The annealing tests showed that the films deposited at 180-250 °C with 2000 

ALD cycles had a low, if any, catalytic activity for soot combustion at all 

annealing temperatures. The film deposited at 300 °C with 2000 ALD cycles was 

found to be fairly active at annealing temperatures of 390 °C and higher. The 

number of deposition cycles seems to have some effect on the catalytic behavior. 

The coatings deposited at 300 °C with 2000 and 1000 deposition cycles were 

found to behave fairly similarly in annealing tests at all temperatures. The 

coatings with fewer deposition cycles were found to be less catalytically active.  

Considering the multiple reuse of the cerium oxide coating in several annealing 

tests, the films with fewer than 2000 deposition cycles were found to be less 

active in the second annealing at 450 °C than the film with 2000 ALD cycles. This 

might be due to thinner film in the samples with lower deposition cycles. The 

heating or soot combustion on the film may change it somehow, so that the 

activity decreases. Only the coating deposited with 2000 cycles had 

approximately the same catalytic activity on both annealings. 

The thermogravimetric analyses of the soot combustion showed very little 

differences between the films deposited at different temperatures. This might be 

due to the folding of the samples to fit in the crucible of the TG-analyzer. The 

flow of O2-N2 gas mixture to the catalyst-soot interface might be impaired or 
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partially prevented because of the shape of the folded sample. As the penetration 

of oxygen atoms into soot has a strong effect on the oxidation (Stanmore et al. 

2001), the oxidation of soot, or the reactions between oxygen, catalytic coating 

and soot, may not occur normally. Thus, the TGA soot combustion profiles are 

very similar to each other, independent on the presence of catalytic coating and 

the ALD parameters used for the coating.  
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7 SUMMARY AND CONCLUSIONS 

In this thesis, the removal of soot with a catalytic cerium oxide film grown by 

atomic layer deposition was studied. Optimal ALD conditions for cerium oxide 

ALD were found. The range of deposition temperatures were chosen 180, 200, 

250, 300 and 350 °C. Cerium oxide depositions were performed with 2000, 1000, 

500 or 100 deposition cycles. Deposited films were analyzed with SEM, AFM, 

XPS and XRD to find the structure, morphology and roughness of the film, 

crystals and clusters size, and elemental composition, impurity level and crystal 

structures of the film. The catalytic activities of cerium oxide films for soot 

combustion were studied with annealing tests and thermogravimetric analyses.  

The most catalytically active cerium oxide film was found to be the one deposited 

at 300 °C with 2000 ALD cycles. It was fairly active in annealing tests at 

temperatures of 390 °C and higher. The number of deposition cycles seemed to 

have an effect. Films deposited with 2000 and 1000 ALD cycles had a similar 

catalytic activity. The film deposited with 1000 cycles seemed to lose some of its 

activity when new soot was deposited and the annealing repeated. Coatings with 

fewer deposition cycles were less active at all annealing temperatures.  

The coating deposited at 300 °C with 2000 ALD cycles was found in film 

analyses to differ from the films deposited at other temperatures. The crystallite 

size was the smallest in this film, and the cluster size was the largest, except for 

the film deposited at 350 °C. A small crystal size has been shown to have a 

positive effect on the catalytic activity (Bueno-López 2014). Small crystallites and 

large clusters might also lead to a large surface area in the film. This cannot be 

confirmed, though, because surface area of the catalytic film was not measured in 

this study. Since the catalytic process occurs on the surface of the catalyst 

(Leofanti et al. 1998) this could be the reason for the higher catalytic activity. On 

the other hand, the concentration of Ce2O3 in this film was higher than in the 

others. This indicates that more oxygen vacancies can be formed in the film 

during a soot oxidation. This could be another reason for the catalytic activity of 

this film. 
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Compared to other cerium oxide catalysts that have been studied, the soot 

combustion temperature at 390 °C is low, although it has to be noticed that all 

soot was not combusted during 4 hours until the annealing temperature at 490 °C. 

One of the studied powder-form cerium oxide catalysts was able to combust soot 

at 501 °C (Liang et al. 2008) when the contact between soot and catalyst was 

loose, that is, close to the realistic contact. Copper-cerium mixed oxide catalyst 

and CuO doped cerium oxide catalyst have resulted in soot combustion 

temperature at 496 °C (Liang et al. 2008) and 438 °C (Fu et al. 2010), 

respectively, with a loose contact.  

Considering a real-life situation and the application of cerium oxide coating in 

particulate filters or sensors, the catalytic activity of the cerium oxide coating is 

not high enough. The temperature of diesel exhaust gases, between 250 and 

450 °C in normal driving conditions, is partly still too low to use cerium oxide 

coating for soot removal. When considering the coating of, for example, 

particulate sensors with cerium oxide film, the exhaust gas temperature might be 

even lower at the surface of the sensors in the exhaust pipe. The sensor might be 

even farther away from the engine than a particulate filter, and therefore, the 

exhaust gas is cooler. This is due to the cooling of exhaust gases when drifting in 

the exhaust pipe.  

The soot combustion tests performed in this study were done in the ambient air. 

The real atmosphere in diesel exhaust differs from air and may contain NO, N2O, 

CO2 and H2O in addition to the oxygen and nitrogen in the air. Thus, the catalytic 

coating might behave differently in exhaust gas atmosphere. The soot oxidation 

on a cerium oxide catalyst might occur via the NO2-assisted mechanism, in which 

NO is first oxidized on the ceria surface to NO2, and then the O-atom from NO2 is 

adsorbed to the ceria surface. Because NO2 is more reactive than O2, and because 

soot on a particulate filter in diesel exhaust pipe is mainly oxidized by NO2 

(Bueno-Lopez 2014), the presence of NO in exhaust gas may increase the 

catalytic activity of cerium oxide film. Thus, the catalytic cerium oxide films 

grown by ALD are likely to have higher activity for soot oxidation in a real 

exhaust gas atmosphere than in air. 
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For the further research, doping of the cerium oxide thin film with other catalytic 

materials might increase the catalytic activity. Because copper-cerium powder 

catalysts have been studied for soot removal, doping the cerium oxide thin film 

deposited by ALD with copper could increase the activity of the film to soot 

oxidation. Silver has also been found as a rather active catalyst in soot removal 

(Aneggi et al. 2009), thus, cerium oxide film could also be doped with silver. 

Zirconium oxide has been concluded to increase the thermal stability of cerium 

oxide (Zhu et al. 2007) and thus doping with zirconia could increase the durability 

of the coating. Furthermore, the oxidation of soot on a cerium oxide or doped 

cerium oxide film could be studied in a realistic exhaust gas atmosphere to find 

out the activity of the films in a realistic scenario, and thus yield in more 

knowledge of the catalytic cerium oxide ALD film. 
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Appendix I. A summary of all the soot combustion catalysts reviewed in the chapter 2.3 

Table I. A summary of all the soot combustion catalysts reviewed in chapter the 2.3. 

Catalyst Experimental Soot combustion temperature Precursors / Preparation method Reference

Ce-Zr-La 

(Ce0,48Zr0,5La0,02O

1,99)

TPO, 

soot/catalyst 

1:20, tight 

contact

Tm= 415 °C
Coprecipitation from nitrates, 

calcined at 500 °C for 2 h.
Aneggi et al.  2006

CeO2

TPO, 

soot/catalyst 

1:20, tight 

contact

Tm= 390 °C Purchased Aneggi et al. 2008

Ag (γ-Al2O3 

supported)

Al supported: T50= 346 °C (t), 355 °C 

(l)

Ag (ZrO2-

supported)

Zr-supported: T50= 333 °C (t), 341  °C 

(l)

CeO2 CeO2: T50= 551 / 581 °C 

ZrO2 ZrO2: T50= 592 / 600 °C

TiO2 TiO2: T50= 593 / 598 °C

(calcined at 600 / 800 °C)

TGA, 

soot/catalyst 

1:20, tight and 

loose contact

Aneggi et al. 2009

Incipient wetness impregnation of 

ZrO2 or γ-Al2O3 with aqueous 

AgNO3, calcined at 500 °C for 3h.

TPO, 

soot/catalyst 

1:4, loose 

contact

Atribak et al. 2007

Precipitation from aqueous 

Ce(NO3)3·6H2O and 

ZrO(NO3)2·6H2O, TiO2 purchased, 

calcined at 600 or 800 °C for 2 h.
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Catalyst Experimental Soot combustion temperature Precursors / Preparation method Reference

BaO BaO: Ti= 295 °C, Tm= 460 °C (full)

CaO CaO: Ti= 350 °C, Tm= 520 °C (full)

Cs2O
Cs: Ti= 250 °C, Tm= 450 °C (full), Ti= 

320 °C, Tm= 515 °C (l)

K2O
K: Ti= 260 °C, Tm= 450 °C (full) Ti= 

370 °C, Tm= 570 °C (l)

RuO2 (TiO2 

supported)

TGA, 

soot/catalyst 

5:95, loose 

contact

Ti= 340-365 °C, T50= 440-510 °C
Impregnation from RuCl3 and 

TiO2, calcined at 650 °C for 6 h.

Dhakad et al. 

2007a

Ru-Co (ZrO2 

supported)

TGA, 

soot/catalyst 

5:95, loose 

contact

Ti= 310-360 °C, T50= 460-520 °C

Impregnation from RuCl3, 

Co(C2H3O2)2 and ZrO2, calcined 

at 700 °C for 6 h.

Dhakad et al. 

2007b

M-4 (Mo:Co:K 5:10:2 mol%) with 

carbon black: Ti= 200 °C, T50= 310 °C, 

Tf= 430 °C.

M-4 with natural soot: Ti= 190 °C, Tf= 

410 °C

Cu-Ce(CA): Tm= 438 °C

Cu-Ce(CP): Tm= 509 °C

TPO, 

soot/catalyst 

1:9, full and 

loose contact

Castoldi et al.  2009

Full contact: direct impregnation 

of soot with aqueous acetate 

salts, loose contact: Al2O3 

support impregnated with 

acetates, calcined at 500 °C for 5 

h. 

Mo-K-Co (Al2O3 

supported)

TGA, 

soot/catalyst 

5:95, loose 

contact

Dhakad et al. 2009

Co-impregnation from ammonium 

molybdate, cobaltous chloride, 

potassium nitrate. Calcined at 650 

°C for 6 h.

Cu-Ce (CuO 

doped CeO2)

TPO, 

soot/catalyst 

1:9, loose 

contact

Fu et al. 2010

Coprecipitation from nitrates and 

citrate acid complex combustion 

synthesis from Ce(NO3)3·6H2O 

and Cu(NO3)2·3H2O, calcined at 

550 °C for 5 h.
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Catalyst Experimental Soot combustion temperature Precursors / Preparation method Reference

K (CeO2 

supported)

TPO, 

soot/catalyst 

1:20, tight 

contact

Tm= ~350 °C for 7 wt% of K

Suspension of cerium oxide in 

aqueous solution of potassium 

nitrate was evaporated and dried, 

calcined at 450 °C.

Gross et al. 2009

CeO2 CeO2: T50 ~600 °C

CeO2-ZrO2 mixed 

oxide
Ce-Zr: T50 ~520 °C

CeO2-La2O3 mixed 

oxide
Ce-La: T50 ~470 °C

Ca(NO3)2 (Al2O3 

supported)

TPO, 

soot/catalyst 

1:20, loose 

contact

T20= 485 °C
Incipient wetness impregnation of 

the support with aqueous nitrate.

Kustov & Makkee 

2009

CeO2 CeO2: Tm= 501 °C (l), 360 °C (t) 

CeO2-ZrO2 mixed 

oxide Ce-Zr: Tm= 517 °C (l), 375 °C (t)

CuO-CeO2 mixed 

oxide
Cu-Ce: Tm= 496 °C (l), 324 °C (t)

CuO-CeO2-ZrO2 

mixed oxide
Cu-Ce-Zr: Tm= 505 °C (l), 365 °C (t)

TGA, 

soot/catalyst 

1:4 , tight 

contact

Katta et al. 2010
Coprecipitation from nitrates, 

calcined at 500 °C for 5h. 

TPO, 

soot/catalyst 

1:10, tight and 

loose contact.

Liang et al.  2008

Citric acid sol-gel method from 

nitrates Ce(NO3)3·6H2O, 

ZrO(NO3)2·5H2O, Cu(NO3)2·3H2O. 

Calcined at 500 °C for 3 h.
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Catalyst Experimental Soot combustion temperature Precursors / Preparation method Reference

BaAl2O4

TG-DTA and 

TPO, 

soot/catalyst 

1:15, tight and 

loose contact

Ti= 317 °C (t), 330 °C (l), Tm= 420 °C 

(t), 427 °C (l)

Precipitation from nitrate salts, 

calcined at 600 °C  for 2 h and 800 

°C for 6 h

Lin et al.  2009

Cu (Al2O3 

supported)

TPO, 

soot/catalyst 

1:4, loose 

contact

T50 = 664 °C (10 % copper)
Impregnation of γ-Al2O3 with 

Cu(NO3)2

López-Suárez et al. 

2008

CeO2 CeO2: Tm= 393 °C

Ag (CeO2 

supported)
Ag/CeO2: Tm= 345 °C

CeO2 CeO2: Tm= 430 °C

Cu-Ce Cu-Ce: Tm= 430 °C (11 mol% Cu)

La-Ce La-Ce: Tm= 535 °C

Nd-Ce Nd-Ce: Tm= 569 °C

Mn-Ce Mn-Ce: Tm= 475 °C

Fe-Ce Fe-Ce: Tm= 480 °C

TG/DTA, 

soot/catalyst 

1:20, tight 

contact

Machida et al. 

2008

CeO2: Precipitation from nitrate, 

calcined at 450 °C for 5 h. CeO2-

supported catalysts: impregnation 

of AgNO3 to CeO2, calcined at 450 

°C for 2 h.

TGA, 

soot/catalyst 

1:4, tight 

contact

Muroyama et al. 

2010

Coprecipitation from nitrates: 

Ce(NO3)3·6H2O; La, Nd, Mn, Fe, 

Cu nitrates. Calcination at 650 °C 

for 5 h. Also citric acid complex 

method for Ce-Cu catalysts, 

calcination at 650 °C for 5 h.
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Catalyst Experimental Soot combustion temperature Precursors / Preparation method Reference

Ag/Mn Tm= 408 °C (t), 524 °C (l) 

Precipitation from nitrates, 

calcined at 502 °C or 602 °C for 1 

or 2 h

Ag/Mn (ZrO2-

supported)
Tm= 428 °C (t), 570 °C (l)

Wet impregnation from nitrates, 

calcined at 775 or 875 K for 1 or 2 

h

CoO3 Tm= ~387 °C (t), ~597 °C (l)

Cr2O3 Tm= ~507 °C (t),  ~567 °C (l)

CuO Tm= ~507 °C (t),  ~547 °C (l)

M2CO3 (M=Li, Na, 

K, Cs)

MOH (M= Na, K, 

Cs)

MoO3  Tm= ~467 °C (t), ~497 °C (l)
Metal nitrites, calcined at 502 °C 

or 602 °C for 1 or 2 h

PbO Tm= ~387 °C (t), ~507 °C (l)

Sb2O3 Tm= ~482 °C (t), ~487 °C (l)

V2O5 Tm= ~427 °C (t), ~597 °C (l) 
Metal nitrites, calcined at 502 °C 

or 602 °C for 1 or 2 h.

TGA-DSC, 

soot/catalyst 

1:2, tight and 

loose contact

Neeft et al.  1996b

Metal nitrites, calcined at 402 °C 

for 1 or 2 h

Tm= ~350-410 °C (t), ~510-570 °C (l) Not mentioned

Not mentioned
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Catalyst Experimental Soot combustion temperature Precursors / Preparation method Reference

Pt (SiO2, Al2O3 or 

ZrO2 supported)

TPO, 

soot/catalyst 

1:10, loose 

contact

Most active Pt/SiO2: Ti= 247 °C, Tm= 

312 °C, Tf= 461 °C.

Incipient wetness impregnation. 

Pt precursors: Pt(NH3)4(OH)2, 

H2PtCl6·H2O, Pt(NH3)4(NO3)2 and 

Pt(NH3)4Cl2. Support oxides: SiO2, 

γ-Al2O3, ZrO2. Calcination at 600 

°C for 1 h.

Oi-Uchisawa et al. 

1998

Pt (various metal 

oxides supported)

TPO, 

soot/catalyst 

1:10, loose 

contact

Most active Pt/Ta2O5: Ti= ~280 °C, 

Tm= ~420 °C. (Conversion very high 

already at 340 °C)

Incipient wetness impregnation. 

Pt precursor: Pt(NH3)4(OH)2. 

Support oxides: Ta2O5, Nb2O5, 

WO3, SnO2, SiO2, TiO2, Al2O3, 

ZrO2. Treatment at 400-600 °C in 

H2 and/or air.

Oi-Uchisawa et al. 

2000

KOH (La2O3 

supported)

TPO, 

soot/catalyst 

1:20, 1:10, 1:5, 

tight contact

Tm= 390 °C

Wet impregnation of KOH or 

KNO3 on La2O3 support, calcined 

at 800 °C for 2h.

Peralta et al. 2009

Rh,K (La2O3 

support)
Rh,K/La2O3: Tm= 380 °C

K (La2O3 

supported)
K/La2O3: Tm= 390 °C

TPO, 

soot/catalyst 

1:20, tight 

contact

Sánchez et al.  2009

Impregnation of K or Rh over 

La2O3 support from KOH or 

RgCl3, calcined at 500 °C for 2 h.
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Catalyst Experimental Soot combustion temperature Precursors / Preparation method Reference

CeO2

TPO, 

soot/catalyst 

1:2, loose 

contact

Tm= ~450 °C.
Calcination of Ce(NO3)3·6H2O at 

500 °C for 2 h.

Setiabudi et al. 

2004.

Co-Ba-K

TPO, catalysts 

coated on 

alumina 

substrate

Ti= 310-352 °C, Tm= 447-467 °C

Co3O4, Ba(NO3)2, KNO3 powders 

mixed together for 15 min, mixed 

with binder solution. Alumina 

substrate impregnated with 

mixture, calcined at 600 °C for 3 h.

Sui & Yu 2008.

n-AlCeO2 (Ce-Al 

mixed oxide)

TPO, 

soot/catalyst 

1:10, tight 

contact

Tm = 356 / 367 / 378 °C (molar ratio of 

Ce to Al 30 / 15 / 5)

Citric acid comlexation-

combustion method from Ce and 

Al nitrates, calcined at 600 °C for 

48 h.

Sun et al. 2009

Fe2O3

TPO, 

soot/catalyst 

1:2, tight and 

loose contact

Tm = 410 °C (t), Tm= ~585 °C (l)

Fe(NO3)3 and polyvinyl alcohol, 

boiled down, residual calcined at 

600 °C for 5 h.

Wagloehner & 

Kureti 2012.

CeO2 CeO2: Tm= 472 °C

MnOx MnOx: Tm= 474 °C

MnOx-CeO2 mixed 

oxide
MnOx-CeO2: Tm= 463 °C

TPO, 

soot/catalyst 

1:10, loose 

contact

Wu et al. 2010

Sol-gel method from nitrate 

solutions. Calcined at 500 °C for 3 

h.
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Appendix II. 3D-rendered AFM images of the deposited cerium oxide films. 

 
Figure I. 3D rendered AFM image of cerium oxide film deposited at 180 °C with 

2000 cycles. 

 
Figure II. 3D rendered AFM image of cerium oxide film deposited at 200 °C 

with 2000 cycles. 
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Figure III. 3D rendered AFM image of cerium oxide film deposited at 250 °C 

with 2000 cycles. 

 

 
Figure IV. 3D rendered AFM image of cerium oxide film deposited at 300 °C 

with 2000 cycles. 
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Figure V. 3D rendered AFM image of cerium oxide film deposited at 200 °C with 

2000 cycles. 
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Appendix III. Crystallite and cluster size of the deposited cerium oxide films. 

Table II. Crystallite and cluster sizes. Crystallite size calculated from XRD 

patterns, cluster size measured with AFM. 

Deposition 

temperature 

(111) crystallite 

size, nm 

(200) crystallite 

size, nm 
Cluster size, nm 

180 °C 6,87 8,28 15 

200 °C 7,20 8,20 20 

250 °C 9,30 10,30 40 

300 °C 6,20 6,00 60 

350 °C 13,27 9,30 80 
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Appendix IV. All results of the annealing tests. 

‘Sample’ tells the ALD parameters used for cerium oxide deposition, ms is initial 

mass of soot, S2h is the amount of combusted soot at 2 hours, and S4h is the 

amount of combusted soot at 4 hours. 

Table III. Results from annealing at 350 °C, samples deposited with 2000 cycles 

at 180, 200, 250, and 300 °C.  

Annealing temperature 350 °C   

Sample ms, mg S2h, % S4h, % 

180 °C, 2000 cycles 0,38 0 0 

200 °C, 2000 cycles 0,52 8 8 

250 °C, 2000 cycles 0,42 17 17 

300 °C, 2000 cycles 0,24 21 21 

Reference 0,64 0 2 

 

Table IV. Results from annealing at 370 °C, samples deposited with 2000 cycles 

at 180, 200, 250, and 300 °C. 

Annealing temperature 370 °C   

Sample ms, mg S2h, % S4h, % 

180 °C, 2000 cycles 0,34 6 18 

200 °C, 2000 cycles 0,33 12 18 

250 °C, 2000 cycles 0,20 10 15 

300 °C, 2000 cycles 0,33 15 18 

Reference 0,26 0 4 

 

Table V. Results from annealing at 390 °C, samples deposited with 2000 cycles at 

180, 200, 250, and 300 °C. 

Annealing temperature 390 °C   

Sample ms, mg S2h, % S4h, % 

180 °C, 2000 cycles 0,58 17 17 

200 °C, 2000 cycles 0,48 6 13 

250 °C, 2000 cycles 0,47 15 15 

300 °C, 2000 cycles 0,36 44 44 

Reference 0,46 20 24 
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Table VI. Results from annealing at 410 °C, samples deposited with 2000 cycles 

at 180, 200, 250, and 300 °C. 

Annealing temperature 410 °C   

Sample ms, mg S2h, % S4h, % 

180 °C, 2000 cycles 0,32 19 19 

200 °C, 2000 cycles 0,58 24 29 

250 °C, 2000 cycles 0,37 27 32 

300 °C, 2000 cycles 0,46 30 37 

Reference 0,33 18 21 

 

Table VII. Results from annealing at 430 °C, samples deposited with 2000 cycles 

at 180, 200, 250, and 300 °C. 

Annealing temperature 430 °C   

Sample ms, mg S2h, % S4h, % 

180 °C, 2000 cycles 0,60 33 38 

200 °C, 2000 cycles 0,28 29 39 

250 °C, 2000 cycles 0,44 23 32 

300 °C, 2000 cycles 1,13 41 60 

Reference 0,36 8 25 

 

Table VIII. Results from annealing at 450 °C, samples deposited with 2000 

cycles at 180, 200, 250, and 300 °C. 

Annealing temperature 450 °C   

Sample ms, mg S2h, % S4h, % 

180 °C, 2000 cycles 0,78 36 40 

200 °C, 2000 cycles 0,72 35 35 

250 °C, 2000 cycles 0,29 45 45 

300 °C, 2000 cycles 0,25 96 96 

Reference 0,39 38 46 
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Table IX. Results from annealing at 490 °C, samples deposited with 2000 cycles 

at 180, 200, 250, and 300 °C. 

Annealing temperature 490 °C   

Sample ms, mg S2h, % S4h, % 

180 °C, 2000 cycles 0,24 83 88 

200 °C, 2000 cycles 0,26 92 100 

250 °C, 2000 cycles 0,30 100 100 

300 °C, 2000 cycles 0,33 88 100 

Reference 0,26 62 92 

 

Table X. Results from annealing at 350 °C, samples deposited at 300 °C with 

2000, 1000, 500, and 100 cycles. 

Annealing temperature 350 °C   

Sample ms, mg S2h, % S4h, % 

300 °C, 2000 cycles 0,24 21 21 

300 °C, 1000 cycles 0,31 10 13 

300 °C, 500 cycles 0,31 16 19 

300 °C, 100 cycles 0,21 24 24 

Reference 0,35 0 3 

 

Table XI. Results from annealing at 370 °C, samples deposited at 300 °C with 

2000, 1000, 500, and 100 cycles. 

Annealing temperature 370 °C   

Sample ms, mg S2h, % S4h, % 

300 °C, 2000 cycles 0,33 15 18 

300 °C, 1000 cycles 0,32 6 16 

300 °C, 500 cycles 0,14 7 14 

300 °C, 100 cycles 0,27 0 4 

Reference 0,26 0 4 
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Table XII. Results from annealing at 390 °C, samples deposited at 300 °C with 

2000, 1000, 500, and 100 cycles. 

Annealing temperature 390 °C   

Sample ms, mg S2h, % S4h, % 

300 °C, 2000 cycles 0,36 44 44 

300 °C, 1000 cycles 0,24 63 83 

300 °C, 500 cycles 0,29 17 24 

300 °C, 100 cycles 0,41 7 10 

Reference 0,19 11 16 

 

Table XIII. Results from annealing at 410 °C, samples deposited at 300 °C with 

2000, 1000, 500, and 100 cycles. 

Annealing temperature 410 °C   

Sample ms, mg S2h, % S4h, % 

300 °C, 2000 cycles 0,46 30 37 

300 °C, 1000 cycles 0,28 32 46 

300 °C, 500 cycles 0,50 12 26 

300 °C, 100 cycles 0,28 25 32 

Reference 0,44 9 20 

 

Table XIV. Results from annealing at 430 °C, samples deposited at 300 °C with 

2000, 1000, 500, and 100 cycles. 

Annealing temperature 430 °C   

Sample ms, mg S2h, % S4h, % 

300 °C, 2000 cycles 1,13 41 60 

300 °C, 1000 cycles 0,60 28 37 

300 °C, 500 cycles 0,28 46 54 

300 °C, 100 cycles 0,30 37 40 

Reference 0,40 20 23 
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Table XV. Results from annealing at 450 °C, samples deposited at 300 °C with 

2000, 1000, 500, and 100 cycles. 

Annealing temperature 450 °C   

Sample ms, mg S2h, % S4h, % 

300 °C, 2000 cycles 0,25 96 96 

300 °C, 1000 cycles 0,42 83 100 

300 °C, 500 cycles 0,34 47 79 

300 °C, 100 cycles 0,26 19 81 

Reference 0,34 18 47 

 

Table XVI. Results from the annealing performed twice to same samples at 

450 °C. Samples deposited with 2000 cycles at 180, 200, and 250 °C, and with 

2000, 1000, 500, and 100 cycles at 300 °C. 

  First annealing at 450 °C Second annealing at 450 °C 

Sample ms, mg S2h, % S4h, % ms, mg S2h, % S4h, % 

180 °C, 2000 cycles 0,78 36 40 0,43 12 33 

200 °C, 2000 cycles 0,72 35 35 0,53 19 32 

250 °C, 2000 cycles 0,29 45 45 0,64 38 59 

Reference 1 0,39 38 46 0,49 27 53 

300 °C, 2000 cycles 0,25 96 96 0,16 87 94 

300 °C, 1000 cycles 0,42 83 100 0,34 26 47 

300 °C, 500 cycles 0,34 47 79 0,38 8 18 

300 °C, 100 cycles 0,26 19 81 0,35 23 46 

Reference 2 0,34 18 47 0,4 8 30 

 

Table XVII. Results from the annealing performed twice to same samples at 

450 °C. Samples deposited with 2000 cycles at 180, 200, 250, and 300 °C, and at 

300 °C with 1000, 500, and 100 cycles. 

  First annealing at 490 °C Second annealing at 490 °C 

Sample ms, mg S2h, % S4h, % ms, mg S2h, % S4h, % 

Steel 180 °C, 2000 cycles 0,23 87 91 0,2 100 100 

Steel 200 °C, 2000 cycles 0,26 92 100 0,19 84 84 

Steel 250 °C, 2000 cycles 0,3 100 100 0,35 74 80 

Steel 300 °C, 2000 cycles 0,33 88 100 0,44 61 68 

Steel reference 0,37 76 100 0,35 77 83 

Si 300 °C, 2000 cycles 0,25 64 96 0,42 76 88 

Si Reference 0,32 66 91 0,36 81 89 

 


