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Abstract 
Perovskite based materials have great potentials for various energy applications and the 

search for new materials for uses in SOFCs has largely been concentrated to this class of 
compounds. In this search, we have studied perovskite phases in the system La2Co1+z(Ti1-

xMgx)1-zO6, with 0  x 0.9 and z = 0.0, 0.2, 0.4, 0.6. Crystal structures were characterized by 
XRD and, for selected compositions, also by NPD and SAED. They exhibit with increasing x, 
as well as increasing z, a progressive increase in symmetry from monoclinic to orthorhombic 
to rhombohedral. The main focus in this work has been on the investigation of structure-
property relations for compositions with 0.0x0.5 and z = 0. The nominal oxidation state of 
Co increases for these with increasing x, from Co2+ for x = 0 to Co3+ for x = 0.5. Magnetic 
measurements and XANES studies showed that the average spin state of Co changes linearly 
with increasing x, up to x = 0.5, in accordance with varying proportions of Co with two fixed 
oxidation states, i.e. Co2+ and Co3+. The data suggests that the Co3+ ions have an IS spin state 
or a mixture of LS and HS spin states for all compositions with nominally only Co2+ and Co3+ 
ions, possibly with the exception of the composition with x = 0.1, 0.2 and z = 0, for which the 
data indicate that the spin state might be HS. The XANES data indicate furthermore that for 
the perovskite phases with z = 0 and x > 0.5, which in the absence of O atom vacancies 
contain formally Co4+, the highest oxidation state of Co is Co3+, implying that the substitution 
of Ti4+ by Mg2+ for x  0.5 effects an oxidation of O2- ions rather than an oxidation of Co3+ 
ions.  

The thermal expansion was found to increase nearly linearly with increasing oxidation 
state of Co. This agrees well with findings in previous studies and is attributable to an 
increase in the ionic radius of Co3+ ions with increasing temperature, due to a thermal 
excitation from a LS to IS or LS/HS spin states. High temperature electronic conductivity 
measurements indicate that the electronic conductivity increases with an increase of both 
relative and absolute amount of Co3+. The latter can be attributed to an increase in the number 
of Co-O-Co connections. Additional high temperature magnetic measurements for selected 
samples, whose susceptibilities did not follow a Curie law behaviour up to room temperature, 
showed effective magnetic moments that did approach plateaus even at high temperatures 
(900 K). Interpretations of these data are, however, hindered by the samples losing oxygen 
during the applied heating-cooling cycle. 

The present study has shown that the investigated system is suitable for further studies, of 
more fundamental character, which could provide further insight of the structure-property 
relationships that depend on the oxidation state of Co. 
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1. General Introduction 
During the last decade, the questions concerning the environmental issues have become a 

hot topic and concern everything from how we warm up our houses to how we transport 
ourselves. People have become more aware of how the human ways of living have affected 
the climate on earth, as reported by numerous studies by e.g. the Intergovernmental panel on 
climate change (IPCC). [1] A major issue is the global warming of earth, which is a well 
debated subject that engage people from all classes of society and make people worry about 
the environment they and future generations will live in.  

There is therefore an interest in preserving the environment by minimizing our impact on 
it. And the way of doing that is clearly by minimizing the usage of fossil fuels i.e. petroleum 
and coal that produces huge amounts of CO2 which is a greenhouse gas.[2] During the last 
decade the focus has been on finding newer and cleaner energy producing technologies that 
work with high efficiency without emitting CO2 as a rest product e.g. solar cells,  fuel cells 
and batteries. 

Between the two latter technologies the fuel cell seems to be an appropriate substitute for 
the combustion engines in vehicles, mostly due to the fact that they can be refuelled quickly 
and do not need to be recharged as batteries. 

As the fuel cell technology is a very old technology that dates back more than 150 years, 
developed by “the father of fuel cells” Sir William Robert Grove (1811-1896) shortly after the 
discovery of the galvanic cell by Alessandro Volta (1745-1827)[3], one could think that the 
technology should be well developed at this time, but it is unfortunately not. Due to the 
combustion engine and cheap oil the environmentally friendly alternatives have been almost 
forgotten by the large motor companies until now. Still the research on fuel cells has 
progressed during this time and new types e.g. the proton exchange membrane fuel cell 
(PEMFC), the solid oxide fuel cell (SOFC), the phosphoric acid fuel cell (PAFC), the molten 
carbonate fuel cell (MCFC) and the direct methanol fuel cell (DMFC) have been developed 
since the first alkaline fuel cell used in APOLLO in the 1960’s by NASA.[4] Among these the 
solid oxide fuel cell (SOFC) seems to be one of the more promising ones.  

The SOFC operates at high temperatures between 600-1000°C, which means that reaction 
rates are quite high and sufficiently high without the use of precious catalysts e.g. platina (Pt). 
The whole cell is made of ceramic materials i.e. oxides, and is therefore simple in its concept. 
But as much as the high temperatures have great advantages i.e. fuel flexibility, no expensive 
catalysts, low or no amount of poisoning and possibility to use the excess heat for internal 
reforming of natural gas, there are drawbacks.  

One main drawback is paradoxically the high working temperature, which is responsible 
for most of the degradations in the materials e.g. long starting times, unfavourable reactions 
between the components and cracks due to differences in thermal expansion of the 
components and complications in the design. This makes the SOFC unsuitable for use in 
regular cars at this point due to high costs and low life times. In order to solve many of the 
material problems that hinders the SOFC from becoming commercially used in vehicles, 
beyond the use in power plants, the operating temperature needs to be decreased markedly 
<600°C. 

It is therefore necessary to find new materials that work at lower temperatures.  

2  Fuel cells in general 
Nowadays one hears about fuel cells and batteries frequently, but probably few people 

know how they actually work. A fuel cell is built up as a battery with an anode, electrolyte 
and a cathode but with the difference that the electrodes are neither consumed nor created. 
Instead fuel is continuously fed to the electrodes keeping the reactions going until the infusion 
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of fuel is stopped. In a typical fuel cell the fuel e.g. H2 gas is fed to the anode, where it is 
oxidised (losing electrons) and the electrons are transported trough an outer circuit of e.g. an 
engine to produce mechanical work, and are used at the cathode to facilitate the reduction 
(uptake of electrons) of oxygen, O2, from air that is continuously fed to the cathode. The 
oxygen ions are then, depending on what type of fuel cell it is, reacting either with hydrogen 
ions (H+) at the cathode if the electrolyte is proton conducting, or diffusing through the 
electrolyte as either OH- or O2- ions in the case of alkaline fuel cells or solid oxide fuel cells, 
respectively, to react with the hydrogen ions at the anode producing water (H2O) as a product 
(see Figure. 1).[5]  
 

 
 
Figure. 1 The working principle of a Solid Oxide Fuel Cell (SOFC).  The fuel e.g. H2 is oxidised at the 
anode according to 2H2+2O2-  2H2O + 4e- to produce water and electrons. The electrons are then going 
through an outer circuit e.g. an electrical engine to produce mechanical work and then enter the cathode.  
At the cathode the oxidant i.e. O2 from air is reduced by the incoming electrons according to O2 + 4e- 
2O2- to produce oxygen ions that will travel through the electrolyte to the anode and close the circuit. 
 

The efficiency of the fuel cell is very high. Compared to a typical combustion engine 
with a thermal efficiency of ~25% the fuel cell can achieve around 40-60%. The efficiency in 
a combustion engine is limited by the Carnot limit which is defined as: 
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From (2) it can be realised that the limit of the highest possible thermodynamic efficiency 
is reached at ambient temperature as lower temperatures are impractical for fuel cell 
operation.[5] However, the irreversible losses (see 

Figure. 2) are very large at ambient temperature and therefore the fuel cell has to be 
operated at higher temperature to reduce the voltage drop 
 

 
 
Figure. 2 Graph showing how the open cell voltage (OCV) decreases due to irreversible losses i.e. 
activation losses, ohmic losses and masstransport related losses at higher current densities. 
 

The different losses in a fuel cell can be generalised into three different types depending 
on their origin. The activation losses occur immediately in a fuel cell when it starts working; 
these losses are related to the activation energies during the electrochemical reactions at the 
electrodes. The contribution from these losses can be minimized by increasing the active 
surface area (i.e. the triple phase boundary, TPB see Figure. 3), changing the microstructure 
of the electrode or by optimizing the material composition to get maximum reaction kinetics 
at the electrode surface (i.e. minimizing the bottleneck arising from a rate limiting reaction 
pathway). The second type of loss is the ohmic loss also referred to as the internal resistance, 
which is a material dependent property and is simply the loss in cell voltage coming from the 
electronic resistance in the cell components. This can be improved by either changing the 
material for a better conductor or by making e.g. the electrolyte thinner. The third type of 
losses mainly occurs due to masstransport limitations (e.g. the diffusion of reactants is not fast 
enough), which usually occurs at higher current densities due to the necessity of a high flow 
of reactants in order to keep the current. This could be improved by tuning the micro and 
macrostructure of the electrodes to maximise the diffusion of reactants through the electrode 
material. The search for new materials is therefore mostly focused on reducing these losses in 
the fuel cell by improving the reaction kinetics (i.e. catalytic activity) at the electrodes, and 
minimising the internal resistance by finding materials with high conductivity at lower 
temperatures (<600°C). The masstransport can in the end be tuned by changing the micro and 
macrostructure of the material by different syntheses routes.[5]  
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2.1 Solid oxide fuel cell (SOFC) components 
A single SOFC consists of an anode, a cathode and an electrolyte, which is the heart of 

the fuel cell. When the fuel cell is composed of more than one cell, a separator, also called an 
interconnector is necessary in order to connect the adjacent cells and prevent mixing of fuel 
and air gases. The main components are briefly described below. 

2.1.1 The electrolyte 
The electrolyte is the main component in the fuel cell and has very stringent requirements 

as it is operated in a wide oxygen potential difference i.e. ~ 1102  bar at the cathode to ~ 1810  
bar at the anode side.[6] Due to the requirements on the electrolyte, exceptionally few 
materials are suitable. Therefore, yttria (Y2O3)-stabilized zirconia (ZrO2) (YSZ) with 8-10 
mole % yttria is used in order to obtain the optimum ionic conductivity. YSZ is still used in 
state-of-the art SOFCs operated at 800-1000°C due to its high chemical stability and high 
oxygen ion conductivity at high temperatures (0.02Scm-1 at 800°C and 0.2Scm-1 at 1000°C). 
The electrolyte material should possess high oxide ion conductivity, be an electronic insulator 
and have high chemical and structural stability during operation and fabrication.[5] YSZ is 
not suitable at lower temperatures. That is because the ionic conductivity decreases at lower 
temperatures. A limiting factor at 800-1000°C is the reactivity towards common electrode for 
materials based on e.g. lanthanum and strontium. Insulating phases such as La2Zr2O7 and 
SrZrO3 might form at the interfaces of the grains, resulting in a decreased performance of the 
fuel cell. [6][7] In order to avoid the formation of these phases a middle layer of ceria, usually 
doped with Sm (SCO) or Gd (GDO), is used between the electrolyte and the cathode. As the 
ionic radii of Sr is too large to fit in the CeO2 structure, it cannot react easily with ceria. La 
could react, as the ionic radii is much closer to Ce, but will not give rise to any insulating 
phases as lanthanum doped ceria is an ionic conductor, although not as good as the Sm and 
Gd doped ones.[8][9]  

2.1.2 The anode 
At the anode the fuel i.e. H2(g) or CO(g), is oxidised by the electrochemically transferred 

oxygen from the electrolyte. It is also possible to use CH4 as fuel, which may be either 
reformed in a separate chamber to CO and H2 at lower temperature, or used directly at the 
anode for high temperature SOFCs in which the reaction can take place directly on the anode 
itself. Commonly, the anode is made of a nickel cermet (ceramic and metal composite) where 
30-40 vol % NiO particles have been mixed with YSZ and sintered to form a well mixed 
composite with NiO particles dispersed through the YSZ. The NiO is then reduced in H2 
atmosphere prior to operation to form a connected network of Ni metal throughout the cermet. 
The Ni particles are in this case the oxidation catalyst and the conductor of electrons, whereas 
the YSZ provide the ionic conduction.[5] The main issue with this type of anode is the 
sulphur poisoning of Ni from e.g. H2S which irreversibly decreases the activity of the anode. 
Therefore there is a continuous search for new materials, for anode materials e.g Sr2Mg1-

xMnxMoO6 [10], Sr2FeMoO6 [11]. 

2.1.3 The cathode 
The cathode is currently the limiting part of the fuel cell when it comes to decreasing the 

operating temperature of the SOFC below 600°C without significant increase of polarization 
losses. [12] For composite cathodes, as illustrated in Figure. 3a, the reactions need to take 
place at the triple phase boundary (TPB) where the catalyst/electronically conducting 
material, the reactant and the ionically conducting material (usually the electrolyte, SCO or 
GCO ) meet in order to utilise the electrode fully. This is a very limiting factor due to the very 
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limited area of the TPB on the electrode, which limits the activity (polarisation losses) of the 
electrode. The way to solve this issue is to use a MIEC material that could both act as the 
catalyst and the electrolyte i.e. reducing the oxygen and transporting it through itself, as 
opposed to the surface migration mechanism in the cermet based electrodes, thereby markedly 
increasing the TPB area to include the whole surface of the electrode (see Figure. 3b).[5][13] 
As the oxygen reduction at the cathode is mostly thermally activated, a material that possesses 
a high electronic and ionic conductivity and high electrocatalytic activity at lower 
temperatures e.g. an ionic conductivity of 0.1Scm-1 and an electronic conductivity of 
>100Scm-1 is favourable. These materials are often called mixed ionic and electronic 
conductors (MIECs) and have the advantage of eliminating the need for composite materials 
of i.e. electronic conducting material mixed with an ionic conducting material. The typical 
materials used today for SOFC cathodes are made of transition metal oxides with perovskite 
related structures (see below). These include oxides of elements with redox pairs like 
Co4+/Co3+, Mn4+/Mn3+, Fe4+/Fe3+, Ni3+/Ni2+ as the main electrocatalytically active 
elements[13] instead of precious metals such as Pt, Ag, or Au. The former elements are also 
actively responsible for the main conductive processes taking place in the transition metal 
oxides. Currently perovskite based electrode materials used for high performance cathodes are 
LaCoO3 and LaFeO3 based oxides such as La1-xSrxFeO3-δ (with maximum electronic 
conductivity of 350Scm-1 at 550°C for x = 0.5), La1-xSrxCoO3-δ ( 1600 Scm-1 at 800°C ) and 
the combination La1-xSrxCo1-yFeyO3-δ (230 Scm-1 at 900°C and ionic conductivity of 0.2 Scm-

1) usually abbreviated as LSF, LSC and LSCF, respectively.[14][15] 
The process of the oxygen reduction reaction is not yet fully understood, and in order to 

design new cathode materials in a more powerful way, than by the systematic search that is 
made today, new compositions needs to be found based on updated theory and experiments 
rather than by trial and error. Another relevant material property in SOFCs, which is 
responsible for causing cracks and delamination, is the thermal expansion, which for LSC is 
very high (~20ppm/K)[15] and to learn how to control it in a clever way, in order to make the 
SOFCs practically useful for applications. 

 

 
 

Figure. 3 The difference between a) a three phase boundary (TPB) electrode and b) a single phase mixed 
ionic and electronic conducting (MIEC) electrode [16][17].  
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3 Perovskite materials  

3.1 Perovskites 
A structure type that is commonly found in materials useful for fuel cells is that of 

perovskite. The perovskite structure is adapted by a large family of compounds, and most of 
the metallic ions in the periodic table can be incorporated into the structure. The large 
flexibility and stability of the structure gives the possibility to accommodate large structural 
distortions as well as cation and anion vacancies. A large diversity in compounds is possible, 
which allows one to achieve and tune a number of e.g. dielectric, magnetic, electrical and 
catalytic properties [18][19][20][21].  The ideal perovskite structure ABO3 with the space 
group mPm3 , contains a larger A cation and a smaller B cation with a 12-fold dodecahedral 
and 6-fold octahedral coordination of oxygen, respectively. The structure can be thought of as 
made up of a large A cation in the center of a cube made out of 8 corner sharing octahedras 
with the B cation in their center (see Figure. 5).  As the size of the elements vary across the 
periodic table one can realize that it would be almost impossible to obtain a cubic structure for 
all elements and still keep realistic bond lengths. Therefore distortions (cation displacements, 
distortion of octahedra or tilts of octahedra) are usually created in the structure to maintain 
optimal bond lengths, and hinder the structure from collapsing. 

A way to describe the degree of deviation from the ideal simple cubic perovskite is to 
calculate the Goldschmidt tolerance factor, t [22], defined as  
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where t is the tolerance factor, rA, rB the average radii of the A and B cations respectively, 

and rO the radius of the oxygen ion ~1.4Å for a 6 coordinated oxygen. The tolerance factor t 
describes the geometrical mismatch from an ideal ccp structure of O and A ions with B ions in 
octahedral cavities formed by 6 O ions. Typically, perovskites with t=1 have ideal cubic 
structure, while t 1 leads to various distortions e.g. t> 1 usually results in hexagonal 
perovskites while t<1 leads to rhombohedral, tetragonal, orthorhombic, monoclinic or triclinic 
distortions. This flexibility of the perovskite structure makes it invaluable when searching for 
new materials and tuning their properties as ~90% of the elements in the periodic table can be 
incorporated.  

From literature, some general ways to affect the ionic conductivity and the electronic 
conductivity have been established over the years. For perovskites in general it has been 
argued that the relative sizes of the A and B cations (i.e. their ionic radii) can be used to 
change the conductivity by tuning the tolerance factor to reach t=1 whereas it is supposedly 
increasing the symmetry, thereby increasing the number of equivalent positions for the 
oxygen to jump to in a stress free lattice.[17] It is also found that the critical radius, rcrit which 
defines the maximum size of the mobile ions (i.e. oxygen ions) jumping through the 
bottleneck between two A and a B cation should be large, which is obtained when the ratio 
rA/rB is small. However, data for known compounds like e.g. La1-xSrxCo0.5Fe0.5O3-δ suggests 
an opposite trend, as Sr substitution of La increase the rA/rB ratio..[23] This is explained by the 
formation of oxygen vacancies, which are introduced with increasing x, and have a much 
larger impact on the ionic conductivity than the rcrit, and therefore increases the ionic 
conductivity. Another factor to keep in mind is the metal-oxygen bonding energy of the 
overall lattice, which should be kept to a minimum in order to avoid too much interaction of 
the oxygen ion with the B-cation e.g. suggesting an A3+B3+O3 perovskite to be the ideal. But 
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as much as this is ideal, there exists no such compound having an ideal perovskite structure at 
room temperature in the literature. [17] 

The effective Coulomb potential for an ion is roughly calculated from Ze2/r, where Z is 
the formal valence of the ion, e the elementary charge and r the radius of the ion. It controls 
the bond polarization of the oxygen, thereby changing the metal-oxygen bond strength. The 
ionic radii of the constituent elements are thus closely related to the ionic conductivity of the 
perovskite (see [17] and references within). 
 
 

 
 
Figure. 4 A schematic view of the covalent bonds between oxygen pπ-orbitals and B-cation t2g orbitals.[17] 

 
Also, the electronic conductivity in perovskites are closely related to the degree of 

covalency of the B-O-B bonding [17] which in turn is strongly dependent on the effective 
Coulomb potential Ze2/r. Larger ions and lower valence thus leads to less covalent bonds and 
lower electronic conductivity. This is illustrated in Figure. 4 which schematically illustrates 
how the pσ orbitals of oxygen are attracted by the nuclear charge of the cation to combine 
with its pσ orbitals, forcing the t2g orbitals of the cations to spread towards the pπ orbitals of 
the oxygen ions, thus permitting the d-electrons to move into the t2g orbitals of the 
neighbouring B cation, providing a “bridge” for the electrons of neighbouring B cations to 
pass through (see [17] and references within).  

Due to this large flexibility in the structure, perovskites have nowadays become one of 
the most important structures in materials science and a lot of effort is focused on finding new 
materials with this structure for energy applications e.g. fuel cells [15][10].  
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Figure. 5 The simple perovskite structure ( mPm3 ) from a) a perspective view, b) [100], c) [110] and d) 
[111]. 

3.1.1 Tilt systems in perovskites 
The perovskite family has been under investigation for many decades and still 

is.[23][24][25][26] As the perovskite structure can adopt a wide range of different 
symmetries, a need to systematically describe the transformations between different 
symmetries is inevitable. One of the more well known ways of arranging the connections 
between different symmetries mathematically through group theory, was first suggested by 
Glazer [27]. This system therefore became known as the Glazer tilt system and is mostly used 
due to its simplicity. The tilt system is mainly based on the type of octahedron tilt (i.e. 
rotation) in adjacent layers that takes place along the a, b and c axes in the simple perovskite 
structure (see Figure. 7). The magnitude of the tilt (i.e. rotation angle) is denoted by the letter 
a, b or c and depending on if there is an in-phase rotation (octahedra in two connected layers 
are rotated in the same direction) or an out of phase-rotation (rotation in opposite directions) 
the angles are denoted with a + or – sign. This description assumes rigid octaedra in the 
structure, and does not take into account distortions arising from e.g. Jahn-teller distortions, 
which might stabilize the structure. [28]. The perovskites in this study [29], were found to 
have space-group symmetries of cR3 , Pbnm and P21/n with corresponding tilt systems a-a-a-, 
a-a-c+, a-a-c+ , respectively. 
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Figure. 6 Tilt scheme for the space group relationships associated with different octahedral tilts. Solid 
lines indicate second order transition (displacive transition), and dashed lines indicate first order 
transitions (reconstructive transition). 
 
 

 
 

Figure. 7 Schematic illustration of how the corresponding tilts of octahedra are resulting in the different 
Glazer notations. In a) no tilt of the octahedra exists i.e. a0a0a0, b) antiphase tilt with octahedra in adjacent 
layers tilted in opposite directions i.e. a0a0c- and c) in-phase tilt of the octahedra where octahedra in 
adjacent layers tilt in the same direction i.e. a0a0c+ along the c-axis in the cubic perovskite. 
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3.1.2 Properties in Perovskites 

3.2 LaCoO3 
An oxide material with high electronic conduction and ionic conduction at high 

temperature is LaCoO3, which still remains unusable in SOFCs mainly because of its high 
thermal expansion coefficient (>20 ppm/K) and reactivity with the electrolyte material, 
forming an insulating layer of La2Zr2O7 at the interface. [6] 

The electrocatalytic activity of LaCoO3 is higher in comparison with Fe and Mn based 
oxides and therefore many attempts have been made to optimise the properties of 
LaCoO3.[6][12] Substitution of La with Sr introduces oxygen vacancies in order to keep 
charge neutrality and thereby increases the ionic conductivity. In order to decrease the thermal 
expansion coefficient of the material and still maintain sufficient conductivity in the material, 
some of the Co in LSC is substituted for Fe which rather compensates by creating vacancies 
than increase its oxidation state.[15] Fe is also an element with comparable electrocatalytic 
activity to Co which thereby maintains most of the activity for the oxygen reduction reaction. 
Another aspect of the substitution with Fe is to decrease the amount of Co3+ which is known 
to have a wide variety of spin states i.e. low spin (LS), high spin (HS) and intermediate spin 
(IS) where the existence of the latter is still under much debate.[30][31][32] The different spin 
states are both dependent on coordination environment of the Co3+ ion but also on 
temperature in which the latter is thought to be the main reason for the large thermal 
expansion coefficient in Co3+ based oxides.[33] One of the reasons for this is thought to be an 
excitation of the spin state from LS to IS and HS where the ionic radii also increase with 
higher spin states (i.e. LS(0.545Å)<IS(0.56Å)<HS(0.61Å)).[34] Therefore, many researchers 
have tried to substitute in LaCoO3 with other elements in an attempt to decrease the thermal 
expansion coefficient. Elements such as a smaller A cation like Y has been used instead of La. 
Experiments showed that Y does decrease the thermal expansion but only by shifting the 
transition temperature where the thermal expansion coefficient becomes higher, to higher 
temperatures. The shift to higher temperature is thought to occur due to  a decrease in the Co-
O-Co angles which decreases the Co3d-O2p hybridization leading to an increase in the crystal 
field splitting thus shifting the LSISHS transitions to higher temperatures.[33] Although 
one could substitute Co for other elements in order to decrease the thermal expansion 
coefficient of the material, the ionic conductivity of the material would probably suffer as it 
has been shown that a close relation between ionic conduction and the thermal expansion 
exists.[14] The way to overcome this is either to find the optimal compromise between TEC 
and conductivity in a known system or to find a new material with a better combination 
between the properties. This new material should of course not be too reactive with other 
parts of the fuel cell. 

4 The aim of the Thesis 
The need to develop green and sustainable energy sources have pushed most of the 

existing materials to their practical limits and in order to develop the technologies further we 
need to understand more about the materials and how to change their properties in a 
controlled way. For this thesis the parent perovskite compound LaCoO3 has been chosen to be 
modified and investigated as it has highly desirable electrocatalytic and conductive properties 
for SOFC cathode material except for its high thermal expansion coefficient. 

The aim of this thesis is therefore to present the results mainly obtained from 
investigating the system La2Co1+z(Ti1-xMgx)1-zO6, a system where Co is the only element with 
variable oxidation state. This makes it possible to control the oxidation state of Co by 
changing the stoichiometric ratio between Mg2+ and Ti4+,both when the Co content is kept 
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fixed, and when the oxidation state is kept fixed, to investigate the oxidation state and the 
cobalt content affects the structure and properties separately.   

By changing the oxidation state of cobalt it is possible to study the change in e.g. 
magnetic, conductive and structural properties. The main part of the thesis will present the 
phase formation, structural and magnetic investigations in the La2Co1+z(Ti1-xMgx)1-zO6 
system. It is followed by a second part which will describe additional investigation of the high 
temperature magnetic, electronic and thermal expansion properties not yet published. 

5 Experimental 

The citrate route 
The citrate route comprise the use of water soluble salts of the constituting elements in 

stoichiometric amounts together with citric acid which acts as a complexing agent that creates 
a gel which is dried and burned off.[13][35][36] This method could be used when it is 
necessary to get a well dispersed starting material on a atomic scale in order to either 
synthesise compounds that are difficult to make by conventional solid state synthesis due to 
kinetic limitations (e.g. large diffusion distances) or when a small particle size is necessary 
e.g. for fuel cell electrodes. The mixing of the elements on a atomic scale also leads to lower 
sintering temperatures which is sometimes desirable due to phase transformations and 
formation of stable secondary phases at higher temperatures. 
 

 
Figure. 8 A schematic overview of the citrate synthesis procedure. Metal salts of the desired elements are 
dissolved in nitric acid together with citric acid and deionised water at 100°C under stirring. The pH of 
the resulting solution is then increased with ammonia above pH~8 in order to form citric acid-metal 
complexes as the citric acid molecule is deprotonated. The solution is heated at 300°C to evaporate the 
water and form a gel which is then burned off at ~600°C or higher. The resulting “nano-powder” is then 
processed either as an electrode material or sintered at higher temperatures through conventional solid 
state synthesis procedure. 
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La2Co1+z(Ti1-xMgx)1-zO6 
The syntheses of the La2Co1+z(Ti1-xMgx)O6 materials were made as follows: The starting 

oxides La2O3 (Aldrich 99.99%) and MgO (Merck, analytical grade) were dried at 950°C in air 
for 24h prior to the syntheses, followed by immediate weighing of the powders. The powders 
were then dissolved in concentrated nitric acid (Sigma-Aldrich , 65%) in order to minimise 
the water uptake from air by La2O3 which is mainly time dependent. The cobalt (II) acetate 
tetrahydrate (Sigma-Aldrich, reagent grade) used as the Co source was analysed 
thermogravimetrically 3-4 times from the same bottle in order to account for more accurate 
water content. Titanium (IV) butoxide  (Sigma-Aldrich, 97wt%) was used as the titanium 
source and was measured by a 1 mL syringe. All the starting materials were mixed and 
dissolved together in the water solution with concentrated nitric acid (~65%) and citric acid 
(three citric acid molecules for each positive charge). In the end, the pH of the solution was 
raised with concentrated ammonia (VWR, 28%) to ~8-9 in order to deprotonate the citric acid 
molecules and form complexes with the positive ions (see e.g. Figure. 8). The solution was 
then heated to ~300°C and dried to form a gel. The gel was then burned off in an exothermic 
combustion reaction at 500-600°C in air for 2h in order to remove most of the carbon 
residues. The resulting fine precursor powder was then grinded thoroughly and pressed to a 
tablet and sintered at 1350°C for 24h in air two times with intermediate grinding resulting in 
mostly black tablets (see Figure. 8) 

6 Characterisation methods 
During the work with the compounds included in this thesis, several different 

characterisation methods were used in order to investigate the phase formation and properties 
of interest. The different techniques are briefly described below. 

6.1 X-ray powder diffraction (XRPD) 
X-ray powder diffraction is a powerful method to characterise crystalline compounds 

with. In addition to phase analysis, it can be used to determine crystal structures, access the 
degree of crystallinity and estimate grain size. The sample is usually grinded to a suitable 
particle size (<10μm) in order to have a sufficiently randomized orientation of a large number 
of crystallites. In accordance with the principles of single crystal diffraction (see Figure. 9a), 
which provides a three-dimensional spot-pattern, powder diffraction gives superimposed 
information from many crystallites in one dimension (see Figure. 9b). As a consequence, 
powder patterns suffer from accidental and/or systematic overlap, i.e. several lattice planes 
may contribute to the intensity at the same or close d-value according to Bragg’s law[37]. 
This introduces problems in resolving overlapped peaks when for example attempting to 
index unknown powder patterns or extracting individual peak intensities for a structure 
determination. For refinements of crystal structures the overlap problem is to a large extent 
overcome by the Rietveld method, introduced in 1969 by Hugo Rietveld[38], as described 
further below. 

For this work a PANalytical X’pert PRO MPD diffractometer using CuKα radiation, 
variable slits and step size of 0.0167 with a 2θ range 10-80 ° was used with stripping of the 
Kα2 peaks made in the software X’Pert Highscore Plus.  
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Figure. 9 Principal differences between a) single crystal diffraction and b) powder diffraction. 

6.2 The Rietveld method 
In the Rietveld method a powder pattern is calculated and compared with the observed 

recorded one. In addition to structural parameters of a model structure, such as atomic 
coordinates, thermal displacement and unit cell parameters, the sample and instrument 
dependent parameters for description of e.g. background, peak-shape, preferred orientation 
and absorption, must be used for calculation. The principle of the Rietveld method is to 
achieve as good fit as possible between the calculated and observed patterns by a non-linear 
least squares refinement of the structural and non-structural parameters. The individual 
calculated reflection intensities are given by the squares of the corresponding structure factors 
F. Two available and popular free Rietveld programs are Fullprof [39]  and GSAS[40]. As 
measures of the degree of fit of the structural model with the observed data there are several 
used residual indices, describing either the fit between calculated and observed patterns (Rp, 
Rwp,

2 ) or the fit between observed and calculated peak intensities or structure factors 

(RF,RB). [39] For a perfect fit between the patterns, the 2 statistic approaches the value 1. 

6.3 Neutron powder diffraction (NPD) 
X-rays are scattered by the electrons of the atoms in a sample, whereas neutrons are 

scattered by the nuclei of the atoms. For this reason the scattering power of elements increases 
linearly with the atomic number Z for X-rays, but for neutrons the variation with Z is erratic 
and the scattering factors may even be negative. The coherent scattering length for D is for 
example 6.671 Fermi (fm), larger than that of the heavy element Ba, 5.07 fm, and the 
scattering length of O, 5.803 fm, is larger than that of Co, 2.49 fm. For neutrons the scattering 
power of neighbouring elements, or isotopes of the same element, may be very different.[41]  
This makes NPD very useful for determining atomic positions of light elements, e.g. D in 
structures of metal hydrides, and atom site occupations of elements with similar number of 
electrons, e.g. Co and Fe. By using simultaneously both XRPD and NPD data structures can 
be very accurately determined by the Rietveld method. Apart from the scattering of neutrons 
by atomic nuclei, they also scatter by the magnetic moments of unpaired electrons, thereby 
making neutron diffraction a uniquely powerful method for determining ordering of atomic 
magnetic moments in materials. [41]   The NPD data used in this work were collected with 
the GEM time of flight diffractometer at the neutron spallation source ISIS at the Rutherford 
Appleton laboratory in the U.K. 

6.4 Transmission electron microscopy (TEM) 
Powder diffraction is a well established technique for solving and refining crystal 

structures, but does by itself not always provide the necessary information to solve an 
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unknown structure. Additional information needed about space group symmetry, super 
structures and composition may often be obtained by TEM studies.  

X-rays are, as said, scattered by the electrons of the atoms in a sample. In a classical 
description, the oscillating electrical field of the X-ray radiation induces an oscillation of an 
electron, which then re-emits radiation with the same energy. The electrons in an electron 
beam in a TEM are scattered by the electrostatic potential of the nuclei and electrons in the 
sample. This interaction is much stronger than that of X-rays with matter and scattering from 
much smaller sample volumes is obtainable. It is thus possible to study the local structure of 
nanometer sized particles with high precision. [42] A typical acceleration voltage in a TEM is 
200 kV, giving the beam electrons a relativistic wave-length of 0.0251 Å, much shorter than 
the wavelength of Cu-K1 radiation, 1.5406 Å. As a consequence, the so called Ewald sphere 
is very much larger than for X-rays and many reflections diffract simultaneously for a specific 
orientation of a crystallite. 

TEM has in this thesis mostly been used to determine space group symmetries of samples 
La2Co(Ti1-xMgx)O6 by selected area electron diffraction (SAED) patterns along the main zone 
axes of the parent cubic perovskite unit cell. Typically 3-4 crystallites were studied for each 
sample composition. 
 
6.5 Scanning electron microscopy (SEM) 

The main use of SEM is to provide images that give information about e.g. particle sizes, 
grain morphologies, element distributions and local homogeneity for a sample. In a SEM, 
electrons from a filament, made of e.g. W metal, are accelerated towards the sample by a 
typical applied voltage of 20 kV in the form of an electron beam. The beam is focussed by 
one or several magnetic lenses and made to scan the sample surface by scan coils. An image 
of the sample is obtained by detecting secondary electrons emitted from the sample surface. 
These low energy electrons originate from a depth of 5-50 nm from the sample at roughly the 
point irradiated by the beam. Secondary electron images show the sample surface 
morphology. Images can also be obtained using higher energy back scatterd electrons. The 
back scatter electron yield has an atomic number dependency, the yield increases with 
average atomic number, and back scatter electron images provide information about the 
distribution of light and heavy elements. Back scatter electron images shows thus quickly 
regions which may differ in composition. More detailed and quantitative compositional 
information can be obtained by energy dispersive X-ray (EDX) micro-analysis. In this work, 
EDX point analyses were made in a JEOL 7000F SEM, operated at an accelerating voltage of 
20 kV, to determine sample compositions. 

6.6 Dilatometry 
Dilatometry is a technique by which dimensional changes of a sample is studied, usually 

as a function of temperature. The relative linear dimensional change of a material with 
temperature can be described by the formula: 
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In the formula, L(T) is the length of the sample at a temperature T, L(T0) the length at a 

reference temperature T0 and L the linear thermal expansion coefficient, given typically in 
units of ppm/K. Dilatometry may also provide information about structural and electronic 
transitions upon heating. To obtain accurate and reproducible measurement data, it is 
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necessary to use carefully polished samples and with similar sizes as that of a calibration 
reference sample, e.g. of sapphire (Al2O3). In this work, a Netsch DIL 402C dilatometer was 
used to measure the expansion of samples with compositions La2Co(Ti1-xMgx)O6 and 
La2Co1+z(Ti0.5Mg0.5)O6 from 30C  up to 1000C at a heating rate of 5C /min 

6.7 Magnetic Properties 
The magnetic properties of a compound may tell a lot about its electronic and crystal 

structure, e.g. about an ordering of cations. Magnetic materials are also used extensively in 
everyday applications, including e.g. magnetic information storage, sound generation and 
detection, electrical motors, levitating high speed trains and medical magnetic resonance 
imaging (MRI).  

6.7.1 Basic magnetism 
When a material is placed in an applied magnetic field H, the magnetic induction B inside 

the material is given by B = H + 4M (c.g.s. units), where M is the magnetization in the 
material, which may be spontaneous (intrinsic) or induced by the field H. The magnetic 

susceptibility  is defined as 
H

M
. In c.g.s. units,  may be normalized against the number of 

moles of magnetic ions in a material and given by 
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Materials may be divided with regard to magnetic properties into two main groups, 

diamagnetic and paramagnetic. For diamagnetic materials the susceptibility is small and 
negative (see Figure. 10a). The diamagnetic response can be thought of as generated by the 
interaction of current loops of electron pairs and the applied field according to Lenz’s 
law.[43][44] All materials have a contributing diamagnetic susceptibility term. Paramagnetic 
materials contain atoms that carry magnetic moments from unpaired electrons, generated both 
from the angular and intrinsic electron moments, and the magnetic susceptibility is larger and 
positive. The atomic magnetic moments do not interact with each other. In an applied field, 
the moments align in the direction of the field, but the alignment is counteracted by the 
thermal energy kBT. With decreasing temperature, the thermal energy kBT decreases and the 
paramagnetic susceptibility increases (see Figure. 10e). Atomic magnetic moments may 
furthermore interact and order below a specific temperature. Different kinds of ordering are 
possible and materials are accordingly classified as ferro-magnetic, ferri-magnetic and anti-
ferromagnetic. In ferromagnets, the moments order in parallel, resulting in a very large 
resulting magnetic moment and intrinsic magnetisation, M. Ferromagnetic materials are in 
common language usage referred to as simply magnetic, as for example the metals Fe, Ni and 
Co. In a larger (non-magnetised) piece of a ferromagnetic material the magnetisation direction 
varies for different so called magnetic domains and the total magnetisation of the whole piece 
is then zero. When a magnetic field is applied, a complex orientation of moments along the 
field direction and redistribution of magnetic domain structure occurs (see Figure. 10b). In 
ferri-magnetic materials there is an anti-parallel arrangement of magnetic moments, however, 
of unequal magnitudes, resulting in a large net intrinsic magnetisation (see Figure. 10c) as in 
ferromagnets. Anti-ferromagnetic materials have ordered anti-parallel arrangements of 
magnetic moments and the intrinsic net magnetisation is zero Figure. 10d.  
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The magnetic susceptibility for a paramagnetic material commonly follows the Curie law 
m =C/T. The effective magnetic moment per magnetic atom eff is usually given in units of 
Bohr magnetons B, the magnetic moment corresponding to the intrinsic spin momentum of a 
free electron, and can be calculated from the observed Curie constant C. The effective 
moments of transition metal ions are found to be close to values given by the (spin-only) 
formula eff

2 = 4S(S+1) with S the total spin angular magnetic moment of the unpaired 
electrons. The susceptibility for ferro(ferri)magnetic and anti-ferromagnetic materials 
commonly follow, above the ordering temperature, the Curie-Weiss law m =C/(T+) with a 
positive and negative Weiss constant , respectively. [43] The effective magnetic moment is 

alternatively commonly defined as T
N
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 , where kB is Boltzmanns 

constant, T the actual temperature, NA Avogadros constant, m  the molar magnetic 

susceptibility and B  the Bohr magneton., in which case it can be calculated from the 

magnetic susceptibility m in c.g.s. units as eff
2 = 8m T.  

The magnetic properties of the compounds were all measured in a quantum design 
physical properties measurement system (PPMS) using a vibrating sample magnetometer 
(VSM) with DC magnetization and a special plastic capsule for the powders. The high 
temperature measurements were made by a special sample holder made of zirconia, where the 
sample was fixed with a special copper foil around, and measurements were performed in 
high vacuum conditions (10-8 bar) due to the technical limit in the PPMS for these type of 
measurements. The zero field cooled (ZFC) field cooled (FC) measurements were made in a 
magnetic field of 1000Oe, in the temperature range 305K to 4K. The high temperature 
measurements were made in 1000Oe from 305K to 900K. 
 
 

 
Figure. 10 Illustrations of the most common types of magnetic interactions in materials. From left to right 
a) diamagnetic, b) ferromagnetic, c) ferrimagnetic, d) antiferromagnetic and e) paramagnetic interactions 
are illustrated with their respective shape in the susceptibility to illustrate the main difference in magnetic 
properties. 
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6.7.2 Basic crystal field theory 
In order to get a better understanding of how the magnetic moments arise, one need to 

consider the electronic configuration of the elements more closely. The crystal field theory is 
mainly used to explain how the different energy levels in the central atom (usually a transition 
metal ion) are affected by the closest surrounding ions, ligands. In fact, it is not straight 
forward to calculate the exact energy levels for the orbitals in the central ion quantitatively 
and therefore qualitative explanations are usually made based on how the strength of 
interaction and symmetry of the surrounding ions are changed. As in the case for a d6 ion like 
Co3+ surrounded by the rather weak field ligand O2- in octahedral symmetry the Co3+ ion can 
exist in different so called “spin-states” i.e. low spin (LS) 06

2 gg et , high spin (HS) 24
2 gg et  and the 

intermediate state (IS) 15
2 gg et  as illustrated in Figure. 11. The different spin states would 

according to the spin-only value, S.O. give different magnetic moments roughly according to  
 

..OS = [n(n+2)]1/2 Bohr magnetons         (6) 

 
where n is the number of unpaired electrons and ..OS  is the magnetic moment of the ion 

when the orbital is quenched. The latter means that the contribution from the angular moment 
of the d-electrons is assumed to be neglible. [43] 
 

 
 

Figure. 11 A schematic illustration of the different spin states known in Co3+, ranging from a) low, b) 
intermediate and c) high spin. 
 

 According to equation (6), the spin only magnetic moments, ..OS  of Co3+ LS, Co3+ HS 

and Co3+ IS are 0, ~4.9 B.M. and ~3,87 B.M. respectively. If one wants to go more into detail 
of the complex theory behind the change in energy levels in a crystal field due to spin- orbit 
couplings, symmetry changes of the ligand coordination, effects from external magnetic fields 
and changes in temperature one is advised to read F.E. Mabbs and D.J. Machin [43] and 
references therein.  

In this work the ..OS of the Co3+ ion has been used as a “reference” point in order to 

distinguish LS state from HS state and to roughly estimate the ratio between them.  

6.8 X-ray absorption near-edge structure (XANES) 
In X-ray absorption spectroscopy (XAS) the material of interest is irradiated with  X-rays 

having an energy slightly shorter to an absoption edge of interest e.g. K-, L-, M-edge. One 
then excite core electrons to states above the Fermi level.  The result will be an absorption 
spectra containing information of the electronic structure of the element of interest. This in 
turn is correlated to the local surrounding. As the photoelectrons will be subjected to both 
single and multiple scattering events, two main areas in the absorption spectrum can be found 
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i.e. extended x-ray absorption fine structure (EXAFS) from single scattering and the X-ray 
absorption near edge structure (XANES) from multiple scattering. Normally the XANES 
region is said to be up to ~50eV above the absorption edge, followed by the EXAFS region at 
higher energies. Another way of defining the ranges for XANES, is roughly at the energy at 
which the wavelength of the excited electron is equal to the distance between the absorbing 
atom and its nearest neighbors. The information obtained from XANES includes all the 
unoccupied states from the Fermi level up to the EXAFS limit ~50eV. It will therefore 
include information about the electronic configuration of the absorbing atom. As the high 
energy EXAFS range is reached, only single scattering of the photoelectron is assumed to 
occur i.e. due to the weak scattering at that high amount of energies. EXAFS will thus give 
purely geometrical information around the absorbing atom. [45] 

6.9 Thermogravimetric analyses 
Thermogravimetric analysis in this work has mostly been used to establish the water 

content in the starting materials and to some extent to check the loss and uptake of oxygen in 
the compounds under heating in air and nitrogen N2(g) gas. The equipment that was used was 
a Perkin Elmer TGA7 thermogravimetric analyser. 

6.10 High temperature electronic conductivity 
The electronic transport properties at high temperature are very important in this kind of 

materials as it decides the feasibility for SOFC electrode application. Electronic conductivity 
was for selected compositions measured by the 4-point method in air using automated in-
house built equipment at the Moscow State University, in collaboration with Dr. S. Istomin. 
The samples were in the form of disks, sintered at 1350C, with diameters of 20 mm and 
thicknesses of ca. 2 mm. The electrodes consisted of Pt wires, applied along a line on the disk 
surface at 4 mm intervals. The temperature was measured by a thermocouple situated 2 – 3 
mm from the centre of the sample. The current was measured between the two outer points 
and the voltage between the two middle points was measured at the same time in order to 
remove contribution from the contacts and the Seebeck effect in the results. The measured 
current and voltage was then converted to the specific electrical resistivity (Ωm) of the sample 
Measurements were made from room temperature up to 900C. Measurement restrictions of 
resistances R < ca. 105 Ohm put limits for the assessable minimum temperatures.  

7 Results & Discussion 

7.1 Investigation of the La2Co1+z(Ti1-xMg x)1-zO6- system 
Synthesis, phase analysis, crystal structures and magnetic susceptibility at temperatures 

4-300K were reported in reference [29] of perovskite type compounds in the system 
La2Co1+z(Ti1-xMgx)1-zO6 (0  x  1, 0  z  1). The sub-systems La2Co1-xTixO6 (0  x  0.5) 
[46-48][49][50] and La2Co1-xMgxO6 (0  x  0.1) [51] have been studied before, whereas 
there are no prior reports for a double substitution of Co by Mg and Ti. The main findings of 
the study are in this licentiate thesis recapitulated. Results from additional measurements of 
magnetic susceptibility, electronic conductivity and thermal expansion at elevated 
temperatures are also presented. 

The different investigated compositions are marked in the phase diagram shown in 
Figure. 12. In the left corner the compound La2CoTiO6 contains Co in an oxidation state of 
2+. The nominal oxidation state of Co increases with increasing substitution of Ti4+ for Mg2+ 
along the line La2CoTiO6 – La2CoMgO6, up to 4+ for La2CoMgO6. For compositions along 
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the dashed lines towards LaCoO3 at the right corner, Co contents increase at fixed Co 
oxidation states. 
 

 
Figure. 12 Phase diagram of the compositions that were synthesized and characterized. 

7.1.1 Room temperature to low temperature properties  

7.1.1.1 Phase analysis  
Samples with the nominal compositions La2Co1+z(Ti1-xMgx)1-zO6 prepared at temperatures 

600°C, 900°C, 1200°C and 1350°C were characterized by XRPD. Only samples at 1350°C 
were, however, studied further in detail, e.g. with respect to physical properties, as they 
showed comparatively higher degrees of crystallinity and in general smaller impurity phase 
contents. Examples of typical obtained XRPD pattern of samples heat treated at different 
temperatures are shown in Figure. 13. Even at the low temperatures of 600°C and 900°C, 
perovskite phases were found to form. The peak widths in their powder patterns were very 
large, ranging 0.36 to 0.52° at 600°C and 0.21 to 0.39° at 900°C, indicating small crystalline 
domain sizes. The patterns appear at a first glance to be from simple cubic perovskite phases, 
but a frequently observed asymmetry or splitting of the [220]p reflection, increasingly 
discernable with increasing annealing temperature, shows that the symmetry for many of 
these samples is non-cubic. These results and additional TEM studies show that the phases 
observed at 1350°C, further discussed below, are essentially present in samples heat treated at 
600-900°C. The TEM studies revealed particle sizes of 10-20nm [37], thus confirming that 
the broad peak widths in the powder patterns originate predominantly from small domain 
sizes. Unfortunately, the compositional homogeneity of the samples heat treated at low 
temperature could not be reliably assessed by EDS analyses in the TEM as they yielded high 
standard deviations. It cannot be ruled out that these samples have compositional fluctuations, 
which can contribute to a broadening of the powder pattern reflections. As mentioned above, 
annealing was made at 1350°C to obtain well crystallised and homogeneous samples. 
Samples were for many compositions regrinded and reheated and then inspected for the 
absence of change by XRPD. For the selected compositions of La2CoTi0.5Mg0.5O6, 
La2CoTi0.8Mg0.2O6 and La2CoTiO6, samples were held at 1350°C for as long as 300h in order 
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to see if any structural changes occurred. The corresponding powder patterns are shown in 
Figure. 14. No changes are seen except for La2CoTi0.5Mg0.5O6, for which an increase in 
impurity phase content is observed, implying that the long term stability might be lower for 
this composition relative to that of the other two, having Co in a lower nominal oxidation 
state. A reducing effect on oxides of high temperatures is not unexpected as it is necessary to 
have a minimum oxygen partial pressure, pO2, in order to avoid decomposition MOm MOm-

n + n/2 O2 at a specific temperature, T, according to ln(pO2)=-2ΔG°/nRT. [52] A sample with 
composition La2Co(Ti0.8Mg0.2)O6 was furthermore held at a higher temperature of 1500°C for 
24h yielding no changes in the powder pattern, as shown in Figure. 15. The observed space 
group symmetries of the perovskite phases for La2Co1+z(Ti1-xMgx)1-zO6 samples prepared at 
1350C are shown in the phase diagram in Figure. 16. They exhibit with increasing x, as well 
as increasing z, a progressive increase in symmetry from monoclinic to orthorhombic to 
rhombohedral. Samples La2Co(Ti1-xMgx)O6  with x  0.5, as well as neighbouring more Co-
rich samples, contained in addition, seemingly cubic secondary perovskite phases with 
corresponding broad XRPD reflections and samples near the La2CoMgO6 corner also 
additional impurity phases. The phase analysis was made mainly by using XRPD data and the 
Rietveld method. In ambiguous cases the space group symmetries were determined using 
SAED. Three samples with compositions La2CoTiO6 (P21/n symmetry), La2CoTi0.8Mg0.2O6 
(Pbnm symmetry) and La2CoTi0.5Mg0.5O6  (R 3 c symmetry) were used for structure 
refinements using NPD data. 

 

 
Figure. 13 XRD patterns of La2CoTi0.5Mg0.5O6 at 600°C (black), 900°C (red), 1100°C (green) and 1350°C 
(blue). 
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Figure. 14 Illustration of the differences observed by PXRD before (red line) and after (black line) heat 
treatment of a) La2CoMg0.5Ti0.5O6, b) La2CoMg0.2Ti0.8O6, and La2CoTiO6 at 1350°C for 300h in air. Main 
impurity lines are marked with an asterisk (*). 
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Figure. 15 XRD of La2CoTi0.8Mg0.2O6 before (red) and after (black) annealing at 1500°C for 24h. 
  
 
 

 
Figure. 16 Phase diagram with symmetry information of the compositions. 
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Figure. 17 Perovskite sub-cell volume (a) as a function of x in La2Co(Ti1-xMgx)O6 and (b) versus z in 
La2Co1+z(Ti1-xMgx)1-zO6, for x=0.0, 0.25, 0.50, 0.75. 
 

The perovskite sub-cell volume for phases La2Co(Ti1-xMgx)O6 decreases with increasing 
x, following Vegard's law quite well, as shown in Figure 17a. The decrease is due to a 
decreasing ionic size of Co as its oxidation state increases with x, since the ionic radius for 
Mg2+ is larger (0.72 Å) than that of Ti4+ (0.61 Å). [53] Samples with x  0.5 contained, as 
mentioned above, significant amounts of secondary cubic perovskite phases. The 
compositions of the latter are most probably very similar to those of the main perovskite 
phases, in view of that their sub-cell unit parameters are similar, e.g. 3.87 Å and 3.88 Å, 
respectively, for La2Co(Ti0.5Mg0.5)O6. The variation of perovskite sub-cell volume for phases 
La2Co1+z(Ti1-xMgx)1-zO6 with increasing z, i.e. increasing Co content, is shown in Figure 17b 
for different values of x.  

By comparison of observed and calculated B - O bond distances it is possible to get an 
indication of the spin state of Co3+. In Figure. 18, the observed B - O distances are shown 
together with calculated ones for Co3+ (LS) (0.545 Å) and Co3+ (HS) (0.61 Å) [53] for 
compositions La2Co(Ti1-xMgx)O6 with 0  x  0.5 and La2Co1+z(Ti0.5Mg0.5)1-zO6 with 0.2  z 
 0.6. The data suggest that Co3+ in the first series may retain a HS state for 0 < x  0.2, but is 
in an intermediate spin (IS) state or in a mixture of LS and HS states for higher x-values in 
this series as well as for all compositions in the second series.    
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Figure. 18 Observed compositional dependence of the average octahedral B–O interatomic distances as a 
function of x in La2Co(Ti1-xMgx)O6 and z in La2Co1+z(Ti0.5Mg0.5)1-zO6. The values for x=0.0, 0.3 and 0.5 are 
from NPD data. The lines are indicated for compositionally weighted average estimates of B–O variation 
for HS (upper line) LS (lower line), using the Shannon ionic radii and an arbitrary tentative oxygen radii 
of 1.342Å. 

7.1.1.1 Magnetic susceptibility at 4-300K and XANES 
Magnetic susceptibility data for compositions La2Co(Ti1-xMgx)O6 with 0  x  0.6 are 

shown in Figure. 19 as (a) m (per magnetic ion) vs. T, (b) 1/m vs. T and (c) eff = (8m T) 
vs. T. For La2Co(Ti1-xMgx)O6, x = 0, 0.1 and 0.2 there is an anti-ferromagnetic transition at 
~15 K for the first two and at ~8K for the latter one (see Figure. 19a). The magnetic moment 
per Co2+ ion, determined from the 1/m vs. T curve in the paramagnetic region, is ca. 4.6 Bohr 
magnetons (BM) and agrees with an expected value of eff = 4.5 - 5.2 BM. [43] With 
increasing x, i.e. increasing Co3+ content, the magnetic moment per Co ion decreases in a 
linear manner down to 2.1 BM for x = 0.5.  This value is in-between ideal spin-only values 
for LS and HS  Co3+ and corresponds to a mixture of ca. 15% HS and 85% LS Co3+. The 1/m 
vs. T curves for compositions with high Co3+ contents do not follow a Curie-Weiss behaviour 
and curve downwards with increasing temperature (see Figure. 19b). The shape of the curves 
can be interpreted as caused by a thermal excitation of LS to IS/HS Co3+ and a corresponding 
resulting increase in eff with increasing temperature (see Figure. 19c). 

A linear decrease in both average oxidation state and average spin state of the Co ions 
with increasing x is supported by the XANES measurements. The XANES data show that the 
oxidation state of Ti is unvarying and 4+ (see Figure. 20), while the Co L2 and L3 edges show 
energy shifts that agree with an increase in the formal oxidation state of Co with increasing x, 
as shown in Figure. 21. The so called branching ratio, defined as the height of the L3 edge 
divided by the sum of the heights of the L2 and L3 edges, i.e. L2/(L2+L3), decreases linearly 
with increasing formal oxidation state of Co (see Figure. 21), in accordance with the linear 
decrease of the average magnetic moment of the Co ions shown by the magnetic susceptibility 
measurements. 
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Figure. 19 Variation of (a) m (emu/mole*Oe), (b) 1/ m  (Oe*mole/emu)) and (c) eff  (effective Bohr 

magnetons) with temperature for the series La2CoTi1-xMgxO6. 
 
 

 
Figure. 20 (a) Ti–K and (b) Co–K edge spectra of the selected samples in the La2Co1+z(Ti1-xMgx)1-zO6 
series. x refers to La2Co(Ti1-xMgx)O6 and z refers to La2Co1+z(Ti0.5Mg0.5)1-zO6 sub-series. Insets: energy 
position of the Co4p feature as a function of formal cobalt valence demonstrating the chemical shift. 
Different samples in the La2Co1+z(Ti0.5Mg0.5)1-zO6 sub-series, for which the formal oxidation state of Co is 
3+, are highlighted with colors. 
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Figure. 21 (a) Co–L2,3 spectra of the selected samples in the La2Co1+z(Ti1-xMgx)1-zO6 series. x Refers to 
La2Co(Ti1-xMgx)O6 and z refers to La2Co1+z(Ti0.5Mg0.5)1-zO6 sub-series. (b) Shifts of the centers of gravities 
of the Co–L2 and –L3 branches and (c) branching ratio as a function of formal oxidation state of Co. 
Different samples in the La2Co1+z(Ti0.5Mg0.5)1-zO6 sub-series, for which the formal oxidation state of Co is 
3+, are highlighted with colors. 
 

Information about the occupancy of the Co3d/Ti3d-O2p hybrid orbitals can be obtained 
from the O-K edges in Figure. 22a. The intensities give information about the occupancy of 
the Co3d/Ti3d(t2g) and Co3d/Ti3d(eg) orbitals. Two major overlapping features can be 
observed as illustrated in Figure. 22b. The low energy feature (designated as E) increases in 
intensity with increasing formal oxidation of Co. The ratio (E/E+F/(1+z)) between these 
peaks increases linearly with the formal oxidation state of Co, see Figure. 22c. This suggests, 
as the peak positions for E and F do not move, that the main component of the Co3d/Ti3d-
O2p molecular orbitals originates from the Co3d-O2p hybridisation as it is only the Co 
oxidation state that vary. The conclusion is that the formal oxidation state of Co in this system 
is a mixture between two discrete oxidation states Co2+ and Co3+.  
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Figure. 22 (a) O–K spectra of the selected samples in the La2Co1+z(Ti1-xMgx)1-zO6 system. x Refers to 
La2Co(Ti1-xMgx)O6 and z refers to La2Co1+z(Ti0.5Mg0.5)1-zO6 sub-series. (b) Peak-fitting scheme for the 
Co3d/Ti3d–O2p hybrid structure (c) (E/(E+F))/(1+z) as a function of the formal oxidation state of Co. 
Different samples in the La2Co1+z(Ti0.5Mg0.5)1-zO6 sub-series, for which the formal oxidation state of Co is 
3+, are highlighted with colors. 

7.1.2 Physical properties at high temperatures  
Solid oxide fuel cells operate at temperatures of 600 - 1000C. It is therefore relevant to 

determine different physical properties of potentially applicable materials at these elevated 
temperatures. The physical properties of thermal expansion, electronic conductivity and 
magnetic susceptibility were measured for selected compositions along the lines La2CoTiO6 – 
La2CoMgO6 and La2CoTi0.5Mg0.5O6 – La2Co2O6 (see Figure. 12). The results have not yet 
been published and will therefore be presented here in some detail. 

7.1.2.1 Thermal expansion  
The thermal expansion was determined at temperatures 30 - 1000C for compositions 

La2CoTi1-xMgxO6 with x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and La2Co1+z(Ti0.5Mg0.5)1-zO6 with z 
= 0.0, 0.2, 0.4, 0.6. The results are shown in Figure. 23. The expansion is only linear for 
compositions in the first series with x = 0 and 0.1, which contain no or only small amounts of 
Co3+. For all other compositions, which contain appreciable contents of Co3+, the thermal 
expansion curves bend upwards at temperatures above ca. 400C. The shape of the curves 
agrees with those observed in other studies and is, as stated by e.g. Knizek et al. [54], due to a 
thermal excitation of electrons in Co3+ ions from t2g to eg orbitals [43], i.e. a thermally induced 
change of Co3+ from a LS spin state to an IS/HS spin state. The change in spin state effects an 
additional contribution to the thermal expansion as the ionic radius for Co3+ in a HS state 
(0.61 Å) or IS state (0.56 Å) is larger than for in a LS state (0.52 Å). [43][54] It is also well 
known from the literature that the thermal expansion is higher for oxides containing Co3+ than 
for corresponding oxides containing Co2+. [54] Accordingly, both the curvature and the 
absolute value of the thermal expansion increase in the present system with an increasing 
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amount of Co3+. The increase is pronounced in the La2CoTi1-xMgxO6 series as x increases 
from 0 to 0.2 (see Figure. 23).  
 

 
Figure. 23 Thermal expansion behaviour of the compositions along a) the Con+-line (2 n 3) and the b) 
Co3+-line. 
 

The average thermal expansion coefficient,  , calculated from Eq. (4), in the 
temperature range 30-1000C is shown in Figure. 24 for the series La2CoTi1-xMgxO6 as a 
function of x and for the series La2Co1+z(Ti1-xMgx)1-zO6 as a function of 1 + z. A more 
detailed analysis of the variation of  with temperature might provide additional information, 
but is complicated by the experimental uncertainties in the data points. In the first series   
increases as expected linearly with x, i.e. with increasing Co3+ content, and in the second 
series with 1 + z, although the increase is here smaller.  
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Figure. 24 Plot of the average thermal expansion coefficient,   from 30°C-1000°C versus composition. 
The average thermal expansion coefficient,  increases with increasing oxidation state of Co in 
accordance with the theory of LSHS spin state transition induced increase in ionic radii[34]. 
 

The results are highly consistent with the XANES data, magnetic susceptibility data and 
observed B-O bond distances, indicating all that the spin state of Co3+ is essentially 
independent of composition. Structural changes seem to be of less importance, as no 
correlations are observed between   and the space group symmetries of the compounds. It 
can be concluded that any differences in the local environments of the Co ions are too small to 
have any significant effect and that the magnitude of  is simply proportional to the Co3+ 
content, at least for the compositions with less than 50% Co on the B cation sites.  

7.1.2.2 Electronic conductivity  
In Figure. 25, the results from the conductivity measurements are shown as Arrhenius 

plots of ln() vs. 1/T. The curves are all non-linear and have a reversed S shape, i.e. they 
deviate from straight lines towards lower conductivities at high temperatures and towards 
higher conductivities at low temperatures.   
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Figure. 25 High temperature electronic conductivity plots for La2Co1+z(Ti1-xMgx)1-zO6 for x=0, 0.1, 0.25, 
0.3, 0.5 and x=0.5 with z=0.2. 
 

Average activation energies, for the respective sample temperature intervals, were 
calculated from the equation ln() = ln(0) – Ea/kBT. The compositional dependencies of the 
conductivity at 900C and the activation energy are shown in Figure. 26.  In the series 
La2CoTi1-xMgxO6, with x =0.0,0.1,0.25,0.3,0.5, both dependencies are rather small, with the 
conductivity varying between 100 and 600 S/m and the activation energy between 0.55 and 
0.67 eV. The data indicate a continuous increase in conductivity and corresponding decrease 
in activation energy with increasing x, i.e. with increasing content of Co3+. It should be noted 
that this implies that the conductivity is not substantially affected by either a long range 
ordering of the B cations, as for compositions with x = 0.0 and 0.1, or whether the oxidation 
state of Co is 2+ or 3+.  
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Figure. 26 Calculated activation energies from the slope of ln(σ) vs. 1/T according to the Arrhenius 

relation for conductivity i.e. from 









Tk
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aexp0 (circles) and their respective σ900°C (triangles). 

For the composition La2Co1.2Ti0.4Mg0.4O6, with a higher content of Co, the conductivity 
is higher, 2700 S/m, but the activation energy, 0.36 eV, is of a similar magnitude as for the 
other compositions. This suggests that the conduction mechanism is essentially the same, and 
that the increased conductivity is due to a larger pre-factor 0. This might in turn be caused by 
an increased number of Co-O-Co connections in the structure with increasing Co content, 
which can be expected to facilitate electronic conductivity by increasing the number of 
pathways for the electrons. [55] 

The electronic conductivity of transition metal perovskite compounds similar to the 
present ones have been found to take place by small (hole) polarons. [55] For small polaron 
conduction the activation energy is typically around 0.5 eV, and the temperature dependence 
is frequently of the type ln(T) = ln(0) – Ea/kBT, with a value of the exponent  around 1.  
Accordingly, data plots of ln() vs. 1/T will bend towards lower conductivities at high 
temperatures, as the curves in Figure. 25 are seen to do. Further information about the 
conduction mechanism and the sign of the charge carriers in the present compounds may be 
obtained by measurements of the Seebeck coefficient. [26] 

7.1.2.2 Magnetic susceptibility at elevated temperatures 
As described in section 7.1.1.1, 1/m vs. T curves exhibit a non-Curie-Weiss behaviour 

for the present samples, showing curvatures that increase with increasing Co3+ content. This is 
not un-expected, since such curves are also exhibited by LaCoO3 and related compounds 
[26][56] and is attributable to a continuous thermal excitation of LS to IS/HS Co3+ spin states. 
In many of these materials the magnetic moment eff saturates, i.e. approaches a constant 
value, at high temperatures, e.g. at 400 – 600 K for LaCoO3. To find out if this is also the case 
for the compounds studied here, additional magnetic susceptibility measurements were carried 
out on them at temperatures from room temperature up to 900 K. 

The results of these measurements are shown in Figure. 27 as eff vs. T curves. The low-
temperature parts of the curves in the figure, shown in black, were measured with a different 
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PPMS setup and the high-temperature parts of the curves, shown in red, have been adjusted 
along the y-axis so as to overlap with the corresponding low-temperature parts.  

 Unfortunately, the majority of the samples were found to become reduced and lose 
oxygen above ca. 400-500K under the high dynamical vacuum conditions, 10-8 bar, of the 
measurements.  Following the oxygen loss, the Co ion oxidation state decreases and its 
magnetic moment increases. The progressive increase of the magnetic moment of Co during 
the measurements causes a pronounced hysteresis in the majority of the eff vs. T curves given 
in Figure. 27. 
 

 
 

Figure. 27 Effective magnetic moments, eff  from 4K to 900K for La2Co1+z(Ti1-xMgx)1-zO6 when x equals 

a) 0.0, b) 0.1, c) 0.2, d) 0.25, e) 0.3, f) 0.4, g) 0.5,  and x=0.5 with z equal to h) 0.2, i) 0.4 and j) 0.6. 
 

For the composition La2Co1.2Ti0.4Mg0.4O6 the loss of oxygen during the measurements 
causes an increase in the rhombohedral unit cell, as illustrated by the XRPD patterns given in 
Figure. 28, from 344.37 Å3 to 349.04 Å3.  
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As the oxidation states of Co in the reduced samples remain unknown, the eff vs. T 
curves give very limited information. The magnetic moment for Co2+ in La2CoTiO6 saturates 
at a value of ca. 4.9 BM at high temperatures. As x increases in the series La2CoTi1-xMgxO6 
(Figure. 27a to g), the magnetic moment per Co ion decreases as the Co3+ content increases. 
The magnitude of the hysteresis does also overall increase with increasing x, with the largest 
hysteresis observed for x = 0.5 (Figure. 27g), but the increase is not continuous with x. The 
latter applies also for the La2Co1+z(Ti0.5Mg0.5)1-zO6 compositions, for which the largest 
hysteresis is observed for z = 0.4. On the whole, the data suggest that the degree of saturation 
of the magnetic moment at elevated temperatures is smaller for compositions containing high 
contents of Co3+. 

Magnetic measurements at elevated temperatures of the present compounds should 
obviously be made at less reducing conditions. In hindsight, the observed reduction is not 
surprising, considering that e.g. LaCoO3 is known to lose oxygen at elevated temperatures. 
The present compositions are in fact less prone to oxygen loss than LaCoO3 as no significant 
weight loss was observed upon heating a sample with composition La2CoTi0.5Mg0.5O6 in N2 
gas atmosphere up to 1275 K.   
 

 
Figure. 28 XRD patterns of La2Co1.2Ti0.4Mg0.4O6 after measurement a) before, b) after high vacuum 
conditions at 626°C and after c) annealing in air again at 700°C. 

8. Summary  
Despite a large progress made, we must still have to say that our knowledge in solid state 

chemistry is far from complete. Structure and physical properties are seldomly straight 
forward to predict. A lot of work remains to be done and much of it is today carried out by 
systematic synthesis and characterisation of new compounds. We have investigated the 
perovskite related system La2Co1+z(Ti1-xMgx)1-zO6 by double substitution on the B cation sites 
to see how structure and properties depend on the oxidation state and content of the Co ions. 
Some of the measured properties are relevant for SOFC applications, as thermal expansion 
and electronic conductivity at elevated temperatures. 
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Crystal structures in the system have been determined by using XRPD, NPD and SAED. 
The symmetry of the compounds changes from monoclinic to orthorhombic and then to 
rhombohedral upon substitution of Ti4+ by Mg2+ in La2CoTi1-xMgxO6. Single phase samples 
were along this line obtained for x-values  0.5.  The same symmetry changes occur with 
increasing Co content along lines La2Co1+z(Ti1-xMgx)1-zO6 with x = 0 and 0.25.   

XANES studies showed that the oxidation states of the Co ions are in the system for 
investigated compositions discrete and restricted to 2+ and 3+. The average Co2+/Co3+ spin 
state is found to vary linearly with the increase of the average Co oxidation state from 2+ to 
3+ in the La2CoTi1-xMgxO6 series. This implies that the spin state of the Co3+ ions does not 
vary substantially with x.  

Magnetic susceptibility measurements showed for the La2CoTi1-xMgxO6 series a linear 
decrease of the magnetic moment, at room temperature, of the Co ions with increasing x, 
down to 2.1 BM for x = 0.5.  This value is inbetween values expected for a LS and a HS Co3+ 
ion. The data suggest that the Co3+ ions have an IS or LS/HS mixture spin state for all x, 
possibly with the exception of x = 0.1 and 0.2, for which the spin state might be HS.  

The thermal expansion at 30 - 1000C is found to have, in agreement with findings for 
similar Co3+ ion containing systems, an additional substantial contribution due to thermal 
excitation of Co3+ ions from a LS to IS or HS state. The thermal expansion coefficient shows 
accordingly a linear increase in the series La2CoTi1-xMgxO6 with increasing x. 

In the series La2CoTi1-xMgxO6 the electronic conductivity at 30 - 900C shows only a 
smaller compositional variation. The data show an increase in conductivity from 100 to 600 
S/m at 900C and a decrease in activation energy from ~0.67 to ~0.55 eV as x increases from 
0 to 0.5. This implies that neither long range ordering of the B cations nor the oxidation state 
of the Co ions have a profound effect on the conductivity. The composition 
La2Co1.2Ti0.4Mg0.4O6, with a higher content of Co, shows a higher conductivity, ~2700 S/m at 
900C. By analogy with similar systems, the conduction probably takes place by small 
polarons.  

9. Future work 
The electronic conductivity measurements will be complemented by measurements of the 

Seebeck coefficient, in collaboration with EMPA-Swiss Federal Laboratories for Materials 
Science and Technology, which will provide additional information about the conduction 
mechanism and the sign of the charge carriers. The measured physical properties at elevated 
temperatures will then be reported. 

Further planned work includes a completion of studies of two systems related to the 
present one, namely La2Co1+z(Nb1-xMgx)1-zO6 and La2Co1+z(W1-xMgx)1-zO6. Preliminary 
studies have shown that perovskite related phases are obtained in these systems. 

Another on-going work involves compounds that could be of interest as interconnector 
materials in SOFCs, i.e. which connects fuel cells in a stack in series in order to increase the 
voltage of the stack. The compositions are La2Cr3+M2/3Nb1/3O6 with M = Mg, Ni, Cr. This 
work is near completion. The materials have been synthesized and characterised by XRPD, 
NPD, SAED, impedance spectroscopy (at present for the Mg compound only), magnetic 
measurements and heat capacity measurements.   
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