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Chapterr 1 

Generall Introduction 

1.11 Background 

Exhaustss of vehicles severely contribute to environmental pollution. While exhausts of 

gasoline-fuelledd engines, operating near to stoichiometric air/fuel ratios, have been 

successfullyy cleaned by widely used commercial three-way catalytic systems, no emission 

abatementt technology has yet been found for Diesel engines. Thereby the market 

penetrationn of Diesel engines in the passenger-car and heavy-duty vehicles increases, as 

theyy combine a high fuel economy with high durability and low maintenance costs. One of 

thee main drawbacks of Diesel engines is the fact that these are responsible for the 

emissionn of soot particles, which are suspected to cause severe health problems. For this 

reason,, the US, Japan and Europe are tightening their particulate emission limits for 

passengerr vehicles as well as for light- and heavy-duty vehicles equipped with Diesel 

engines.. In the next section, the environmental and health problems will be briefly 

explainedd with respect to increasingly strict exhaust emission legislation. More on the 

formationn of diesel soot and its structural complexity can be found in the appendix. 

Soott emission from Diesel engines can be reduced in various ways, such as by using fuel 

additives,, modification of the Diesel engine design, or the installation of an exhaust after-

treatmentt system. Currently, the trapping of soot particles in a monolithic filter with 

simultaneouss oxidation seems to be the best option to realise soot emission abatement. 

Ceramicc soot traps are state of the art, but the continuous in-situ regeneration of these 

filterr elements is not. While filters coated with oxidation catalysts are presently available, 

filterr or exhaust heating is still required due to the high ignition temperature of Diesel soot. 

Inn this work, the feasibility is studied of using a microwave sensitive catalytic material as a 

filterr coating. Thereby in-situ regeneration of the soot filter can be accomplished by 

exposingg it periodically to a dielectric field. The advantages of dielectric heating are a very 

highh level of controllability, the high selectivity of heating and its instantaneous nature. 
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Ideally,, the high loss susceptor materials to be used as a filter coating would at the same 

timee be oxidation catalysts. For this reason, we opted to use perovskite-type oxides. 

Thesee materials have both advantageous dielectric and catalytic properties. In the 

remainderr of this chapter, dielectric heating and the physical, dielectric and catalytic 

propertiess of perovskites will be discussed in detail. We will focus on the theory of 

dielectricc heating, measurement techniques and important parameters related to dielectric 

behaviorr of high loss materials. Finally, an outline of the thesis is given. 

1.22 Environmental impact of Diesel soot and legal measures 

Diesell exhaust is a complex mixture comprising various hazardous particles and vapors, 

somee of which are known carcinogens. Based on extensive research, 42 constituents of 

Diesell exhaust have been listed by the State of California as Toxic Air contaminants, such 

ass carbonaceous combustion residues, antimony compounds, creosol isomers [1]. 

Inn addition to the carcinogenic nature of the vapors, fine solid particles from Diesel exhaust 

aggravatee respiratory illnesses such as bronchitis, emphysema and asthma and are 

associatedd with premature deaths from cardiopulmonary disorders. For this reason, 

tighteningg particulate emission limits for Diesel engines is inevitable. Table 1.1 shows the 

Europeann and Japanese emission standards for passenger cars and heavy-duty vehicles. 

Tablee 1.1: European emission standards for new passenger cars (in g/km) and new heavy-duty 

vehicless (in g/kWh) [2]. 

Europeann emission standards for new passenger cars 
Phase e 
Euroo I 

Euroo II - IDI 
Euroo II - Dl 

Euroo III 
Euroo IV 

Euroo I 

Euroo II 

Euroo III 
Euroo IV 
EuroV V 

Year r 
1992 2 
1996 6 
1999 9 
2000 0 
2005 5 

HCC + NOx 

0.97 7 
0.7 7 
0.9 9 
0.56 6 
0.3 3 

Europeann emission standards for 
1992,, <85kW 
1992,, >85kW 

1996 6 
1998 8 
2000 0 
2005 5 
2008 8 

1.1 1 
1.1 1 
1.1 1 
1.1 1 
0.66 6 
0.46 6 
0.46 6 

NOx x 

--
--
--

0.50 0 
0.25 5 

neww heavy-duty 
8.0 0 
8.0 0 
7.0 0 
7.0 0 
5.0 0 
3.5 5 
2.0 0 

CO O 
2.72 2 
1.0 0 
1.0 0 

0.64 4 
0.50 0 
vehicles s 
4.5 5 
4.5 5 
4.0 0 
4.0 0 
2.1 1 
1.5 5 
1.5 5 

TPM M 
0.14 4 
0.08 8 
0.10 0 
0.05 5 
0.025 5 

0.612 2 
0.36 6 
0.25 5 
0.15 5 
0.10 0 
0.02 2 
0.02 2 

*:: total particulate matter 

2 2 
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Ass can been seen, in 2005, only new light-duty vehicles that produce less than 0.025 g 

TPM/km,, and new heavy-duty vehicles that produce at most 0.02 g TPM/km will be 

allowedd in the EU. 

Inn Asia, in 2000, the Hong Kong government earmarked US$ 180 million to dramatically 

reducee vehicular emissions by 2005 [3]. The money is being spent on a number of 

initiativess including the Diesel-retrofit program, which is aimed at cleaning up older 

mediumm - and heavy-duty vehicles that do not meet current emission standards. In Japan, 

thee Japan's Ministry of the Environment adopted new, very stringent Diesel emission 

standardss for new Diesel engines and vehicles manufactured from the fall of 2005 (see 

tablee 1.2). 

Tablee 1.2: Japan's emission standards for heavy-duty trucks and buses over 3.5 tons (in g/kWh), 

andd passenger cars and small to medium-sized trucks and buses (in g/kWh) [3]. 

Japan'ss emission standards for heavy-duty trucks and buses 

TPM M 

NOx x 

Beforee 2005 

0.18 8 

3.38 8 

Afterr 2005 

0.027 7 

2 2 

Reductionn (%) 

85 5 

41 1 

Japan'ss emission standards for passenger cars and small to medium-sized trucks and buses 

TPM M 

NOx x 

0.052-0.06 6 

0.28-0.49 9 

0.013-0.015 5 

0.14-0.25 5 

75 5 

50 0 

Comparedd to EU and VS, Japan will have the most stringent Diesel emission standards in 

thee world. 

1.33 Soot emission abatement technologies 

1.3.11 Non-catalytic Diesel soot filter regeneration 

Inn exhaust control technologies, soot emission is controlled by particulate traps, involving a 

filterr that can be regenerated or replaced. A minimum exhaust temperature of 

approximatelyy 673 K to 723 K is required to initiate and sustain regeneration by soot 

oxidationn [4]. The Diesel exhaust temperature is in general lower than the soot light-off 

temperature.. The required high temperature for complete regeneration is obtained by the 

energyy released during the exothermic soot oxidation, so called self-supporting 

3 3 
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regenerationn [5]. However, this type of regeneration can easily get out of control; an 

unevenn distribution of soot in the filter may lead to uncontrolled oxidation. When this 

occurs,, very high temperatures or temperature gradients may lead to melting or cracking 

off the filter, respectively [6]. Moreover, as soot is trapped in the filter, the flow through the 

filerr becomes restricted. The resulting increased pressure drop over the filter would cause 

aa decrease of the operating efficiency of the Diesel engine. 

1.3.22 Catalytic Diesel soot filter regeneration 

Inn general, two technological approaches with respect to the catalytic particulate filter 

regenerationn can be distinguished. In case of passive regeneration, no energy is added to 

thee system. Catalysts are often used for this application at temperature of the exhaust 

streamm around 673 K to 723 K [4]. In many cases, the light- and medium-duty Diesel 

exhaustt temperatures are too low for efficient passive filter regeneration. Active soot filter 

regenerationn can be accomplished by an external energy source, such as a fuel burner, 

andd electric heater with or without the use of catalysts. Active regeneration causes less 

restrictionn than in passive systems, but the cost of added energy will lead to a higher 

consumptionn of fuel [6]. 

Passivee regeneration The most simple and common means for passive regeneration 

iss the use of catalytic fuel additives, which are usually metal-based compounds additives, 

i.e.. with Ce, Cu, Fe, Na, Pt and Li [7]. The compound may lower the ignition temperature 

off soot. Worldwide, this strategy is being applied successfully. However, adding metal 

compoundss to fuel raises concerns about the potential effects on human health. Many 

metalss and metal compounds are toxic or may cause changes in emissions that increase 

thee exhaust toxicity, such as increased emission of dioxins [8]. 

Duringg the last decade several research groups have tried to develop catalysts that lower 

thee Diesel soot light-off temperature. In table 1.3, soot combustion temperatures in the 

presencee of various catalysts are given, with soot combustion without the use of catalyst 

includedd as a reference. The catalysts were tested under simulated model conditions. 

4 4 
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Tablee 1.3: list of results for different soot oxidation catalysts reported by different authors 

Catalyst t 

Cu/Nb/K K 

K4V207 7 

Cu/K/V/CI I 

KV033 + Kl 

Co/MgO O 

CsV033 + KCI 

Cu/KyTi02 2 

Co/K/MgO O 

CuA//Zr02 2 

Noo catalyst 

TPP (K) 

573 3 

633 3 

638 8 

652 2 

656 6 

698 8 

716 6 

790 790 

858 8 

894 894 

Samplee mixing 

Mech.. Mixed 

Mech.. Mixed 

Mech.. Mixed 

Mech.. Mixed 

Mech.. Mixed 

Mech.. Mixed 

Balll milling 

Mech.. Mixed 

Mech.. Mixed 

--

Modell soot 

Collectedd from a Diesel 

fuell burner 

Carbon n 

Carbon n 

Carbon n 

Collectedd by burning 

commerciall Diesel fuel 

(YPE,, Argentina) 

Carbon n 

Obtainedd from Renault 

Collectedd by burning 

commerciall Diesel fuel 

(YPE,, Argentina) 

Printex-U U 

Printex-U U 

Ref. . 

[9] ] 

[10] ] 

[11] ] 

[10] ] 

[12] ] 

[11] ] 

[13] ] 

[12] ] 

[14] ] 

[14] ] 

*:: TPO peak temperature 

Ass can be seen, Cu/Nb/K catalysts may reduce the soot combustion temperature by at 

leastt 320 K, while Cu7V/Zr02 is less active in soot combustion. A group of metal oxides 

withh the perovskite structure, such as KVO3 and CsV03 , were found to have a high 

catalyticc activity in soot oxidation. A problem typical to the catalytic oxidation of solids, 

suchh as soot, is that the microscopic contact between soot and catalyst is generally poor, 

therebyy limiting the efficiency of catalysis. Further the soot oxidation temperature may vary 

ass a result of differences in origin, composition and structure (see appendix A). In general 

thee exhaust temperatures of Diesel Engines are low as compared to light-off temperatures 

off soot and thus additional preheating is normally required for practical conditions, even 

whenn applying active soot oxidation catalysts. 

1.44 Regeneration of soot filters using microwave and catalytic coating 

materials s 

Inn contrast to dielectric heating, the energy during conventional heating is transferred 

throughh heat conduction. The drawback of such thermal incineration methods is that 

5 5 
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energyy is required to heat both the soot and the filter to a sufficiently high temperature. 

Repeatedd heating will shorten the lifetime of the soot filter [15]. 

Inn the last two decades, interest in microwave heating has increased due to the rapid, 

selectivee heating, and enhancement of the reaction rate and selectivity, especially for 

organicc synthesis with and without catalysts [15-20]. The ability of a material to be heated 

inn a microwave field depends on its dielectric properties. In the case of soot filter 

regeneration,, the energy may therefore pass through the microwave-transparent ceramic 

filterr material (e.g. cordierite) to instantaneously heat the target material (soot) in the inner 

partt of the filter system. As soot is a microwave sensitive material, it will interact with 

microwavee radiation and heat up [15]. The scheme for microwave-assisted in-situ catalytic 

soott filter regeneration is shown in figure 1.1. 

Ceramicc substrate 

Figuree 1.1: Schematic representation of microwave-assisted in-situ catalytic soot filter 

regeneration. . 

Whenn a soot filter that is coated with a microwave sensitive material is exposed to a 

dielectricc field, soot ignition temperatures can be reached and soot oxidation may become 

self-sustainable.. The ideal coating material would also be an active oxidation catalyst, 

allowingg oxidation of formed side products like CO during soot burn-off. On this matter, the 

directt heating of the exhaust stream, together with electrical connections or moving parts 

6 6 
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inn the exhaust will not be required. Therefore, the use of dielectric heating as an energy 

sourcee is more attractive than traditional conventional heating. For the present propose, 

findingg a suitable coating material with favourable dielectric and catalytic properties is 

crucial. . 

Thee fundamentals of dielectric heating will be explained in order to understand 

correspondingg mechanisms and theory. An overview of the dielectric properties of soot 

samples,, some support materials and metal oxides will be given in the next section. 

1.55 Microwave heating and susceptor materials 

1.5.11 Theory of microwave heating 

MechanismsMechanisms of dielectric heating 

Microwavess are electromagnetic waves with a wavelength (X, [m]) ranging from 1 mm to 1 

mm (domestic microwave ovens operate at a frequency of 898 MHz or 2450 MHz). As with 

alll electromagnetic radiation, microwave radiation can be divided in an electric and a 

magneticc field component. The electric field component is responsible for dielectric 

heating,, which occurs via two major mechanisms, as shown in figure 1.2 [21-23]. 

^ 4 > > 
# # 

^ ^ 

or or 
(b) ) 

Figuree 1.2 Dielectric heating mechanisms: dipolar polarization (a) and dielectric conduction (b). 

7 7 
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Dipolarr polarisation Dielectric materials have their electrons bound by atomic and 

molecularr forces, and thus behave as an insulator. When subjected to an electric field, the 

dominantt electric charges will align with the field, as shown in figure 1.2a. Some of the 

energyy involved in moving the electron cloud is lost to friction forces with other atoms. This 

continuouss alignment and realignment with an alternating field gives rise to the electric 

fieldd loss and consequent dissipation into molecular kinetic energy [23]. Some substances 

likee 0 2 and N2 are electrically neutral and couple therefore weakly to a varying electric 

field.. Other substances like H20 molecules display very strong microwave coupling. Those 

compounds,, which dissipate heat, are known as high loss materials. 

Dielectricc conduction The loss mechanism for conductors differs from that of the 

dipolarr polarisation present in dielectrics, since conductive materials have free electrons. 

Thesee free electrons will migrate through the material in the presence of an alternating 

electricc field, which leads to friction heating, i.e. the conversion of kinetic energy into heat 

(figuree 1.2b). This mechanism is especially important at lower frequencies. 

TheThe complex permittivity 

Thee dielectric properties of a material can be characterized by the complex permittivity e: 

ee - e'-/e" 0 ) 

j n ee r e a | part £' is the dielectric constant and the imaginary part s" is the dielectric loss 

factor.. The dielectric constant is a direct indication of the ability of a dielectric material to 

storee electrical potential energy under the influence of an electric field. The dielectric loss 

factorr is a direct measure of how easily this energy can be dissipated into heat; E' and e" 

aree dependent on temperature, frequency and composition of the material. The ratio of the 

reall s' and imaginary e" is known as the dielectric loss tangent: 

t a n ^ f ^ ll  (2) 
*'' Q 

8 8 
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Inn this relation, S represents the loss angle; Q is the reciprocal of the loss tangent and is 

calledd the quality factor. The loss tangent compares the ability to store and to dissipate 

electricall potential energy. 

Whenn a material is heated by microwave irradiation, the power absorbed by the material, 

PP (W-m"3), is proportional to the frequency of the alternating electric field (f, [MHz]), to the 

losss factor and the squared intensity of the electric field (E, [kVm"1]), as shown in equation 

33 [6]: 

P^ljrfe^EP^ljrfe^E11 (3) 

Inn this expression, the term so represents the dielectric permittivity of vacuum. Clearly, the 

dissipatedd power is directly proportional to the loss factor. 

Anotherr important parameter of the dielectric properties of a material is the penetration 

depthh (Dp, [m]) during the microwave irradiation. This parameter is defined as the distance 

overr which the power density has decreased to 1/e of its original value at the surface. The 

penetrationn depth is given by [21-23]: 

Inn equation 4, c represents the speed of light (3-108 m-s"1). A combination of large s' and 

relativee small e"\s required in order to enable uniform heating. 

Thee measurement of complex dielectric permittivity requires specialized techniques. For 

frequenciess below 100 MHz, bridge and Q-meter methods are employed. Above 100 MHz 

thee measurement can be accomplished in coaxial lines or wave-guides. Above 10 GHz 

freee space methods are used [22]. For industrial purposes, frequencies between 400 < f< 

30000 MHz are most commonly used. At these frequencies, measurement techniques for 

dielectricc properties usually consist of a wave-guide in the form of coaxial conductors with 

thee test material forming part of the dielectric medium between the conductors. 

9 9 
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1.5.22 Suitable susceptor materials 

Ass mentioned above, soot may obtain a high T by exposure to a dielectric field. However, 

followingg burn-off of a certain amount of soot, the remaining soot is not able to maintain 

thee reaction temperature. Correspondingly, the conversion rate of soot combustion drops 

[24].. Moreover, uncontrolled oxidation leads to the formation of CO, which is also the 

compoundd that we try to eliminate from the exhaust gas [15,25,26]. For this reason, the 

needd of a coating material, which is high dielectric loss material as well as active oxidation 

catalyst,, becomes apparent. In table 1.4 the complex permittivities of soot, support 

materialss and metal oxides are summarized. 

Tablee 1.4: the complex permittivities of soot, support materials and metal oxide catalysts based on 

thee experimental results of Ma et al. [15]. 

Sample e 

Soot t 

Cordierite e 

Y-Al203 3 

Si02 2 

Ti02 2 

Zr02 2 

Fe203 3 

CuO O 

V2O5 5 

Cu/Ti02 2 

Fe/Ti02 2 

V/Ti02 2 

Pd-chloride/Ti02 2 

£ £ 

10.695 5 

2.873 3 

3.006 6 

3.066 6 

7.020 0 

4.214 4 

7.420 0 

3.294 4 

7.635 5 

4.637 7 

5.047 7 

6.915 5 

5.189 9 

e" e" 

3.561 1 

0.138 8 

0.170 0 

0.215 5 

0.430 0 

0.186 6 

0.219 9 

0.170 0 

0.504 4 

0.250 0 

0.096 6 

0.374 4 

0.009 9 

Tann 5 

0.333 3 

0.048 8 

0.057 7 

0.070 0 

0.061 1 

0.044 4 

0.030 0 

0.052 2 

0.066 6 

0.054 4 

0.019 9 

0.054 4 

0.002 2 

Tablee 1.4 demonstrates that the complex permittivity of soot samples is significantly higher 

thann that of many conventional catalyst support materials and metal oxides. A common 

filterr substrate material, cordierite, shows the lowest ë and e" values, indicating that it is a 

weakk absorber of microwaves. The support materials show a moderate dielectric loss, 

whilee Ti02 has the highest ë and e" values. The complex permittivity of the catalysts, both 

supportedd and unsupported, were in the same order of magnitude as the support materials 

10 0 
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andd were all higher than cordierite. The highest values of complex permittivity for the 

catalystss are found for unsupported vanadium and iron oxides. 

Largee differences exist in the dielectric properties of metal oxides, which has been 

reportedd by Mingos et al. [27] and Takatsu et al. [28]. The results of the latter with regard 

too the dielectric heating behaviour of cobalt based perovskites, coated on cordierite, are 

listedd in table 1.5. 

Tablee 1.5: Microwave heating of some 0.2 g cobaltite perovskites coated on cordierite matrix (6 

mil-4000 cpi), in the shape of 15 mm cube, in a 200 W microwave furnace (2.45 GHz). Initial 

temperature:: 293K. Surface temperatures were measured with an infrared pyrometer. 

Material l 

None e 

SrCo03 3 

LaCo03 3 

La00 6Sr0.4CoO3 

Lao8Sro2Co03 3 

Ndo.aSro.15K00 05C0O3 

Ndo.eSr015Na00 05C0O3 

T(K)) after 10 s 

302 2 

603 3 

734 734 

570 570 

572 2 

605 5 

537 7 

TT (K) after 20 s 

304 4 

692 2 

785 5 

605 5 

607 7 

675 5 

657 7 

Thee temperature rise of the cordierite surface is small, corresponding to a small dielectric 

losss factor. Therefore cordierite represents a non-absorbing filter substance. The 

monolithss coated with perovskites show a large temperature rise, with the largest rise 

shownn for LaCo03, indicating a strong microwave coupling. Clearly, perovskites can be 

consideredd as potentially suitable coating material for microwave-assisted in-situ soot filter 

regeneration. . 

1.66 Perovskites as microwave-sensitive and catalytic active materials 

Perovskitess are a large family of oxides with a specific crystal structure (see below) whose 

namee has been derived from CaTi03, which was originally known as perovskite. This 

parentt material was first described in 1839 by the geologist Gustav Rose, who named it 

afterr the Russian mineralogist Count Lev Aleksevich Perovski [29]. Chemists and 

physicistss have been studying perovskite-type oxides extensively in various applications, 

suchh as catalysis, as fuel cell electrodes, and superconductors [30-32]. Over the last 

11 1 
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decades,, perovskite-type oxides have been of broad interest as oxidation catalysts 

becausee of the ease with which oxygen is reversibly taken up into and removed from the 

structure.. They display a high catalytic activity and thermal stability in a number of 

oxidationn reactions [33,34]. A renewed interest in perovskites was triggered in the early 

1970s,, when LaCoCb was first proposed as an oxidation catalyst for automobile exhaust, 

alternativee to Pt. Catalytic performance in automotive exhausts control [15,30,33,35-38] 

andd dielectric properties [39-41] have been widely studied. 

1.6.11 Crystal structure 

Perovskite-relatedd materials are represented by the general formula ABO3. The A ions can 

bee rare earth, alkaline earth, alkali or other large cations, whereas the B ions are 3d, 4d or 

5dd transition metals ions. A and B cations are restricted by the requirement that A and B 

mustt be stable in respectively dodecahedral and octahedral coordination position [42]. 

Althoughh the most interesting perovskite compounds are oxides, some carbides, nitrides, 

halidess and hydrides with this structure also exist [42]. 

AA wide variety of combinations of metal compounds yield a stable perovskite crystalline 

structure.. However, the preparation method is of great importance for the ultimate end use 

(seee appendix B). The diversity is greatly enhanced by the possibility of synthesizing multi-

componentt perovskites by partial substitution of the cations A and B, which gives rise to 

thee following formula: Ai-xA'xB^yB'yOa (0 < x, y < 1). The (cubic) perovskite crystal structure 

iss represented in figure 1.3. 

Figuree 1.3: Unit cell of an orthorhombic perovskite structure (AB03 with A = Y, La and B = Mn). 

Thee unit cell of the simple perovskite structure is shown (right) with rotated coordinate system [43]. 

12 2 
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Inn the ideal cubic structure, the B-0 distance is equal to a/2 (a is the cubic cell length unit), 

whereass the A-0 distance is a/V2, which leads to the following relationship between the 

ionicc radii: 

rrAA+r+r 00={r={r BB+r+r 00)4l)4l (6) 

However,, some ABO3 compounds were found to retain the cubic structure, even through 

thiss equation was not exactly obeyed. Goldschmidt thereupon introduced in 1926 the 

tolerancee factor f, which is a function of the empirical ionic radii, and is a measure of the 

deviationn from the ideal situation, applicable at room temperature [44]: 

t=t=  r*+r° (7) 
{r{r BB+r+r 00)42 )42 

Althoughh for an ideal perovskite t is unity, this crystal structure has also been found for 

lowerr values (0.75 < t < 1.0). The ideal cubic perovskite structure appears for some 

compoundss with a f-factor very close to 1 and at high temperatures. 

Inn most cases however, different crystalline structures appear due to various deviations. 

Thee distortions caused by those deviations can be attributed to the size and valence of the 

ions,, which yields different crystalline structures with rhombohedral, orthorhombic and 

tetragonall symmetries. The tetragonal symmetry and others like monoclinic and triclinic 

aree scarce and have been poorly characterized [44]. 

Non-- stoichiometry in perovskites 

Besidess the ionic radii requirements, another condition to be fulfilled is electroneutrality, 

i.e.,, the sum of charges of A and B equals the total charge of oxygen anions. However, 

deficienciess of cations at the A- or B-sites or of oxygen anions are frequent, which results 

inn defective perovskites. The Non-stoichiometry in perovskites has been widely discussed 

inn several research works [42,45,46]. Defective perovskite structures are often formed 

whenn a partial cation substitution does not yield a new phase, but a single phase. In true 

non-stoichiometricc phases, vacancies in the crystalline lattice are created by charge 

compensation,, formation of alternative metal oxide species (e.g. A03, B03) and the 

13 3 
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introductionn of dopant metal ions. The arisen defects can aggregate to form defect 

clusters,, which may result in super-lattice ordering of small units of a second structure 

intergrownn within the parent matrix [47]. 

Oxygenn non-stoichiometry 

Oxygenn excess Oxygen excess non-stoichiometry in perovskite oxides is not as 

commonn as oxygen-deficient non-stoichiometry, which can be explained by the fact that 

thee introduction of interstitial oxygen in the perovskite structure creates instability [44]. Until 

now,, only a few examples of perovskites with apparent oxygen excess are known. For 

instance,, the best-characterised perovskite showing oxidative non-stoichiometry is 

LaMn03+x,, which has been reported by Voorhoeve et al. [48], Vogel et al., [49], Taguchi et 

al.,, [50] and Kamegashira et al., [51]. This can be achieved by the introduction of cation 

vacanciess at the A- and/or B-site. For example, in LaMn03.i2 (8' = 0.12), a partial 

eliminationn of La as La203 has been detected yielding the perovskite composition of 

La0.94<fo.o66 Mn0.98$).02O3 {<f> = cation vacancy) [52]. From neutron diffraction analysis, it could 

bee concluded that the cation vacancies appear predominantly at the A (La) sites. B-site 

vacanciess are not so common, which can be explained by their size and charge. Because 

BB cations are relatively small but carry a large charge, their corresponding vacancy will be 

lesss thermodynamically stable. 

Oxygenn deficiency Anion vacancies in many oxygen deficient perovskites can be 

describedd on the basis of complex perovskite-related superstructures with the general 

formulaa AnBn03n-i, in which the stacking manner depends on the size, electronic 

configurations,, and co-ordination number of A and B cations [53]. The formation of oxygen 

vacanciess can be stimulated by introducing metal impurities (doping). An example is the 

oxygenn deficient Lao.9Sro.1FeO2.95, which has a 17 times higher concentration of oxygen 

vacanciess than the undoped material (LaFeOsoo) [42]. Because oxygen vacancies facilitate 

thee migration of oxygen through the lattice, these deficiencies are likely to have an 

importantt influence on the catalytic properties of the catalyst. 

14 4 
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CationCation non-stoichiometrv 

Oxygenn excess can also readily be achieved in perovskite that are structurally deficient in 

oxygenn because of cation non-stoichiometry. For example, it has been shown that CaTi03 

cann accept excess TÏO2 in solid solution up to 1 % and it is assumed that this is 

accommodatedd by the formation of calcium and oxygen vacancies [54]. TIO2 rich 

compositionss can be considered to be stoichiometric with respect to the oxygen content, 

whenn they are composed of a combination of the stoichiometric binary oxides, (1-x)CaO + 

TÏO22 or Ca1.xTiO3.x- On the other hand, they are obviously non-stoichiometric with respect 

too the cation ratio. B-site vacancies in perovskite oxides are not so common. Mostly, 

perovskitess exhibit A-site vacancies, due to the formation of a stable network by the B03 

arrayy in the perovskite structures [44]. The large A cation at 12 co-ordinated site can be 

partiallyy missing. One interesting example of A-site defective perovskite is Cuo.5Ta03, 

whichh displays a pseudo-cubic perovskite structure [44]. 

1.6.22 Perovskites as oxidation catalysts 

Inn the last three decades, the interest in the use of perovskite-type oxides as oxidation 

catalystss is growing fast, in particular in view of their application in exhaust after-treatment 

processes.. Oxidation of CO and CH4, and the simultaneous removal of NOx and soot will 

bee discussed below. 

OxidationOxidation of CO 

Thee oxidation of CO over perovskite-type oxides has been taken as a probe reaction with 

thee aim to correlate the observed activity with the electronic state of the transition metal 

ionss or the defect chemistry of these compounds [55,56]. The first study on the CO 

oxidationn over perovskite-type oxides was carried out in the early 50s by Parravano [57]. 

Laterr on, Kawai et al. [58] observed a discontinuity in the activation energy for CO 

oxidationn with 02 or N20 on BaTi03 ferroelectrics near the Curie temperature (Tc = 393 K) 

Theyy concluded that the oxidation reaction proceeds via surface defects and that 

desorptionn of CO2 is the rate limiting step. Many other perovskites have been studied for 

COO oxidation. For LaB03 (B is transition metal atom from V to Ni) perovskites, LaCo03 

provedd to be the one most active [30,59,60] while LaCrOa was among the least active for 
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COO oxidation [61,62]. From kinetic measurements and from IR spectroscopic data, the 

followingg scheme for the mechanism of CO oxidation on LaCo03 was proposed by Tabata 

etal.. [63]. 

0022 (g) -> 202 (ad) {ad = adsorbed species) 

CO(g)CO(g) -» CO(ad) 

CO(ad)CO(ad) + 202 (ad) -> CO;'(ad) (slow) 

CO;'(ad)CO;'(ad) -> C02(ad) + O2' (ad) -> C02(g) + 02 (ad) (rate limiting) 

Oxygenn vacancies in the crystal lattice constitute the surface defects on which the catalytic 

activityy towards CO oxidation is largely dependent. This has been concluded from 

researchh done on LaCu03-s, which allowed the concentration of oxygen vacancies to be 

welll controlled by annealing under high oxygen pressures at temperatures between 1073 

KK and 1273 K [64]. TPR analyses of LaCu03-s and LaCo03.s suggested that CO oxidation 

activityy is related to the ease of oxygen removal from both the surface and lattice of the 

lanthanumm cuprite and cobaltite respectively. 

OxidationOxidation of methane 

Studiess done by Libby [65] and Pedersen et al. [66] in the early 70s indicated the 

possibilityy of using perovskite oxides for the oxidation of hydrocarbons. Among those 

studies,, the combustion of methane over perovskite oxides has been extensively 

investigated,, since methane is often used as a model for a large family of hydrocarbons. In 

thee oxidation of methane over Lai.xSrxB03 (B = Cr, Mn, Fe, Co, Ni; 0 < x < 0.4), the Sr-

substitutedd perovskites with B = Mn, Fe and Co showed very high activities, comparable 

withh Pt/AI203 [67]. It was reported that partial A-site substitution enabled variation of the 

dimensionss of the unit cell. For this reason, this substitution caused stabilization of unusual 

oxidationn states of the B component and simultaneous formation of structural defects 

(enhancingg oxygen mobility), both of which strongly affected the catalytic activity [44]. It 

wass concluded that methane oxidation is a suprafacial reaction [68] at low temperatures. 

TPDD analysis of Lai.xA'xB03 (A' = Sr, Eu, Ce and B = Co, Fe, Ni) indicated that below 750 

KK the oxygen involved in the reaction either comes from the gas phase or was sitting in the 

anionn vacancies of the catalyst [30], whereas above 750 K oxygen comes from the bulk 
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phasee (intrafacial mechanism) [68]. On the basis of these considerations, the overall rate 

off CH4 combustion throughout the whole temperature range can be described by the sum 

off two parallel reactions: 

rr = krPCHi+
k-^%£^ (8) 

However,, this expression is in contrast with the findings of Ponce et al. [69], who reported 

forr the oxidation of methane over Lai-xSrxMn03 that bulk oxygen does not play a major 

rolee for temperatures in a range of 473-1073 K. 

SimultaneousSimultaneous removal of carbon and A/0* 

Soott consists mainly of carbon (> 70%), which is also capable to reduce nitrogen oxides 

overr a (perovskite) catalyst: 

CC + 2NO -> C02+N2 

Inn reactions involving carbon, specific surface area is of less importance than in usual 

catalysedd solid-gas reactions. Teraoka et al. [70] reported a comparable catalytic 

performancee for simultaneous NCVsoot removal over Lao8Sro.2Co03 calcined at 1123 K 

(5.66 m2/g) and 1473 K (0.6 m2/g). This is probably due to the fact that catalytic reactions 

involvingg carbon take place at the three-phase boundary of the solid catalyst, solid soot 

andd the gaseous reactant. Hence, adsorbed species on the catalyst surface are formed at 

thee boundary and a part of carbon in close vicinity of the boundary takes part in the 

reaction. . 

Hongg et al. [71] have studied the simultaneous removal of carbon particulates and NOx. 

Fromm the obtained results, they concluded that the presence of carbon particulate played 

ann important role on the reduction of NO, whereas NO had less effect on the oxidation of 

thee carbon particulate. On the contrary, NO seems to retard the oxidation of carbon 

particulatee at high NO concentration (above 1000 ppm). They concluded that oxidation of 

carbonn particulate is not controlled by the concentration of NO, but by 02. Therefore, they 

proposedd the reaction mechanism for the carbon-NO reaction: the adsorbed NO attacks 
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thee reactive carbon particulate to subsequently form a reactive surface carbon complex, 

whichh then decomposes into N2 and CO2: 

NO(g)NO(g) -> NO (ad) 

NO(ad)+CNO(ad)+C -> C*[N,0] 

C*[N,O]C*[N,O]  + N0(ad) -> C02(g) + N2(g) 

Thiss proposed mechanism was supported by Teraoka et al. [37], who reported additionally 

thatt the last step includes a reactive carbon-nitrogen intermediate (C*[N]), which 

decomposess to N2: 

C*[N,0]C*[N,0]  + NO(ad)+2Cf -> C02(g) + 2C*[N]  <Cf = free carbon site) 

2C*[N]2C*[N]  -> N2(g) + 2Cf 

Itt has also been reported that gaseous NO can be oxidised to NO2 in the presence of 02. 

Subsequently,, the resulting NO2 is dissociatively adsorbed on the catalyst surface to form 

NO(acOO and O(acf) species [71], which can proceed to oxidize carbon as was described 

above.. According to Teraoka et al. [37] and Ciambelli et al. [72], N02 can also directly 

oxidizee carbon, without adsorption, to form NO and CO2: 

N0N022(g)(g) -> NO{ad) + 0{ad) 

2N02N022(g)(g) + C -  2NO(g) + C02(g) 

Hongg et al. [71] also investigated the effect of cation substitution and reported for the 

simultaneouss removal of NO and soot over Lai.xCsxCo03 that partial substitution of La by 

Css enhanced the catalytic activity in the combustion of soot and NO reduction. In this 

catalystt series, the ignition temperature of soot was found to decrease with increasing x 

valuess and becomes constant above x > 0.2. NO conversion displayed a similar tendency. 

Whenn varying the B-site metal cation, they found that the ignition temperature of soot 

slightlyy decreased in the order Co > Mn > Fe. 

Ann example of A-site substitution has been reported by Teraoka et al. [37], who found a 

prominentt promoting effect of K compared to Sr substitution, e.g. in LaogKo.iFeOa. It was 
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suggestedd that the promoting effect of K is relevant to the intrinsic nature of activating 

surfacee carbon atoms as found in other carbon oxidation, combustion and gasification 

studies. . 

Accordingg to Ciambelli et al. [72], the presence of NO and H20 cause a marked increase 

inn the oxidation of soot for K-containing perovskites. The promoting effect of NO has been 

explainedd with the oxidation of NO to N02, which then relatively easily oxidizes carbon on 

thee catalyst surface. For the promoting effect of H20, they have concluded that it is due to 

thee presence of K, since alkaline metals are well-known catalysts for carbon gasification 

byy steam. 

1.6.33 Perovskite stability and sulphur resistance 

Veryy important aspects in heterogeneous catalysis are thermal and catalytic stability. For 

thiss reason, deactivation of specific catalysts has been widely studied. One can distinguish 

betweenn reversible and irreversible deactivating processes. Reversible types of 

deactivationn are inhibition of the active site, fouling and reversible structural changes. 

Irreversiblee types of deactivation are leaching, poisoning and irreversible structural 

changes,, such as the formation of a new phase caused by decomposition and sintering of 

catalystt material or carrier material, both of which cause a decrease in catalytic surface 

andd thus in the number of exposed active sites. For perovskite-type oxides as automotive 

catalysis,, poisoning by S02 is an important issue, and will be briefly addressed here, as 

welll as regeneration of S02-poisoned catalysts. 

PoisoningPoisoning by SO? 

Deactivationn of perovskites in exhaust gas was shown to be dominated by poisoning by 

sulphurr containing compounds [73]. Perovskite-type oxide catalysts were found to be far 

moree sensitive to poisoning by S02 than noble metal catalysts [42]. Since S02 has a lone 

pairr of electrons, which can act both as a Lewis acid and base, it can co-ordinate to metal 

ionss in several ways to form a S02-metal complex on the surface. Chemisorbed S02 can 

thuss block active sites, giving rise to reversible inhibition. However, these chemisorbed 

S022 species can also react rapidly with lattice oxygen to form sulphite species. These 

sulphitess can be oxidized by 02 at temperatures above 673 K to form sulphate species 
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[42].. The formed sulphites and sulphates result in poisoning of the active site, causing 

irreversiblee deactivation. 

Quantitativee studies on the chemisorption of SO2 on several La-containing perovskite-type 

oxidess revealed that the amount of chemisorbed S02 needed to suppress the reaction by 

900 % corresponded to one monolayer [42,44,55]. Tejuca et al. [42] suggested that the S02 

poisoningg on perovskite catalysts is primarily due to the adsorption of S02 on the 

catalyticallyy active B-sites. However, this has been contradicted by Zhu et al. [73] who 

reportedd for LaCo03 that S02 diffused into the perovskite lattice and reacted with LaCo03 

too form La2(SC>4)3, La2(S03)3, La2O2S04 and CoO species during the S02 poisoning 

process. . 

LaCoOLaCoO33+S0+S022 -  La2(SOx), + CoO (9) 

LaLa22(SO(SOAA))yy -> La202SOA+2SOy (10) 

RegenerationRegeneration of SO?-poisoned perovskites 

Thee regenerability of the perovskite catalyst depends on the catalyst composition. Rosso 

ett al. [74] observed a significant regeneration effect after washing the S02-poisoned 

LaMni.xMgx033 catalyst with water or aqueous NH3. It was concluded that a higher OH" 

concentrationn makes this washing more effective. They proposed a mechanism for 

regenerationn by water and NH4OH, based on S04
2_ substitution by Ol-T species. 

[MgSO,[MgSO, I +OH~ -+ [Mg(OH)2 ] , + / T + HSO; (11) 

Thee formed Mg(OH)2 turns into MgO at high temperature, thus preserving the original 

compositionn of the LaMni.xMgx03 perovskite phase. Figure 1.4 depicts the conversion of 

methanee oxidation over LaMno.5Mgo.5O3 after successive poisoning and regeneration 

cycles.. Clearly, LaMno.5Mgo.5O3 catalyst can be regenerated quite significantly by water up 

too three successive poisoning cycles. 
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Figuree 1.4: onversion of methane oxidation over LaMn0 sMg0 503 after successive poisoning by S02 

andd regeneration by water washing [74]. 

1.6.44 Dielectric properties and the related parameters of perovskites 

Researchh in the dielectric properties of perovskites has up to now focused on complex Ai_ 

xA'xBi-xB'x033 materials with A = Ca, Sr, Ba, Pb, Bi; B = Mg, Sc, Ti, Fe, Cu, Zn, Y, Zr, Nb, 

In,, Ta, W, La, Nd, Sm, Gd, Yb [75-77]. According to a 1994 review by Setter et al. [78] 

non-ferroelectricc perovskites are being used as microwave resonators because of their low 

dielectricc losses, high permittivity and high temperature stability at the resonance 

frequencyy (if). Here, some of the important parameters related to the dielectric properties, 

suchh as temperature dependence, phase transition effect, tolerance factor, ionic size and 

substitutionn degree will be summarized. 

TemperatureTemperature and Phase Transitions Dependence of dielectric permittivity 

Itt had been found that the dielectric permittivity is closely related to the structural phase 

transitionss that occur in perovskites [78]. The dielectric permittivity is related to the direct 

temperaturee dependence of the polarizabilities and to the dilution of dipoles caused by 

thermall expansion. Such expansion also leads to an increase of dipole strength, which at 

thee A and B-sites is very sensitive to phase transitions: in phases with tilted oxygen 

octahedraa the local thermal expansion is larger at the A-site than at the B-site, which gives 

risee to a different increase of the two dipole strengths. Moreover, the tilted oxygen 
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octahedraa fit better around the B cations, which is expected to have a strong effect on the 

temperaturee dependence of the polarizability. 

AA study into the dielectric properties of Lai-xSrxMn03 has been carried out by Ivanov et al. 

[79]] at 1-10 GHz. They obtained the dielectric permittivity and temperature dependence of 

thee resonance frequency using a quasi-optical backward-wave-oscillator technique, for 

singlee crystals of Lai.xSrxMn03 (x = 0, 0.05, 0.1, 0.15 and 0.175). The dielectric properties 

off Lao.95Sr0.o5Mn03 were found to be similar to that of LaMn03, however, their anisotropy 

andd higher dielectric losses were noted, in particular s'a « 24, s"a ~ 0.6-0.7, and £'c ~ 20, e"c 

** 0.2-0.3 for f = 2.3-6 GHz at T = 80 K (a and c represent different lattice axes). The 

perovskitee with bulk composition Lao.825Sr0.i75Mn03, an efficient electron conductor, 

displayedd a dielectric permittivity of e' = 37 at T = 295 K. 

Forr La0.9Sro.iMn03 at 100-120 K, a jump in E'(T) was found besides a ferromagnetic 

transitionn at 170 K (figure 1.5), from which the existence of an additional phase transition 

(probably,, a polaron ordering) was concluded [79]. 

00 100 200 300 

Temperature,, K 

Figuree 1.5: Temperature dependence of the dielectric permittivity e'ii2 (4 GHz) (a), dynamic [a'i,2 (4 

GHz)]] and static (ad0) conductivity (b) and AC magnetic susceptibility %ac (c) of La0.9Sr01MnO3. 

Indicess 1,2 correspond to the two crystallographic directions: 1-[-110] and 2-[11-2]. 
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Thee various phase transitions found in complex perovskites, which correspond to different 

tiltss of the oxygen octahedra (and to some ionic anti-parallel shifts), cause related changes 

inn dielectric permittivity (e). Because the structures are linked to the packing density of the 

ions,, e can be correlated to the tolerance factor t via the structural phases [80]. 

ToleranceTolerance Factor. Ionic Size and Substitution Degree 

Setterr et al. [78] reported that the correlation between dielectric loss, permittivity, ionic 

size,, mass, effective charge and polar phonon mode parameters has been investigated in 

BaBo.sB'o.sOaa (B = Y3+, Gd3+, ln3+; B' = Ta5+ and B = Mg2+; B' = W6*) compounds. The ionic 

sizee was found to be the most important parameter determining the tolerance factor of the 

structuree packing and thus controlling the degree of lattice anharmonicity, i.e. phonon 

dampingg and intrinsic dielectric loss. The intrinsic loss was found to be lower when the 

tolerancee factor was closer to unity [81,82]. 

Shann et al. [83] have reported data on a series of Lno.sNao.sTiCb (with Ln = = Dy, Ho, Er, Tm, 

Ybb and Lu), from which all compounds, synthesized by the solid-state method, possessed 

orthorhombicc symmetry similar to the compounds containing Ln = Pr, Nd, Sm, Eu, Gd and 

Tb.. They found a decrease in dielectric constants with an increase in the atomic number of 

Lnn (from Dy to Lu). In addition, their dielectric constants asymptotically converge to fixed 

values,, without temperature dependence below 40 K, indicating that these materials show 

quantumm paraelectric behavior at low temperature. 

Thee degree of substitution is a related parameter that is likewise important for crystal 

structuree and dielectric characteristics. Recently, an illustrative example has been reported 

byy Dwivedi et al. [84], who have synthesised Cai.xLax(Tii.xCrx)03 with x = 0.01, 0.03, 0.05, 

0.10,, 0.20, 0.30 and 0.50 (a valence compensated system) by a solid-state ceramic 

method.. Solid solutions were found to form up to x = 0.50 and all compositions displayed 

ann orthorhombic crystal structure. The structure of compounds up to x = 0.10 was similar 

too that of CaTi03. This structure gradually changed from CaTi03 to LaCr03 at 0.10 < x < 

0.50.. The dielectric constant, at room temperature, was found to increase with increasing 

substituentt concentration up to x = 0.30, and subsequently it decreased for 0.30 < x < 

0.50.. It was concluded that orientation and space charge polarisation contributed to the 

dielectricc behaviour of these materials. 
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1.77 Outline of the thesis 

Inn search for soot emission abatement techniques Diesel engines, we focussed on the use 

off perovskites as coating materials for a soot filter, to be regenerated through microwave 

irradiation.. To this end a series of cerium substituted La-Mn perovskites have been 

preparedd and studied intensively. Surface properties in relation to the activity in oxidation 

catalysiss is discussed in chapter 2. Based on reduction experiment with labelled C180, it 

mayy be concluded that this activity is related to the number of cation/anion vacancies. The 

behaviourr of 20-mol% cerium-substituted perovskite during transient CO reduction and 02 

oxidationn steps at isothermal conditions, and in steady state CO oxidation are discussed in 

chapterr 3. The dielectric properties and structural stability during microwave irradiation, 

andd the catalytic performance in CH4 oxidation for both dielectric and conventional heating 

aree studied in chapter 4 and 5. For further development of regenerable soot filters (flow 

throughh filter) during dielectric heating, tests on a laboratory scale will be carried out. In 

chapterr 6, the soot removal efficiency and thermal stability are addressed for a cordierite 

monolithh coated with perovskite material, onto which synthetic soot was deposited by 

dipcoating.. Based on these data, the feasibility of the concept of microwave assisted soot 

filterr regeneration is evaluated. 
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Appendixx A: Characteristics of Diesel particulate matter: soot formation 

andd composition 

Soott formation processes and the morphology of soot have been extensively studied, and 

aa huge amount of relevant information has been accumulated in the last two decades. It 

hass investigated that the different fundamental steps involved in the formation of soot 

particless on indirect injection or divided chamber (IDI) engine. The main results are 

depictedd schematically in figure A1. 

Pyrolysiss or oxidative 
pyrolysis s 

->> Nucleation 

Surfacee growth & coagulation aggregation n 

* * 
100-3000 A 

Turbostraticc particle 

Figuree A 1 : The mechanism of Diesel soot formation in combustion system of IDI engine. 

Ass part of the fuel combustion process, fuel is injected in a Diesel engine after 

compression,, when combustion has already started. This results in the formation of an 

inhomogeneouss mixture of fuel and air in some places in the combustion chamber and 

thuss in locally incomplete combustion and subsequent formation of soot particles. The 

Diesell soot formation process is extremely complex. In general, it is believed that the 

polycyclicpolycyclic structures formed by pyrolysis are the building blocks of the Diesel soot 

particles.. The polycyclic structures consist of so-called platelets, as illustrated in figure A1. 
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Itt has a typical size of 3.55 A, which is only slightly larger than that of graphite. Platelets 

aree arranged in layers to form crystallites. The crystallites are further arranged in a 

turbostaticturbostatic fashion, with planes more or less parallel to the particle surface. The existence 

off two parts in Diesel soot has been found: the inner core contained the turbostratic 

structuree which is chemically and structurally less stable, and the outer shell is composed 

off graphitic crystallites which are thermodynamically stable. Primary soot particles are 

formed,, when surface growth stops. These primary soot particles can further continuously 

coagulatee to form chain-like aggregates. 

Thee composition of Diesel particulate matter depends on the conditions under which they 

aree collected. Diesel particulate mater (PM) consists of carbonaceous part (soot), 

sulphatess and metal ash. The sulphates in Diesel exhaust gas originate from organic 

sulphurr compounds present in Diesel fuel. Figure A2 shows the typical composition of the 

particulatee matter for a current technology Diesel engine tested using the US Heavy Duty 

Transientt Test. 

Ashh and other 

1 3 % ^ " " 

Unburnedd f u e l / \ . 

77 % / \ . 

Sulfatee and water 

-——44% % 

^ // Unburned oil 

\\ 25 % 

Carbon n 
411 % 

Figuree A2: Typical particle composition for heavy-duty Diesel engine tested in a heavy-duty 

transientt cycle. 

Thee sulphuric acid/sulfate fraction is roughly proportional to the fuel sulphur content. The 

fractionn associated with unburned fuel and lube oil varies with engine design and operating 

condition.. Unburned fuel and lube oil values are highest at light engine loads when 

exhaustt temperature is low. 
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Appendixx B: preparation methods for perovskite-type oxides 

Becausee of the great diversity in perovskite applications, optimal preparation of these 

materialss requires many synthetic approaches, which are determined by the ultimate end 

use.. One can distinguish between syntheses through solid-state, solution and gas phase 

reactions. . 

Solid-statee Reactions In conventional processing, the perovskite-type oxides can be 

synthesisedd by mixing equimolar amounts of metal oxides, hydroxides or carbonates, 

followedd by solid-state reactions, and subsequent calcination at high temperature (1300-

15000 K) to yield the perovskite material. This method often results in inhomogeneous 

aggregates,, multiphase formation and low purity. Moreover, the particle size of the 

obtainedd powder is relatively large (micrometer range) and the specific surface area 

extremelyy small (-1 m2-g"1). 

Solutionn Reactions The disadvantages described above can be overcome by sol-

gell preparation or co-precipitation. These techniques can offer mixing on a molecular level 

andd can enhance reactivity, which enables a significantly lower calcination temperature 

(<11000 K). Further, these methods enable control of reaction temperature, pH and ageing 

timee for precipitation, which yields better purity, stoichiometry, and uniform particle size 

(sub-micrometerr range). Typical precipitation agents for co-precipitation are hydroxide, 

oxalate,, acetate, cyanide and citrate ions. This method typically yields specific surface 

areass below 10 m2g"1. Sol-gel methods yield well-crystallised samples with even larger 

specificc surface areas (up to 20 m2/g). 

Gass Reactions In order to make perovskite films with a specific thickness and 

composition,, reaction or transport in the gas phase is generally required. Therefore many 

physicall techniques have been developed e.g. laser ablation, molecular beam epitaxy 

(MBE),, magnetron sputtering and electron beam evaporation. These state-of-the-art 

techniquess are utilised for the production of materials for advanced applications, like 

superconductors. . 
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