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Abstract 

The exploration of double perovskites has led to the introduction of a broad range of 

high-temperature proton conductors with varying conduction properties. To further 

investigate these materials, acceptor-doped Ca2AlNbO6 (CANO) and Ca2YNbO6 (CYNO) 

have been chosen in order to examine how the choice of B-site cations in A2B′B″O6 

double perovskite oxides affect the thermodynamics of hydration. 

Ca2AlNb1-xTixO6 (x = 0.05, 0.1, 0.15, 0.20) and Ca2YNb0.80Ti0.20O6 were synthesized with 

the solid state reaction method, and the sintering behavior of Ca2AlNb0.80Ti0.20O6 was 

investigated by dilatometry. Pulsed laser deposition was used to prepare thin-films of 

Ca2AlNb0.80Ti0.20O6 deposited on c-plane cut sapphire, fused silica, crystalline quartz, and 

sapphire with TiO2 between as a buffer layer. The microstructure and phase composition 

of the different samples were studied by scanning electron microscopy, energy dispersive 

spectroscopy, and X-ray diffraction. The electrical properties of the materials were studied 

by AC impedance measurements in the temperature range of 200 °C to 1000 °C in 

controlled atmosphere. The total conductivity was measured as a function of temperature, 

oxygen partial pressure, and water vapor partial pressure. Thermogravimetric 

measurements were performed on Ca2AlNb0.80Ti0.20O6 and Ca2YNb0.80Ti0.20O6 in order to 

investigate the water uptake of the two samples.  

From the total conductivity measurements, the compounds were observed to exhibit mixed 

ionic and electronic conductivity; n- and p-type electronic conduction predominate at high 

temperatures under reducing and oxidizing conditions, respectively. A protonic 

contribution was observed below  600 °C under wet conditions for Ca2AlNb0.80Ti0.20O6 

and Ca2YNb0.80Ti0.20O6. On the basis of the electrical measurements, a defect structure 

with protons and oxygen vacancies compensating the acceptor dopants was ascribed to the 

materials.  

The temperature and water vapor partial pressure dependencies were modeled based on 

the simplified defect structure, resulting in values for the hydration thermodynamics and 

transport parameters. The proton transport is limited by relatively high activation energies 

of mobility; 0.81 eV and 0.91 eV for Ca2AlNb0.80Ti0.20O6 and Ca2YNb0.80Ti0.20O6, 

respectively. The high activation energy is believed to reflect protons associated to 
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effectively charged defects formed by site exchange among the B-site cations. 

Consequenctly, the maximum proton conductivity of Ca2AlNb0.80Ti0.20O6 and 

Ca2YNb0.80Ti0.20O6 is in the order of 10
-6

 S/cm.  

The hydration enthalpy was estimated to -52 ± 2 kJ/mol and -89 ± 6 kJ/mol for 

Ca2AlNb0.80Ti0.20O6 and Ca2YNb0.80Ti0.20O6, respectively. At the present time, there is no 

general consensus on which role the electronegativity of the B-site cations play for the 

hydration enthalpy. However, Norby has previously suggested a correlation between the 

hydration enthalpy and the electronegativity difference of the A- and B-site cations in the 

case of single perovskites. In this thesis, possible generalizations of the correlation to 

doped double perovskites are suggested. 
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Chapter 1 

1 Introduction 

1.1 Background and Motivation 

Conversion and storage of energy is one of the most important challenges of our time. At 

present the total energy consumption increases due to increasing world population and 

industrialization of the third world. After the industrial revolution, energy sources used 

have changed from firewood, water mills, animals, and slave work to coal, oil, gas, and 

others. Due to the growing concern for the depletion of fossil fuels and for the adverse 

effects fossil fuels emissions have on the environment, intense research efforts have been 

made towards more environmentally friendly energy technologies. The concentration in 

the atmosphere of the greenhouse gas carbon dioxide (CO2), has increased from 1860 to 

1995 from 300 parts per million (ppm) to 360 ppm, which may have lead to an increase of 

the air temperature of ~1°C [1]. To limit the 21st century temperature increase to 1°C, the 

atmospheric concentration of CO2 should not exceed 450 ppm [2]. Meeting a 450 ppm 

limit requires a fundamental change in our approach to converting and consuming energy. 

Although mankind increasingly has to face issues of resource limitation and 

environmental pollution, fossil fuels will continue to be important in providing energy 

worldwide for the next few generations. Technologies for sustainable energy sources, 

which do not depend on fossil fuels and which have a tolerable environmental impact, 

must be developed in order to meet increasing global demand for energy and to allow for 
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the depletion of fossil fuel supplies, see Figure 1.1. But before complete transition we also 

have to make the use of fossil fuels more efficient.  

 

Figure 1.1        Development in the global emission of CO2, comparing the development 

with no changes in the underlying trends in the energy demand and supply, with the 

development designed to stabilize the global concentration of greenhouse gases in the 

atmosphere. Figure is taken from ref [3]. 

Integration of renewable energy sources is a challenge in itself. In many cases, additional 

technology is needed for it to be satisfactory, such as fuel cells and batteries. We are still 

in the developmental stage and have hurdles to overcome that mainly involve the 

limitations in the functional properties of existing materials. One of the most appealing 

solutions for both stationary and mobile power generation is the fuel cell; it can produce 

electricity more efficient than a gas turbine engine, petrol motor, and other heat engines 

with power efficiency up to 65% [4]. There are several different types of fuel cells and 

they have different areas of application and different fuel types. Some work well in cell 

phones and others in cars. The fuel cell converts chemical energy to electrical energy 

through a chemical reaction and powered by hydrogen the fuel cell produces only water in 

addition to electricity and heat. Unfortunately, at the time being 95% of the world 

production of hydrogen is produced from fossil fuel, but this is hoped to be a transitional 

phase on the way to a world with renewable energy. The fuel cell consists of two 

chambers separated with a membrane; one chamber with the fuel (e.g. hydrogen) and the 

other with air. The reaction between the fuel and air is controlled through the membrane. 

The anode part of the membrane faces the chamber with the fuel, and the cathode faces the 

chamber with the air, while the centre part separating the anode from the cathode is called 

the electrolyte. The electrolyte conducts only ions and is otherwise completely gas tight. 



INTRODUCTION  3 

UNIVERSITY OF OSLO 

A typical fuel cell is the Solid Oxide Fuel Cell (SOFC) where oxygen is reduced at the 

cathode and transported through a solid electrolyte to the anode where the oxygen ions 

will react with hydrogen to form water (see Figure 1.2 b). Yttria-stabilized zirconia (YSZ) 

is often used as the oxygen ion conducting electrolyte in the SOFC [5]. One disadvantage 

of the traditional SOFCs is that water forms on the fuels side and consequently dilutes the 

fuel.  

Another type of fuel cell is the Proton Conducting Fuel Cell (PCFC). Here hydrogen will 

be oxidized to form protons (H
+
 ion) and electrons. The protons will be transported 

through an electrolyte and over to the cathode, while the electrons will be transferred 

through an external circuit to the cathode. At the cathode, oxygen from air and protons and 

electrons travelling through the membrane will react to form water, and will therefore not 

dilute the fuel as the SOFC (see Figure 1.2 a).  

 

The hydrogen permeable gas separation membrane is another application for cleaner 

energy technologies. With mixed protonic-electronic conductivity at high temperatures the 

membrane may be incorporated in coal-fired power plants to separate H2 from syngas (CO 

+ H2) at 900 °C [6].  

As mentioned, we are still in the developmental stage and have hurdles to overcome when 

it comes to the energy conversion applications. The demands these applications have to 

satisfy are hard to obtain and the main challenges involves the limited life-time and their 

high cost. The key to develop improved energy conversion applications is to understand 

the functional materials that build these applications. One type of material which is 

 

Figure 1.2        Fuel cells with hydrogen as fuel: (a) Proton Conducting Fuel Cell (PCFC) 

and a Solid Oxide Fuel Cell (SOFC). 
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important to understand is the Solid State Proton Conductors (SSPC). They are an 

essential part of cleaner energy technologies and potential applications for these materials 

include electrolyte in the PCFC, steam electrolysis, and hydrogen separation from 

hydrogen containing gases, which are mentioned above as key aspects to a more 

environmentally friendly world. For high-temperature proton conductors the challenge is 

to find stable materials which also have high mobility and concentration of protons. The 

material must also be thermally and chemically stable under the working conditions. 

Understanding the defects in the solid matrix is necessary to control and improve the 

functional properties of solids. 

1.2 Proton conducting Perovskites 

The perovskite-related oxides can be proton conductors. Perovskites have the general 

formula ABO3, where the charges of A- and B-cations sum to 6+. The ideal perovskite 

structure has a cubic unit cell, where each oxygen atom is shared between two BO6 

octahedra with the A-cations occupying every hole which is created by 8 BO6 octahedra. 

The A-cation is coordinated with twelve oxygen ions and the B-cations with six, see 

Figure 1.3.  

                 

Figure 1.3        The cubic perovskite structure. 

This structure is able to host varying cations, substitutions, non-stoichiometry, and defects 

on many kinds and offers therefore a wide variety of properties. In the 1980s it was 

discovered by Iwahara et al. [7] that SrCeO3-based materials can have appreciable 

protonic and electronic conduction at high temperature in H2 atmospheres. These oxides 

exhibit a perovskite-type structure and this structure still demonstrates the highest proton 
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conductivity, with BaCeO3-based materials among the best proton-conducting oxides [8]. 

Today the perovskite-structured, proton-conducting ceramic membranes is the one of few 

groups of inorganic membranes that can be used at higher temperatures (>800°C) [6]. 

However, these materials have very low stability [8] and the need to develop improved 

proton conductors is still present.  

Proton conduction in perovskite oxides results from the ability to dissolve protons from 

water vapor or hydrogen [9]. Practical cases of proton conduction in perovskites almost 

exclusively involve acceptor-doped systems compensated by oxygen vacancies. By B-site 

doping the perovskite with a lower-valent (acceptor) dopant, D, may result in charge 

compensating oxygen ion vacancies,   
   to produce AB1-xDxO3-δ [10]. The oxygen 

vacancies (indicated by δ in the formula) may then be replaced by protons when treated in 

water vapor at high temperature, but the proton is normally incapable of occupying a 

regular interstitial position in the lattice and is attracted to the electron cloud of an oxide 

ion, and forms substitutional hydroxide ion defects. The reaction, in Kröger-vink notation 

is: 

          
    

       
  1.1 

where   
   is an oxygen vacancy,   

  is a lattice oxygen, and    
  is a hydroxide ion. The 

protons rotates around the oxygen and may diffuse by jumping to a neighboring oxide ion, 

which is called the Grotthuss mechanism (after Theodor Grotthuss [11]) and this is what 

makes the material a proton conductor [10]. For most materials the enthalpy for this 

reaction is exothermic, the hydration enthalpy (ΔHhydr) is negative, therefore protons 

dominate at low temperatures and oxygen vacancies dominate at high temperatures. The 

temperature where the transition between the two defect situations occurs is determined 

mainly by the ΔHhydr. 

The search for new and better proton conductors led to the investigation of double 

perovskites, A2(B′B″)O6.
1
 Here the A ions are again 2+ and the mean B-site charge 

remains 4+. It was previously found by Nowick et al. [10] that these double perovskites 

also are proton conductors when they are not stoichiometric. Further investigations of 

these materials are needed. [12] 

                                                 
1
 These compounds are often referred to as complex perovskites in the literature, but Mitchell [12]  reserves 

this term for compounds where both the A- and B-sites are occupied by a combination of different cations 

(an example being (NaLa)(MgTe)O6, which exhibits 1:1 ordering on both the A- and B-site). In this thesis, a 

double perovskite will always mean a compound with formula A2(B′B″)O6, i.e. a double perovskite with 1:1 

B-site ordering in Mitchell’s terminology. 
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1.3 Objective of the Thesis 

The exploration of the double perovskites introduces a broad range of high-temperature 

proton conductors that vary widely in conduction properties. It is therefore interesting to 

get improved understanding of the defect chemistry and proton conduction in these 

materials to optimize the conductivity. The investigation of these materials may give some 

information about the relationships between proton concentration and 

structure/composition. 

As mentioned earlier, previous studies by Nowick et al. revealed that proton conductivity 

was increased and the activation energy decreased with decreasing the size-difference 

between the B-cations, r(B′) – r(B″) [10]. They showed that for the stoichiometric 

compounds the water uptake and protonic conductivity is absent, but for 

off-stoichiometric compounds of A2(B′B″)O6 both the water uptake and the proton 

conductivity increase with increasing non-stoichiometry. This shows that the double 

perovskites also become high-temperature proton conductors after treatment in water 

vapor by reaction 1.1. 

This thesis will investigate the two double perovskites Ca2YNbO6 and Ca2AlNbO6 with 

titanium as an acceptor dopant. One reason titanium was chosen as a dopant was because 

Ti
4+

 and Nb
5+

 have comparable ionic radii (    = 0.605 Å and     = 0.64 Å) [13]. In 

Ca2YNbO6, the B-cations have similar electronegativity and different sizes, while the 

B-cations in Ca2AlNbO6 have similar size, but different electronegativity. Thus, it may be 

interesting to compare the effects of size difference r(B′)-r(B″) and the effects of 

electronegativity difference χ(B′)-χ(B″) on proton conductivity. 

Furthermore, the conductivity of Ca2AlNbO6 will also be evaluated as a function of 

acceptor concentration. Until the solubility limit of the acceptor dopant is reached it is 

assumed that increasing amount of lower-valent doping increases the formation of oxygen 

vacancies so reaction 1.1 is shifted to the right and increasing concentration of protons is 

obtained. Ca2AlNbO6 will therefore be doped with different concentration of titanium so 

the acceptor dopant effects on the hydration of the material could then be evaluated.  

Pulsed Laser Deposition will be used in an attempt to prepare thin films of acceptor-doped 

Ca2AlNbO6. The thin films will be studied to se how this affects the material. 
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For non-perovskites, there seems to be a correlation between the hydration enthalpy of 

reaction 1.1 and material properties [14]. For perovskites, however, no such correlation 

has been established so far, but Norby [15] have suggested that the hydration enthalpy is 

connected to the differences in electronegativity between A- and B-cations, ΔχB-A 

(Allred-Rochow electronegativities), given by the equation: 

                               1.2 

Smaller electronegativity difference between the A- and the B-cations will then result in 

more negative hydration enthalpies and therefore have a greater uptake of protons. In ref 

[16], Vigen measured the hydration enthalpy of the B-site doped double perovskite 

La2MgTiO6 to be -80 ± 40 kJ/mol, deviating 40 kJ/mol from the empirical correlation. 

These results raise the question whether double perovskites fit the same description as 

single perovskites. Through conductivity measurements of the samples, the enthalpy of 

hydration will be found and compared with the empirical correlation. The enthalpy of 

hydration will also be studied using Thermogravimetry analysis. This measures the mass 

increase in wet atmosphere at decreasing temperatures, which should correspond to the 

amount of entire water molecules absorbed in reaction 1.1. 

The study will be performed on Ca2YNbO6 and Ca2AlNbO6, with Ti on Nb-site. The 

samples will be synthesized through the solid state reaction method and characterized 

through powder X-ray diffraction and scanning electron microscopy. Afterwards electrical 

measurement of all the samples will be carried out in different temperatures and 

atmospheres. Based on these results the defect chemistry will be determined for the 

materials and transport parameters will be extracted from curve fitting with the defect 

model taken into account. This may help understand the proton conductivity and other 

material properties of double perovskites better. A better understanding of these materials 

is important to achieve the long-term goal of better proton conducting materials. 
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Chapter 2 

2 Theory and Methods 

The first part of this chapter covers some of the basic principles of defect chemistry and 

the defect situation in the two double perovskites in this thesis, Ca2AlNb1-xTixO6 and 

Ca2YNb1-xTixO6. The second part will explain the theory behind the experimental 

methods.  

2.1 Defects in solids 

The theory behind defects in solids is taken from Defects and Transport in Crystalline 

Solids by Per Kofstad and Truls Norby [17], and Defects in Solids by Richard J.D. 

Tilley [18].  

Defects play an important role in both the chemical and the physical behavior of 

ceramics, and many properties of solids are controlled by faults/defects in the structure. 

The concept has gone through a major evolution and it all started with the idea of a 

mistake such as a missing atom or an impurity in place of a normal atom, which are 

called point defects. Crystals are solids that possess a long-range order in 3 dimensions, 

and in a perfect crystal the arrangement of atoms in one part is identical to that of any 

other remote part. Wagner and Schottky (1930) showed that above temperatures of 0 K, 

the structure will deviate from the ideal structure [19]. A disturbance of this regularity 

then constitutes the defect. Defect formation can be described using chemical equations. 

Hence, thermodynamics can be used to treat defect equilibria and predict how the 
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concentration of defects will vary with temperature and partial pressure of different 

gases. As ionic conductivity is made possible by the presence of various defects, their 

description via defect equations is of great interest for technological applications using 

ionic conducting materials. 

2.1.1 Types of Defects 

There are several types of defects which can be categorized by their dimension. There 

exist 0-, 1-, 2-, and 3-dimensional defects. Zero-dimensional defects are called point 

defects, and are imperfections limited to one structural or lattice site and its immediate 

vicinity, see Figure 2.1. Vacancies (missing lattice atom), interstitial atoms (atoms in a 

position in the crystal that is not a normally occupied site), and impurities (foreign 

atoms in the crystal) are examples of point defects. One-dimensional (linear) defects 

consist of dislocations, which are characterized by displacement in the structure in 

certain directions. The two-dimensional (planar) defects are defects than can stretch 

throughout a whole layer in the crystal, like grain boundaries and stacking faults. 

Clusters, voids, or precipitation of a secondary phase are examples of three-dimensional 

(volume) defects. In addition to these structural defects there are also electronic defects; 

electrons and holes. Only point defects and electronic defects are considered in this 

thesis. 

 

Figure 2.1        Defects in a crystal of a pure ionic compound, MX. 
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2.1.2 Kröger-Vink Notation 

In order to incorporate defect formations into chemical equations and to describe the 

concentrations of defects under various conditions, we need a suitable system of 

notation. The most widely employed system is the Kröger-Vink notation, which will be 

used in this thesis. In this notation system, point defects and structural units are 

described as   
 
, where A is the symbol for the species, s indicates the lattice site the 

species occupy, and q is the effective charge of the species. Kröger-Vink notation 

considers only effective charges in order to bypass the problem of deciding real charges 

(zd) on defects. The effective charge is the charge that the defect has relative to the 

charge that would be present at the same site in a perfect crystal. For atomic or ionic 

species, the effective charge is the difference between real charges on the defect species, 

  , and the real charge at the site occupied in a perfect crystal,   : 

         2.1 

In order to distinguish real and effective charge, the symbols 
/
 and 

•
 are used for each 

unit of effective negative charge and each unit of effective positive charge, respectively, 

while the symbol 
x
 is used for neutral effective charge. Electrons are indicated by the 

symbol e, while holes are indicated by the symbol h (so delocalized electrons in the 

conduction band and the electron holes in the valence band are denoted by the symbols 

   and   , respectively). A vacant position is denoted by   
 
, where s is the chemical 

symbol for the atom missing from the lattice site. An interstitial lattice site, a position 

not normally occupied by an atom, is denoted by the symbol i. In a metaloxide, MO, a 

metal-ion and an oxygen-ion in their lattice positions are denoted by the symbols   
  

and   
 . Table 2.1 shows the notation for some chosen defects relevant for this thesis. 

Concentrations of point defects are indicated by square brackets around the defect 

symbol, while concentrations of holes and electrons are denoted by n and p, 

respectively.  
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Table 2.1        Notation used for defects relevant for this thesis. 

Defects Notation 

Electron    

Hole    

Oxygen vacancy   
   

Metal vacancy    
  

     
  
    

  
  

Substitutional Ti     
 

 

Hydroxide ion    
  

 

By using Kröger-Vink notation it is possible to describe defects in a quantitative way 

such that they play a role analogous to that of the atoms, provided the normal rules of 

chemical equations are preserved, and at the same time facilitates the application of 

chemical thermodynamics to the system. The rules for writing defect reactions are 

similar to ordinary chemical reactions, but since the object of study is a crystal 

structure, quantities must be specified with respect to crystallographic sites. The rules 

can be summarized as follows: 

1. Conservation of mass – The total number of atoms on one side of the equation 

must balance the total number of atoms on the other side  

2. Conservation of charge – The crystal must always be electrically neutral 

3. Conservation of the ratio of structure sites – The number of cation sites must 

always be in the correct proportion to the number of anion sites in the crystal 

 

2.1.3 Formation of Point Defects and Thermodynamics in Oxides 

As mentioned, traditional chemical equations can easily be modified to include defect 

formations. This enables us to apply chemical thermodynamics to the system.  

In any reversible reaction involving gases or solutions that can be written 

                   , 2.2 
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the Gibbs free energy change of the reaction is given by 

                 , 2.3 

where     denotes the change in the Gibbs energy in the standard state,   is the gas 

constant,   is the temperature, and   is the equilibrium constant. At equilibrium the 

Gibbs free energy change is zero, hence 

               2.4 

The equilibrium constant can be given by the ratio of activity ( ) of the product and 

reactants: 

    
  

    
 

  
    

  2.5 

The equilibrium constant depends on the temperature, but is fixed for any given 

temperature. The standard Gibbs energy change may again be expressed in terms of 

standard enthalpy change,    , and entropy change,    , so that 

                        2.6 

Solving for K, this is equivalent to 

        
   

  
       

   

 
      

   

  
  2.7 

This applies to all defect reactions. The Gibbs energy change will vary with the number 

of point defects present.  

2.2 Defects in Ca2AlNb1-xTixO6 and Ca2YNb1-xTixO6 

In principle all types of defects could be formed in a metal oxide, but in general, only a 

small number of different defects are found to predominate. In this section, possible 

defect situations in Ca2AlNb1-xTixO6 and Ca2YNb1-xTixO6 will be discussed. Titanium 

is chosen as the aliovalent dopant due to its similarity with niobium, and its effect on the 

defect structure will be considered over the entire stoichiometry range. The defect 

situation for Ca2AlNb1-xTixO6 and Ca2YNb1-xTixO6 will be considered to be the same, 

so aluminum and yttrium in the oxides will be represented with B′. Hence, the formulas 

for both compounds become Ca2B′Nb1-xTixO6.  
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2.2.1 Defect Structure Situations in Stoichiometric Oxide 

The defect structures in stoichiometric compounds contain equivalent concentration of 

negatively and positively charged point defects. The defects appearing in the 

stoichiometric compound are formed as a result of internal equilibria. The intrinsic 

defects are present in the crystal as an inescapable property of the solid and they are in 

thermodynamic equilibrium in the crystal. When the compound Ca2B′NbO6 contains the 

exact ratio between the atoms it is said to have a stoichiometric composition. If a charge 

point defect is formed in the compound, a complementary point defect with opposite 

effective charge must be formed to preserve electroneutrality of the stoichiometric 

crystal. So there are equivalent concentrations of negatively and positively charged 

point defects. Two defect structures that can form in a stoichiometric oxide are Frenkel 

disorder and Schottky disorder. The Schottky defect situation tends to dominate when 

the structure is effectively packed and therefore the Schottky defect will be preferred in 

the present situation, since Ca2B′Nb1-xTixO6 is considered to be a close packed structure. 

The interstitials in the Frenkel disorder are unlikely to form due to the close packed 

structure. For Ca2B′Nb1-xTixO6 the defect reaction for the Schottky disorder becomes: 

       
  

    
  

    
  

    
   2.8 

The cation vacancies and oxygen vacancies in the crystal are first formed at external and 

internal surfaces or dislocations, and are then diffused randomly into the crystal.  

The last type of stoichiometric defects in Ca2B′Nb1-xTixO6 is electronic defects. An 

electron is excited from the valence band to the conduction band, leaving an electron 

hole in the valence band. The defect reaction is written: 

         2.9 
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2.2.2 Defect Structure Situations in Non-stoichiometric Oxide 

When the compound Ca2B′Nb1-xTixO6 reacts with the surroundings, the composition of 

the solid will vary and it is then called a non-stoichiometric compound. The oxide will 

have an excess or deficit of metal or oxygen depending on the temperature and the 

activities of the components. However, the ratio of cation to anion structure sites is still 

the same. Since Ca2B′Nb1-xTixO6 is a close packed structure, formations of vacancies 

are favorable. Oxygen vacancies are considered to dominate at reduced oxygen 

pressures, while metal vacancies are considered to dominate at high oxygen partial 

pressure. 

Oxygen-Deficiency 

Ca2B′Nb1-xTixO6 is non-stoichiometric with regards to oxygen at reduced oxygen 

pressures. The oxide exchanges oxygen with the atmosphere around creating oxygen 

vacancies. The overall reaction for the formation of oxygen deficiency in the compound, 

Ca2B′Nb1-xTixO6, may be written: 

     
                   

                 
 

 
      2.10 

It follows from le Chatelier’s principle that the oxygen deficiency increases with 

decreasing oxygen pressure, so oxygen vacancies are the predominating point defects in 

low oxygen partial pressures. The oxygen vacancies are formed by transferring the 

oxygen atoms from normal oxygen positions in the lattice to a gaseous state. Negatively 

charged electrons are formed to compensate for the positively charged oxygen 

vacancies in order to preserve electroneutrality. The oxygen-vacancy can therefore be 

considered an electron donor. The defects reaction of fully ionized oxygen may be 

written: 

   
    

       
 

 
      2.11 

Under these conditions, le Chatelier’s principle indicates that the defect concentrations 

([  
  ] and n) will vary with the oxygen partial pressure (   

). At low levels of    
, the 

equilibrium will shift to the product side and the crystal will be dominated by oxygen 

vacancies charge compensated by electrons. 
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Metal-Deficiency 

Similarly, when Ca2B′Nb1-xTixO6 is a metal deficient oxide, a metal vacancy is formed 

when the oxide reacts with oxygen gas. During this process, a new oxygen structure site 

and a new metal structure site are also created. To charge compensate for the metal 

vacancies, electron holes are formed. In order to form the O
2-

-ion two electrons are 

taken from the surroundings of the metal vacancy, thus leaving electron holes. The 

defect reaction for this compound may be written: 

           
  

    
  

    
  

    
       2.12 

Le Chatelier’s principle again implies that the defect concentrations (   
  
  and p) will 

vary with the oxygen partial pressure. The equilibrium will shift to the product side at 

high levels of    
 and the crystal will be dominated by metal vacancies charge 

compensated by holes. Hence, reactions 2.11 and 2.12 show that the extent of 

nonstoichiometry, and the defect concentrations will vary with the oxygen partial 

pressure. To simplify the discussion, we will assume that     
  

        
  
         

  
 . 

 

2.2.3 Acceptor-Doping of Ca2B′Nb1-xTixO6 

Introducing other foreign species to the material during the synthesis is a way to 

purposely create defects in a controlled fashion. These foreign species are extrinsic 

defects called dopants. By doping the material its defect dependent properties, such as 

proton conductivity, can be altered. When the charge of the dopant deviates from the 

charge of the atom it replaces, it is called an aliovalent dopant. If the cation dopant is a 

lower-valent dopant, the effective charge becomes negative and the material will be 

acceptor-doped; with Kröger-Vink notation we denote this by    
  

. If the cation dopant 

is a higher-valent dopant the effective charge becomes positive and the material will be 

donor-doped; with Kröger-Vink notation we denote this by    
 •. Due to the 

electroneutrality condition, the charge of an acceptor dopant must be compensated by a 

positive defect and the charge of a donor dopant must be compensated by a negative 

defect. As previously mentioned, both Ca2AlNbO6 and Ca2YNbO6 were doped with 
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titanium for niobium. Since Ti
4+

 has a lower valence than Nb
5+

, Ca2B′NbO6 will be 

acceptor-doped. The     
 

 defects needed to be charge compensated by positively 

charged defects. In equation 2.13 the acceptor dopant is compensated by oxygen 

vacancies and in equation 2.14 the acceptor dopant is compensated by electron holes: 

                       
       

       
 

   
       

  2.13 

or 

                  
 

 
           

       
       

 
         

  2.14 

Both of these reactions may take place, but usually one dominates. There is also a 

possibility that intrinsic defects with negative effective charge may be consumed in 

order to compensate for the dopant, but since the concentration of these intrinsic defects 

is small it will constitute only a small percentage of the dopant concentration. Thus, the 

creation of point defects described in equation 2.13 and 2.14 is a good approximation of 

the net effect from the dopant. 

It is assumed that the concentration of the dopant, [    
 

], is constant. For this to be valid 

at high temperatures, the dopant concentration must be below the solubility limit of the 

material to ensure that no dopants are transported to a second phase. If the concentration 

is above the solubility limit at high temperatures, the dopant will be in equilibrium with 

a secondary phase of the oxide. In this case, diffusion between the primary and 

secondary phases may take place. At low temperatures there is no transport of foreign 

atoms and the dopants are “frozen in”, so the concentration of the dopant is constant. In 

the following sections, the dopant concentration is assumed to be below the solubility 

limit of the oxide, or frozen in at low temperatures. 

When the acceptor dopant is charge compensated by oxygen vacancies (equation 2.13), 

the oxygen vacancies can react with oxygen gas to generate holes,  

 
 

 
        

     
     , 2.15 

or it can react with water vapor to create protonic defects which will be described in the 

next section.  
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2.2.4 Hydration of Ca2B′Nb1-xTixO6 

As mentioned in the introduction, hydrogen will dissolve in the metal oxide when the 

metal oxide is exposed to hydrogen containing gases, e.g. H2(g) or H2O(g). The hydrogen 

atoms will ionize to protons in oxidizing or mildly reducing atmospheres and associate 

with oxygen atoms on their normal structure sites to form hydroxide ions,    
 . It is 

also normal to write the protonic defects as   
  to indicate that the proton is transported 

alone through the material by being transferred between oxygen ions. When hydrogen 

gas is the source, the dissolution of protons in the oxide may be written 

          
      

      2.16 

This may be rewritten in terms of water vapor and oxygen by their gas phase 

equilibrium with hydrogen (                    ), so the dissolution of protons 

becomes 

           
      

       
 

 
      2.17 

In both dissolution reactions (2.16 and 2.17), the protons dissolved are charge 

compensated by electrons. As can be seen from these equations, the concentration of 

protons in the metal oxide depends on the partial pressure of the hydrogen source, while 

in the latter case the concentration also depends on the partial pressure of oxygen. 

However, protons compensated by electrons are hardly known in systems other than 

ZnO [20]. The electrons may interact with other defects in the oxide so that the protons 

in effect are compensated by formation of other negative defects or by annihilation of 

positive defects. If the oxide contains oxygen vacancies, an important reaction leading 

to the formation of protonic defects may be described by 

          
    

       
  2.18 

First, water from the gas phase dissociates into a hydroxide ion and a proton, then the 

hydroxide ion fills an oxide ion vacancy and the proton forms a covalent bond with a 

lattice oxygen. Hence, two protonic defects are created for each water molecule. The 

hydration enthalpy,       
 , of reaction 2.18 is generally negative (exothermic), so the 

reaction is driven towards the left at high temperature. Hence, oxygen vacancies will 

dominate at high temperatures, while protonic defects will dominate at low 

temperatures. 
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In order to increase the concentration of oxygen vacancies to enhance the material’s 

proton conductivity, it is common to acceptor-dope the oxide. The oxygen vacancies 

created in reaction 2.13 may be hydrated in the presence of a hydrogen source. In this 

case, the defect equation for the dissolution of acceptors by simultaneous dissolution of 

protons becomes 

                              
       

       
 

     
      

  2.19 

At high      the dopants are fully compensated by protons (reaction 2.19) and at low 

     (dry conditions) the dopants are fully compensated by oxygen vacancies (reaction 

2.13). In wet conditions, the defect population in the doped solid will dominated by   
  , 

   
 ,   ,   , and     

 
. The domains over which each species dominates can be 

estimated and sketched graphically. 

2.2.5 Electroneutrality Condition 

If Ca2B′NbO6 is dominated by intrinsic electronic disorder and Schottky disorder when 

stoichiometric, while oxygen vacancies and metal vacancies dominate at respectively 

low and high oxygen partial pressure when the oxide is non-stoichiometric and the 

compound is acceptor-doped with titanium, the total electroneutrality condition 

becomes 

       
        

        
 

       
  

     
  
  
       

  
      2.20 

where p and n are the concentrations of the electrons and holes, respectively. A 

particular type of defect will predominate in the oxide; however, the 

dominating/majority defects may change with temperature and activity of the 

components in the crystal. The crystal will also contain various concentrations of 

defects in the form of minority defects.  

Using the electroneutrality condition and the set of defect equations formulated for 

Ca2B′Nb1-xTixO6 and their corresponding equilibrium expressions, a Brouwer diagram 

can be constructed. These diagrams are graphical displays of the logarithm of the defect 

concentrations (and indirectly the associated electrical conductivity) at a fixed 

temperature, plotted against the logarithm of the activity of a component, such as the 

partial pressure of oxygen or partial pressure of water vapor. These diagrams can be 

very useful tools for the interpretation of conductivity trends in the measured 
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conductivity of the compounds examined in this thesis. In any particular composition 

region it is assumed that one reaction is dominant. The equilibrium expressions for the 

defect reactions together with the electroneutrality condition is used to find partial 

pressure dependencies in different regions of the Brouwer diagram with different 

majority and minority defects. The Brouwer diagrams for Ca2B′Nb1-xTixO6 with the 

concentrations of defects as a function of oxygen partial pressure and partial water 

vapor pressure will be explained in the following sections.  

2.2.6    
-dependencies of Ti-doped Ca2B′NbO6 

The    
-dependencies of the concentrations of defects in Ca2B′Nb1-xTixO6 can be 

derived using the assumptions made in subsections 2.2.1 to 2.2.5 (in particular the 

defect reactions and the electroneutrality condition we found). The resulting Brouwer 

diagram (Figure 2.2) has four regions corresponding to different partial pressures of 

oxygen, each with a distinct simplified electroneutrality condition. The dopant 

concentration in the sample was assumed to be constant, hence independent of    
. In 

wet atmospheres, the extent of proton formation from oxygen vacancies is uncertain, so 

we base our derivation on dry atmospheres. Consequently, the protons will be minority 

defects over the whole range of    
. Equations 2.8, 2.9, 2.11, 2.12, 2.18, and the 

electroneutrality condition 2.20 found earlier for Ca2B′Nb1-xTixO6, are used to derive 

the Brouwer diagram. The equilibria for the formation of oxygen vacancies, metal 

vacancies, protons, electrons and holes, and Schottky pair become  

    
     

   
          

 
 

   
  

 2.21 

 

       
    

  
 
 
     

  
      

  
     

       

    
 

 2.22 

 

             
      

 

 
    

       
 

  
  

    
   

   
       

       
 2.23 

 

             2.24 
 

          
  
 
 
     

  
      

  
     

      2.25 

The situation in each region will be discussed here. The full derivation of the Brouwer 

diagram is found in Appendix A. 
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At low    
 (region 1), equation 2.11 will be shifted to the product side and the oxide 

will become oxygen-deficient. Thus, doubly charged oxygen vacancies and electrons 

predominate in this region. It is therefore reasonable to assume that     
          

   

and          
 

        
  

        
  
        

  
  under dry conditions. In this case, the reduced 

electroneutrality condition becomes     
       and calculations show that the 

concentration of the majority defects is proportional to    

  
 . The concentration of 

minority defects,       
            

  
       

  
       

  
  will be proportional to 

    

 
     

  
    and    

 
 , respectively. 

As the concentrations of oxygen vacancies and electrons decrease with increasing     
 

they will eventually equal the concentration of the acceptor dopant, i.e. we enter the 

second region. The majority defects in this region will be acceptor dopants compensated 

by oxygen vacancies. As a result, the concentration of oxygen vacancies will be 

constant. It can therefore be assumed that     
          

   and 

     
 

             
  

        
  
        

  
 . Under these assumptions, the reduced 

electroneutrality condition in this region becomes     
          

 
  . This indicates that 

the concentrations of ionic point defects,   O
   ,     

  
       

  
       

  
 , and  O O

  , will be 

independent of     
 in this region, while the concentrations of electrons and holes will 

be proportional to p
O 

  
  and  p

O 

 
 , respectively. Thus, electrons and holes are the only 

defects whose concentrations depend on     
. Note that   and   are strictly decreasing 

and strictly increasing functions of    
, respectively, and that   is greater than   at the 

left end of region 2, while less than   at the right end. The intermediate value theorem 

implies that there exists a unique partial pressure of oxygen in this region such that 

   . Equation 2.24 implies that the only possible solutions of     are when the 

concentration of electrons (and therefore the concentration of holes) equals   
   

. When 

these conditions are satisfied, Ca2B′Nb1-xTixO6 will contain equal amounts of holes and 

electrons and contain oxygen vacancies matching the presence of the acceptor dopant. 
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Eventually, a    
 level will be reached such that the concentration of holes equals the 

concentration of the acceptor dopant. As a result, holes will take over as the positive 

majority defect and will charge compensate the acceptor dopant, i.e. we enter the third 

region. With a further increase of    
, the equilibrium of reaction 2.11 will shift towards 

the reactants, resulting in fewer oxygen vacancies. In other words, holes are created 

until a certain level of    
 is reached and afterwards refilling of the oxygen sublattice 

will take place, i.e. oxygen vacancies will be removed. In this region,       
       

    

and      
 

             
  

        
  
        

  
 . The reduced electroneutrality condition then 

becomes         
 

  and the concentration of the holes is therefore independent of     
. 

The minority defects will then be       
        

    and     
  

       
  
       

  
 . Calculations 

show that the concentration of electrons will be independent of     
 just like holes, 

while the concentration of protons will be proportional to    

  
 . The concentration of 

oxygen vacancies will be proportional to    

  
 . As the concentration of oxygen 

vacancies decreases, the concentration of metal vacancies will increase, being 

proportional to    

 
 . While discussing region 2, we noted that   would have to equal   

at some level of    
. A similar argument shows that there exists a level of    

  in region 

3 such that the concentration of oxygen vacancies equals the concentration of metal 

vacancies. So let      denote the concentration of metal vacancies, 

           
  

        
  
        

  
 . We previously made the assumption that 

    
  

        
  
         

  
   allowing us to write the concentration of metal vacancies in 

simpler terms: 

        
 

 
    

  
    

 

 
  

  
  
         

  
  2.26 

2.26 

In order to find solutions to the equation         
   , we insert the expression above 

into equation 2.25 to get 

     
 

 
     

 

 
 

 
    

 

  
       

     2.27 

2.27 

Simplifying this expression and recalling that the concentration of metal vacancies is 

supposed to equal the concentration of oxygen vacancies, we see that the only positive 

solution to this system of equations is         
           

  
    
  

. The special 

conditions we have imposed lead to stoichiometry, this time with respect to the host 

oxide (Ca2B′NbO6). 
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At the highest levels of    
(region 4), metal vacancies will be the negative majority 

defect and charge compensate the holes. Thus, it can be assumed that       
       

    

and     
  

    
  
  
      

  
             

 
 . This last condition implies that      

  
  

   
  
  
       

  
              

 
 . Hence, the reduced electroneutrality condition 

becomes         
  

      
  
  
         

  
 . The concentrations of majority defects will 

be proportional to    

 
  . The concentrations of minority defects,     O

      and     
  , 

will be proportional to    

 
 
        

 
 
 , and    

 
  , respectively. 

The varying    
-dependencies of the different point defect concentrations in all regions 

are summarized in Table 2.2 and in the Brouwer diagram (Figure 2.2). 

Table 2.2        The dominating defect pair in each of the four different regions with 

   
-dependencies for the concentrations of defects in Ti-doped Ca2B′NbO6. 

Dominating 

electroneutrality 

   
- dependencies for [defects] 

       
        

       
  

    
  
  
       

  
  

   O
                               

   O
       iNb

                  

     iNb
                     

p    Nb
         

       Ca
                               

 

[OH
.
O
] 

 -1/12

 -1/4

 -1/16

 n

 [v
.
O

.
]

 -3/16

[Ti
 /

Nb
]

 3/16

 -1/8

 3/4

 1/4

p = 2[v
 2/

Ca
] +

3[v
3/

B'
] + 5[v

 5/

Nb
] 

 

 -1/2

[Ti
 /

Nb
]

 -1/4

2[v
.
O

.
] = [Ti

 /

Nb
]

-1/6

 n = 2[v
.
O

.
]

 1/4

 p = [Ti
 /

Nb
]

 1/6

 p

 log p(O
2
)

 l
o
g
 [
d
e
fe

c
ts

]

 2[v
2/

Ca
] = [v

3/ 

B'
] = [v

5/

Nb
]

 

Figure 2.2        Concentration of defects as a function of partial pressure of oxygen 

(   
) in acceptor-doped Ca2B′NbO6. 
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2.2.7     -dependencies of Ti-doped Ca2B′NbO6  

Similarly to    
, the concentration of defects may also depend on the partial pressure of 

water vapor,     . The same equations and electroneutrality condition used to calculate 

the    
-dependencies are used to calculate the     -dependencies. The Brouwer 

diagram will result in two different regions. By increasing      at a constant    
the 

formation of protons should take place. For this to happen, the    
should be low enough 

for     
     .  The situation in both region of     will be gone through here, however 

the full derivation of the Brouwer diagram is found in Appendix A. 

In dry atmosphere the acceptor dopant is compensated by oxygen vacancies or holes. As 

mentioned, when the    
 is low enough for     

     , it can then be assumed that the 

acceptor dopant is fully compensated by oxygen vacancies in dry atmospheres and the 

formation of protons will follow equation 2.18. The reduced electroneutrality condition 

then becomes,     
         

 
 . The concentration of protons is then found to be 

proportional to     

 
 , while the minority defects,         

  , and      
  

     
  
  
       

  
  

are independent of     . 

By increasing the      the concentration of protons increases and will eventually hit the 

level of acceptor dopant, i.e. enter region 2. Here it can be assumed that the protons 

become dominant and they will be the charge compensating defect for the acceptor 

dopant instead of the oxygen vacancies. The reduced electroneutrality condition then 

becomes     
         

 
 . The concentration of the minority defects,   ,        

      and 

     
  

     
  
  
       

  
  becomes proportional to respectively,     

  
       

 
      

     and 

    

 
 .  

The varying     -dependencies of the different point defects concentrations in the two 

regions are summarized in Table 2.3 and in the Brouwer diagram (Figure 2.3). 
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Table 2.3        The dominating defect pair in each of the two different regions with 

    -dependencies for the concentrations of defects in Ti-doped Ca2B′NbO6. 

Dominating 

electroneutrality 

 
   

- dependencies for [defects] 
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Figure 2.3        Concentration of point defects as a function of partial pressure of water 

vapor (    ) in acceptor-doped Ca2B′NbO6. 
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2.3 Theory behind the Experimental Methods 

This section will give a brief introduction to the theory of the experimental methods 

used in this thesis. Its primary focus will be the theory behind electrical measurements 

and impedance spectroscopy, based on Defects in Solids by Tilley [18] and Electrical 

measurements by Norby [21]. Theory behind the other methods is based on Introduction 

to Materials Chemistry by Allcock [22], Understanding Solids by Tilley [23], and 

Materials Science and Engineering by Callister [24]. 

2.3.1 Solid State Reaction Method (SSR) 

The solid state reaction method is a simple method giving good results, making it 

widely used in inorganic synthesis. This method involves grinding and mixing of 

powders from the starting materials in suitable proportions followed by calcination. It is 

a diffusion-limited process, meaning that the reaction between the reactants in principle 

happens at high temperatures. The reactants used are often powders of oxides or 

carbonates of the metals needed to make the compound and it is important that the 

reactants are mixed well. This process is usually repeated to get closer to a homogenous 

sample/single-phase product. A good indication of homogeneity is when no changes can 

be detected in the weakest peaks observed in the X-ray powder diffraction patterns of 

the calcined powder from one cycle to the next. When the level of impurities/other 

phases is negligibly small and unchanged by further heat treatment, the sample is 

sintered. One advantage of the SSR is the easily accessible starting compounds, while 

another is that no solvent is necessary for its implementation. Disadvantages of this 

method include limited control of reaction mechanisms, possibility of evaporation of 

volatile constituents, poor distribution of dopants, and little control over impurities and 

unwanted phases [25]. 

2.3.2 Sintering 

Sintering is a process where powder (usually calcined) is pressed into a desired shape 

and heated to a temperature just below the melting point of the material. During 

pressing there is no plastic deformation of the particles, hence fine powder is necessary 

to minimize the fraction of void space. After pressing, the particles are in contact with 

each other, and during the beginning of the heating process the outer layer of each 
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powder particle softens. This allows the atoms in the powder particles to diffuse across 

the grain boundaries, thus fusing a particle with its neighbors. Necks are formed in the 

areas where this diffusion takes place and within each neck a grain boundary forms. The 

interstices between particles become pores, see Figure 2.4. As the sintering progresses 

the pores become smaller and more spherical [25]. The surface energies are larger than 

grain boundary energies; this difference is the driving force of the sintering. The atomic 

diffusion from the bulk particles to the neck regions occurs because atoms are 

transported from areas with high surface free energies to areas with low surface free 

energies. During sintering, the sample becomes denser and its porosity is reduced.  

 

 

Figure 2.4        Sintering process: (a) After pressing; initial powder particles (b) 

Sintering begins; necks, grain boundary, and pores start to form (c) Sintering proceeds, 

the pores change size and shape. 

2.3.3 Dilatometry (DIL) 

Dilatometry is a thermoanalytical technique used to study expansion and shrinkage of a 

material as a function of temperature. Such measurements can be useful to study linear 

thermal expansion, volumetric expansion, and softening point. In addition, accurate 

measurements of shrinkage and expansion of inorganic materials are important for 

carrying out sintering studies on reactive powders. Measuring the sintering behavior of 

the material’s green body during a temperature profile can give foundations for detailed 

analysis of the sintering process, yielding information about the main sintering step. 

Thus, dilatometry is very useful tool to optimize the sintering process. 

2.3.4 Pulsed Laser Deposition (PLD) 

Pulsed Laser Deposition (PLD) is a technique used to make thin films. The technique 

involves irradiation of a target in a vacuum chamber by a high intensity laser light with 

nanosecond pulses. When the pulses hit the target some material becomes disengaged.  
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This ablation process leads to the formation of a plasma plume flowing away in a 

direction perpendicular to the targets surface. The plasma plume consisting of the 

removed material is then collected on a suitable substrate. The number of pulses 

controls the number of particles arriving at the substrate, and can therefore be used to 

create layer-by-layer growth and sandwich-systems. The material transfer from the 

target to the substrate is a complex process and there are many reasons to expect that 

simultaneous arrival of the target atoms is not sufficient to ensure a stoichiometric film 

growth [26]. To make matters even worse, particulates/droplets are sometimes ejected 

directly from the target to the substrate, reducing the uniformity of the thickness of the 

films. 

2.3.5 Powder X-ray Diffraction (XRD) 

Powder X-ray diffraction (XRD) is a characterization technique widely used in 

inorganic materials science. It involves dispatching a thin beam of monochromatic 

X-rays through a powdered crystalline sample. Diffraction occurs as the incident X-ray 

beam is “reflected” from the different layers of planes in the lattice, giving rise to a 

series of cones of X-rays around the main beam. The angle between the beam axis and 

the cone is called the diffraction angle. All possible planes will be sampled by the beam 

if the crystallites in the powder are randomly oriented and each set of identical layer 

spacings gives rise to one diffraction angle. The position and intensities of the diffracted 

beams are recorded. The position of the beam is found to depend on the interplanar 

spacing,        , and the wavelength,  , of the X-rays. Bragg’s Law gives the connection 

between these quantities: 

                  2.28 

where n is the order of reflection,   is the wavelength of the X-radiation,         is the 

interplanar spacing of the (h k l) planes, and   is the diffraction angle. When the 

intensity and positions of the diffraction pattern are taken into account, the pattern is 

unique for a single substance. 
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2.3.6 Scanning Electron Microscopy (SEM) 

A scanning electron microscope (SEM) is a characterization method used to study 

materials microstructure and morphology and is one of the most widely used techniques 

in material science. It creates an image by collecting electrons rather than light waves, 

as in conventional optical microscopes. Vacuum is necessary to avoid the scattering of 

electrons by air. Most SEM can run in both high vacuum (HV) and low vacuum (LV), 

the low vacuum is obtained by introducing water vapor. To create the image the 

material is scanned by a thin beam of high-energy electrons produced from a heated 

filament in an electron gun. The ray of electrons is focused on a point at the materials 

surface and the beam causes the ejection of electrons. These electrons give rise to 

various signals that can be detected. The three main signals are secondary electrons 

(SE), backscattered electrons (BSE), and X-rays. The secondary electrons are low 

energy electrons generated from the collision of the incoming electrons and the loosely 

bound outer electrons. These SE are detected by the Everhart-Thornley Detector (ETD) 

in HV, while in LV they are detected by the Large-field Detector (LFD). The SE gives 

mainly information about the topography. The backscattered electrons (BSE) are high 

energy electrons; they are beam electrons that after interacting with the sample follow a 

path back out of the sample. These electrons give rise to information about the different 

types of element present on the surface. Solid-State Detector (SSD) detects the BSE. 

The SEM can also be equipped with an energy dispersive spectroscopy (EDS) detector. 

An EDS analysis, where the characteristic X-rays is detected, can obtain information 

about the chemical composition in a chosen area of the sample.  

2.3.7 Electrical measurements and conductivity 

The measurement of electrical conductivity is crucial aspects of research of materials, 

and there are different ways to measure this. The method that will be relevant for this 

thesis is the two-probe technique. This is generally used for materials with low 

electronic conductivity. A known voltage is applied across the two electrodes and the 

current passing through the material is measured. In this section the theory behind 

electrical conductivity will explained through diffusion. 
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In an electrical field, E, a force F will act on the charge species. The force will be 

proportional to the electrical field,   , and the charge on the species (   ) and is given 

by: 

        
  

  
         2.29 

where   is the electrical potential and      
  

  
 is the electrical field. The electrical 

field is therefore the driving force for the transport of the charge particles. The force 

give rise to a flux density,   , for a particle i, which is given by: 

                2.30 

where    is the velocity,    is the charge mobility and    is the concentration of the 

particles. A net current density,   , is obtained by multiplying the flux density by the 

particles’ charge: 

                           2.31 

The specific conductivity due to charged particles of type i moving through the a solid 

can therefore be given by: 

            2.32 

where    is the conductivity                ),     is the charge on the particles 

(C),    is the number of charged particles per unit volume (particles     ), and    is the 

mobility of the particles (          . The total conductivity,  , when several different 

species contribute, is simply the sum of the various contributions: 

          

 

 2.33 

I the total conductivity of the material is made up of contributions from the cations, 

anions, electrons, and holes, the total conductivity is then given by: 

                                           2.34 
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The partial conductivity,   , and the total conductivity,     , can also be used to define 

the transport number,   , of a charge carrier: 

     
  

    
 2.35 

The transport number,   , takes values between 0 and 1. Each particle, i, may contribute 

to different transport mechanism. During ionic conductivity, ions jumps from one stable 

site to another. Hence, the conductivity to these charge carries can be derived from 

diffusion theory. In this thesis the movement of charged particles is assumed to occur 

via random-walk diffusion. In the random-walk the species diffuse across the bulk of 

the solid by a series of random jumps. The probability of a jump to the right is taken to 

be equal to the probability of a jump to the left, and each is equal to 0.5. The 

random-walk model leads to the following result: 

   
              2.36 

where   
  is the average displacement length of the distance that each of the N diffusing 

atoms reaches after carrying out n random steps over the diffusion time t. Each jump is 

of the same distance, s, and   is the frequency with which each atom jumps to the next 

position (jump frequency =    
 

 
 . Each time the ion moves it will have to overcome 

an energy barrier. This is because the migrating ions have to leave by definition the 

most stable position for the ion in the crystal, to pass through less stable positions. The 

overall diffusion rate will be most influenced by the highest of the energy barriers 

encountered, and for one-dimensional diffusion the energy barrier can be simplified to a 

series of single peaks and valley in which the height of the barrier is    , the molar 

Gibbs energy of migration. The larger the magnitude of the energy barrier the less 

chance there is that the ions have the necessary energy to make a successful jump. By 

using Maxwell-Boltzmann statistics, the probability,  , that a single ion will move from 

one position of minimum energy to an adjacent position will be given by the equation: 

        
   

  
  2.37 

where     represents the height of a single energy barrier,   is the Boltzmann constant, 

and   is the temperature (Kelvin). The atoms in a crystal are vibrating with frequency  , 

and it is reasonable to suppose that the number of attempts at a jump will equal to the 
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frequency with which the atoms is vibrating. The number of successful jumps that an 

atom will make per second will then be given by: 

             
   

  
         2.38 

where   
   

  
  is the probability of a successful move,   is the vibrational frequency,    

is the probability that a jump is possible from a structural point of view (closely related 

to the number of defect present and the Gibbs energy of formation of the defects) and 

thus,   become the sufficiently energetic jumps. When we are talking about the 

movement of ions, we have to take into the account the presence of the electrical field 

from equation 2.29. The electrical field changes the potential energy barrier encountered 

by a diffusing ion. For ions of the nominal charge    , the barrier will be reduced by 

 

 
       with the direction of the field and increased by 

 

 
       against the direction 

of the field, where     is ionic charge,   is the jump distance, and    is the electrical 

field strength. So the potential energy barrier for jumps in the direction of the field 

becomes      
 

 
       and the potential energy barrier for jumps in the against the 

field      
 

 
      . Sufficiently energetic jumps,         

   

  
  , that an ion 

will make in the direction of the field per second becomes: 

          
      

 
       

  
  2.39 

In the direction against the field the number of sufficiently energetic jumps will be 

given by: 

          
      

 
       

  
  2.40 

The overall energetic jump rate in the direction of the field is (      , and, as the net 

velocity of the ions in the direction of the field,   , is given by the net jump rate 

multiplied by the distance moved at each jump, the net velocity becomes: 

            
   

  
      

      

   
      

       

   
   2.41 
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When        is much less than   , which is valid for normal electrical measurements 

in bulk materials, then the difference in exponential in equation 2.41 may be replaced by 

         . Using this approximation: 

      
        

  
      

   

  
  2.42 

The mobility,   , of an ion is defined as the velocity when the value of V is unity so: 

      
      

  
      

   

  
  2.43 

Often a geometrical factor   is included to take into account different crystal structures 

to give: 

      
       

  
      

   

  
  2.44 

Using equation 2.32 and substituting for    in the equation 2.44 we obtain the 

conductivity, and is given by: 

      
         

   
  

      
   

  
  2.45 

where   is a geometrical factor to take into account different diffusion geometries,    is 

the concentration of mobile species i present in the crystal,   is the vibrational 

frequency of the solid,   is the jump distance between stable sites,     is the charge on 

the ion,   is the Boltzmann constant, and   is the temperature (Kelvin), and     is the 

height of the barrier to be overcome during migration from one stable position to 

another. This equation can take the form: 

     
  

 
     

   

  
  2.46 

where    is called the pre-exponential. Again this equation can be made easier by 

converting the barrier height     to       
  

   
  and substituting the gas constant   for 

the Boltzmann constant  , that is: 

     
  

 
     

    

  
  2.47 



34  THEORY 

UNIVERSITY OF OSLO 

Additionally, the free energy term      can be separated into its components, using 

the following equation: 

                2.48 

where     represents the enthalpy of migration and     the entropy of migration, so 

that: 

      
   

  
         

   

  
     

   

 
  2.49 

Combining the entropy term with the geometrical factor into a single constant allows 

equation 2.47 to be written as: 

     
  

 
     

     

  
  2.50 

where    is the pre-exponential,     is the enthalpy of migration,   is the gas constant, 

and   is the temperature, and the equation represent Arrhenius-type behavior. This 

equation 2.50 often written in more general terms as: 

    
  

 
     

   

  
  2.51 

where    is called the activation energy for conduction. The slope of a plot of        

versus       will yield a value for the activation energy. Taking the logarithm of 

equation 2.51: 

              
   

  
  2.52 

where the slope of these graphs will be equal to  
   

 
 and      will come out as the 

y-intercept. 
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2.3.8 Isotope Effect 

The theory behind the isotope effect is based on the article Isotope effect and proton 

hopping in high-temperature protonic conductors by Nowick and Vaysleyb [27]. 

If a material shows proton conductivity and the transport of protons take place by the 

Grotthus mechanism, consisting of reorientation of the OH
-
 ion followed by hopping of 

the proton to an adjacent O
2-

 site, the proton conductivity can be proved by the isotope 

effect. The isotope effect is the decrease observed in the total conductivity when 

switching from hydrogen-containing atmosphere (H2 or H2O) to a deuterium-containing 

atmosphere (D2 or D2O) and thus linked to the large mass ratio of hydrogen isotopes. 

For proton hopping the sufficiently energetic jump rate,          
   

  
 , in equation 

2.38, is proportional to  , the vibrational frequency (here it is the OH stretching 

frequency). This vibrational frequency may be approximated as: 

    
 

 
 

   

    
 2.53 

where   is the lattice parameter,   is a structure- and mechanism-dependent factor, 

     is the hydrogen mass (1.00794 u) or deuterium mass (2.0141 u), and     is the 

enthalpy of migration connected with the movement of the ion form the equilibrium 

position to the top of the barrier. So the large different in masses in the hydrogen atoms 

will change the vibrational frequency,  , and thus, effect the conductivity, as seen from 

in equation 2.45. The relationship between the proton conductivity,  O O , and the 

deuteron conductivity,  O O , will then be: 

     
          

  2.54 

2.54 

This is called the classical theory of the isotope effects. In the semi-classical theory the 

activation energy is taken into account, where the activation energy for hydrogen is 

found to be EH < ED by 0.03 to 0.06 eV. The difference in zero-point energy between 

hydrogen and deuterium is 0.055eV, and the conductivity difference will therefore be 

larger than   . It may be further complicated by other theories, so it is therefore normal 

to find the isotope effects both lower that are both higher and lower than the classical 

value of   .  
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2.3.9 Impedance Spectroscopy 

Impedance spectroscopy is a very powerful technique for analyzing the electrical 

properties of materials. With this method it is possible to find the bulk and grain 

boundary conductivity. The experiment requires the application of a small direct current 

across a pellet of the sample, together with a superimposed alternating current. Using 

this method the conductivity of an ionic conductor can be assessed by direct current 

(DC) or alternating current (AC). In this section the underlying theory of the technique 

will be introduced and a model needed to interpret and analyze the obtained results will 

be explained. 

Passive Electrical Circuit Elements 

The theory behind passive electrical circuit elements is based on University Physics by 

Young and Freedman [28]. 

When a current it sent through a polycrystalline material it will be affected by the 

samples microstructure. The bulk interior, the grain boundaries, and the surface between 

the electrode and the sample will give a real hindrance of the transport of the charge 

carriers (resistive effect) and accumulation of the charge carriers (capacitance effect) 

travelling through the sample. The polycrystalline material response to the alternating 

current can be represented by three types of passive electrical circuit elements.  

One of the passive electrical circuit elements is the resistor. It is an element with a 

long-range transport of charge carriers where the charge carriers give rise to 

conductance, G and resistance R = 1/G. Ideally, a voltage across a resistor will instantly 

give rise to current. The relationship between voltage, current, and resistance can be 

gi en by Ohm’s Law: 

   
 

 
 2.55 

where   is the voltage and   is the current. The SI unit (International System of Units) 

of resistance is ohm (Ω).  

Another passive electrical circuit element is the capacitor. Any two conductors 

separated by an insulator form a capacitor. The simplest form of a capacitor consists of 

two parallel conducting plates, each with area  , separated by a distance  , with the 
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insulator in-between. If a voltage is applied over the capacitor a charge is built up. How 

much charge the capacitor can build up depends on its capacitance, C, which is the ratio 

between stored charged, Q, and the voltage, U, applied. The capacitance, C of the 

capacitor can therefore be given by: 

    
 

 
 2.56 

The SI unit of the capacitance is called farad. If a dielectric material is inserted between 

the plates the voltage between the plates can be reduced as a result of polarization of the 

material and consequently increase the resulting capacitance,  : 

        
 

 
 2.57 

Where,    is the permittivity in vacuum,    is the relative permittivity of the medium,   

is the area of the plates, and   is the distance between them. 

The last passive electrical circuit element that shall be mentioned here is the inductor. It 

typically consists of a conducting coil with no resistance. When an alternating current is 

sent through the coil a magnetic field is set up around it and this induces a voltage over 

the sample. The inductance of the coil is given by the symbol L and the SI unit of 

inductance is henry. 

By combining these three elements the electrical impedance response from all 

polycrystalline samples can be described. 

Alternating Current (AC) and Impedance 

Direct current methods give the resistance, R, and the capacitance, C. The 

corresponding physical quantity when alternating current (AC) is applied is the 

impedance, Z. Impedance is a measure of the opposition offered by a material to the 

flow of an alternating current at a given frequency. The alternating voltage and resulting 

current is not constant with time such as the direct current. Alternating voltage and 

current can vary as a function of time and can be referred to as sine voltage and the 

resulting alternating current can be referred to as the sine current. The sinusoidal 

voltage,  , is characterized by its angular frequency,      , and its amplitude,   : 

              2.58 
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where    is the phase change. The resulting sinusoidal AC current,  , from the applied 

sinusoidal AC voltage, will have the same frequency as the voltage, but may be 

phase-shifted by an angle   relative to the voltage: 

                   2.59 

The relationship between current and voltage is gi en by Ohm’s Law:   
 

 
, where R 

is the resistance. So unlike measurement of resistance using direct current, alternating 

resistance depends on two parameters; the resistance to flow of charge (which depends 

on the ratio     to     ) and the difference in the phase angle by which the current lags 

behind the voltage. Thus, Z is the complex quantity split into real and imaginary 

components that corresponds to the resistance, and the reactance, respectively. 

Impedance is then expressed as the complex quantity: 

                                  2.60 

where   is the real part of the impedance, equated with the resistance of the sample ( ), 

  is the imaginary part, called the reactance of the sample and   is the imaginary 

operator. The real part (the resistance  ) reflects the impeded transport of charge 

carriers through the impedance element: 

         2.61 

The imaginary part (reactance X) is generally made up of two components. One part is 

due to inductance,   : 

             2.62 

where the frequency of the AC is  , the angular frequency is  , and   is the inductance 

of the sample. The second part is due to the capacitance,   : 

     
 

    
  

 

  
 2.63 

where C is the capacitance of the sample.  

The complex impedance can be represented in a Nyquist plot with the impedance vector 

Z shown as a function of the imaginary versus the real impedance, illustrated in Figure 

2.5. Here the resistor and the capacitor are connected in parallel. When the frequency is 
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zero in the plot, i.e. direct current, the capacitor is considered to be an insulator and the 

impedance is given only by the resistance, R of the resistor. As the frequency starts to 

decrease the capacitor is starting to conduct and will then contribute to the impedance 

(imaginary part). At infinite high frequency the impedance is zero (orgio) and the 

capacitor is conducing, i.e. short-circuit. At top of the semicircle the two components 

contribute equally. A semicircle is therefore obtained when measuring the impedance of 

a range of frequencies. 

 

Figure 2.5        A Nyquist plot with the complex impedance as the vector Z shown as a 

function of the imaginary versus the real impedance, with the frequency increasing 

from right to left. 

The inverse of impedance is admittance,  : 

         2.64 

It is a complex quantity obtained by the ratio between the current and the voltage. The 

real part of the admittance is called the conductance,  , and the imaginary part is called 

the susceptance,  . Admittance is then expressed as the complex quantity: 

                      2.65 

By substitution and rearranging equation 2.64 the impedance can be given as: 

   
 

 
   

 

     
 

  

     
 2.66 

and the admittance can be given as: 

   
 

 
   

 

     
 

  

     
 2.67 
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Impedance Sweep 

Impedance spectroscopy involves measuring the impedance of a material over a range 

of frequencies; this is called an impedance sweep. A typical polycrystalline material 

contains contributions from the bulk, the grain boundaries, and the electrode, where 

each of these is characterized by a semicircle arc in the Nyquist plot. The semicircles 

can be described using different combinations of the passive circuit elements mentioned 

previously. The impedance of such a material is often considered to be made up of a 

resistive part in parallel with a reactive part, see Figure 2.6 a, and ideally, the reactance 

is made up only of a capacitive component so the equivalent circuit becomes RC. The 

maximum point at each semicircle is then given by: 

        2.68 

where the values of resistance, capacitance, and frequency refer directly to the bulk, 

grain boundaries, or electrodes, see Figure 2.6 c. The frequency of the maximum point 

is called the characteristic frequency,   , and is given by: 

     
 

  
  

 

   

 

     
  

 

    
 2.69 

where   is the area of the cross-section,   is the length of the sample,    is the dielectric 

constant (or relative permittivity), and   is the resistivity which is equal to    . The 

characteristic frequency,    is independent of the geometry of the sample, and the 

dielectric constant can be considered to be independent of temperature. Thus, equation 

2.69 shows that temperature-dependency of the characteristic frequency,   , is almost 

solely due to the specific conductivity of the sample. Therefore the characteristic 

frequency will increase with increasing conductivity. When measuring the conductivity 

as a function of temperature with constant frequency, the constant frequency will 

gradually move from the grain boundary semicircle to the bulk semicircle as the 

temperature is decreasing. 
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Figure 2.6        Complex impedance of a polycrystalline material: (a) equivalent circuit 

of a component, (b) impedance spectrum of the equivalent circuit in (a), (c) impedance 

spectrum of a typical ceramic sample with each semicircle representing one component 

with an equivalent circuit as in (a), where the highest frequency corresponds to the 

response to the bulk, middle frequencies to the grain boundary response, and lowest 

frequencies to the electrodes. 

If all grains and grain boundaries were identical they could be represent separately with 

each its own (RC)-element as in Figure 2.6(c). However, in reality each grain and grain 

boundary in a polycrystalline sample is different in terms of size and orientation of the 

current and they will result in different impedances. The total impedance that is 

measured will therefore reflect a distribution in these parameters, which will result in a 

depression of the semicircles in the Nyquist plot. To model a depressed semicircle a 

constant-phase-element (CPE), with symbol Q, is used and the CPE has an admittance 

given by [29]: 

                   
     

  

 
         

  

 
   2.70 

where n is a constant between -1 and 1. If n takes values of 1, 0, or -1 the CPE will 

represent a capacitor, a resistor, or an inductor, respectively. By substituting the 

capacitance in an (RC)-element with the capacitance to the CPE, the characteristic 

frequency of equation 2.69 is given by: 

     
 

     
 
 

 2.71 

By rewriting equation 2.71 the real capacitance of the (RQ) sub-circuit is then given by:  

    
 

   
    

 
   

 
 
   2.72 
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Brick Layer Model 

The theory behind the Brick layer model is based on the article The role of 

microstructure and processing on the proton conducting properties of 

gadolinium-doped barium cerate by Haile [30]. 

As indicated by Figure 2.6 an impedance sweep gives two semicircles which 

corresponds to the samples bulk and grain boundaries. These can overlap and in order to 

separate the contribution from bulk and grain boundary the Brick Layer Model is used, 

also called the series model. In this model polycrystalline materials is described as a 

uniform cube-shaped grain separated by grain boundaries both parallel and 

perpendicular to the direction of the applied field, see Figure 2.7 a. In Figure 2.7, d is 

sample thickness, A is the cross-section, G is the thickness of the grains, and g is the 

thickness of the grain boundaries in the sample. The charge carries are then 

geometrically required to cross the series grain boundaries when travelling form one 

electrode to another since they can flow along the parallel grain boundary or through the 

grains. 

 

Figure 2.7        (a) A polycrystalline sample with electrodes represented by the Brick 

layer model and (b) equivalent circuit for a polycrystalline sample when the Brick layer 

model is taken into account. The image is modified from [30]. 
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So with this model it is possible to determine the specific conductivity for the bulk,   , 

and the grain boundary,     by defining         .    is the deconvoluted resistance. 

From this it can be found that: 

      
  

 
          

 

  
 2.73 

 

      
 

 
       

 

  
 2.74 

If we assume that the specific conductivity is greater in bulk than in the grain 

boundaries,        , and the microstructure of the sample is    , then equation 

2.73 becomes        while equation remains the same,       
 

 
   . The two 

contributions are then separated in two semicircles in the Nyquist plot. The first 

semicircle at high frequencies can be associated with bulk and the second semicircle at 

lower frequencies can be associated with perpendicular grain boundaries. The transport 

of charge carriers will then mainly take place in the bulk because it offers larger area 

than the parallel grain boundaries.  

If the specific conductivity is greater in grain boundaries than in the bulk,        , 

then only one semicircle would be observed in the Nyquist plot and the impedance data 

alone cannot determine the    and     .    for the semicircle might correspond to   , 

     , or a combination of the two.  

2.3.10  Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) measures the weight loss/gain by a sample as the 

temperature is raised/lowered. A small crucible with the sample is weighed 

continuously on a microbalance inside an oven while the temperature is changed 

automatically according to a predetermined program. A plot of weight versus 

temperature is then obtained. It is commonly used to study the decomposition of a 

material as it usually results in the formation of volatile small molecules, but it can also 

be used to study the water uptake of a proton conductor. If the material follows equation 

2.18, the amount of weight gained/water uptake will correspond to the amount of 

protonic defects formed.  
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Chapter 3 

3  Literature 

Perovskite structured oxides, ABO3, have been studied extensively because of their 

interesting and useful physical properties, and are the most widely studied 

high-temperature proton conductors. The two compounds investigated in this thesis, 

Ca2AlNbO6 and Ca2YNbO6, are both perovskite-derivatives. The first part of this chapter 

will cover the literature on proton conduction in perovskites. Afterwards, studies of double 

perovskites will be discussed. The last part will focus on studies of Ca2AlNbO6 and 

Ca2YNbO6. 

3.1  Proton conductivity in Perovskites 

Under wet conditions (up to relatively high temperatures) protonic defects are the 

dominating defects in many oxides. Figure 3.1 shows calculated proton conductivity for a 

selection of oxides based on data on proton concentration and mobilities. The figure 

shows that among the oxides examined, the highest proton conductivity is observed for 

perovskite-type oxides. 
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Figure 3.1        Proton conductivity of various oxides as calculated from data on proton 

concentrations and mobilities, taken from [8].  

3.1.1 Formation of Protonic Defects 

As mentioned in subsection 2.2.4, the dissociative uptake of water (hydration) is the most 

important reaction leading to the formation of protonic defects in large band gap 

perovskites. This requires the presence of oxide ion vacancies, which may be obtained by 

acceptor-doping the oxide, see subsection 2.2.4. 

          
    

       
  3.1 

The two positively charged protonic defects formed can diffuse into the bulk of the oxide 

but this requires the diffusion to be accompanied by a counter diffusion of oxide ion 

vacancies [8]. This implies that an oxide showing proton conductivity also exhibits some 

oxide ion conductivity in the dry state. Hence, the oxide will have an ambipolar diffusion 

of   
   and    

 . The equilibrium condition for the hydration reaction may be written 

              
      

 
        

      

  
      

    
   

   
       

       
 3.2 
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3.2 

The equilibrium constant and its thermodynamic parameters in equation 3.2 are important 

because they determine whether the material is primarily dominated by oxygen vacancies 

or protons. Based on the loss of one mol of gas in reaction 3.1, the entropy of hydration, 

      , is expected to be approximately -120 J/mol K and experimental values of -120 ± 

40 J/mol K are found [15]. The enthalpy of this reaction,       , varies widely, but is has 

been found to be negative (the reaction is exothermic) in all the oxides studies so far [31]. 

When the enthalpy of hydration is negative the resulting acceptor-doped oxide will be 

dominated by protons at low temperatures and oxygen vacancies at high temperatures. The 

transition temperature between the defect situations is determined by                    , 

and       , with the latter being the most important factor [31].  

To be able to predict the concentration and conductivity of protons in a material, 

correlations between hydration thermodynamics and materials properties have been 

searched for. Kreuer published a review article in 1997 [32] discussing some aspects of 

proton conducting materials. In this article he compares the enthalpy of reaction 3.1 for 

different perovskites. Based on these data he observed a more negative hydration enthalpy 

in the order Sr   Ba and Nb   Zr   Ce,Er for the occupation of A- and B-site of 

perovskite-type oxides. The more negative hydration enthalpy was explained by the 

increase in the basicity of the lattice oxygen, i.e. basic oxides form the strongest OH 

bonds. Later, Kreuer did a systematic study of the hydration of some acceptor-doped 

perovskites of the type ABO3 (A = Ba, Sr; B = Ce, Zr, Ti) in order to gain a better 

understanding of the formation and mobility of protonic charge carriers in perovskite-type 

oxides. Kreuer published his findings in 1999 [33]; using these data in addition to 

previously found data for several perovskites, he observed that the hydration enthalpy for 

perovskite-type oxides becomes more negative in the order: 

titanates   niobates   zirconates   stannates   cerates, thus supporting the general 

observation that the basicity of the oxide is an important factor for the hydration enthalpy. 

The enthalpy of the hydration reaction tends to become more exothermic with increasing 

Bronsted basicity of the oxide, i.e. with decreasing electronegativity of the cations 

interacting with the lattice oxygen [32, 33] (in [8], Kreuer states that the enthalpy of the 

hydration reaction tends to become more exothermic with decreasing Bronsted basicity of 

the oxide, but I assume that this is just a typo). At first sight, this appears to be surprising, 

since the water uptake is formally an amphoteric reaction, where the oxide acts as an acid 

by absorption of hydroxide ions by oxide ion vacancies and as a base by protonation of 
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lattice oxygen. Kreuer et al. explain this trend by splitting the reaction into the filling of an 

oxide ion vacancy by an oxide ion (reverse of oxide ion vacancy formation) and the 

protonation of two regular lattice oxygen ions [34]. The hydration enthalpy can then be 

expressed as              
       

  . For perovskite oxides, the protonation of the two 

regular lattice oxygen ions seems to dominate the thermodynamics of the hydration 

reaction. The reason for this is not clear yet, but Kreuer suggests that this may be due to 

the low oxide ion formation enthalpies in the perovskites as a result of low bond strengths 

and strong relaxation effects. 

Since a quantitative assessment of basicity is not available for ternary oxides, another 

approach was needed. Norby expanded on the correlation idea of Kreuer by suggesting a 

correlation between the hydration enthalpies and the difference in the electronegativities 

of A- and B-site cations,       [15]. The most negative hydration enthalpies have been 

reported for perovskites with similar electronegativities of A- and B-site cations. Figure 

3.2 shows the standard enthalpy of hydration for a number of perovskite-related oxides as 

a function of the difference in the electronegativity of the A- and B-site cations. The best 

linear fit [9] of these data points is: 

                       , 3.3 

3.3 

where Allred-Rochow electronegativities are used. Further investigations done by 

Bjørheim et al. [35, 36], where the A-cation is more electronegative than the B-cation, 

such as PbZrO3, show that it is necessary to use the absolute value of the electronegativity 

difference,        . Since the electronegativity is related to the covalent radius of an 

atom, Norby et al. [15] have suggested a correlation between the Goldschmidt tolerance 

factor [37] (degree of distortion) and the hydration enthalpy. A perovskite with large 

electronegativity difference would have Goldschmidt tolerance factor close to unity 

(high-symmetry structures), and the hydration enthalpy will decrease with decreasing 

tolerance factor. However, there is no simple correlation between the tolerance factor and 

the electronegativity difference. At present, the correlation between hydration enthalpy 

and electronegativity difference seems to be greater than the correlation between the 

hydration enthalpy and the Goldschmidt tolerance factor. 
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Figure 3.2        Standard enthalpy of hydration values extracted from experimental data 

for a number of perovskites ABO3 versus the difference in the Allred-Rochow 

electronegativities between the B- and A-site occupants, taken from [9].  

As seen in Figure 3.2, the correlation plot contains much scatter, apparently contradicting 

the hypothesis. Norby et al. [14] suggests that this may be due to other factors, such as 

some other underlying correlations. But another plausible explanation is the data gathering 

itself. Many different sources have contributed to this data set. With many individuals 

involved, their methods of approximating the hydration enthalpy may vary to a great 

extent, so some oddities should be expected. Table 3.3 at the end of this chapter gives the 

calculated hydration enthalpy for Ca2AlNbO6 and Ca2YNbO6. 

The proton concentration increases with increasing acceptor dopant concentration, as 

discussed in subsection 2.2.4. The effects of the acceptor dopant on the thermodynamics 

of the formation reactions for protonic defects and oxide ion vacancies are still unclear. 

However, in the study of Y-doped BaZrO3 by Kreuer [38], the author observes that the 

thermodynamics of the formation of protonic defects is seemingly independent of the 

acceptor dopant concentration as long as the acceptor dopant does not change the chemical 

character (electron density) of the lattice oxygen. As discussed below, the acceptor dopant 

effect on the chemical character of the lattice oxygen will have significant implications for 

the proton mobility. 
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3.1.2 Mobility of Protonic Defects 

In the 1980s, transport of hydrogen ions was ascribed to the transport of hydroxide ions 

(vehicle mechanism) since the proton sits in the electron cloud of an oxygen ion as a 

hydroxide defect and the activation energies involved were always a little lower than that 

of oxygen ion transport in the same material [14]. Later it was found that the hydrogen 

transport belongs to free proton migration [27, 39], called the Grotthuss mechanism [11]. 

In addition, the isotope effect indicates that the hydrogen ion conduction is free proton 

transport rather than hydroxide transport [27]. 

As mentioned in subsection 2.3.8, the Grotthuss mechanism consists of reorientation of 

the OH
-
 ion followed by hopping of the proton from one O

2-
 to an adjacent O

2-
 site to give 

the hopping or proton transfer ‘reaction’[27]: 

                      3.4 

3.4 

where the middle formula denotes the transition or activated state. Hence, only the proton 

shows long-range diffusion, whereas the oxygen ions reside on their crystallographic 

positions, see Figure 3.3. Actually, the proton rarely jumps to the neighboring oxygen ion, 

spending most of the time rotating around its host oxygen [14]. 

Kreuer [8] describes how earlier studies had shown that the rotational diffusion of the 

protonic defect is fast with low activation barrier. Based on these results, Kreuer explains 

why the proton transfer reaction is the rate-limiting step for proton transport in 

perovskites. At the same time he also mentions that IR-studies, where the characteristic 

 

Figure 3.3        Proton transport in a perovskite; featuring both the rotational diffusion 

and proton transfer, taken from [8]. 
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vibrational wavenumber (   ) is used to study the proton environment, indicate strong 

hydrogen bond interactions, favoring fast proton transfer reactions rather than fast 

reorientations. These contradicting observations are explained by a dynamical oxygen 

lattice. The structural oxygen separation in most perovskite-type oxides is larger than the 

distance required for creating strong hydrogen bonds. Therefore the free energy gained by 

the hydrogen bond formation competes with the free energy required for the lattice 

distortion necessary for hydrogen bonding. Thus, when these two free-energy 

contributions are balanced, short oxygen separations (favoring proton transfer) and large 

oxygen separations (allowing rapid bond breaking) have similar probabilities of occurring. 

Simulations show that the protonic defects form short but transient hydrogen bonds with 

all the nearest surrounding oxygen ions. Over time this leads to a slight reduction of the 

structural   --  separations giving an average configuration. Over a short time interval 

the structural   --   separations are reduced as a result of hydrogen bonding 

corresponding to an instant configuration. Figure 3.4 shows both the average and the 

instant configuration. The transient hydrogen bond reduces the   --  separation from 312 

pm (cubic case) to an average of 281 pm [33]. The proton makes the jump to the 

neighboring oxygen ion only when the   --  distance is momentarily short [40]. 

Therefore, a dynamic host oxygen sublattice is favorable for both proton transfer and 

rotational diffusion. 

 

Figure 3.4        Average (a) and instant (b) configuration of dynamic hydrogen bonding, 

modified from [8]. 

A linear proton transfer (meaning that all the ions in equation 3.4 are collinear) has been 

shown to be favorable for proton transport. However, Kreuer states that for most 

configurations with short   --  separation the proton is not located between the two 
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oxygen ions during transfer. Instead it is located outside the BO6 octahedron as part of a 

strongly bent hydrogen bond [8, 40]. One explanation Kreuer has for this phenomenon is 

the repulsive interaction between the proton and the highly charged B-site cation. This 

prevents a linear hydrogen bond from being formed. This barrier is reduced when the B-O 

bonds are elongated, making it possible for the proton to be transferred closer to the edge 

of the distorted octahedron and easy for the proton to be transported between the vertices 

of the octahedra. This is an example of intra-octahedra transport [41]. The bent hydrogen 

bond appearing during proton transport can be seen in Figure 3.4b. 

The success rate of the protons jumping during the temporarily short   --  distance 

depends also on the attempt frequency (related to the O-H stretching frequency) and a 

small remaining activation barrier, as discussed in subsection 2.3.8. Nowick and Vaysleyb 

[27] point out that the success rate of proton jumping also depends on the sticking 

probability, which is the chance that the particle actually stays after a successful jump 

rather than jumping back. This sticking probability may be larger for deuterons than for 

protons, thus counteracting the classical isotope effect discussed in subsection 2.3.8. 

Effects of Symmetry Reduction 

Kreuer [33] reports that for cubic perovskites the concentration of protonic defects is close 

to the acceptor dopant concentration, and the mobility of protonic defects falls into a 

narrow range. Deviations from the ideal cubic structure lead to a reduction of the 

concentration and mobility of protonic defects [8, 33, 40]. The reduction of 

crystallographic symmetry has tremendous effect on the arrangement of the lattice oxygen 

and is the cause of the reduction of the concentration and mobility of protonic defects. The 

oxygen ions will obtain different positions with different chemical interactions with the 

cations, and they will have distinctly different electron densities. Different electron 

densities on the oxygen ions give different basicities, and therefore different binding 

energies for the proton. One of the oxygen positions becomes more favorable for protons 

than the others, where the most basic oxygen ions will have higher proton concentration 

than the less basic oxygen ions. This environment increases the activation barrier for the 

proton transport between the more basic oxygen ions and the less basic oxygen ions. At 

the same time, the activation barrier for the proton transport between the basic oxygen 

ions decreases, thus making one proton pathway more favorable than others. The tilting of 

the octahedra also opens a new pathway for transport of protons between the vertices of 
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neighboring octahedra (inter-octahedra transport) [41]. Whether the transport of protons is 

inter-octahedral and/or intra-octahedral depends on where the most basic oxygen ions are 

located; the most favorable pathways will be between them. A perovskite with low 

symmetry can therefore be dominated by inter-octahedra proton transport. 

This effect has been investigated in detail by studying Y-doped BaCeO3 and Y-doped 

SrCeO3 [40]. In the orthorhombic structure of Y-doped BaCeO3 and Y-doped SrCeO3, the 

cubic oxygen site degenerates into one of two sites with probabilities of 1/3 (O1) and 2/3 

(O2). In SrCeO3 the most basic oxygen is O1, while the most basic oxygen in BaCeO3 is 

O2. Assuming that protons are associated with these sites most of the time, BaCeO3 may 

show long-range proton transport via the most frequent O2 sites, whereas long-range 

transport of protons in SrCeO3 must involve transfer between chemically different O1 and 

O2 sites or between O1 in neighboring octahedra (inter-octahedra transport; 1-D 

transport), as seen in Figure 3.5. This is thought to be the reason for the lower activation 

enthalpy and higher conductivity in BaCeO3 than in SrCeO3. Disturbance of the 1-D 

diffusion path in SrCeO3, which may be caused by the acceptor dopants, makes the proton 

transfer between O1 and O2 sites the rate limiting step. The hydration isobars for 

BaCe0.9Y0.1O3 and SrCe0.9Y0.1O3 are shown in Figure 3.6. 

 

Figure 3.5        Effect of orthorhombic distortion of BaCeO3 and SrCeO3 on the basicity 

of O1 and O2, taken from [8]. The basicity is indicated by darkness of oxygen ions, 

where O2 is more basic than O1 in BaCeO3 and O1 is more basic than O2 in SrCeO3. The 

predominant proton transfers are indicated by arrows.  
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Effects of Acceptor Dopant 

The protonic defects formed through dissolution of water vapor require the presence of 

oxide ion vacancies. The vacancies may be formed intrinsically by varying the ratio of the 

main constituents or extrinsically to compensate for an acceptor dopant. Hence, the proton 

concentration will increase with increasing acceptor dopant concentration, as explained in 

subsection 2.2.4. At the same time, the mobility of the protonic defects may be reduced by 

local structural and chemical perturbations induced by the presence of the acceptor dopant 

[8, 33]. Traditionally, aliovalent dopants with matching ionic radii have been chosen to 

ensure that local structural changes would be kept at a minimum. If the acceptor dopant 

does not have matching ionic radii, it may create local structural changes creating different 

oxygen positions with different basicities. Later studies have shown that chemical 

matching (electronegativities of the cations and the corresponding acid/base properties of 

the oxide ions) of the dopant is also required when choosing the acceptor dopant to 

optimize proton mobility [38]. Figure 3.6 depicts the hydration isobars for different 

perovskites with different acceptor dopants. 

 

Figure 3.6        Hydration isobars for different perovskites, taken from [8] 
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Hempelmann et al. [42] suggested that acceptor dopants may act as discrete trap sites for 

protons in perovskites causing the proton mobility to decrease. When Kreuer studied 

BaCe1-xYxO3 he also observed a drastic reduction of the proton mobility with the acceptor 

dopant concentration [33]. The ionic radii of Ce and the dopant Y are almost equal, 

implying that the decrease in proton mobility was not caused by local symmetry reduction. 

Kreuer explains the decrease in proton mobility by postulating that the introduction of Y 

resulted in an increase of the basicity of all oxygen ions in the lattice as a consequence of 

the poor chemical match. Therefore, the protons will have stronger bonds to the oxygen 

ions than they would have without the doping, causing the proton mobility to decrease 

with increasing dopant concentration in BaCe1-xYxO3. Kreuer et al. [38] also studied 

BaZr1-xYxO3, where the ionic radii of Zr and the dopant Y are significantly different. 

However, no proton mobility reduction was observed. A plausible explanation for this, 

suggested by the authors, is that Y does not change the oxide’s basicity.  his is because Y 

chemically matches the Zr-site. The electron density on the oxygen ions of the 

Y-coordination polyhedron did not differ from the electron density on the oxygen ions of 

the Zr-coordination polyhedron. Hence, the acid/base properties of the coordinating 

oxygen are almost unchanged.  he chemical match of the dopant makes it “in isible” to 

the diffusing proton. Therefore, not only good size matching, but also chemical matching 

is required in the choice of acceptor dopant to optimize proton mobility. The different 

hydration isobars for BaCe0.9Y0.1O3 and BaZrO3–based compositions are displayed in 

Figure 3.6 above. 

3.2 Double Perovskites 

Double perovskites having the general formulas A2B′B″O6 and A3B′B″2O9 have been 

subjected to immense research in recent years. In a series of papers, Nowick, Liang, and 

Du have shown that such off-stoichiometric compounds do become high-temperature 

proton conductors after treatment in water vapor [10, 43, 44]. These compounds can be 

synthesized with variable combinations of cations on the A-, B′-, and B″-sites, and the 

different cation combinations enable us to custom tailor the physical and electrical 

properties of the material [45]. Since the materials examined in this thesis are double 

perovskites (A2B′B″O6) this section will mainly focus on work concerning this class of 

perovskites. 



56  LITERATURE 

UNIVERSITY OF OSLO 

To tailor/improve the physical and electrical properties we need to understand how the 

structure is built up. The ideal double perovskite structure A2B′B″O6 has cubic symmetry, 

where the A-ion is typically a large, low oxidation state ion (Ca
2+

, Sr
2+

, Ba
2+

). This ion is 

located in the twelve-coordinate cuboctahedral hole formed by the vertex-sharing 

(B′,B″)O6 octahedral network. The two double perovskites in this thesis have Ca
2+

 on the 

A-site. The B-site cations in the double perovskites can be a wide range of cations, but the 

mean B-site charge is 4+ if the A-ion is divalent. In this thesis the B′-cation is trivalent 

and the B″-cation is pentavalent. The structure of the two double perovskites in this thesis, 

Ca2AlNbO6 and Ca2YNbO6, are depicted in Figure 3.9 and Figure 3.11, respectively. 

There are several ways in which a double perovskite can deviate from the ideal cubic 

structure, and this may affects the pero skite’s properties [46]. Two of these that are 

relevant for the materials in this thesis are octahedral tilting distortions and incomplete 

ordering of the B-cations. An important factor that influences the degree of octahedral 

tilting is the nature of the A-cation. A decrease in symmetry will occur if the size of the 

A-cation is not appropriate for its cuboctahedral hole. Octahedral tilting distortions lead to 

significant changes in the coordination environment of the A-site cation as well as the 

anion. As the size of the A-cations decreases, a point will be reached where the A-cations 

will be too small to remain in contact with the anions in the cubic structure. Therefore the 

B-O-B links bend slightly, tilting the BO6 octahedra to bring the anions into contact with 

the A-cations [46]. This octahedral tilting will yield a lower symmetry arrangement. The 

Goldschmidt tolerance factor (t), mentioned in subsection 3.1.1, can be used as a measure 

of the degree of distortion from the ideal cubic perovskite structure. The tolerance factor is 

calculated using the following equation for double perovskites. 

    
     

  
 
       

 
     

  

 3.5 

In this expression,   ,    , and     denote the ionic radii of the cations, while    is the ionic 

radius of the oxygen ion [13]. The closer the value of the tolerance factor is to unity the 

closer the structure is to a cubic structure. Generally, double perovskites with larger 

A-cations, such as Ba
2+

, exhibit cubic symmetry and those with smaller A-cations, such as 

Ca
2+

, have orthorhombic or monoclinic symmetry. 
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An additional feature of these double perovskites is the possibility of ordering on the 

B-site. One type of ordering in the double perovskite is when the B-cations are in a 

NaCl/rock salt-type arrangement. There are two factors influencing the cation ordering 

[46]. One of them is the difference in charge between B′ and B″. If the absolute value of 

the difference is strictly greater than two, such as in Ca2AlNbO6 and Ca2YNbO6, highly 

ordered compounds are generally observed. The other influential factor is the size 

difference of the B-cations. In general, larger differences in ionic radii seem to correlate to 

higher degrees of cation ordering. Hence, it is reasonable to believe that Ca2YNbO6 will 

have a higher degree of cation ordering than Ca2AlNbO6. In the A2B′B″O6 perovskites 

where the B′- and B″-cations are partially ordered, antiphase boundaries in the ordering 

sequence can (and often do) occur [47]. Table 3.3 at the end of this chapter shows 

different parameters for Ca2AlNbO6 and Ca2YNbO6, ionic radii of all atoms, size 

difference, calculated tolerance factor, etc.. 

In 1993, Liang and Nowick [43], studied the proton conductivity in stoichiometric and 

non-stoichiometric double perovskites of the general type A2(B′1+xB″1-x)O6-δ (A = Sr
2+

, 

Ba
2+
; B′   Ga

3+
, Gd

3+
, Nd

3+
; B″   Nb

5+
, Ta

5+
; x   [0, 0.2]). The compounds showed 

increasing order in the arrangement of the B-cations with increasing size difference of the 

B-cations. The authors also demonstrated that none of the stoichiometric compounds have 

any proton incorporation. When these perovskites were taken off stoichiometry by 

increasing the number of B′-ions relati e to that of B″-ions, oxygen vacancies were 

created and these off-stoichiometric perovskites became proton conductors after treatment 

in water vapor. When the non-stoichiometric samples were treated in water vapor, the 

conductivity increased considerably compared to the stoichiometric samples. All of the 

non-stoichiometric samples in this study also showed the same non-classical isotope effect 

on the conductivity with a higher activation energy (by 0.04 eV to 0.06 eV) for deuteronic 

than for protonic conduction. These results indicate that protonic conductivity is dominant 

and that conduction occurs by the hopping of protons from one O
2-

 ion to the next. The 

pretreatment temperature and the cooling rate played an important role for the proton 

conductivity. The amount of water uptake varied from 5% to 50% of the maximum 

theoretical amount, depending on the material and the thermal history. The authors 

observed that different thermal histories of the sample gave quite different proton 

conductivities; the conductivity was found to be higher, and the activation energy lower, 

for slowly cooled materials. Assuming    in equation 2.51 equals            (the 
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migration enthalpy for the proton), the authors finally showed that the calculated proton 

concentration was substantially below that obtained from the weight change. The authors 

explain that these results may be due to the fact that the calculated concentration of the 

charge carriers represented the actual concentration of free protonic carriers, whereas the 

rest of the protons were trapped. 

In 1994 Liang, Du, and Nowick [44] investigated two different non-stoichiometric double 

perovskites, Sr2Sc1+xNb1-xO6-δ and Ba3Ca1.18Nb1.82O9-δ. The authors showed that these 

compounds became good high-temperature proton conductors upon exposure to H2O 

atmospheres. For both compounds, the authors computed the activation energies for 

proton migration after treatment in H2O atmosphere, as well as activation energies for 

deuteron migration after treatment in D2O atmosphere. The activation energies were 

higher in the latter case, increasing from 0.62 eV to 0.66 eV and 0.55 eV to 0.60 eV for 

Sr2Sc1.05Nb0.95O6-δ and Ba3Ca1.18Nb1.82O9-δ, respectively. Hence, a non-classical isotope 

effect was observed in both compounds. When treated in vacuum, the activation energies 

for proton migration became 0.83 eV for Sr2Sc1.05Nb0.95O6-δ and 0.64 eV for 

Ba3Ca1.18Nb1.82O9-δ, and the order of magnitude of the conductivity was lowered by more 

than 1. These results are consistent with proton conductivity by proton hopping from one 

O
2-

 to the next. The authors also observed that the water uptake was between 33.3% and 

50% of the theoretical maximum, indicating that not all oxygen vacanies were replaceable 

by H2O.  

In 1999, Nowick, Du, and Liang summarized all their previous work on double 

perovskites, as well as some new additions, in one article [10]. They examined the effects 

of different variables on the bulk conductivity and the activation enthalpy of the double 

perovskites, to gain a better understanding of the proton conduction process in double 

perovskites. The new work confirmed the findings of previous studies; the stoichiometric 

samples did not have any detectable water uptake, while the stoichiometric samples did. 

To study the effect of changing the radius of the B′ ion, the authors studied a series of the 

type Sr2B′1.1NbO.9O6-δ for various B′ ions of different ionic radii, specifically B′ = Ga, Sc, 

In, Yb, and Nd. A summary of the results is presented in Figure 3.7, the maximum 

conductivity and minimum activation energy occurred when the ionic radius of the B′ ion 

and the B″ ion were almost equal, r(B′) = r(B″). 



LITERATURE  59 

UNIVERSITY OF OSLO 

 

Figure 3.7        The protonic conductivity at 500 K and the activation energy Ea, plotted 

as functions of the ionic radius difference r(B′) – r(Nb) for a series of Sr2B′1.1NbO.9O6-δ 

compounds. Taken from [10]. 

Considering B-site ordering, the disordered samples showed higher conductivity and 

lower activation energy than the ordered samples. The authors discussed the relationship 

of order on the B-sites to protonic conductivity. In the double perovskite structure, every 

O
2-

 ion sits between its two nearest B-ions. The distance to each of these B-ions is a/2 

(where a is the lattice parameter of the elementary cell), see Figure 3.8. In a perfectly 

ordered double perovskite with NaCl-like arrangement of the B-cations, every O
2-

 site lies 

between a B′-site and a B″-site. If the charge of the B′-cations is 3+ and the charge of the 

B″-cations is 5+, the mean charge of the B-cations is 4+. A disordered double perovskite 

has areas with a higher density of B′-cations than B″-cations. In such areas, the mean 

charge will be smaller than 4+. However, these areas will be compensated by some areas 

with larger densities of B″ than B′, with a larger mean charge than 4+. The areas where the 

mean charge of the B-cations is less than 4+ will be more favorable for the protons. On the 

other hand, two neighboring B′ must also involve a high binding energy, i.e. a deeper 

potential well. Thus, there are also many sources of trapping sites for protons. The authors 

concluded it was not unreasonable to propose that the effect of B-ion size difference on 

proton conductivity is related to the state of ordering in the lattice; it is precisely a large 

radius difference between B-cations that gives rise to ordering, while a small radius 

difference between the B-cations gives rise to disordering. The last effect on the 

conductivity and activation energy studied in the mentioned article was that of changing 

the A-ion from Sr
2+

 to Ba
2+

. For each compound studied, the conductivity increased, while 

the activation energy decreased by close to 0.1 eV, as a result of this change. 
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Figure 3.8        Schematic diagram of a plane in the double perovskite structure 

containing a protonic defect (   
 ), where the arrow represents the proton transfer. The 

figure is modified from [10]. 

3.3 Ca2AlNbO6 

Various properties of Ca2AlNbO6 have been investigated, especially its structure and 

dielectric properties [47-53]. However, the study of the defect situation and conductivity 

in Ca2AlNbO6 is still lacking. 

3.3.1 Structure of Ca2AlNbO6 

Ca2AlNbO6 is a double perovskite, in which the two B-sites are occupied by aluminum 

and niobium. The compound was first described in 1965 [53] as a perovskite derivative 

with an orthorhombic structure with ordering of Al
3+

 and Nb
5+

 on the B-sites. The cell 

parameters were found using X-ray powder data: a = 5.38 Å, b = 5.40 Å, and c = 7.61 Å. 

In 2000, Vanderah et al. [48] studied the CaO:Al2O3:Nb2O6 system and found the ternary 

compound Ca2AlNbO6 to occur at 1325 °C. These authors also described the compound as 

a perovskite-related structure with NaCl-type ordering of Al
3+

 and Nb
5+

 on the B-sites. 

However, the X-ray powder diffraction pattern was consistent with a monoclinic unit cell, 

not an orthorhombic unit cell as reported by Filipev and Fesenko [53]. Later studies of 

Ca2AlNbO6 by Levin et al. [51], Cockayne [49], Dutta et al. [52] and Barnes et al. [47] 

supported the findings of Vanderah et al.; a monoclinic unit cell seems most likely at the 

present time. Ca2AlNbO6 was reported with a space group isomorphic to P21/n [54] 
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(No.14, setting 2) and cell parameters; a = 5.3780 Å, b = 5.4154 Å, c = 7.6248 Å, and β   

89.968°.  he de iation of the β angle from 90° is negligible, and Barnes et al. [47] report 

that Ca2AlNbO6 has unit-cell dimensions that are strongly pseudo-orthorhombic. This 

complicates space-group assignment and structure determination considerably. 

Levin et al. [51] studied the perovskite-like (1-x)Ca(Al0.5Nb0.5)O3-CaTiO3 system. From 

Rietveld structural refinements they demonstrated that the structure Ca2AlNbO6 features a 

three-tilt        system (using Glazer notation [55]). Using the positional parameters, 

Levin et al. calculated the octahedral tilting angles;          and          for the 

[AlO6] octahedra, and         and           for the [NbO6] octahedra. The tilting 

distortion was estimated to 0.26 % by Barnes at al. [47]. The tolerance factor of 

Ca(Al0.5Nb0.5)O3 was calculated to 0.963 (assuming a disordered structure and 12-fold 

coordination of Ca). The tilting was superimposed onto the NaCl-type ordering of Al
3+

 

and Nb
5+

 on the B-sites. The Ca2AlNbO6 structure was found to remain ordered at least up 

to 1625 °C. This cation ordering is driven by the combination of size and charge mismatch 

between Al
3+

 and Nb
5+

. Addition of Ti
4+

 reduced the driving force behind ordering since 

the ionic radius and the charge of Ti
4+

 ( 
 i
      .    Å) lie between those of Al

3+
 

(         .    Å) and Nb
5+ 

(         .    Å) [13]. Accordingly, the addition of 5 % Ti
4+

 

decreased the temperature of the order/disorder transition. In 2005, Prosandeev et al. [50] 

studied the Raman spectra of double perovskites both computationally and experimentally. 

To investigate the disordering/ordering of the B-site, Ca(Al0.5Nb0.5)O3 and 

Ca(Al0.5Nb0.5)O3 with 5 mol % of CaTiO3 were studied. Ordering of Al and Nb on the 

B-sites in Ca(Al0.5Nb0.5)O3 was observed in the Raman spectra. For 

0.95Ca(Al0.5Nb0.5)O3-0.05CaTiO3 no ordering was observed, in accordance with previous 

studies by Levin et al. [51]. Brandle et al. [56] report a melting temperature of 1675 °C for 

Ca2AlNbO6. 

An overview of the structural parameters for Ca2AlNbO6 as reported in Barnes et al [47] is 

given in Table 3.1. Figure 3.9 illustrates the structure drawn using the refined positional 

parameters. 
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Table 3.1         The crystal structure of Ca2AlNbO6 retrieved from Barnes et al [47].  

Its space group is isomorphic to P21/n. The unit cell dimensions are a = 5.37706 Å, b = 

 .    7 Å, c   7.     Å, and β   89.97  °.  

Atom Wyckoff site x y z Occupancy 

Ca 4(e) 0.5059 0.5309 0.2484 1 

Al 2(c) 0 ½ 0 0.941 

Nb* 2(c) 0 ½ 0 0.059 

Nb 2(d) ½ 0 0 0.941 

Al* 2(d) ½ 0 0 0.059 

O1 4(e) 0.2092 0.2158 -0.0340 1 

O2 4(e) 0.2824 0.7130 -0.0338 1 

O3 4(e) 0.4333 -0.0131 0.2529 1 

* In Ca2AlNbO6 there is some disorder between Al
3+

 and Nb
5+

, but the Ca
2+

 site is fully 

occupied by Ca
2+

. 

 
Figure 3.9        Illustration of the monoclinic structure of Ca2AlNbO6 using the refined 

positional parameters from Table 3.1. To simplify the illustration, Al
3+

 and Nb
5+

 are 

assumed to be perfectly ordered. (a), (b), and (c) represent different views of the 

structure. Large green spheres represent Ca ions on A-sites and small red spheres 

represent oxygen ions. B-sites are denoted by purple and blue spheres enclosed in 

polyhedra. Purple and blue polyhedra represent [AlO6] and [NbO6] octahedra, 

respectively. 
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3.3.2 Dielectric Properties and Conductivity of Ca2AlNbO6 

The dielectric behavior of Ca2AlNbO6 has been characterized by Vanderah et al. [48] at 

microwave frequencies (7 GHz at 30 °C). Their estimate for the dielectric constant was 

     . Levin et al. [51] later reported similar results for Ca2AlNbO6 when studying the 

system (1-x)Ca(Al0.5Nb0.5)O3-CaTiO3. The authors also observed that the dielectric 

constant exhibited a nonlinear dependence on the composition (x). The dielectric constant 

increased with increasing amounts of Ti
4+

, possibly as a result of increasing disorder on 

the B-sites (see subsection 3.3.1). 

The only article investigating the electronic structure of Ca2AlNbO6 is Dutta et al. [52]. 

They used alternating current impedance spectroscopy to study the electrical behavior of 

the material for temperatures ranging from 303 K to 343 K and frequencies ranging from 

50 Hz to 1 MHz. The frequency dependencies of the AC conductivity at various 

temperatures are shown in Figure 3.10. The conductivity increased with increasing 

frequency at all temperatures. Dutta et al. [52] state that the reason for this increase is 

related to bound carriers trapped in the sample. The electronic structure was also 

investigated by using density functional theory (DFT). The electrical measurements 

indicated an activation energy of 0.50 eV, while DFT calculations gave a band gap of 

3.3eV. 

 

Figure 3.10          Frequency dependencies of the conductivity ( ) at various 

temperatures. 
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3.4 Ca2YNbO6 

The literature available on Ca2YNbO6 is limited. Research done so far has focused on the 

structure [47, 57] and luminescence properties [58, 59] of the compound, but some work 

has also been done on dielectric properties [45]. 

3.4.1 Structure and Dielectric Properties of Ca2YNbO6  

Ca2YNbO6 was described in 1975 by Brusset et al [57] as a perovskite derivative with an 

orthorhombic structure with cell parameters: a = 5.57 Å, b = 5.81 Å, and c = 8.04 Å. In 

1988, Zhang et al. [59] studied the crystal structure and spectral properties in Ca2YNbO6. 

They reported Ca2YNbO6 as a distorted perovskite with a monoclinic unit cell. This is 

consistent with the findings of Barnes et al. in [46, 47], where the structure of several 

A2M
3+

NbO6 perovskites were determined from neutron- and X-ray powder diffraction 

data. Ca2YNbO6 was reported with a structure similar to that of Ca2AlNbO6; with a 

monoclinic unit cell and space group isomorphic to P21/n. The unit cell parameters were: a 

= 5.58148 Å, b = 5.80933 Å, c   8.   78 Å, and β   9 .  °. An overview of the structural 

parameters for Ca2YNbO6 as reported in Barnes et al. [46] is shown in Table 3.2, while 

Figure 3.11 illustrates the structure. Octahedral tilting of [YO6] and [NbO6] was observed, 

and the tolerance factor (t) was equal to 0.878. The structure featured        octahedral 

tilting (Glazer notation) and the total distortion of the unit cell was 1.34 %. Complete 

cation ordering of the compound was not observed. Due to the similar six-coordinate ionic 

radii of Ca
2+

 and Y
3+

 (1 Å and 0.9 Å), some mixing of the 4e and 2c sites was observed. 

Since there is a large difference in ionic radii between the B-cations (          

        0.9Å – 0.64Å = 0.260Å), and Y
3+

 and Nb
5+

 have an oxidation state difference 

of two, a highly ordered arrangement of the B-cations was expected. But since both the 

B-cations are isoelectronic, the ordering of the Y
3+

 and Nb
5+

 was not determined. 

In 2007, Khalam and Sebastian [45] studied the dielectric properties of Ca2B′NbO6 [B′ = 

Lanthandies, Y] systems and attempts were made to tailor the dielectric properties with 

CaTiO2 and TiO2. By use of X-ray diffraction data, orthorhombic symmetry was 

determined for Ca2YNbO6. The different structure determinations of the compound 

(Barnes et al. and Zhang et al.. on the monoclinic side, Brusset et al. and Khalam and 

Sebastian on the orthorhombic side) make it reasonable to suggest it is 

pseudo-orthorhombic, just like Ca2AlNbO6. The dielectric properties of Ca2B′NbO6 
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depended on the ionic radii of B′-site elements and the tolerance factor t. For pure 

Ca2YNbO6, the dielectric constant    was 31. TiO2, which has a high          , was 

added in order to tailor the dielectric properties of the compound. The system Ca2YNbO6 

+ x mol% TiO2 was studied; increasing amounts of TiO2 increased the dielectric constant. 

With 10% TiO2, the dielectric constant had increased to 46. CaTiO2 was also added to 

Ca2YNbO6 in order to tailor the dielectric properties. Here the dielectric constant also 

increased with increasing amount of CaTiO2. With 10% CaTiO2, the dielectric constant 

had increased to 41, which is consistent with the behavior of the Ca(Al0.5Nb0.5)O3-CaTiO3 

system observed by Levin et al. [51]. 

 

 

Table 3.2        The crystal structure of Ca2YNbO6 retrieved from Barnes et al. [46]. 

The space group symmetry is P21/n. The unit cell dimensions are a = 5.58148 Å, b = 

5.80933 Å, c = 8.05178 Å, and β   90.40 °.  

Atom Wyckoff site x y z Occupancy 

Ca 4(e) 0.5133 0.5545 0.2548 0.892 

Y* 4(e) 0.5133 0.5545 0.2548 0.108 

Y 2(c) 0 ½ 0 0.845 

Ca* 2(c) 0 ½ 0 0.155 

Nb 2(d) 1/2 0 0 1 

O1 4(e) 0.208 0.178 -0.053 1 

O2 4(e) 0.319 0.719 -0.067 1 

O3 4(e) 0.389 -0.055 0.236 1 

* In Ca2YNbO6 there is some disorder between Ca
2+

 and Y
3+

. 



66  LITERATURE 

UNIVERSITY OF OSLO 

 

Figure 3.11        Illustration of the monoclinic structure of Ca2YNbO6 using the refined 

positional parameters from Table 3.2. To simplify the illustration, Ca
2+

 and Y
3+

 are 

assumed to be perfectly ordered. (a), (b), and (c) represent different views of the 

structure. Large blue spheres represent Ca ions on A-sites and small red spheres represent 

oxygen ions. B-sites are denoted by yellow or green spheres enclosed in polyhedra. 

Yellow and green polyhedra represent [YO6] and [NbO6] octahedra, respectively. 

 

Table 3.3         Overview over the different cations and anions in this thesis, showing their 

valence, size, and electronegativity (χ). The size different between the B-cations, the 

tolerance factor (t), and the hydration enthalpy are also shown for both Ca2AlNbO6 and 

Ca2YNbO6. The tolerance factor is calculated using equation 3.5 and the hydration 

enthalpy is calculated using equation 3.3. 

Element Valence 
Size* 

[Å] 
χ

 †
 

 

Sample 
          

[Å] 
Tolerance 

factor, t 

       

 
  

   
  Ca +2 1.340 1.04  

Al +3 0.535 1.47  

Y +3 0.900 1.11  
Ca2AlNbO6 0.105 0.975 -56 

Nb +5 0.640 1.23  

Ti +4 0.605 1.32  
Ca2YNbO6 0.260 0.893 -128 

O -2 1.400 3.50  

*Shannon ionic radii [13] where the B-cations are six coordinated and the A-cation is 

twelve coordinated. 
†
Allred Rochow electronegativities [60] 
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Chapter 4 

4  Experimental 

This chapter describes the experimental work done for this master thesis. First, the 

synthesis and characterization of Ca2AlNb1-xTixO6 and Ca2YNb0.80Ti0.20O6 will be 

presented and thereafter the electrical measurements will be described. Sources of errors 

which are assumed to affect results will be discussed at the end.  

4.1  Sample Preparation 

For both, Ca2AlNbO6 and Ca2YNbO6, Ti was chosen as a dopant on Nb-site. All 

compositions of Ca2AlNb1-xTixO6 and Ca2YNb1-xTixO6 are summarized in Table 4.1. The 

Ca2AlNbO6 samples are abbreviated with CANO and a number, X, indicating the 

percentage of Ti-doping. The same pattern is followed for the Ca2YNbO6 sample, but 

abbreviated CYNO instead. These abbreviations will be used in this and the following 

chapters. 
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4.1.1  Solid State Reaction Method (SSR) 

Ca2AlNb1-xTixO6 and Ca2YNb0.80Ti0.20O6 were successfully prepared by the solid state 

reaction method. This method is used by Barnes et al. and Vanderah et al. when producing 

Ca2AlNbO6 [47, 48]. Preparation of Ca2YNbO6 by the solid state reaction method has 

been carried out by Khalam et al [45]. The same procedures are followed, but with slightly 

different parameters.  

The reactants used in the synthesis of Ca2AlNb1-xTixO6 were CaCO3 (Sigma-Aldrich; 

product no.: 21061 and 398101, 99.0% and 99.95%, respectively), Al2O3 (Merck; product 

no.: 101095, 99.5%), Nb2O5 (Sigma-Aldrich; product no.: 208515, 99.9%), TiO2 

(Alfa-Aesar; product no.: 042681, 99.8%) and TiO2 (Sigma-Aldrich; product no.:  634662, 

99.5%). In the synthesis of Ca2YNb0.80Ti0.20O6, Al2O3 was swapped with Y2O3 

(Sigma-Aldrich; product no.: 205168, 99.99%). All the starting compounds were white 

powder.  

The starting compounds were first weighed on an analytical balance (Sartorius, ED224S) 

and then dried off in separate alumina beakers to remove gases such as CO2 and H2O. 

CaCO3, Al2O3/Y2O3, and Nb2O5 were dried at 300°C in a furnace for 1 hour, while TiO2 

was dried in the heating cabinet at 150°C for 1 hour. The right stoichiometric amounts of 

the chemicals were then mixed and crushed together with an agate mortar and pestle, see 

Figure 4.1. The mixture was transferred to an agate grinding jar using isopropanol and 10 

mm agate balls as grinding medium. This was ball milled in a planetary ball mill from 

Table 4.1        Compositions of samples. 

Composition 
Batch 

no. 

Ti-doping 

[%] 
Synthesis Abbreviated form 

Ca2AlNb0.80Ti0.20O6 1 20 SSR CANO20 

CANOX 

Ca2AlNb0.80Ti0.20O6 1 20 SSR CANO20-PLD 

Ca2AlNb0.85Ti0.15O6 4 15 SSR CANO15 

Ca2AlNb0.90Ti0.10O6 3 10 SSR CANO10 

Ca2AlNb0.95Ti0.05O6 5 5 SSR CANO5 

Ca2YNb0.80Ti0.20O6 1 20 SSR CYNO20 CYNO20 
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RETSCH. CANOX was ball milled for 40 minutes at 150 rpm with 10 minutes intervals. 

CYNO20 had to be ball milled for 45 to 50 minutes at 200 rpm with 10 minutes intervals, 

because it was harder to get fine powder from it. To evaporate the isopropanol after ball 

milling, the mixture was placed in a large glass beaker at 150°C in the heating cabinet. 

When the mixed powder was dried off, it was crushed again in an agate mortar. The fine 

powder was then compacted in a hydraulic press from Specac. The pellets were shaped 

into circular disks with a diameter of 25 mm by applying uniaxial pressure of 3 to 4 tons 

per 4.9 cm
2
 or around 60 to 80 MPa.  

 

CANOX was calcined six times at 1100°C for 5 hours with a heating rate of 200°C/hour 

and a cooling rate of 200°C/hour, with intermediate grinding, ball-milling, and 

repelletizing. After six cycles of heating and grinding, no further changes could be 

detected in the weakest peaks observed in the X-ray powder diffraction patterns. CYNO20 

was calcined at 1200°C for 5 hours with same cooling and heating rate as for CANOX, 

following the work done by Khalam et al [45]. Here, three calcinations with intermediate 

grinding, ball milling, and repelletizing were required. All reactions were carried out in 

alumina crucibles. When the level of secondary phases became negligibly small and 

unchanged by further heat treatment the sample was sintered. 

 

(a)  (b)  (c)  

Figure 4.1        (a) Powder being crushed in an agate mortar, (b) the planetary ball-mill, 

and (c) the hydraulic press used in this thesis. 
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4.1.2 Sintering 

Prior to sintering, the pellets were again crushed in an agate mortar and ball milled as 

between the calcinations. Before pressing, the grinded powder was mixed with a binder of 

polymer B-60 and B-71 dissolved in ethyl acetate to increase the density of the green body 

before sintering. Pellets of 25 mm were uniaxially pressed with a pressure between 60 

MPa and 80 MPa, and placed between two platinum foils with unpressed powder 

in-between to avoid direct contact with the foil. Alumina discs were then placed on top 

and underneath the platinum foil, and to cover everything an alumina crucible was placed 

over the sample to prevent contaminations. This set up was placed in the furnace for 

sintering, see Figure 4.2. 

 

The temperature program was different for CANOX and CYNO20, but all CANOX 

samples had the same program. When making Ca2AlNbO6, Barnes et al. used the solid 

state reaction method, but does not state the exact annealing temperature for the sample, 

just somewhere between 1523 K and 1773 K [47]. Vanderah et al. observed the minimum 

solidus temperature to be 1350°C for the composition 0.20:0.20:0.60 CaO:Al2O3:Nb2O5 

and used an annealing temperature between 1300 and 1400°C [48]. Using this information 

and dilatometry, the best sintering temperature for CANOX was estimated to 1350°C. 

This approach was successful for CANO20 and as a result was used for all CANOX 

samples. This approach resulted in light-brown pellets with relative densities between 

81% and 92%. The following temperature program was used:  

 

(a) (b)  

Figure 4.2        Sintering set-up: (a) picture of one of the high temperature furnaces with the 

set-up inside and (b) pellet covered with pt-foil and alumina. 
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A previous report, by Khalam and Sebastian, use a sintering temperature of 1550°C when 

making Ca2YNbO6 [45], but CYNO20 melted when using that temperature. The sample 

also melted when using a sintering temperature of 1400°C. However, lowering the 

temperature to 1340°C and using the temperature program in Figure 4.4 resulted in 

samples with relative densities up to 80% and a light yellow color. 

 

After sintering and before grinding and polishing, the sample density (ρobs) of all samples 

was estimated from the mass and dimensions of the pellets and compared to the 

crystallographic density (ρcalc). Table 4.2 shows the relative densities, ρ (%), while the 

calculations of the sample densities and crystallographic densities are shown in Appendix 

B. 

4.1.3 Dilatometry 

As previously mentioned, dilatometry was performed on CANO20 to find the best 

sintering temperature. This was carried out on a small pellet from batch 1, CANO20, using 

the vacuum-tight pushrod dilatometer, DIL 402 C, from Netzsch. The maximum 

5 h 

1 h 

500 °C

RT 23 °C

1200 °C
1340 °C

100 °C/h

600 °C/h

250 °C/h

200 °C/h

Figure 4.4        Temperature program for the sintering of CYNO20. 

5 h 

1 h 

500 °C

RT 23 °C

1250 °C
1400 °C

100 °C/h

600 °C/h

250 °C/h

200 °C/h

Figure 4.3       Temperature program for the sintering of CANOX. 
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temperature was set to 1400°C for 3 hours with a heating- and cooling-rate of 2°C/min. A 

thermocouple was in direct proximity to the sample so it could control the temperature in 

the furnace. This was also performed on an alumina standard to correct for thermal 

expansion from the sample holder and the supporting alumina plates. This was not 

performed on CYNO20, due to the uncertainty of its melting temperature. 

4.1.4 Grinding, Polishing, and Thermal Etching 

Mechanical preparation was performed on the samples because they were sintered on top 

of powder and because a secondary phase was spotted on the surface when examining the 

samples in the scanning electron microscope (SEM) (see subsection 4.2.2). This process 

was divided into two operations: grinding and polishing, and was performed 

systematically and in a reproducible way to secure optimal results. Wet grinding was the 

first step of mechanical material removal. Waterproof silicon carbide (SiC) paper from 

Struers was used. Water was constantly added to the grinding paper on a rotating modular 

preparation system from Struers (DAP-V Manual laboratory Polisher). The pellet was 

placed on the rotating SiC-paper. The first paper used was grit 220 SiC-paper. It was then 

carried out in successively finer steps on SiC-paper; grit 500, grit 800, grit 1000, grit 2400, 

and finally grit 4000. The next step was polishing, and was performed with steps of 

successively finer abrasive particles. MD-polishing cloths with diamond as an abrasive 

particle from Struers were used. The grain sizes of the diamonds used were 6 μm,  μm, 

and 1 μm. A diamond-spray from Struers (P,    μm), a water based polycrystalline 

diamond, was sprayed on the polishing cloths and a diamond-lubricant from Struers 

(green) was used. The sample was then placed on the rotating disk. This was done with all 

the samples. In Figure 4.5 CANO10 is imaged before and after grinding and polishing.  

 

   

Figure 4.5       (a) Picture of CANO10 after sintering and (b) after grinding and 

polishing. 
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Following the grinding and polishing, the samples were examined with the scanning 

electron microscope. The secondary phase previously seen on the surface had disappeared 

for most of the samples, but to ensure that they did not reappear and that there was no 

secondary phase in the interior of the samples, thermal etching was performed. To do 

thermal etching, the samples were heated to 100-200°C lower than the sintering 

temperature with a heating and cooling rate of 200°C/h. As a result, grains and grain 

boundaries reappeared and were again characterized with the SEM.  

Table 4.2 shows key information regarding the synthesis and the sintering procedures for 

the different samples. It also gives some information about density, color of the pellets, 

and secondary phases to get a better overview, but this will be discussed further in later 

chapters. 

 

Table 4.2       Parameters used during the sample preparation. The density, color, and secondary 

phases obtained after sintering is also included.  

Sample Method 

Calcination 

Temp. [°C] 

(Duration 5h) 

Number of 

Calcinations 

Sintering 

Temp. [°C] 

(Duration 5h) 

ρ % Color Note 

CANO-20 SSR 1100 6 1400 84 % Brown 

No secondary 

phase after 

polishing 

CANO-20 -

PLD 
SSR 1100 6 1400 73 % Brown 

No secondary 

phase after 

polishing 

CANO-15 SSR 1100 6 1400 80 % Beige 

No secondary 

phase after 

polishing 

CANO-10 SSR 1100 6 1400 79 % Beige 

No secondary 

phase after 

polishing 

CANO-5 SSR 1100 6 1400 81 % Beige 
Secondary 

phase present 

CYNO-20 SSR 1200 3 1340 80 % 
Light 

yellow 

Secondary 

phase present 
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4.1.5 Electrodes 

Electrodes are needed to measure the conductivity of the samples. Although the electrodes 

supplied with the Probostat (see subsection 4.3.1) may provide current collection, it is 

necessary that the face of each sample is equipped with a painted electrode. A circular 

platinum mesh with a diameter of 1 cm was thus painted on both sides of the sintered 

pellets with platinum paste with flux (Methalor Technologies Ltd, 6082 Pt-paste with 

flux). Four coats of platinum paste were painted on each side of the pellet, and in-between 

each stroke the samples were dried in the heating cabinet for 15 minutes at 150°C. 

Between stroke 2 and 3 the platinum mesh was placed on the platinum paste. The 

platinum mesh was pressed flat before placing it on the pellet. The pellets with electrodes 

were finally annealed for 0.5 hours at 850°C. The process of painting electrodes on the 

samples is shown in Figure 4.6. 

 

4.1.6 Pulsed Laser Deposition 

Ca2AlNb0.80Ti0.20O6 thin films were deposited on c-plane cut sapphire, fused silica and 

quartz under various conditions by pulsed laser deposition. The ceramic target used for 

PLD deposition was CANO20-PLD prepared by the solid state reaction method. Prior to 

deposition, substrates were cleaned under the clean room conditions using RCA1 

procedure (procedure for removing organic residue [61]) and blow dried with nitrogen. 

The substrates were isolating so that the in-plane ionic conductivity could be measured. 

The PLD deposition was carried out using PLD setup from SURFACE-tec equipped with 

the KrF (λ     8 nm) excimer laser. The laser beam was focused on the target with a 

quartz lens to the spot size of approximately 2 mm × 4 mm. During deposition of the 

     (a)  (b)   (c)  

Figure 4.6        Painting on electrodes: (a) First layer of platinum paste, (b) platinum 

paste with platinum net on top, and (c) pellet with platinum electrode after annealing. 
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CANO20-PLD films different parameters were tested: oxygen pressure in the background 

gas, substrate temperature, target to substrate distance, the laser frequency etc. The 

number of laser pulses N was varied from 30000 to 54000, and the laser frequency f 

(sometimes called the repetition rate of the laser) was varied from 5 Hz to 10 Hz, which is 

the number of laser pulses per unit time. The laser fluence F, which is the energy density 

measured at the target surface, was varied between 200 J/cm and 300 J/cm.  

The deposition was conducted as follows: the pulsed laser deposition chamber was first 

evacuated down to 1.5 × 10
-6

 mbar, and then oxygen gas was backfilled into the chamber 

through a mass flow controller. The chamber was kept at a constant pressure during the 

deposition. Oxygen was chosen as a background gas in order to avoid the 

nonstoichiometry in the anionic sublattice of the compound. The partial pressure of the 

oxygen gas for film growth was varied from 0.05 mbar to 0.12 mbar and the substrate 

temperature varied from 600 °C to 700 °C. The distance between the target and the 

substrate was ranged from 7 cm to 8 cm. The thickness of the films grown was 

approximately 0.5 µm as seen from the SEM micrographs of the film cross section (see 

subsection 5.1.3). Many particulates were found on the films surface when deposited at 

0.1 mbar of oxygen. For the films deposited at 0.05 mbar of oxygen there were very few 

particulates found, therefore this pressure was chosen for further depositions. Changing 

the fluence, frequency of the laser pulses, and target to substrate distance did not affect the 

particulate formation for the values tested. The parameters of the PLD processes are 

summarized in Table 4.3. 

Even though trying several different parameters, microcracks were formed on all the films 

with c-plane cut sapphire, fused silica and crystalline quartz as a substrate (PLD-1 to 

PLD-5); most likely due to thermal expansion coefficient (TEC) differences between the 

target and the substrate. Therefore, TiO2 was used has a buffer layer. The buffer layer was 

grown on sapphire with thickness of approximately 100nm. The buffer layer and the film 

were grown under the same condition, which is given in Table 4.3. The film (PLD-6) was 

found to be continuous and their structure was amorphous, and no TiO2 was detected. This 

film was therefore decided to be used for electrical measurements. For the conductivity 

measurements, rectangular Pt contacts were deposited by the e-beam evaporation 

technique. The distance between the electrodes was 1 mm and the thickness was approx. 

150 nm. 
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Table 4.3        PLD parameters oxygen pressure    
, growth temperature Ts, target to 

substrate distance d, laser pulse repetition frequency f, laser fluence F, and number of laser 

pulsed N of CANO20-PLD thin films grown on different substrates. Data in each row are 

for one particular sample which is typical for the given PLD process. 

PDF films Substrate 
   

 

[mbar] 

Ts 

[°C] 

d 

[cm] 

f 

[Hz] 

F 

[mJ/cm] 
N 

PLD-1 c-plane cut sapphire 0.12 600 8 7 200 35000 

PLD-2 c-plane cut sapphire 0.12 700 8 5 200 30000 

PLD-3 c-plane cut sapphire 0.12 700 7.5 7 300 40000 

PLD-4 fused silica 0.05 600 8 10 300 54000 

PLD-5 quartz 0.05 600 8 10 300 40000 

PLD-6 

Sapphire with 100nm 

thick TiO2 buffer layer 

(made with same 

conditions as target) 

0.05 600 6 7 300 40000 

4.2 Samples Characterization 

All the samples were characterized before the electrical measurements with X-ray 

diffraction (XRD) and scanning electron microscopy (SEM). XRD was used to confirm 

that the right structure was obtained, while the SEM was used to look at the surface to get 

an impression of the porosity, the grain structure, and possible precipitation of secondary 

phases.  

4.2.1 Powder X-ray Diffraction (XRD) 

Phase assemblages were ascertained from powder X-ray diffraction data, which were 

obtained with a Bruker Advanced D8 X-ray diffractometer running in Bragg-Brentano 

geometry with Cu-Kα -radiation (λ = 1.5406 Å) selected by a Ge-monochromator in a 

 θ-range of 3° to 90° with 0.5s count. Powders from the calcined samples and from 

sintered samples were analyzed. For the sintered samples, an extra, small pellet was made 

for X-ray determination. The fine powder of the different samples were mixed with 

isopropanol and dispersed on a sample holder with glass. XRD of the sintered samples 

was taken both with and without Silicon as an external standard. The external standard 

was used to detect any peak shift. 
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The experimental diffraction data was analyzed with the software DIFFRAC
plus

 EVA and 

FullProf-Suite, and compared with reported powder X-ray diffraction data from Vanderah, 

and Khalam, for Ca2AlNbO6 and Ca2YNbO6, respectively [45, 48].  he obser ed  θ line 

positions measured was corrected using the silicon as an external calibrant and the lattice 

parameters were refined using the corrected powder diffraction data. Rietveld refinements, 

using FullProf-Suite software, were carried out to obtain the cell parameters and structural 

characterization of the samples. In this method, the theoretical line profile is refined using 

a least squares approach until it matches the measured profile. It used the height, width, 

and position of the X-ray diffraction data. 

4.2.2 Scanning Electron Microscopy (SEM) 

To study the sintered samples’ microstructure and morphology SEM was used. The 

images were taken using a FEI Quanta 200 with a field emission gun (FEG). This 

instrument was capable of operating in high vacuum (HV), low vacuum (LV), and 

Environmental SEM (ESEM). The low vacuum mode under humid condition was used 

during this thesis, because the poor conductivity in the sample lead to a charge of 

electrons on the surface in high vacuum. Since low vacuum was used, the Solid-State 

Detector (SSD) and Large-field Detector (LFD) were used to detect the backscattered 

electrons and the secondary electrons, respectively. Acceleration voltages between 10 kV 

to 20 kV were used. 

In addition, the SEM was equipped with an energy dispersive spectroscopy (EDS) detector 

(EDAX Pegasus 2200). An EDS analysis, where characteristic X-rays were detected, was 

used to obtain information about the chemical composition in a chosen area of the sample. 

All the sintered samples and some powder from the SSR synthesis were examined in the 

SEM. Since the samples were sintered on top of powder, the surfaces were uneven and 

causing edge effects and as previously mentioned, some samples showed a secondary 

phase on the surface. Therefore, the samples were analyzed by the SEM also after grinding 

and polishing, and after thermal etching. 
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4.3 Apparatus 

Most of the electrical measurements performed were focused on CANO20 and CYNO20, 

but some electrical measurements were also performed on CANO5, CANO10, and 

CANO15. It was prioritized this way due to instrument availability and time limitation. 

The measurement was done with a Probostat measurement cell from NorECs. This was 

placed inside a vertical tube furnace and connected to a gas mixer which directed the gas 

mixtures into the cell. The measurement cell was also connected to an impedance 

spectrometer through a multiplexer. 

4.3.1 Measurement Cell 

For conductivity measurement the samples were placed in a measurement cell (Probostat, 

NorECs). The cell makes it possible to do measurements in controlled gas atmospheres at 

different temperatures. A sketch and an image of the measurement cell are shown in 

Figure 4.7. Figure 4.7(b) shows the set-up used for a pellet and the set-up used for the 

thin-film. 

The sample was mounted on top of the long alumina support tube between two electrodes 

with a spring-loaded alumina ring holding the set-up together and making sure the 

electrodes was in contact with the electrodes on the sample. The measurement cell had 

two separate gas inlets, one below and one above the sample, so it was possible to work 

with separate gases on each side of the sample. In this thesis the same gas was used 

through both inlets. An s-element (Pt + 10% Rh) thermocouple was used to control and 

monitor the temperature by the sample. The cell was sealed to make a gas tight 

environment using an outer quartz tube and a rubber o-ring. The bottom part of the cell, 

called the base unit, consisted of the electrical contacts and gas feed-throughs. This part 

was made of Ni-plated brass and was cooled with water. The upper part of the cell was 

mounted in the middle of a vertical tube furnace, where the temperature is highest.  
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Figure 4.7        Sketch of the Probostat measurement cell, modified from [62] (a) and 

image of the Probostat measurement cell used during this thesis and the set-ups without 

outer alumina tube, top set-up is for the pellet and bottom set-up is for the thin film (b). 

4.3.2 Gas Mixer 

The measurement cell was connected to an in-house-built gas mixer which made it 

possible to control the atmosphere around the sample and obtain the desired partial 

pressures. With this gas mixer, studies of conductivity and other properties as a function 

of    
,     , etc. could be done. A sketch of the gas mixer used during the electrical 

measurements is shown in Figure 4.8.  

In this set up, two different gases from a range of connected input gases could be used at 

the same time (G1 and G2). The gas went through copper tubes connected together with 

Swagelock quickfits. The gas flow to the cell is controlled by flowmeters with adjustable 

valves and glass/tantalum balls. Excess of the gas from the flowmeter pairs was released 

through bubblers (B1-B4) connected to a ventilation system. The bubblers had descending 

heights of dibutyl phtalate which ensured a constant overpressure through the system. 

(a) (b) 
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In the figure of the gas mixer nine flowmeters are displayed (1-6, Wet, Dry, and To cell) 

controlling the gas flow; five with glass balls and four with tantalum balls. The ratio 

between the gas flowing through a flowmeter with a glass ball and a flowmeter with a 

tantalum ball is about 1:10 depending on the type of gas used. Eight of the flowmeters 

were connected in pairs to form four stages of gas mixtures M1 to M4 and this controlled 

the gas composition. The last flowmeter controlled the gas flow to the cell. The first three 

pairs of flowmeters controlled the ratio between gas one (G1) and gas two (G2), where G2 

served to dilute G1. Mixture three (M3) was directed to the last pair of flowmeters, Dry 

and Wet, which controlled the ratio between wet and dry gas. One of them controlled the 

flow to the wetting stage and here it was possible to switch between H2O and D2O. The 

other flowmeter controlled the gas flow to the drying stage. The humidification was 

achieved by directing the mixture through water/heavy water and then through a saturated 

solution of potassium bromide (KBr). This gives a water vapor pressure of 0.025 atm at 25 

°C, which is 80 % of the water vapor pressure obtained using pure water, and is necessary 

to prevent condensation of water vapor in the copper tubes before the gas reaches the 

measurement cell. Drying was accomplished by directing the gas mixture through a drying 

stage consisting of phosphorus pentoxide (P2O5). Even though it is considered to be “dry”, 

the dry mixture contains a small amount of water due to gas leakages in the system, and 

this is estimated to give a water vapor pressure of about 3 10
-5 

atm [63]. From here on, 

atmosphere with      = 0.025 atm will be referred to as wet, while atmospheres with      

= ~3×10
-5

 atm will be referred to as dry. 

With this set-up it was possible to determine the conductivity of the sample at different 

oxygen partial pressure and water vapor pressures. The most commonly applied mixes of 

two gases to control the    
 are oxygen in inert gas and hydrogen in inert gas. For G1 as 

oxygen and G2 as Argon (the dilutent), the partial pressure of oxygen ranged from 1 atm 

to 1 10
-5

 atm; the latter being the estimated oxygen level in the argon gas. For more 

reducing atmospheres, H2 or 5% H2 + 95% Ar was diluted with Ar.  

The computer program GasMix version 0.5 [64], software for emulating manual gas 

mixers, was used to calculate the partial pressures.  
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Before applying any gases, the assembled cell and set-up was checked for any gas 

leakages. This was done with argon running through and “Snoop” was used as a leakage 

detector. 

 

4.4 Electrical Measurements 

A 2-point 4-wire set-up (two-probe technique) was used in the electrical characterization 

of all the samples. A Solatron 1260 impedance spectrometer was connected to a 

multiplexer (Pickering), capable of receiving and passing on multiple signals 

simultaneously. The impedance spectrometer measures impedance as a function of 

frequency, and it can measure in the frequency range from 10 μ z to    M z and has an 

input impedance of   MΩ. Within this range the instrument measures with an error of less 

than 0.1% [65].  

The total conductivity of the sample was measured at a constant frequency of 10 kHz and 

with an oscillation voltage of 1.0 V. The conductivity was measured at different 

 

Figure 4.8        Sketch of the gas mixer used in this thesis. 
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temperatures in dry and wet atmospheres (both D2O and H2O). The different gases used 

were oxygen, argon, HArmix (5% hydrogen + 95% argon) and hydrogen. The temperature 

ramps in the different atmospheres were normally done from 1000 °C to 200 °C with a 

decrease in temperature of 12 °C per hour. The conducti ity’s    
- and     -dependency 

was also measured under both reducing and oxidizing atmospheres. Curve fittings of the 

different data were done with the software TableCurve 2D, version 4 [66]. 

Impedance sweeps were used to distinguish between the conductivity contributions from 

bulk, grain boundaries, and electrodes. Impedance measurements were measured between 

1 Hz and 1 MHz. These sweeps were taken frequently (at equilibrium) during the 

measurements to ensure that the measured conductivity represented bulk conductivity. The 

sweeps were deconvoluted with the program Equivalent Circuit (EQC), version 1.2 [67]. 

Since the conducti ity, σ, is material specific, the measured conductivities were corrected 

for the sample’s external geometry and porosity. The correction for the material’s 

geometry is done by multiplying the conductance G with a geometrical factor, which gives 

the material specific conducti ity, σ: 

    
 

    
 4.1 

where d is the sample’s thickness and r is the electrode radius [21].  

Porosity, which also affects the conductivity, was corrected for using the following 

equation based on empirical measurements: 

                4.2 

where d is the relative density of the sample. This equation gives reasonable corrections 

for fairly low porosities, for example a material with 80% density is estimated to measure 

only 64% of its true conductivity [21].  

4.5 Thermogravimetric Analysis (TGA) measurements 

The conductivity measurements were supplemented by gravimetric measurements to 

determine the water uptake in accordance with the hydration reaction 2.18. A Netzsch 

STA449 F1 Jupiter instrument was used to do thermogravimetric analysis (TGA) 

measurements to model the uptake of water as a function of temperature. The gas 
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atmosphere in the instrument was controlled using a smaller gas-mixer than in Figure 4.8. 

The measurements were conducted in wet air where      = 0.02 atm. This was performed 

on both CYNO20 and CANO20. First the sintered pellet was crushed into coarse powder 

and then transferred to small alumina slip-on crucibles used in the thermogravimetry (TG) 

instrument. The sample was then ramped and dwelled as shown in Figure 4.9 and 

afterwards the background, determined from a blank measurement with empty sample 

holder, was subtracted. CYNO20 was measured a second time with a different 

temperature ramp just to confirm the result. The gas atmosphere was kept constant during 

each measurement. 

 
 

Figure 4.9        Temperature program used for the thermogravimetric measurements.  

 

4.6 Sources of Error and Uncertainties 

During the synthesis, some contamination of the samples might happen. Also, small errors 

during weighing can be encountered during the synthesis as the analytical balance used 

has an uncertainty of ±0.1 mg, but this uncertainty will only have a small impact and is 

almost a negligible factor [68]. As mentioned before, XRD and SEM were used to check if 

there were any contaminations and to make sure the right stoichiometric compound was 

found. The XRD has an error of each peak position of less than ±0.01° over the entire 

angular range [69]. Therefore small amounts of impurities and secondary phases, in 
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addition to the ones we can see with the SEM, might still be present, but they are then 

under the detection limit of the instruments. Porosity of the sample is also an uncertainty 

in the measurements even if it is corrected for because some secondary phases were seen 

in a couple of samples and it is therefore hard to calculate perfect numbers for porosity. 

The relative density was between 80% and 95%, but this is calculated using the theoretical 

mass density for pure Ca2AlNbO6/Ca2YNbO6, and not the cell parameters for the samples 

with doping.   

There are also uncertainties connected to the gas composition since it is difficult to get a 

gas mixer completely tight without any leakages. There will also be an uncertainty in the 

oxygen partial pressure when using argon gas since it contains some oxygen. The gases 

used in this thesis had a purity of 99.999 vol. %, with the exception of oxygen gas which 

had a purity of 99.5 %. As previously mentioned a dry gas will contain about 30 ppm of 

water. Therefore the calculated partial pressure from the measurements might deviate from 

the exact true value. However, this will not affect results when comparing the samples to 

each other because the same set-up was used for all samples.  

The flowmeters for the gas mixer also exhibits uncertainties. The accuracy of the 

flowmeters used are of ±5 % of full scale and the repeatability is 0.5% of full scale [70]. 

Using higher flow than 20 mm and lower than 130 mm is recommended to get good 

results.  

When doing an impedance sweep, the measurement cell will contribute a background 

capacitance around 5 pF and create a parasitic impedance and admittance. The background 

capacitance for the measurement cell used was not measured, but 5pF was used in 

according with the Probostat manual. When deconvoluting the impedance sweep, this 

value was first corrected for the sample’s geometry and then subtracted from the 

impedance as if the contribution was in parallel with the sample.  

If the thermocouple is not situated directly next to the sample, small deviations in the 

temperature by the sample could also be a source of error when doing electrical 

measurements. To make this error as small as possible the same thermocouple was used 

during all the electrical measurements so the position of the thermocouple was nearly the 

same for all the measurements.  
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Chapter 5 

5 Results 

In this chapter the experimental results of Ca2AlNb1-xTixO6 (CANOX) and 

Ca2YNb0.80Ti0.20O6 (CYNO20) will be presented. The first section will present the results 

from the sample characterization; dilatometry, SEM, and XRD. This will be followed by 

results from the thermogravimetric measurements of CANO20 and CYNO20. The final 

two sections will focus on results from the electrical measurements of CANOX and 

CYNO20, where impedance spectroscopy and measurements at constant frequency as a 

function of 1/T,    
, and      have been preformed. 

5.1 Sample Characterization 

5.1.1 Sintering 

All the samples where made via the solid state reaction method, but due to limited 

information about the sintering temperature of Ti-doped CANO and Ti-doped CYNO, 

different ways to find a good sintering temperature were conducted. To find a good 

sintering temperature of CANO20, the thermal expansion behavior during sintering in air 

was measured by dilatometry from 20°C to 1400°C with a heating rate of 2°C/min. The 

linear shrinkage (     ) of CANO20 as a function of temperature during annealing in air 

is depicted in Figure 5.1. At roughly 1100°C the material starts to shrink, i.e. the sintering 

process beings. The sintering shrinkage rate, i.e. the first derivative (           )) with 
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respect to time (t) was calculated from the shrinkage-temperature curve using the software 

NETZSCH Proteus [71]. The material was found to possess two maximum shrinkage 

rates, one occurring at 1280 °C and another occurring at 1350 °C. The second maximum 

may reflect the mass transport by grain boundary and eventually bulk diffusion at higher 

temperatures, while the first maximum has no apparent simple explanation, but can be 

related to agglomeration or minor in-homogeneities in the sample. When annealing the 

CANOX samples, a temperature of 1400 °C was therefore used. Light-brown pellets were 

obtained with relative densities between 81 % and 92 %. Pictures of the pellets after 

sintering and polishing are shown in Figure 5.2 (a-d). 
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Figure 5.1        Relative contraction (     ) of CANO20 upon sintering in the 

temperature range 20°C to 1400°C with a heating rate and cooling rate of 2°C/min.    

corresponds to the initial thickness of the calcined pellet,         , where   

corresponds to the thickness of the pellet upon sintering. 

To find a good sintering temperature of CYNO20, dilatometry could not be preformed due 

to uncertainty in the melting temperature (did not want to risk that the sample melted in 

the instrument). Different annealing temperatures were carried out on samples from the 

same batch. As mentioned in the previous chapter, the compound melted when using 

1550°C as the annealing temperature; the temperature reported by Khalam and Sebastian 

[45] for CYNO. The reason for melting could have been due to secondary phases or the 

Ti-doping could have resulted in a lowering of the melting temperature. Several trials 

were performed before a sintering temperature of 1340 °C was found to work well, 

resulting in a sample with relative density of 80% and a light yellow color. A picture of 

CYNO20 pellet after sintering and polishing is shown in Figure 5.2 (e).  
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From the pictures in Figure 5.2, it can be seen that the CANOX pellets have different 

shades of brown. The pellet with most Ti-doping has a darker brown color. The difference 

in density of the samples could be an explanation for the different shades of brown. The 

sample with the highest density is CANO20 (84%), while the other samples have around 

80%, see Table 4.2. This fits good with shades of color, with CANO20 having a darker 

brown color compared to the rest which have similar beige color. The CYNO20 pellet has 

a light yellow color, but it can also be seen areas on the pellet where it has a more distinct 

yellow color. The color differences on the pellet may be due to a secondary phase. 

         

Figure 5.2        Picture of the samples after thermal etching: (a) CANO20, (b) CANO15, 

(c) CANO10, (d) CANO5, and (e) CYNO20. 

5.1.2 Characterization of crystal structure 

To investigate the crystal structure of the samples and to detect any secondary phases, 

XRD was performed. XRD was taken after each of the calcinations and after the samples 

were sintered, but only the XRD patterns of the sintered samples are presented here. The 

XRD diffractograms of CANO5, CANO10, CANO15, and CANO20 are displayed in 

Figure 5.3. The PDF-card (Powder diffraction file) of silicon is included since silicon is 

used as an internal standard; it is marked with a red color. The inset shows the peak shift 

between  θ    7. ° and  θ    8. °.  he peak shifts goes from lower to higher  θ  alues 

with decreasing amount of Ti-doping in the compound. For all the samples, there are also 

observed some small unidentified peaks marked with * in Figure 5.3. These peaks do not 

fit the diffraction pattern of CANO obtained by Vanderah et al. [48] and it also seems that 

the peaks cannot be ascribed to another phase. As seen from the XRD patterns, these 

peaks are weak and there could be other peaks belonging to another pattern, but these 

peaks may not be observed due to noise. These peaks may also have occurred as a result 

of the Ti-doping. In EVA there is not a PDF-card for CANO, so the DIF-pattern is 

manually typed in using the X-ray powder diffraction data of CANO obtained by 

Vanderah et al. [48] which may be the reason for the unidentified peaks. 

(a) (b) (c) (d) (e) 
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DIF - IF-CANO-1-XD1-3-SintwSi - IF-CANO-1-XD1-3-SintwSi.

00-027-1402 (*) - Silicon, syn - Si - Y: 8.67 % - d x by: 1. - WL

Y + 32.0 mm - IF-CANO-5-X1.5-SintwSi - File: IF-CANO-5-X1

Y + 24.0 mm - IF-CANO-3-X2.5-SintwSi - File: IF-CANO-3-X2

Y + 16.0 mm - IF-CANO-4-X1.5-SintwSi - File: IF-CANO-4-X1

Y + 8.0 mm - IF-CANO-1-XD1-3-SintwSi - File: IF-CANO-1-X
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Figure 5.3        XRD pattern of sintered CANO5, CANO10, CANO15, and CANO20 with 

silicon as the external standard.  he inset shows the peak shift between  θ    7. ° and  θ 

= 48.0°. Unidentified peaks are marked with *; the symbol is marked with a light blue 

color when all the samples have the same peak. 

Due to phase shift in the XRD pattern it was of interest to calculate the lattice parameters 

of the different compounds. The lattice parameters were obtained by Rietveld refinements 

of the X-ray diffraction data of the sintered samples (without silicon as standard) using the 

program Fullprof. The lattice parameters obtained were also compared with the cell 

parameters of pure CANO found by Vanderah et al. [48]. The cell parameters and the unit 

cell volumes are given in Table 5.1. As seen from the table, there is not much difference 

between in the cell parameters of the samples. The dependence of the unit cell volume and 

the lattice parameters a, b, and c on the sample composition is shown in Figure 5.4 (a) and 

(b), respectively. The unit cell volumes of the solid solutions are calculated from the cell 

parameters (see Appendix C for calculations). According to Vegard’s law the lattice 

parameters are affine-linear in the sample composition for any substitutional solid solution 

in which atoms or ions that substitute for each other are randomly distributed [72]. Some 

sources state Vegard’s law as a correspondence between the unit cell  olume and the cell 

composition, but the unit cell volume and the lattice parameters cannot both be 

affine-linear functions of the same variable, except in extreme cases. Linear variation of 
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unit cell  olume with mole fraction is also referred to as Retger’s law [73]. No systematic 

variation with the composition could be observed from the plots in Figure 5.4. One 

explanation for the inconclusive plots might be due to the solubility of the dopant. To 

obtain a systematic variation of the cell parameters with composition, the Nb ions have to 

be substituted by all the Ti ions. As seen from Figure 5.4 (a), the volume of the unit cell 

seems to flatten out with 5% doping, and this may be the solubility limit of the dopant. 

There will also be inconclusive plots if some of the Ti ions substitutes Al instead of Nb. 

Another reason for the inconclusive plots might have to do with secondary phases. If the 

sample actually contains secondary phases, the lattice parameter refinements will be 

incorrect as a result of the existence of these phases. 

Table 5.1       Unit cell parameters of CANO5, CANO10, CANO15, and CANO20 after 

sintering at 1400 °C obtained by Rietveld refinements. CANO is included for comparison. 

Sample a [Å] b [Å] c [Å] β [°] 
Volume of unit cell 

[Å
3
] 

Chi-squared 

distribution      

CANO* 5.378 5.415 7.625 89.97 201.61 – 

CANO5 5.399 5.391 7.615 89.72 217.84 3.924 

CANO10 5.400 5.395 7.624 89.75 216.83 3.576 

CANO15 5.403 5.403 7.650 89.67 221.31 3.554 

CANO20 5.400 5.403 7.646 89.68 220.63 2.896 

* Unit cell parameters obtained by Vanderah et al. [48]. 
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Figure 5.4        The dependence of the (a) unit cell volumes and (b) lattice parameters on the sample 

composition of CANOX. The red points are pure CANO obtained by Vanderah et al. [48]. 
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The XRD diffractogram of CYNO20 is displayed in Figure 5.5. The PDF-card of silicon is 

included since silicon is used as an internal standard; it is marked with a black color. Some 

small unidentified peaks are observed in the XRD pattern, these peaks are marked with * 

in Figure 5.5. These peaks do not fit the diffraction pattern of CYNO obtained by Barnes 

et al. [46]. The XRD pattern seems to contain much noise, which makes it hard to ascribe 

other phases. There could be weak peaks which are hard to see and these may belong to 

the pattern of a secondary phase. The unidentified peaks may also have occurred as a 

result of the Ti-doping. A secondary phase of burnt lime (CaO) does seem to exist in the 

sample, but there are many peaks overlapping so it is not certain. The PDF-card of CaO is 

included and is marked with a green color. As with CANO, there exist no PDF-card for 

CYNO, so the DIF-pattern is manually typed in using the X-ray powder diffraction data 

for CYNO obtained by Barnes et al. [46] which may be the reason for the unidentified 

peaks. 
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Figure 5.5         XRD pattern of sintered CYNO20 with silicon as the external standard. 

The unidentified peaks are marked with *. 
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5.1.3 Characterization of microstructure 

CANOX samples 

Due to difficulties assigning the unidentified peaks, the samples were also analyzed with 

SEM. The SEM analysis discovered precipitation of two secondary phases in all the 

samples; one phase with a brighter color and one phase with a darker color than the main 

phase. In the CANOX samples, the secondary phases seemed to be on the surface. To see 

if this was the case, all the samples were polished and thermally etched. SEM images were 

taken after both polishing and thermal etching. The SEM micrographs of CANO20 are 

presented in Figure 5.6, where figure (a) presents the sintered pellet and figure (b) presents 

the pellet after polishing and thermal etching. The secondary phase can only be seen after 

sintering, and not after polishing and thermal etching. The micrograph of the sintered 

pellet indicates that the grains belonging to the main phase are much larger than the grains 

in the secondary phases, and the main phase seems to have a grain size distribution 

ranging from 0.5 μm to 6 μm in diameter. The secondary phases are marked with an arrow 

in the figure, and seem to be located around the grains of the main phase and in some 

areas the secondary phase are on top of the grains. There seems to be more of the darker 

secondary phase than the brighter secondary phase. The inset in Figure 5.6 (a) shows one 

of several spots of the darker secondary phase on the surface. These spots are not seen 

after polishing and thermal etching. 

                

Figure 5.6        SEM micrographs of CANO20 pellet (SSD images, low vacuum mode). 

(a) CANO20 after sintering at 1400 °C for 5h, and (b) CANO20 after polishing, and 

thermal etching at 1240 °C for 2h. The black arrows indicate the secondary phases.   

 

(a) (b) — 10μm — — 10μm — 

– 20μm– 
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The SEM micrographs of CANO15, CANO10, and CANO5 are shown in Figure 5.7. All 

the samples are thermally etched but only the micrographs of the sintered pellets are 

shown here. The grain size distribution of the main phase seems to decrease with 

decreasing amount of Ti-doping, with CANO15 having diameters ranging from  .  μm to 

  μm, CANO   ha ing diameters ranging from  .  μm to   μm, and CANO  ha ing 

diameters ranging from   μm to   μm. The secondary phases observed in CANO20 are 

also observed in these samples. The arrows in Figure 5.7 indicate the secondary phases. It 

is also observed that the amount of darker secondary phase seems to decrease with 

decreasing amount of Ti-doping, but the amount of brighter secondary phase seems to 

increase with decreasing amount of Ti-doping. As in CANO20, the secondary phases do 

not reappear after polishing and thermal etching in both CANO15 and CANO10. 

However, the brighter secondary phase in CANO5 depicted in Figure 5.7 (c) can be seen 

after polishing and after thermal etching. The sample with least amount of secondary 

phases is CANO10, as seen from the Figure 5.7 (b). 

                     

 

Figure 5.7       SEM micrographs of (a) CANO15, (b) CANO10, and (c) CANO5 after 

sintering at 1400 °C for 5h (SSD images, low vacuum mode). The black arrows indicate 

the secondary phases. 

(a) — 10μm — (b) 

(c) 

— 10μm — 

— 10μm — 
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The exact composition of the secondary phases observed in the different sample is 

uncertain. It is also uncertain if the secondary phases seen in the different samples are the 

same. All the micrographs displayed are taken with the SSD which detects the 

backscattered electrons, and since heavy elements backscatter electrons more strongly 

than light elements, there will be a contrast between heavy and light elements. The heavy 

elements appear brighter in the micrograph compared with the lighter. The brighter 

secondary phase observed is believed to contain more Nb compared to the main phase, 

while the darker phase is believed to contain more Al compared to the main phase. 

EDS-analysis was used in connection with the SEM investigations. The atomic 

compositions of the main phase in CANO5, CANO10, CANO15, and CANO20 are 

summarized in Table 5.2. The table shows the average atomic percentage of the different 

elements in each sample taken from 10 different EDS analyses. The measured 

compositions of the samples were close to the expected composition, except from CANO5 

which seemed to have less aluminum in the main phase. The spot-function was used to 

determine the composition of the secondary phases in the sintered samples. The darker 

secondary phase is found to be calcium and aluminum rich compared to the main phase. 

The brighter phase in CANO20, CANO15, and CANO10 is difficult to determine because 

the size of the brighter grains is very small in these samples and signals from the main 

phase interferes. However, the spot analysis of the brighter secondary phase in CANO5 is 

found to contain much calcium and niobium compared to the main phase.  

After evaluation of the results from the different characterization methods used on 

CANOX, it seems that after polishing and thermal etching CANO20, CANO15, and 

CANO10 is phase pure, while CANO5 is not. From the micrographs of these samples it 

seems the grain boundaries also look pure, but to be certain about this other techniques 

like Transmission Electron Microscopy (TEM) have to be used. 

Table 5.2        Average atomic percentage of the different elements in CANO5, CANO10, 

CANO15, and CANO20 from 10 different EDS analyses of the main phase. The expected 

percentages are also included. 

Element 
CANO5 

[Atomic %] 

CANO10 

[Atomic %] 

CANO15 

[Atomic %] 

CANO20 

[Atomic %] 
Expected 

Ca 49.72 45.59 50.30 49.27 50 

Al 23.30 27.24 24.45 23.69 25 

Nb 25.46 22.76 21.62 22.13 20 

Ti 1.52 4.42 3.63 4.92 5 
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There are also uncertainties connected to the EDS analysis. It is not an accurate method to 

quantify the composition of the different phases. The thickness of the secondary phase and 

the acceleration voltage of the electron beam will have an effect on whether the X-ray 

signals detected comes from the studied phase or if the phase beneath also contributes to 

the X-ray signal. A high acceleration voltage will penetrate deeper into the sample and 

increase the chance of detecting the phase underneath the wanted phase. At the same time, 

the acceleration voltage has to be sufficient enough to generate the X-rays of the elements 

in the phase being studied and to obtain a good resolution. Another problem connected 

with the use of the spot function on small areas is the possibility of drift in the electron 

beam with time. 

CANO20 thin film 

The CANO20 thin films deposited on c-plane cut sapphire, fused silica, and crystalline 

quartz substrates formed microcracks on the surface and were troubled by the formation of 

particulates on the surface, as discussed in subsection 4.1.6. The micrographs of the 

CANO20 thin films deposited by PLD are shown in Figure 5.8 and Figure 5.9. Figure 5.8 

(a) shows the CANO20 thin film on sapphire substrate (PLD-1). In this micrograph, the 

particulates on the surface can be seen and the sizes of the particulates are up to  .  μm. 

Cracks can also be observed on the surface of the thin film. Figure 5.8 (a) and (b) displays 

the micrographs of CANO20 thin film deposited on fused silica substrate (PLD-4) and 

crystalline quartz substrate (PLD-5), respectively. In both cases the microcraks formed can 

be clearly seen. During deposition of the CANO20 thin films, different parameters were 

tested: oxygen pressure in the background gas, substrate temperature, target to substrate 

distance, the laser frequency etc., but microcracks formed on all the films. As mentioned 

in subsection 4.1.6, the microcracks are most likely due to the TEC differences in the 

substrate and the sample. 



RESULTS  95 

UNIVERSITY OF OSLO 

     

Figure 5.8           SEM micrographs of the surface of CANO20 thin films deposited by 

PLD on (a) c-plane cut sapphire substrate (PLD-1), (b) fused silica substrate (PLD-4), and 

(c) crystalline quartz (PLD-5). (LFD images, low vacuum mode). 

Due to the formation of microcracks, TiO2 was used as a buffer layer between the 

substrate and the film. The TiO2 layer was about 100 nm thick. Micrographs of CANO20 

thin film deposited on sapphire with TiO2 between as a buffer layer is displayed in Figure 

5.9. Figure 5.9(a) is a cross-sectional micrograph of the film and Figure 5.9 (b) is a 

micrograph of the surface. No microcracks were found on the surface in contrats to the 

other films. The film (PLD-6) was found to be continuous and the structure was 

amorphous, and no TiO2 was detected with EDS analysis of the surface. This thin film was 

therefore decided to be used for electrical measurements. 

                     

Figure 5.9        SEM micrographs of thin film of CANO20 deposited by PLD on sapphire 

substrate with TiO2 between as a buffer layer (PLD-6) (LFD images, low vacuum mode). 

(a) A cross-sectional micrograph of the film and (b) a micrograph of the surface of the 

thin film. 

 

 

(b) (a) – 10 μm – –100 μm– (c) 

(a) — 50μm— (b) — 50μm— 

–100 μm– 
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CYNO20 sample 

The synthesis of CYNO20 was troubled by formation of secondary phases. As with 

CANOX, the sample was also polished and thermally etched to see if the secondary 

phases were just on the surface. SEM images were taken after both polishing and thermal 

etching. The micrographs of the sintered and thermally etched pellets are displayed in 

Figure 5.10 (a) and Figure 5.10 (b), respectively. The SEM analysis discovered two 

secondary phases in CYNO20; one phase with a brighter color and one phase with a 

darker color than the main phase. The secondary phase can be seen after sintering and 

thermal etching. After both sintering and thermal etching the secondary phases appear as 

independent grains, not as in CANOX. The micrographs of the pellet indicates that the 

grains belonging to the main phase are larger than the secondary phases, and the main 

phase seems to have a grain size distribution ranging from 1 μm to 5 μm in diameter.  he 

secondary phases are marked with an arrow in the figure. There is also observed many 

pores in this sample in the sample which sometimes could be mistaken for the dark 

secondary phase; these pores are marked with a red color in micrographs. 

                

Figure 5.10        SEM micrographs of CYNO20 pellet (SSD images, low vacuum mode). 

(a) CYNO20 after sintering at 1340 °C for 5h, and (b) CYNO20 after polishing, and 

thermal etching at 1240 °C for 2h. The black arrows indicate the secondary phases, while 

the red arrows indicate the pores. 

EDS-analysis of the main phase in CYNO20 was also performed. The atomic composition 

of the main phase in CYNO20 is summarized in Table 5.3. The table shows the average 

atomic percentage of the different elements in each sample taken from 10 different EDS 

analyses. The measured composition of the sample is close to the expected composition.  

(a) — 10μm— (b) — 10μm— 



RESULTS  97 

UNIVERSITY OF OSLO 

The exact composition of the secondary phases observed in the sample is uncertain, but 

the brighter secondary phase is believed to contain more of Y or Nb compared to the main 

phase, while the darker phase is believed to contain more of Ca or Ti compared to the 

main phase. The spot-function was used to determine the composition of the secondary 

phases in the sintered sample. The spot analysis detected the darker secondary phase to 

contain more Ca compared to the main phase. The brighter phase was found to be an 

Y-rich phase compared to the main phase.  

After evaluating the results from the different characterization methods used on CYNO20, 

it seems that also after polishing and thermal etching the material contains secondary 

phases. According to the XRD results, CaO could be a secondary phase, and by 

investigating the SEM micrographs the dark secondary phase is Ca-rich, therefore it is not 

unreasonable to believe burnt lime is one of the secondary phases. The existence of CaO 

as a secondary phase will be further discussed in the next chapter. 

Table 5.3        Average atomic percentage of the different elements in CYNO20 from 10 

different EDS analyses of the main phase. The expected percentages are also included. 

Element 
CYNO20 

[Atomic %] 
Expected 

Ca 46.22 50 

Y 25.61 25 

Nb 23.01 20 

Ti 5.17 5 
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5.2 Thermogravimetric Investigation 

CANO20 and CYNO20 were investigated by monitoring the relative weight change by 

Thermogravimetric (TG) measurements as a function of temperature under isobaric 

conditions. This is illustrated in Figure 5.11 and Figure 5.12, where the relative weight 

change in air is presented as a function of time from 900 °C to 300 °C for 1.9g CANO20 

and 1.7g CYNO20, respectively. Both measurements are corrected for appropriate 

background. 

The curve in Figure 5.11(a) reflects the uptake of water vapor in CANO20; the water 

dissolves going from high to low temperature under wet isobaric conditions. In Figure 

5.11(b) the weight change in CANO20 is converted to the moles of protons per moles of 

CANO. 

The curve in Figure 5.12 reflects the uptake of water vapor in CYNO20. From 900°C to 

400°C there is no weight gain. At 400°C and below, a major weight gain, attributed to 

hydration, is observed. The thermogravimetric measurement were done again to see if the 

measurements where reproducible, and it turned out to give very similar results. The 

weight gain is probably caused by the degradation of the sample; the water is taken up by 

a secondary phase. Based on thermodynamic data from [74] the secondary phase causing 

the weight gain is probably burnt lime (CaO) via the following reaction: 

                              

These findings fits with the X-ray results and the EDS analysis as discussed above. Since 

the water uptake does not correspond to the proton concentration in the sample, the weight 

change is not converted as done with CANO20 and the TG-measurement will not be used 

for thermodynamic assessment 
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Figure 5.11        Thermogravimetric measurement of CANO20 where (a) presents the 

relative weight change from 900 °C to 200 °C in air at constant      = 0.02 atm and (b) 

presents the relative number moles of protons per moles of CANO as a function of the 

inverse absolute temperature. 
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Figure 5.12        Thermogravimetric measurements of CYNO20 from 900 °C to 200 °C 

in air at constant      = 0.02 atm. 
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5.3 Electrical Characterization of Ca2AlNb1-xTixO6 

In this section the electrical measurements of CANO20, CANO15, CANO10, and CANO5 

will be presented. The main focus will be on CANO20 since one of the main purposes 

with this thesis is to compare CANO20 with CYNO20. First the impedance spectroscopy 

measurement will be presented, then measurement of total conductivity as a function of 

temperature, and finally the    
- and     -dependencies. All the conductivity 

measurement were carried out at a constant frequency of 10 kHz and corrected for the 

sample’s external geometry and porosity, see equation 4.1 and 4.2, respectively. As 

mentioned in chapter 4, atmospheres with 2.5% H2O/D2O will be referred to as wet and 

atmospheres with ~30 ppm H2O will be referred to as dry.  

5.3.1 Impedance Spectroscopy Analysis 

The electrical response of CANOX was recorded at different temperature between 200 °C 

and 1000 °C in different atmospheres using impedance spectroscopy. The frequency 

interval used was between 1 Hz and 1 MHz. The impedance spectra were deconvoluted 

using the program EQC (Equivalent Circuit) [67]. From these data specific grain boundary 

and bulk resistivities were calculated by applying the brick-layer model, as explained in 

section 2.3.9. The impedance sweeps were also used to distinguish between the 

conductivity contributions from bulk, grain boundaries, and electrodes during the 10 kHz 

conductivity measurements. The 10 kHz point is marked in all the impedance spectra. 

The spectra at temperatures between 400 °C and 700 °C showed a larger semicircle at 

higher frequencies and one smaller semicircle at lower frequencies. The 10 kHz point was 

found to be on the large semicircle, and the point is observed to move towards higher 

frequencies with decreasing temperature. The shift in the 10 kHz point can be explained 

with the temperature dependency of the characteristic frequency of the different equivalent 

circuits. An equivalent circuit of two parallel subcircuits in series (R1Q1)(R2R2) was found 

to be appropriate when deconvoluting the spectra in temperatures between 400 °C and 700 

°C. (RiQi) denotes the parallel connection between a resistor and a constant phase element 

(CPE), see subsection 2.3.9. At temperatures exceeding 700 °C, the spectra only exhibited 

two lower frequency semicircles; the high frequency semicircle was outside the applied 

frequency range. R1(R1Q1)(R2R2), was thus chosen to be the appropriate equivalent circuit. 

At temperature below 400 °C, the spectra contained much noise, and could therefore not 
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be deconvoluted. Upon deconvolution, the corresponding resistivity and also the 

corresponding capacitance of the constant phase element were determined. Capacitances 

in the pF/cm-range are generally attributed to the bulk response, while grain boundaries 

and electrodes exhibit  alues of nF cm and μF cm, respecti ely. 

Figure 5.13 presents selected impedance spectra of CANO20, CANO15, CANO10, 

CANO5, and CANO20 thin film (PLD-6) recorded in various conditions. Depending on 

the temperature, the spectra consist of up to two contributions; one distinct semicircle at 

high frequency, and one smaller semicircle at lower frequencies. The smaller semicircle 

sometimes merges into the big semicircle, deforming the end of the big semicircle and 

deforming the smaller semicircle. In all the spectra, the 10 kHz point is always on the 

semicircle at high frequencies, which means that the conductivity measured at 10 kHz in 

these temperatures and atmospheres represents bulk conductivity. Results from the 

deconvolution of the impedance spectra in Figure 5.13 are given in Table 5.4. 

Figure 5.13 (a) presents the spectra obtained at 400 °C in H2O- and D2O-wetted oxygen. 

The semicircles closest to origo (highest frequency) represent the bulk resistivity, while 

the next semicircle represents the grain boundary resistivity. The impedance is larger in 

the D2O measurement, which indicates a contribution from protons. Figure 5.13(b) present 

the spectra of CANO20 obtained at 500 °C in wet argon, hydrogen, and oxygen. The 

impedance in the hydrogen and argon measurements is larger than in the oxygen 

measurement. The impedance increases with decreases partial pressure of oxygen. Figure 

5.13(c) present the spectra of CANO20, CANO15, CANO10, and CANO5 obtained at 500 

°C in wet argon. The spectra exhibit a large difference in impedance for the bulk 

semicircle, and the impedance increases with decreasing doping. 

The impedance spectra of CANO20 thin film deposited on sapphire with TiO2 between as 

a buffer layer (PLD-6) was taken with the Novocontol Alpha-A due to noise when 

measuring with the Solatron spectrometer. The spectra of the film still contained much 

noise. The spectrum with least amount of noise was taken at 600 °C in wet argon, which is 

displayed in Figure 5.13(d). The spectrum display only one semicircle at high frequencies, 

and when deconvoluting the spectrum, (R1Q1) was found to be appropriate. The thin film 

seemed to be very resistive, and made it difficult to obtain any reasonable results; 

therefore no further measurements where done on the film. The conductivity of the thin 

films deposited by the PLD is found to be dependent on the microstructural features of the 



102  RESULTS 

UNIVERSITY OF OSLO 

deposited film, which are mostly related to the process parameters such as substrate 

temperature, deposition rate, background gas quality and pressure, and last but not least 

the choice of the substrate. The chemical compatibility and the thermal expansion 

coefficient of the target and substrate play an important role when choosing the substrate. 
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Figure 5.13        Selected impedance spectra of CANO20, CANO15, CANO10, CANO5, 

and CANO20 thin film (PLD-6) at various conditions measured from 1MHz to Hz using 

the Solatron 1260 and Novocontrol impedance spectrometers. The results from the 

deconvolutions are summarized in Table 5.4. 
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Table 5.4        Results from the deconvolution of the impedance spectra of CANO20 

presented in Figure 5.13. 

Sample 
T 

[°C] 
Condition 

ρ1 

[kΩcm] 
n1 

C1 

[pF/cm] 

ρ2 

[kΩcm] 
n2 

C2 

[nF/cm] 

CANO20 400 O2+H2O 4100 0.91 14.3 5470 0.66 5.12 

CANO20 400 O2+D2O 6100 0.90 16.0 7580 0.73 1.09 

CANO20 500 O2+H2O 351 0.82 64.4 391 0.68 1.07 

CANO20 500 H2+H2O 898 0.88 30.2 1200 0.81 13.2 

CANO20 500 Ar+H2O 880 0.87 29.3 1010 0.72 8.75 

CANO15 500 Ar+H2O 732 0.89 41.6 868 0.74 16.6 

CANO10 500 Ar+H2O 1600 0.94 31.1 958 0.67 10.7 

CANO5 500 Ar+H2O 1990 0.95 20.2 2260 0.78 11.9 

 

5.3.2 Total conductivity as a function of temperature 

By studying isobar measurements of the material, a general understanding of which charge 

carriers is dominating at different atmospheres can be obtained. Figure 5.14 presents the 

total conductivity of CANO20 as a function of the inverse absolute temperature in (a) dry 

and wet (H2O and D2O) oxygen, and in (b) dry and wet (H2O and D2O) argon, with a 

constant frequency of 10 kHz. The temperature range of the measurement was from 

1000°C to 200°C with a cooling rate of 12 °C/h. 

By comparing the two figures, it is observed that the total conductivity decreases with 

decreasing    
. The total conductivity is also observed to flatten out around 300°C in all 

atmospheres. The flattening seems to happen at a little bit higher conductivities in wet 

atmospheres than for dry. 

There seems to be no effect of      in oxygen; the conductivity is nearly equal in all three 

cases at the entire temperature range. In argon there seems to be an effect of      below 

600 °C. Below 600 °C in argon the total conductivity in wet is greater than in dry, 

          . The isotope-effect is also observed in argon, but not in oxygen. Below 600 °C 
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in argon the total conductivity in H2O is greater than in D2O,           . To see if any 

changes happen to the sample during all the conductivity measurements and to see if the 

measurements were reproducible, a measurement in wet oxygen (which was the first of all 

measurements on this sample) was done again and this gave the exact same result. 
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Figure 5.14        Total conductivity as a function of the inverse absolute temperature for 

CANO20 in (a) O2 + Dry, O2 + D2O, and O2 + H2O, and in (b) Ar + Dry, Ar + D2O, and 

Ar + H2O from 1000°C to 200°C with a cooling rate of 12°C/h. 

The total conductivity of CANO20 was also measured as a function of the inverse 

absolute temperature in wet HArmix (5% H2 + 95% Argon), with a constant frequency of 

10 kHz. The temperature range of the measurement was from 1000°C to 200°C with a 

cooling rate of 12 °C/h. In Figure 5.15, the total conductivity of CANO20 in wet oxygen, 

argon, and HArmix are compared. 

At 1000°C the total conductivity in oxygen and HArmix are identical, while the total 

conductivity in argon is slightly lower,          
           . From around 800°C to 

400°C the total conductivity in HArmix and argon is identical, while the total conductivity 

oxygen is higher than both of them,                     
; showing a    

 dependency. At 

around 350°C, the conductivities in the different atmospheres are identical, and they all 

start to flatten out. 
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Figure 5.15        Total conductivity as a function of the inverse absolute temperature for 

CANO20 in O2 + H2O, HArmix + H2O, and Ar + H2O from 1000°C to 200°C with a 

cooling rate of 12°C/h. 

To study the effect of different amount of Ti doping in CANO, the four different CANO 

samples were compared with each other. Figure 5.16(a) presents the total conductivity 

measurements for CANO20, CANO15, CANO10, and CANO5 as a function of absolute 

temperature in wet oxygen from 1000°C to 200°C with a cooling rate of 12°C/h. There is 

not much difference in the total conductivity in the different compounds, but it can be seen 

that CANO15 has the highest conductivity over the entire temperature range, while 

CANO5 has the lowest conductivity over the entire temperature range. CANO20 and 

CANO10 is right in-between them, with CANO20 a little bit lower than CANO10 in the 

lower temperatures. It is also seen a flattening in the total conductivity below 300°C for all 

the four samples. 

Figure 5.16(b) presents the total conductivity measurements for CANO10 as a function of 

absolute temperature in wet and dry argon from 1000°C to 200°C with a cooling rate of 

12°C/h. As with CANO20, there is an effect of      below 600 °C. The total conductivity 

in wet is greater than in dry,           . Here, it is also seen a flattening in the total 

conductivity below 300°C in both wet and dry. 
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Figure 5.16        Total conductivity as a function of the inverse absolute temperature for 

(a) CANO20, CANO15, CANO10, and CANO5 in O2 + H2O, and for (b) CANO10 in Ar 

+ Dry, and Ar + H2O from 1000°C to 200°C with a cooling rate of 12°C/h. 

 

5.3.3    
-dependencies 

The temperature dependencies presented earlier (Figure 5.14 and Figure 5.15) showed a 

difference between the total conductivity in oxygen and argon. By studying this difference 

with isothermal measurements, more accurate information about the dominating defect 

situation in the material can be obtained. Therefore, total conductivity measurements of 

CANO20 were conducted as a function of    
 at different temperatures from 500 °C to 

1000 °C at 10 kHz and constant      = 0.025 atm, see Figure 5.17. Oxygen, HArmix and 

hydrogen were diluted by argon to achieve the desirable partial pressure of oxygen. After 

all the measurements where completed in both oxidizing atmospheres and reducing 

atmospheres, the measurements in oxidizing atmospheres at 1000°C were measured a 

second time to see if it was reproducible and that no changes had occurred with the 

sample. From Figure 5.17 it can be seen that all the measurement points gave the exact 

same results as the first. 
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The total conductivity increases with decreasing    
 under reducing conditions, and 

increases with increasing    
 under oxidizing conditions. The dependency also increases 

with increasing temperature in reducing atmosphere. Between these two regimes the total 

conductivity is essentially independent of the oxygen partial pressure. In oxidizing 

atmosphere the material has the same conductivity at    
= 1 × 10

-4
 atm and    

= 1 × 10
-3

. 

A possible explanation for this may be experimental errors. 
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Figure 5.17        Total conductivity of CANO20 as a function of p
O 

 at constant p
  O

 = 

0.025 atm in the temperature range from 500 °C to 1000 °C. 

To study the effect of different amount of Ti doping on CANO, the four different CANO 

samples were investigated. Figure 5.18 presents the total conductivity measurements for 

CANO20, CANO15, CANO10, and CANO5 as a function of the oxygen partial pressure 

measured at constant p
  O

 = 0.025 atm at 800 °C.  

All of the samples exhibit the same p
O 

 dependencies. There is an increase in the total 

conductivity with increasing p
O 

 under oxidizing conditions and with decreasing p
O 

 

under reducing conditions. Between these two regimes the total conductivity is essentially 

independent of the oxygen partial pressure. As in CANO20, the material has the same 

conductivity at    
= 1 × 10

-4
 atm and    

= 1 × 10
-3

. 
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Figure 5.18        Total conductivity of CANO5, CANO10, CANO15, and CANO20 as a 

function of p
O 

 at 800 °C with constant p
  O

 = 0.025 atm. 

 

 

5.3.4     -dependencies 

The temperature dependencies in argon showed an effect of water vapor in the 

temperature range 600°C to 300°C, Figure 5.14(b). This effect was studied closer by 

measuring the total conductivity as a function of p
  O

. The water vapor partial pressure 

dependence of the total conductivity at 10 kHz from 400 °C to 600 °C in reducing 

atmosphere (measured in HArmix: 5 % Hydrogen and 95% Argon) is shown in Figure 

5.19.  
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The equilibria at the lowest temperatures were very slow, and there will be some 

uncertainty connected with these points. Nevertheless, a p
  O

-dependency is seen at 500 

°C, where the p
  O

-dependency is greatest. At low p
  O

, the total conductivity at 500 °C is 

first independent and then decreases. At highest p
  O

, the dependency increases as a 

function of increasing water vapor partial pressure. At 500 °C and 600 °C a dependency 

close to     
   can be seen at the highest water vapor partial pressure. The total 

conductivity is relatively independent of p
  O

 at 400 °C. 

-4 -3 -2

-6.5

-6.0

-5.5

-5.0

lo
g

 

[S

/c
m

]
  

 

 

 1/2 

log pH
2
O [atm]

CANO 20

 600 
o
C

 500 
o
C

 400 
o
C

 
Figure 5.19        Total conductivity as a function of water vapor partial pressure in 

HArmix at different temperatures from 400 °C to 600 °C for CANO20. 

 

5.4 Electrical Characterization of Ca2YNb0.80Ti0.20O6 

In this section, the electrical measurements of CYNO20 will be presented. First the 

impedance spectroscopy measurement will be presented, then measurement of total 

conductivity as a function of temperature, and finally the    
- and     -dependencies. All 

the conductivity measurement were carried out at a constant frequency of 10 kHz and 

corrected for the sample’s external geometry and porosity, see equation 4.1 and 4.2, 

respectively. 
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5.4.1 Impedance Spectroscopy Analysis 

The electrical response of CYNO20 was recorded at different temperatures between 200 

°C and 1000 °C in different atmospheres using impedance spectroscopy. The frequency 

interval used was between 1 Hz and 1 MHz. The 10 kHz point is marked in all the 

impedance spectra. 

The spectra at temperatures between 400 °C and 600 °C showed two large semicircles; 

one at higher frequencies and one at lower frequencies. The 10 kHz point was found to be 

on the semicircle closest to origo, and the point is observed to move towards higher 

frequencies with decreasing temperature. The shift in the 10 kHz point can be explained 

with the temperature dependency of the characteristic frequency of the different equivalent 

circuits. An equivalent circuit of two parallel subcircuits in series, (R1Q1)(R2R2), was 

found to be appropriate when deconvoluting the spectra in temperatures between 400 °C 

and 600 °C. At temperatures exceeding 600 °C, the spectra only exhibited two lower 

frequency semicircles; the high frequency semicircle was outside the applied frequency 

range. R1(R1Q1)(R2R2), was thus chosen to be the appropriate equivalent circuit. At 

temperature below 400 °C, the spectra contained much noise, and could therefore not be 

deconvoluted. 

Figure 5.20 presents selected impedance spectra of CYNO20 recorded in various 

conditions. The spectra consist of two large semicircles which merge into each other. The 

semicircles closest to origo (highest frequency) represent the bulk resistivity, while the 

next semicircle represents the grain boundary resistivity. In all the spectra, the 10 kHz 

point is always on the semicircle at high frequencies, which means that the conductivity 

measured at 10 kHz in these temperatures and atmospheres represents bulk conductivity. 

Results from the deconvolution of the impedance spectra in Figure 5.20 are given in Table 

5.5. 

Figure 5.20 (a) and (b) presents the spectra obtained in dry and wet oxygen at 400 °C and 

500 °C, respectively. The impedance increases with decreasing temperature. The spectra 

also exhibit some differences in impedance between dry and wet, which indicates a 

contribution of protons to the total conductivity. At both temperatures, the spectra exhibit 

a larger difference in impedance for the grain boundary semicircle, than for the bulk 

semicircle. 
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Figure 5.20        Selected impedance spectra of CYNO20 at various conditions measured 

from 1MHz to Hz using the Solatron 1260 impedance spectrometer. The results from the 

deconvolutions are summarized in Table 5.5. 

Table 5.5        Results from the deconvolution of the impedance spectra of CYNO20 

presented in Figure 5.20. 

T [°C] Condition 
ρ1 

[kΩcm] 
n1 

C1 

[pF/cm] 

ρ2 

[kΩcm] 
n2 

C2 

[pF/cm] 

400 O2 + H20 4580 0.95 16.3 3950 0.82 1.67 

400 O2 + D20 4970 0.95 16.0 3860 0.83 0.25 

500 O2 + H20 1070 0.92 22.4 1220 0.84 0.66 

500 O2 + Dry 885 0.91 27.6 996 0.85 0.67 

 

5.4.2 Total conductivity as a function of temperature 

Figure 5.21 presents the total conductivity of CYNO20 as a function of the inverse 

absolute temperature in (a) dry and wet (H2O and D2O) oxygen, and in (b) dry and wet 

(H2O) argon, with a constant frequency of 10 kHz. The temperature range of the 

measurement was from 1000°C to 200°C with a cooling rate of 12 °C/h.  

The effect of      is great in both oxygen and argon. In oxygen, the total conductivity is 

greater in wet than in dry, (          ), below 800 °C, and reaches a maximum between 

500°C and 400°C. The measurements in dry and wet oxygen were measured a second time 

to see if it was reproducible, and both measurements gave the exact same results. In argon, 
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the total conductivity is greater in wet than in dry (          ) over the entire temperature 

range, and the greatest effect of      is seen around 500°C. In oxygen, the isotope-effect 

can also be observed between 600°C and 350°C, where total conductivity in H2O is 

greater than in D2O,           .  

By comparing the two figures, it is observed that the total conductivity generally decreases 

with decreasing    
. The total conductivity is also observed to flatten out below 400°C to 

300°C in all atmospheres. The flattening happens at higher conductivities in oxygen than 

in argon. 
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Figure 5.21        Total conductivity as a function of the inverse absolute temperature for 

CYNO20 in (a) O2 + Dry, O2 + H2O, and O2 + D2O, and in (b) Ar + Dry, and Ar + H2O 

from 1000°C to 200°C with a cooling rate of 12°C/h. 

To get a closer look at the total conductivity difference in argon and oxygen, the total 

conductivity in wet argon and wet oxygen is presented together in Figure 5.22. It can be 

seen a    
-dependency of the entire temperature range, where the total conductivity is 

higher in oxygen than in argon; the total conductivity is greater in higher    
. As 

mentioned before, the total conductivity in both argon and oxygen flattens out. From 

Figure 5.22 it can be seen clearly that the total conductivity in oxygen flattens out more 

and at higher conductivities than in argon. 
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Figure 5.22        Total conductivity as a function of the inverse absolute temperature for 

CYNO20 in Ar + H2O and O2 + H2O from 1000°C to 200°C with a cooling rate of 

12°C/h. 

5.4.3    
-dependencies 

The temperature dependencies presented earlier (Figure 5.22) showed a difference 

between the total conductivity in oxygen and argon. Therefore, total conductivity 

measurements were conducted as a function of    
 in the range of 600 °C to 1000 °C at 10 

kHz and constant      = 0.025 atm, Figure 5.23. Oxygen, HArmix, and hydrogen were 

diluted by argon to achieve the desirable    
.  

The total conductivity increases with decreasing    
 under reducing conditions, and 

increases with increasing    
 under oxidizing conditions. The    

-dependency also 

increases with increasing temperature. At the highest temperatures, the    
-dependency 

was close to    

  
  in reducing atmosphere and close to    

 
  in oxidizing atmosphere. 

Between these two regimes the total conductivity decreases to a small extent with 

decreasing oxygen partial pressure. As with CANOX, the points at    
= 1 × 10

-4
 atm and 

   
= 1 × 10

-3
 are on a line (has the same conductivity), which makes the curve in 

oxidizing conditions not smooth. 
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Figure 5.23        Total conductivity of CYNO20 as a function of p
O 

 at constant p
  O

 = 

0.025 atm in the temperature range from 600 °C to 1000 °C. 

5.4.4     -dependencies 

The temperature dependencies in both oxygen and argon showed a pronounced effect of 

water vapor in temperatures from 800 °C to 300 °C, Figure 5.21(a) and (b). This effect 

was studied closer by measuring the total conductivity as a function of p
  O

. The water 

vapor partial pressure dependence of the total conductivity at 10 kHz from 400 °C to 800 

°C in oxidizing atmosphere is shown in Figure 5.24. The equilibriums at the lowest 

temperatures were very slow, and there will be some uncertainty connected with these 

points.  

The total conductivity seems relatively independent of p
  O

 at all temperatures, which do 

not fit with the results from the temperature ramps. Nevertheless, at 600 °C, where the 

effect of water vapor is greatest in the temperature dependence, there is a slight decrease 

and then increase in total conductivity. 



RESULTS  115 

UNIVERSITY OF OSLO 

-6 -5 -4 -3 -2

-6.5

-6.0

-5.5

-5.0

-4.5

-4.0

log pH
2
O [atm]

 1/2 

 

 

CYNO 20

 800 
o
C

 700 
o
C

 600 
o
C

 500 
o
C

 400
o

C

lo
g

 

[S

/c
m

]

 

Figure 5.24        Total conductivity as a function of water vapor partial pressure in 

HArmix at different temperatures from 400 °C to 800 °C for CYNO20. 
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Chapter 6 

6 Discussion 

In this chapter, the experimental results presented in chapter 5 will be discussed in light of 

the theory and literature. The main discussion will focus on the results obtained by total 

conductivity measurements and TG-measurements. By investigations of these results, the 

defect structures of Ca2AlNb1-xTixO6 (CANOX) and Ca2YNb0.80Ti0.20O6 (CYNO20) will 

be described. From the possible defect structure, the thermodynamic and transport 

parameters are extracted from the total conductivity and TG-measurements. In the final 

section, hydration of double perovskites will be discussed. 

6.1 Ca2AlNb1-xTixO6 (CANOX) 

6.1.1 Defect Structure 

The partial pressure dependencies of the total conductivity of CANOX presented in 

section 5.3 (Figure 5.17, Figure 5.18 and Figure 5.19) will be explained with respect to the 

full electroneutrality condition: 

        
 

      
        

     6.1 

and the Brouwer diagrams given in subsection 2.2.6 and subsection 2.2.7 (Figure 2.2 and 

Figure 2.3, respectively). These conditions are assumed to apply to all samples of 

CANOX. 
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A typical behavior of a mixed ionic-electronic conductor is observed in the 

   
-dependencies of CANO20, see Figure 5.17. The total conductivity increases with 

decreasing    
 under reducing conditions, and increases with increasing    

 under 

oxidizing conditions. In reducing atmospheres, the dependency decreases with decreasing 

temperature. At the highest temperatures, the    
-dependency is close to    

  
  in reducing 

atmosphere, reflecting an increasing n-type contribution to the total conductivity. In 

oxidizing atmosphere the    
-dependency is close to    

 
  at all temperatures, reflecting a 

p-type contribution to the total conductivity. In between, the total conductivity is 

essentially independent of the oxygen partial pressure reflecting ionic conduction. 

Comparing the measurements to the Brouwer diagram (Figure 2.2), the sample seems to 

be in region 2 where acceptors are fully compensated by ionic defects: 

      
 

      
        

   6.2 

Holes and electrons are minority defects, but due to a higher mobility of electronic 

defects, holes and electrons dominate the conductivity at low and high partial pressures of 

oxygen, respectively. Below 700 °C in reducing atmospheres, the concentration of 

electrons decreases and the conductivity is predominantly ionic, showing no significant 

n-type electronic conduction in reducing atmospheres, but there is a p-type contribution in 

oxidizing atmospheres at all temperature measured. 

Due to the contribution of electron holes in oxidizing atmosphere observed during the    
 

measurements at all temperatures, the p
  O

-dependency was measured in reducing 

atmospheres. In reducing atmospheres, a p
  O

-dependency is seen (Figure 5.19). At low 

p
  O

, the total conductivity at 500 °C is independent of p
  O

; reflecting ionic contribution 

to the total conductivity, which can be ascribed to oxygen vacancies. As p
  O

 increases, 

the total conductivity decreases. At high p
  O

, the dependency starts to increase as a 

function of increasing water vapor partial pressure. At 500 °C and 600 °C a dependency 

close to     
    can be seen at the highest water vapor partial pressure, reflecting an 

increasing proton contribution to the total conductivity. Thus,      
 

      
        

   

describes the entire range of p
  O

, i.e. a transition from      
 

      
    under dry 

conditions to      
 

      
   under wet conditions. The total conductivity is almost 
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independent of p
  O

 at 400 °C. Such dependencies indicate that the sample is in region 1 

of the Brouwer diagram depicted in Figure 2.3. The protonic defects are minority defects 

but start to dominate the total conductivity at higher partial pressures of water vapor due to 

higher mobility than oxygen vacancies, while the oxygen vacancies dominates at lower 

partial pressures of water vapor. These small p
  O

-dependencies are in agreement with the 

TG measurements of CANO20, see Figure 5.11. 

In oxygen, the total conductivity measured as a function of the inverse absolute 

temperature was found to exhibit no p
  O

-dependencies, see Figure 5.14(a). Hence, no 

protons were found. However, a small isotope effect was seen from the impedance spectra 

taken in D2O-and H2O-wetted oxygen; see Figure 5.13 (a). The total conductivity in 

oxygen may seem to be independent of p
  O

 due to the contribution of electron holes to 

the total conductivity; as a result of the high mobility of the electron holes, they seem to 

dominate the conductivity at all temperatures as seen from the    
-dependencies. The total 

conductivity as a function of the inverse absolute temperature was also measured in argon 

in order to eliminate the contribution from electron holes. Indeed, a p
  O

-dependency was 

found, reflecting an ionic conduction. The total conductivity was also measured in 

D2O-wetted argon. The isotope effect was observed below 600 °C, with a higher 

conductivity in H2O than in D2O, indicating a contribution of protons to the total 

conductivity and that conduction occurs by hopping of protons from one O
2-

 ion to the 

next. These results agree with the findings from the p
  O

-dependencies at 600 °C and 500 

°C. However, from the temperature ramp in argon there is supposed to be a 

p
  O

-dependency at 400 °C, but this effect is not observed in the p
  O

 measurement at 400 

°C. This could be a result of slow equilibrium at lower temperatures. As the material is 

gradually dehydrated with increasing temperature, the electron holes seem to contribute 

more to the total conductivity. At temperatures below 300 °C, the total conductivity seems 

to flatten out and much noise is observed. The resistance in the sample probably exceeded 

the input impedance in the impedance spectrometer used in these measurements (Solatron 

1260). This explanation fits the impedance spectra taken below 400 °C, were there was 

too much noise due to the resistance in the sample. 
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6.1.2 Effect of Acceptor Dopant 

As discussed in chapter 3, subsection 3.1.2, when choosing an acceptor dopant to optimize 

the proton conductivity, the dopant should have an ionic radius and chemical properties 

matching those of the ion it substitutes [38]. For CANO, titanium seemed to be an 

appropriate acceptor dopant since the charge of Ti
4+

 is less than Nb
5+

, the ionic radius of 

Ti
4+

 ( 
 i
      .    Å) is close to Nb

5+ 
(         .    Å), and the electronegativity of 

titanium (χ = 1.32) is close to the electronegativity of niobium (χ = 1.23).  

When measuring the p
O 

-dependencies of the samples with different amounts of Ti-doping 

at 800 °C in oxidizing and reducing atmospheres, all samples exhibit behavior typical of a 

mixed ionic-electronic conductor (see Figure 5.18). There is an increase in the total 

conductivity with increasing p
O 

 under oxidizing conditions and with decreasing p
O 

 

under reducing conditions; reflecting p-type and n-type conductivity contributions under 

oxidizing and reducing conditions, respectively. The ionic regime appears at intermediate 

p
O 

. The total conductivity in CANO5, CANO10, CANO15, and CANO20 are very 

similar and do not seem to be affected by the amount of doping. This is also observed in 

Figure 5.16(a), where the total conductivities of the different samples are plotted against 

the inverse absolute temperature in wet oxygen. One explanation for the similar 

conductivities of all the samples might be the solubility of the dopant, as discussed in 

subsection 5.1.2. The solubility limit of the dopant might be 5 %, as seen in Figure 5.4(a). 

If so, the different samples will have the same conductivity. The choice of acceptor dopant 

may be another reason for the similar conductivities of the samples. The ionic radius and 

the charge of Ti
4+

 ( 
 i
      .    Å) lie between those of Al

3+
 (         .    Å) and Nb

5+ 

(         .    Å) and titanium might substitute aluminum instead of niobium as discussed 

in subsection 3.3.1. There will then be some donor doping in the material (    
 ), and there 

will be some acceptor doping (    
 

). The amount of doping is then separated between 

aluminum and niobium, making the samples very similar, hence also the conductivity. If 

the latter explanation is correct, there will be an excess of aluminum in the sample, which 

may explain the aluminum-rich secondary phase seen on the surface of the samples, see 

the inset in Figure 5.6(a). 
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6.1.3 Thermodynamic Assessment 

The previous two subsections treated the variations in total conductivity with changes in 

the reaction condition qualitatively from a point-defect chemical approach. It would, 

however, be more appropriate to solve the defect system and fit the overall data set so as 

to derive thermodynamic relations for the different defects and to enable quantification of 

physicochemical constants. The transport properties and hydration parameters were 

estimated by fitting the     -dependencies, the TG-measurement, and the temperature 

ramps in wet argon. With the basis in the electroneutrality condition given in equation 6.2 

together with the expression for defect equilibrium of the hydration reaction (equation 

2.23, section 2.2.6) and partial conductivity (equation 2.50, subsection 2.3.7), the total 

conductivity can be modeled as the sum of the different partial conductivities; the details 

are outlined in Appendix D. The curve fittings were performed with the program 

TableCurve2D. As the hydration entropy for proton conducting oxides often turns out to 

be -120 J/mol K due to the loss of one mole of gas [9], it was assumed to vary within ± 15 

J/mol K of this value during the fitting procedure. All other parameters were allowed to 

vary freely. Since the curve fitting was done on the temperature ramp in wet argon and on 

the     -dependencies below 600 °C in reducing atmosphere, the electrons and electron 

holes were not taken into account. The thermodynamic and transport parameters from the 

curve fittings are given in Table 6.1, together with average extracted parameters. 

Modeled total and partial conductivities and measured total conductivity for CANO20 are 

depicted in Figure 6.1. Since the temperature ramp was performed in wet argon, electrons 

and electron holes were not taken into account during fitting of the temperature ramp. The 

thermodynamic and transport parameters in Table 6.1 are used to model the partial and 

total conductivity curve. From the graph, it seems that proton conductivity dominates the 

total conductivity up to 400 °C. Above 400 °C oxygen vacancies take over. 
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Table 6.1        Thermodynamic and transport parameters extracted from curve fitting of 

partial and total conductivity data of CANO20. 

Measurement 
       

[kJ/mol] 

       

[J/mol K] 

    
   

[cm
2 

K/V s] 

        
   

[kJ/mol] 

     
    

[cm
2 

K/V s] 

       
    

[kJ/mol] 

      

400 °C -49 -124 0.7 84 0.3 103 

500 °C -50 -119 5.1 86 0.9 100 

600 °C -53 -128 7.1 74 2.7 92 

Temperature 

Ramp-Ar + H2O 
-52 -120 1.6 69 61.5 62 

Average -51 ±2 -123 ± 8 4 ± 2 78 ± 9 16± 25 90 ± 20 
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Figure 6.1        Total conductivity and partial conductivities as a function of the inverse 

absolute temperature for CANO20 as measured in wet argon from 850 °C to 250 °C. 

The thermodynamic parameters of hydration were also extracted from curve fitting of the 

thermogravimetric measurements conducted on CANO20 (Figure 5.11(a)) (details are 

found in Appendix D). The parameters are given in Table 6.2. The hydration enthalpy was 

found to be lower than the parameters determined from the conductivity data given in 

Table 6.1. One explanation for the different hydration enthalpies may be that the 
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calculated proton concentration from the weight change may represent both the 

concentration of free protonic charge carriers and the concentration of protons trapped in 

the sample, while measurements of the total conductivity as a function of temperature and 

the measurement of total conductivity as a function of      do not show the protons being 

trapped. This is consisten with observations for the double perovskites studied by Liang 

and Nowick [43], as discussed in chapter 3. 

Table 6.2        Thermodynamic parameters extracted from curve fitting of TG 

measurement of CANO20. 

Measurement 
       

[kJ/mol] 

       

[J/mol K] 

TG -70 -115 

 

Proton mobility 

From Table 6.1 it can be seen that the extracted enthalpy of migration for protons in 

CANO20 is -78 kJ/mol. The activation energy for proton transport is then 0.81 eV. This 

value is higher than what is generally considered typical for acceptor doped perovskites; 

0.4 to 0.6 eV for   mob ( 
 ) [33]. However, the high activation energy of mobility for 

proton transport fits well with the double pervskites La2MgTiO6 and La2MgZrO6 studied 

by Vigen et al. [75]; 0.84 eV and 0.78 eV for La2MgTiO6 and La2MgZrO6, respectively. 

The authors suggest that the high activation energy reflect that protons are associated to 

effectively charged defects formed by site exchange among the B-site cations. This might 

be the case for CANO20 as well. CANO is found to exhibit ordering on the B-site up to 

1625 °C due to the size and charge mismatch of Al and Nb [51]. As in La2MgTiO6 and 

La2MgZrO6, a site exchange must result in formation of effectively charged defects 

according to reaction 6.3, as each of the B-sites are assigned to the size and the charge of 

their respective B-site cation. 

     
        

        
  

       
   6.3 

Consequently, there is a possible trapping site for protonic defects in the ordered structure; 

    
  

. This makes the activation energy for proton transport higher. Another possible type 

of trapping site may be formed by acceptor-doping;     
 

 (reaction 2.13).  
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The pre-exponential factor for proton migration   ( 
   given in Table 6.1 is 4 cm

2
 K/V s 

for CANO20. This value is lower than the typical values of proton migration; 10 cm
2
 K/V 

s to 100 cm
2
 K/V s [9]. This may be a result of symmetry reduction as discussed in 

subsection 3.1.2. The compound will exhibit different oxygen position in the lattice (see 

table Table 3.1) and they will have distinctly different basicites [33, 40]. The oxygen ions 

will also exhibit lower basicities on the AlO6 octahedra than on the NbO6 octahedra due to 

the higher electronegativity of aluminum than niobium. This will decrease the sticking 

probability (the chance that the particle actually stays after a succesfull jump rather than 

jumping back), thus effectively decrease   ( 
  . A proton jumping from one NbO6 

octahedron to an AlO6 octahedron will have a small probability of staying and will most 

likely jump back. Another reason for the low calculated   ( 
   may be that the curve 

fitting is done using the nominal acceptor doping concentration. 

6.2 Ca2YNb0.80Ti0.20O6 (CYNO20) 

6.2.1 Defect Structure 

The partial pressure dependencies of the total conductivity of CYNO20 presented in 

section 5.4 (Figure 5.23 and Figure 5.24) will be explained with respect to the full 

electroneutrality condition: 

        
 

      
        

     6.4 

and the Brouwer diagrams given in subsection 2.2.6 and subsection 2.2.7 (Figure 2.2 and 

Figure 2.3, respectively). 

As with CANOX, a typical behavior of a mixed ionic-electronic conductor is observed in 

the    
-dependencies, see Figure 5.23. The total conductivity increases with decreasing 

   
 under reducing conditions, and increases with increasing    

 under oxidizing 

conditions. The    
-dependency also increases with increasing temperature. At the highest 

temperatures, the    
-dependency was close to    

  
  in reducing atmosphere and close to 

   

 
  in oxidizing atmosphere, reflecting an increasing n-type and p-type contribution to 
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the total conductivity, respectively. The sample seems to be in region 2 of the Brouwer 

diagram (Figure 2.2), where acceptors are fully compensated by ionic defects: 

      
 

      
        

   6.5 

Holes and electrons are minority defects, but due to a higher mobility of electronic 

defects, holes and electrons dominate the conductivity at low and high partial pressures of 

oxygen, respectively. Below 700 °C, the concentration of electrons and holes diminishes 

and the conductivity is predominantly ionic (independent of    
) showing no significant 

n-type or p-type electronic conduction. 

In oxidizing atmospheres, no p
  O

-dependency is seen (Figure 5.24). The total 

conductivity seems to be independent of p
  O

 at all temperatures. The TG measurement of 

CYNO from 900 °C to 400 °C (Figure 5.12) agrees with the negligible p
  O

-dependency. 

Nevertheless, at 600 °C there is a slight decrease and then increase in total conductivity as 

the p
  O

 increases. This may reflect a contribution of proton conduction to the total 

conductivity, as illustrated in the Brouwer diagram (Figure 2.3). 

Contradicting the observations in the p
  O

-dependencies measurements, the total 

conductivity measured as a function of the inverse absolute temperature was found to 

exhibit p
  O

-dependencies when measured in oxygen (see Figure 5.21). The total 

conductivity in both argon and oxygen showed p
  O

-dependencies. A greater effect of 

p
  O

 was seen in argon, which might be a result of electron holes in high partial pressures 

of oxygen as seen from the    
-dependencies. The total conductivity was also measured in 

D2O-wetted oxygen. A small isotope effect was observed below 600 °C, with a higher 

conductivity in H2O than in D2O, indicating a contribution of protons to the total 

conductivity. This effect is small and might be the reason for not observing a 

p
  O

-dependency during the isothermal measurements. Another reason may be slow 

equilibria below 500 °C. At temperatures below 300 °C, the total conductivity seems to 

flatten out and much noise is observed. Since the conductivity in all the oxygen samples 

flattens out at the same conductivity, this seems to be a result of the resistance in the 

sample. However, when comparing the conductivity in argon and oxygen, it possible to 

see that the flattening starts at a magnitude lower in argon than in oxygen. Another 

observation is that the conductivity starts to flatten out at 400 °C in dry and 300 °C in wet, 
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in both oxygen and argon. One possible explantation for the flattening at higher 

conductivities in oxygen than in argon may be “frozen-inn” defects in oxygen 

atmospheres. In argon however, there is much noise and the flattening observed is not 

very clear, which may, as in CANO20, be a result of resistance in the sample. 

6.2.2 Thermodynamic Assessment 

The transport properties and hydration parameters of CYNO20 were estimated by fitting 

the     -dependencies and the total conductivity as a function of temperature in wet 

argon. With basis in the electroneutrality condition given in equation 6.5 and the 

expression for defect equilibrium of the hydration reaction (equation 2.23, section 2.2.6) 

and partial conductivity (equation 2.50, subsection 2.3.7), the total conductivity can be 

modeled as the sum of the different partial conductivities; the details are outlined in 

Appendix D. Curve fittings were performed with the program TableCurve2D. As the 

hydration entropy for proton conducting oxides often turns out to be -120 J/mol K due to 

loss of one gas molecule [9], it was fixed to only vary within ± 15 J/mol K of this value 

during the fitting procedure. All other parameters were allowed to vary freely. Since the 

curve fitting was done on the temperature ramp in wet argon and on the 

    -dependencies at 700 °C and below in oxidizing atmosphere, electrons and electron 

holes were not taken into account. The thermodynamic and transport parameters from the 

curve fittings are given in Table 6.2, with average extracted parameters. 

Modeled total and partial conductivities and measured total conductivity for CANO20 are 

depicted in Figure 6.2. The thermodynamic and transport parameters in Table 6.2 are used 

to model the partial and total conductivity curve. From the graph, it seems that proton 

conductivity dominates the total conductivity up to 550 °C, and above 550 °C oxygen 

vacancies take over. 
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Table 6.3        Thermodynamic and transport parameters extracted from modeling of the 

partial and total conductivity data of CYNO20. 

Measurement 
       

[kJ/mol] 

       

[J/mol K] 

    
   

[cm
2 

K/V s] 

        
   

[kJ/mol] 

     
    

[cm
2 

K/V s] 

       
    

[kJ/mol] 

      

400 °C -94 -115 2.5 105 0.5 93 

500 °C -86 -126 3.4 93 13.1 106 

600 °C -83 -130 3.5 80 5.7 90 

700 °C -90 -132 11.6 80 8.4 85 

Temperature 

Ramp-Ar + H2O 
-92 -121 10.1 81 35.4 96 

Average -89 ± 6 -125 ± 10 6.2 ± 5 88 ± 17 12.6 ± 12 94 ± 12 
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Figure 6.2         Total conductivity and partial conductivities as a function of the inverse 

absolute temperature for CYNO20 as measured in wet argon from 1000 °C to 300 °C.  
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Proton mobility 

The extracted enthalpy of migration for protons in CYNO20 is -88 kJ/mol. The activation 

energy for the proton transport is then 0.91 eV. This value is higher than the activation 

energy obtained for CANO20 and is higher than what is considered typical for acceptor 

doped perovskites. However, as with CANO20, the high activation energy of mobility for 

the proton transport fits well with the double perovskites La2MgTiO6 and La2MgZrO6 

studied by Vigen et al. [75]. The authors suggest that the high activation energy reflects 

that protons are associated to effectively charged defects formed by site exchange among 

the B-site cations. This might be the case for CYNO20 as well. As in La2MgTiO6 and 

La2MgZrO6, a site exchange must result in formation of effectively charge defects 

according to 6.6, as each of the B-sites are assigned to the size and the charge of their 

respective B-site cation. 

   
        

       
  
      

   6.6 

Consequently, there is a possible trapping site for the protonic defects in the ordered 

structure;    
  

, making the activation energy for the proton transport higher. Another 

possible trapping site may be formed by acceptor-doping;     
 

 (reaction 2.13).  

The pre-exponential factor for proton migration   ( 
   given in Table 6.3 is 6.2 cm

2
 K/Vs 

for CYNO20. This value is greater than the   ( 
   for CANO20, but is lower than the 

typical values of the proton migration; 10 cm
2
 K/V s to 100 cm

2
 K/V s [9]. As with 

CANO20, this may be a result of symmetry reduction as discussed in section 3.1.2. The 

compound will exhibit different oxygen positions in the lattice (see table Table 3.2) and 

they will have distinctly different basicites [33, 40]. The oxygen ions will also exhibit 

lower basicities on the NbO6 octahedra than on the YO6 octahedra due to the higher 

electronegativity of yttrium than niobium. This will decrease the sticking probability, thus 

effectively decrease the pre-exponential factor for proton migration. A proton jumping 

from one YO6 octahedron to an NbO6 octahedron will have a small probability of staying 

and will most likely jump back. Another reason for the low value of the calculated   ( 
   

might be that the curve fitting is done using the nominal acceptor doping concentration. 
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6.3 Hydration of Double Perovskites 

As discussed in previous chapters, correlations between the hydration thermodynamic and 

materials properties have been suggested in order predict the water uptake and proton 

conductivity in oxides. A clear correlation between the hydration thermodynamic and 

materials properties of the double perovskites has not been found. The average hydration 

enthalpy of CANO20 extracted from the curve fittings was -53 ± 10 kJ/mol and the 

average hydration enthalpy of CYNO extracted from the curve fittings was -89 ± 6 kJ/mol. 

A material is expected to keep the protons at higher temperatures with decreasing 

hydration enthalpy. As seen from Figure 6.2 and Figure 6.1, the total conductivity of 

CYNO20 is dominated by protons up to 550 °C, while the total conductivity of CANO20 

is dominated by protons up to 400 °C. For both compounds the hydration entropy was 

close to -120 J/mol K, as expected empirically for the loss of 1 mole gas.  

As mentioned in chapter 3, Nowick et al. [10] suggested some correlation between the 

conductivity and the size of the B-cations. The authors observed the conductivity of 

double perovskites to increase with decreasing size difference of the B-cations (see Figure 

3.7) and the proton conductivity to increase with increasing disorder of the B-cations [10]. 

Since it is precisely a large radius difference between the B-cations that give rise to 

ordering [43, 46], Nowick et al. [10] concluded it was not unreasonable to propose that the 

effect of B-ion size difference on the proton conductivity is related to the state of ordering 

in the lattice. From these conclusions, it is reasonable to believe that CANO will have 

higher degree of disorder, hence have higher proton conductivity than CYNO since 

CYNO have a larger difference between the B-cations than CANO (see chapter 3, Table 

3.3). The proton conductivity measurement of CYNO is very similar for the proton 

conductivity in CANO, see Table 6.4, which may be due to more trapping in CANO than 

in CYNO. The electronegativity difference between the B-cations is opposite compared to 

the difference in size difference of the B-cations, where the B-cations in CYNO have 

small electronegativity difference and the B-cations in CANO have a large 

electronegativity difference. One can speculated if an increasing electronegativity 

difference between the B-cations may affect the proton conductivity. 
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Table 6.4        The modeled proton conductivity of CANO20 and CYNO20 in wet 

oxygen. 

Sample 
σ at 600 °C 

[S/cm] 

σ at 500 °C 

[S/cm] 

σ at 400 °C 

[S/cm] 

CANO20              .        7  .        7 

CYNO20  .           .           .8         

 

As discussed in chapter 3, subsection 3.1.1, Bjørheim suggested a refinement of the Norby 

[15] correlation between hydration enthalpy and electronegativity difference between the 

A- and the B-cation in the case of single perovskites: 

                         6.7 

A smaller electronegativity difference between the A- and the B-cations will result in 

more negative hydration enthalpies. When this is used to calculate the hydration enthalpy 

for double perovskites the arthimetic mean of the electronegativity of the B-site is taken, 

but there is no evidence if this applicable for double perovskites. Let us see what happens 

if we try to mimic this procedure in order to find a similar correlation for double 

perovskites, A2B′B″O6. We define: 

         
         

 
    6.8 

In the case of doped, double perovskites, it would be natural to include the 

electronegativity of the dopant in this expression. Since we compute the average 

electronegativity of the B-site cations, a natural generalization to doped double 

perovskites of the form A2B′B″1-yDyO6 is given by 

        
                     

 
    6.9 

i.e. we use a weighted average of the electronegativity of the B-site cations. It is possible 

to hope for a relation between        and       , similar to that of       and        in 

the case of single perovskites. So suppose there is such a correlation for double 

perovskites. As an illustration, we assume 

                         , 6.10 
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noting that if such a correlation were to exist, the coefficients in the equation may very 

well be different. Let us take a look at what will happen to the (hypothesized) hydration 

enthalpy as we vary the dopant and the dopant concentration:  

1. If        and         , a slight increase in y will lead to an increase in the 

hydration enthalpy. 

2. If        and         , a slight increase in y will lead to an decrease in the 

hydration enthalpy. 

3. If        and         , a slight increase in y will lead to a decrease in the 

hydration enthalpy. 

4. If        and         , a slight increase in y will lead to an increase in the 

hydration enthalpy. 

Similar notions can be defined for any type of perovskite, with or without doping on A- 

and B-sites. Our definition of        is only meant as an illustration. We wanted to find a 

suitable concept corresponding to       in the case of single perovskites, but our choice 

of arithmetic mean was in some sense arbitrary. The maximum, minimum, geometric 

mean, mode or median are all possible choices, and only measurements can show which 

of them, if any, is suitable. The minimum and maximum are not robust measurements 

when the concentration of one of the B-site cations is very small, while the mode is not 

robust when there are or more two types of B-site cations with similar high concentrations. 

In the following, I will focus on the arithmetic mean method and the geometric mean 

method. 

Note that for single perovskites,  

    
   

             , 6.11 

irrespective of whether we use the arithmetic mean, geometric mean, mode or median in 

our definition of       . Some of the noise in Figure 3.2 could be due to the custom of 

neglecting the electronegativity of the dopant. 

Measured and calculated hydration enthalpies for CANO20 and CYNO20 as well as the 

calculated hydration enthalpies for CANO and CYNO are shown in Table 6.5. The 

measured hydration enthalpy of CANO20 is -51 ± 2 kJ/mol. In this case, the calculation 

method giving the best approximation is the arithmetic mean method which takes the 
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electronegativity of the dopant into account. This is also the case for CYNO20; the 

arithmetic mean method taking the acceptor dopant into account is closest to the measured 

hydration enthalpy of -89 ± 6 kJ/mol. However, the measured hydration enthalpy 

CYNO20 is 32 kJ/mol higher than the calculated value using equation 6.10. This may be 

due to the secondary phases observed in the sample. For both materials, the hydration 

enthalpy will increase with increasing dopant concentration according to equation 6.10; 

both        and          are satisfied, so we are in case 1 of the possible situations 

listed above. 

Suppose we want to find a dopant concentration y minimizing          (and therefore 

      ) for A2B′B″1-yDyO6 gi en A, B’ and B’’. Then all we have to do, according to 

equation 6.10, is to solve 

 
                     

 
    6.12 

for y. Rearranging the equation, we get 

    
            

      
 6.13 

However, from a defect point of view the hydration enthalpy should increase with 

increasing amounts of doping. If there exists a Norby correlation for double perovsikites, 

the method of calculating the average of the electronegativity of the B-site cations 

described above may not be suitable; doping a material should increase its proton 

conductivity, but according to equation 6.10, doping the material will decrease its proton 

conductivity in special cases such as CANO and CYNO with Ti-doping. Perhaps 

something else should be taken into account. 

Note that if the “right way” (in the case of double perovskites) is to take the articmetic 

mean of the electronegativity of the B-site cations, the electronegativity of the dopant 

should be taken into account when we are studying doped single perovskites, since 

           -                       when     . 
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Table 6.5        Measured and calculated hydration enthalpies. 

Sample 
        

  

   
  

Measured 

        
  

   
  

Calculated using 

arithmetic mean 

        
  

   
  

Calculated using 

geometic mean 

Ca2AlNbO6 - -58.3 -75.1 

Ca2AlNb0.80Ti0.20O6 -51 ± 2 -55.0 -60.3 

Ca2YNbO6 - -124.9 -125.5 

Ca2YNb0.80Ti0.20O6 -89 ± 6 -121.6 -122.4 

 

6.4 Future Work 

Several possible connections between hydration enthalpy and the electronegativity of the 

cations in doped double perovskites have been suggested in this thesis, and it would be 

interesting to gather more data to see if any of them were to give good predictions. The 

calculation methods suggested could also be applied to existing data on doped single 

perovskites, perhaps giving a more accurate description of the situation than the 

correlation suggested by Norby. 

It would be interesting to make CYNO with a different dopant or with lower amounts of 

Ti-doping (without any secondary phase present) and see how this would affect the 

electrical results; whether the same flattening of the total conductivity is observed in 

oxygen atmosphere, and how this affects the water uptake in the compound. 

The deposition of thin-films of Ca2AlNb0.80Ti0.20O6 on c-plane cut sapphire, fused silica, 

crystalline quartz by pulsed laser deposition were troubled by the formation of microcraks 

and the Ca2AlNb0.80Ti0.20O6 thin-film deposited on sapphire with TiO2 between as a buffer 

layer showed very high resistance. It would be of interest to make other thin-films of 

double perovskites with similar thermal expansion coefficient of the target and the 

substrate. 
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Chapter 7 

7 Conclusion 

Ca2AlNb1-xTixO6 (x = 0.05, 0.1, 0.15, 0.20) and Ca2YNb0.80Ti0.20O6 can be synthesized 

with the solid state reaction method, but Ca2YNb0.80Ti0.20O6 is troubled by the formation 

of secondary phases. Microcracks were formed on the surface of Ca2AlNb0.80Ti0.20O6 

thin-films deposited on c-plane cut sapphire, fused silica, crystalline quartz, but not on the 

films deposited on sapphire with TiO2 between as a buffer layer. The Ca2AlNb0.80Ti0.20O6 

thin-film deposited on sapphire with TiO2 between as a buffer layer showed very high 

resistance. 

Based on the results from the total conductivity measurements in the temperature range of 

200 °C to 1000 °C of Ca2AlNb1-xTixO6 (x = 0.05, 0.1, 0.15, 0.20) and Ca2YNb0.80Ti0.20O6, 

it can be concluded that the compounds are mixed ionic and electronic conductors. At high 

temperatures, p- and n-type electronic conductivity predominates under oxidizing and 

reducing conditions, respectively, and ionic conduction is dominating at intermediate 

oxygen partial pressures. A protonic contribution was observed below  600 °C under wet 

conditions for Ca2AlNb0.80Ti0.20O6 and Ca2YNb0.80Ti0.20O6. On the basis of the electrical 

measurements, a defect structure with protons and oxygen vacancies compensating the 

acceptor dopants was ascribed to the materials. 

By modeling of the temperature and water vapor partial pressure dependencies based on 

the simplified defect structure, the activation energies for proton mobility were estimated 

to 0.81 eV and 0.91 eV for Ca2AlNb0.80Ti0.20O6 and Ca2YNb0.80Ti0.20O6, respectively. The 
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high activation energy may reflect protons associated to effectively charged defects 

formed by site exchange among the B-site cations. This limits the proton transport and, 

consequenctly, the maximum proton conductivity of Ca2AlNb0.80Ti0.20O6 and 

Ca2YNb0.80Ti0.20O6 is in the order of 10
-6

 S/cm.  

The hydration enthalpy was estimated to -52 ± 2 kJ/mol and -89 ± 6 kJ/mol for 

Ca2AlNb0.80Ti0.20O6 and Ca2YNb0.80Ti0.20O6, respectively. 

It is possible that the Norby correlation between hydration enthalpy and electronegativity 

of the cations in a single perovskite can be generalized to doped double perovskites. This 

generalization could also be used to refine the Norby correlation in the case of doped 

single perovskites. 
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Appendix A 

Defect Model of Ca2B′Nb1-xTixO6  

In this appendix the Brouwer diagram for Ti-doped Ca2B′NbO6 is derived for both    
- 

and      -dependencies.  

A.1 Electroneutrality condition: 

Ti-doped Ca2B′NbO6 is assumed to be dominated by intrinsic electronic disorder and 

Schottky disorder when stoichiometric, and oxygen vacancies and metal vacancies when 

non-stoichiometric, giving oxygen and metal deficiency at, respectively, low and high 

oxygen activities. The compound is also assumed to be hydrated in the presence of a 

hydrogen source. The full electroneutrality condition then becomes: 

       
        

        
 

       
  

     
  
  
       

  
     A.1 

where      
 

  is assumed to be below the solubility limit of Ca2B′NbO6 and therefore 

constant. 

A.2 Defects reactions and equilibrium constants: 

When deriving the Brouwer diagrams, a set of defects reaction equations is formulated and 

expressions for the equilibrium constants of the reactions are obtained. The different 

defect reactions used for calculating both    
- and      -dependencies and their 

corresponding equilibrium constants are given below for both stoichiometric regions and 

non-stoichiometric regions. 
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Stoichiometric Regions 

Schottky disorder: 

       
  

    
  

    
  

    
   A.2 

 

          
  
 
 
     

  
      

  
     

     A.3 

Intrinsic electronic disorder:  

             A.4 

 

                                
   

  
  A.5 

where Eg is the band gap, and NC and NV denote the density of states in the conduction 

band and valence band edges, respectively.  

Non-Stoichiometric Regions 

Oxygen deficiency:  

   
      

           
 

 
        A.6 

 

    
     

   
          

 
 

   
  

 A.7 

Metal deficiency: 

           
  

    
  

    
  

    
       A.8 

 

       
    

  
 
 
     

  
      

  
     

       

    
 

 A.9 

Hydration: 

          
    

       
  A.10 

 

         
    

   

   
       

       
 A.11 
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A.3 Concentration of defects as a function of    
: 

The Brouwer diagram for    
-dependencies is partitioned into four different regions, each 

corresponding to a simplified electroneutrality condition. The acceptor concentration is 

constant over all four regions. As promised in subsection 2.2.6, the full derivation of the 

Brouwer diagram is shown here.  

Region 1 

Dominating defect pair:     
      

Substituting the simplified electroneutrality condition for this region into the equilibrium 

equation for the formation of oxygen vacancies (eq. A.7) gives the following expression 

for the concentration of the majority defects: 

         
          

   
 
     

  
 
      

  
   

Minority defects:      
 

       
  

       
  
       

  
 ,     and  O O

   

The concentration of the acceptor dopant,      
 

 , is constant over all four regions. 

Inserting the expression for the concentration of electrons in this region into equation A.5, 

we find the concentration of holes: 

           
    

 
     

   
 
     

 
    

Assuming     
  

      
  
       

  
  to simplify equation A.9 and inserting for   in the 

relation above, we get 

      
  
        

  
        

  
     

 
    

     

 
     

      
   

 
      

 
   

Inserting our expression for the concentration of electrons in this region into equation A.7, 

followed by solving for the concentration of oxygen vacancies and inserting this 

expression into equation A.11, we find an expression for the concentration of protons: 
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Region 2 

Dominating defect pair:      
 

        
     

Since the concentration of the acceptor dopant is constant over all four regions the 

concentration of oxygen vacancies will be constant here. 

      
 

                  
     

Minority defects:      
  

       
  
       

  
 ,      and  O O

   

The concentration of electrons,  , as a function of    
 was found by combining equation 

A.7 and the simplified electroneutrality condition. 

          
   

 
       

 
  

 
     

  
 
      

  
   

By combining this equation with equation A.5, we get the following expression for the 

concentration of holes,  , as a function of    
: 

            
    

 
       

 
 
 
     

   
 
      

 
   

Assuming     
  

      
  
       

  
  and using equation A.9 together with the expression 

above for holes, the concentrations of metal vacancies as a function of    
 are obtained. 

     
  

      
  
       

  
      

      

 
      

  
 
       

 
  

 
     

        
   

The expression for protons,  O O
  , is found by using equations A.7 and A.10 together 

with the expression found for the concentration of electrons above, giving: 

  O O
       

       

 
     

      
  

 
       

 
 
 
     

   

So the concentrations of metal vacancies and protons will both be independent of    
  in 

this region. 
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Region 3 

Dominating defect pair:        
 

  

Since the concentration of the acceptor dopant is constant over all four regions the 

concentration of holes will be constant here. 

      
 

                 

Minority defects:      
  

       
  
       

  
 ,    

       and  O O
   

Using equation A.5, we see that the concentration is independent of    
. 

               

Rearranging equation A.7, yields the following expression: 

    
         

            
       

  
   

Assuming     
  

      
  
       

  
  , equation A.9 and the simplified electroneutrality 

expression combine to give: 

      
  
        

  
        

  
          

 
       

 
       

   
 
     

 
   

To find the concentration of protons, we combine equation A.11 with the expression found 

for the concentration of oxygen vacancies: 
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Region 4 

Dominating defect pair:          
  

         
  
         

  
   

Assuming     
  

      
  
       

  
  the simplified electroneutrality condition is reduced to 

          
  

         
  

    
 

 
    

  
        

  
    

Inserting      
  

  for   into equation A.9 and solving for      
  

 , we get  

          
  

          
  

       
  
       

  
         

 
 
    

 
      

   
 
     

 
    

Minority defects:     
            

 
   and  O O

   

The concentration of the acceptor dopant,      
 

 , is still constant. 

Combining equation A.5 with the expression for the concentration of holes in this region, 

we get the following expression for the concentration of electrons. 

              
 

 
     

 
     

  
 
      

  
    

Inserting this expression for   in equation A.7, this gives us an expression for the 

concentration of oxygen vacancies. 

    
          

 
   

     
      

 
     

  
 
      

  
   

Inserting for    
    into equation A.11, the concentration of protons is given by 

     
      

 
       

         
 
     

      

 
      

  
 
      

 
     

  
    

 

 

 

 

 

 



APPENDIX  149 

UNIVERSITY OF OSLO 

A.4 Concentration of defects as a function of  
   

 

The Brouwer diagram for     -dependencies is partitioned into two different regions, 

each corresponding to a simplified electroneutrality condition. The acceptor concentration 

is considered to be constant over both regions. As promised in subsection 2.2.7, the full 

derivation of the Brouwer diagram is shown here.  

Region 1 

Dominating Defects:     
         

 
  

The concentration of the acceptor dopant,      
 

 , is also constant over both regions for 

    . From the simplified electroneutrality condition we see that the concentration of 

oxygen vacancies is also constant. 

Minority defects:      
  

       
  
       

  
                 

   

By combining the reduced electroneutrality condition with A.11, the concentration of 

protons in this region becomes: 

     
    

 

 
       

 
       

 
 
 
     

  
 
       

 
   

Combining equation A.7 and equation A.11 yields the following expression for the 

concentration of electrons. 

            
    

  
 
       

 
  

 
     

  
 
       

   

Inserting this expression for the concentration of electrons into equation A.5, we find the 

concentration of holes: 

       
 
          

    
  

 
 
       

 
 
 
     

   
 
       

   

To find the concentration of the metal vacancies, we assume that     
  

      
  
       

  
  

to simplify equation A.3. In this expression, we insert for    
    by using equation A.11 to 

obtain a new expression for the Schottky equilibrium.  
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Solving A.11 for     
   and inserting in the above equation and combining with the 

electroneutrality condition yields the following expression for the concentrations of metal 

vacancies: 

      
  
        

  
        

  
        

 
        

      
 

  
 
     

       
   

So     
  

    
  
  
      

  
 ,     and    are independent of     . 

Region 2 

Dominating Defects:     
         

 
  

The concentration of the acceptor dopant,      
 

 , is still constant, so from the simplified 

electroneutrality condition we see that     
   must also be constant. 

Minority defects:      
  

       
  
       

  
                

     

From equation A.11 and the simplified electroneutrality condition for this region, we 

deduce the following expression for the concentration of oxygen vacancies. 

    
            

        
 

      
         

     

Inserting for    
     into equation A.7, we find the concentration of electrons: 

              
   

 
       

 
       

       

  
      

 
   

Inserting this expression for   in equation A.5, we find the concentration of holes. 

                
    

 
       

 
     

         

 
      

  
   

To simplify equation A.3, we assume that     
  

      
  
       

  
 . Inserting the 

expression for the concentration of oxygen vacancies in this simplified expression, yields 

the following expression for the concentrations of metal vacancies:  
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Appendix B 

Calculation of Sample Density and 

Theoretical Mass Density 

The sample density (pobs) for all samples was estimated from the mass and dimensions of 

the pellets and compared to the theoretical mass density (pcalc) calculated for Ca2AlNbO6 

and Ca2YNbO6. In this appendix the calculations of pobs and pcalc are derived, and then ρ 

(%) is found using those calculations. 

The theoretical density, pcalc, of the samples was calculated using the following equation: 

        
           

     
          B.1  

where   is the number of formula units within the unit cell,    is the unit cell volume,    

is the A ogadro’s number ( .       
  
 formula units mol),     and     is the sum of 

the atomic weights of, respectively, all cations and anions in the formula unit. 

The measured mass density, pobs, of each sample made was found using following 

equation: 

   
 

 
  

 

       
 B.2  

where m is the measured mass of the pellet and V is the volume of the pellet calculated 

using,  , the measured radius,  , of the pellet, and measured thickness/height,  , of the 

pellet. 

The measured density divided on the theoretical density was calculated to find ρ (%). 
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B.1  Density calculation of Ca2AlNbO6 

Theoretical Mass Density of Ca2AlNbO6  

Z 2 Ca2AlNbO6 

 

ΣAC 

[g/mol] 

Ca2 Al Nb ΣAC  ΣAA 

[g/mol] 

O6 ΣAA 

80.16 26.98 92.91 200.04  96.00 96.00 
 

Atomic weight of the 

Ca2AlNbO6 [g/mol] 

ΣAC + ΣAA 

296.04 
 

Vc [cm
3
] 

(monoclinic 

unit cell) 

a [Å] b [Å] c [Å] β  °  Vc =a b c sinβ  Å  Vc [cm
3
] 

5.378 5.415 7.625 89.968 201.607 2.016 10
22

 

The cell parameters are taken from [48]. 

 

Measured Mass Density of Ca2AlNbO6  

Sample 
Batch 

# 

Mass 

[g] 

m 

Thickness 

[cm] 

h 

Diameter 

[cm] 

d 

Radius 

[cm] 

r = d/2 

Volume 

[cm
3
] 

V = π * r
2
 * 

h 

Measured 

Mass density 

[g/cm
3
] 

ρ = m/V 

CANO20 1 2.207 0.174 1.987 0.993 0.539 4.092 

CANOPLD 1 3.242 0.271 2.063 1.032 0.907 3.576 

CANO15 4 3.451 0.290 1.987 0.993 0.898 3.841 

CANO10 3 3.447 0.274 2.029 1.015 0.887 3.885 

CANO5 5 3.058 0.243 2.018 1.009 0.777 3.935 

 

Theoretical Mass Density Compared to Measured Mass Density of Ca2AlNbO6  

Sample CANO20 CANOPLD CANO15 CANO10 CANO5 

Batch # 1 1 4 3 5 

ρ (%) 84 73 79 80 81 

 

Ca2AlNbO6 Z 

Atomic weight 

ΣAC + ΣAA 

[g/mol] 

Vc [cm
3
] NA 

Theoretical Mass 

density [g/cm
3
] 

ρ =  Z *(ΣAC + ΣAA) 

Vc * NA 

 2 296.04 2.016 10
22 

6.023 10
22

 4.876 
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B.2  Density calculation of Ca2YNbO6 

Theoretical Mass Density of Ca2YNbO6  

Z 2 Ca2YNbO6 

 

ΣAC 

[g/mol] 

Ca2 Y Nb ΣAC  ΣAA 

[g/mol] 

O6 ΣAA 

80.16 88,90 92.91 261.97  96.00 96.00 
 

Atomic weight of the 

Ca2YNbO6 [g/mol] 

ΣAC + ΣAA 

357.96 
 

Vc [cm
3
] 

(monoclinic 

unit cell) 

a [Å] b [Å] c [Å] β  °  Vc =a b c sinβ  Å  Vc [cm
3
] 

5.581 5.809 8.052 90.040 228.54 2.285 10
22

 

The cell parameters are taken from [47]. 

 

Measured Mass Density of Ca2YNbO6  

Sample 
Batch 

# 

Mass 

[g] 

m 

Thickness 

[cm] 

h 

Diameter 

[cm] 

d 

Radius 

[cm] 

r = d/2 

Volume [cm
3
] 

V = π * r
2
 * h 

Measured 

Mass density 

[g/cm
3
] 

ρ = m/V 

CYNO20 1 3.512 0.246 2.086 1.043 0.840 4.183 

 

Theoretical Mass Density Compared to Measured Mass Density of Ca2YNbO6  

Sample CYNO20 

Batch # 1 

ρ (%) 80 

 

Ca2YNbO6 Z 

Atomic weight 

ΣAC + ΣAA 

[g/mol] 

Vc [cm
3
] NA 

Theoretical Mass 

density [g/cm
3
] 

ρ =  Z *(ΣAC + ΣAA) 

Vc * NA 

 
2 357.96 2.285 10

22 
6.023 10

22
 5.201 
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Appendix C 

Lattice Parameters and Unit Cell Volume of 

Ca2AlNb1-xYxO6 

To obtain lattice parameters of the samples, Rietveld refinement was carried out on the 

powder X-ray diffraction data. This was done for all the CANOX samples. The program 

used was the FullProf-Suite. XRD was taken with and without an external standard, and 

the lattice parameters were refined using the corrected powder diffraction data. Both the 

cell volume,   , and molar volume,   , of the samples are calculated. 

Volume of the unit cell,   , is calculated the same way as in Appendix B using the 

following equation: 

                C.1 

for the volume of a monoclinic unit cell. Where a, b, and c are length of the unit cell edges 

and   is interaxial angle found with Rietvield refinement.    is found in both    and    , 

where                .  

The molar volume,   , of the unit cell is calculated using the following equation: 

     
     

 
 C.2 

where    is the unit cell volume,    is the A ogadro’s number 

( .       
  
 formula units mol), and   is the number of formula unit within the unit cell. 
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Unit Cell Volume of CANOX  

Sample a [  ] b [  ] c [  ]   [ ]                Vc [cm
3
] 

CANO20 5.400 5.403 7.646 89.68 220.63 2.206 10
-22

 

CANO15 5.403 5.403 7.650 89.67 221.31 2.213 10
-22

 

CANO10 5.400 5.395 7.624 89.75 216.83 2.168 10
-22

 

CANO5 5.399 5.391 7.615 89.72 217.84 2.178 10
-22

 

 

Molar Volume of CANOX  

Sample    Vc [cm
3
] Z             [cm

3
/mol] 

CANO20  .       
  

 2.206 10
-22

 2 66.44 

CANO15  .       
  

 2.213 10
-22

 2 66.65 

CANO10  .       
  

 2.168 10
-22

 2 65.30 

CANO5  .       
  

 2.178 10
-22

 2 65.60 
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Appendix D 

Curve Fittings  

 

This appendix includes the derivation of the defect equations used in the curve fittings of 

the TG measurements, the     -dependencies, and the temperature ramps. For all the 

conductivity models, only oxygen vacancies and protons are considered to contribute to 

the total conductivity yielding the following expression: 

          
       

  D.1 

where    
   is the conductivity of the oxygen vacancies and     

  is the conductivity of the 

protons. The partial conductivity of a charge carrier i is given by: 

             D.2 

where    is the mobility of the charge carrier,    is the concentration of the charge carrier, 

and is the      is the charge on the particle i. The conductivity of the charge carriers is 

often given in molar fraction, and the specific conductivity is then given by: 

               D.3 

where   is the Faradays constant and    is the molar density of the sample. The partial 

conductivity of the charge carrier i can also be expressed by: 

     
  

 
     

        

  
              

 

 
     

        

  
  D.4 

where    is the pre-exponential, R is the gas constant, T is the temperature,      is the 

mobility, and          of the enthalpy of migration of the charge carrier i. 
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To express the partial conductivity of a charge carrier i, the concentration is the only 

expression left to derive. For both samples, the following simplified electroneutrality 

condition is assumed: 

     
        

         
 
  D.5 

Using the electroneutrality expressions together with the equilibrium constant expression 

for hydration,      : 

             
      

 

 
    

       
 

  
 

    
   

   
       

       
 D.6 

the proton concentration can be evaluated to give the following expression: 

     
    

    
                  

 
        

        
 
 

    
                  

  D.7 

The concentration of oxygen sites is assumed to be    
                    

    

    
  . For molar concentrations this equals 6 for double perovskites. While the 

concentration of oxygen vacancies can be expressed with a combination of equation D.5 

and equation D.7: 

    
     

      
 
      

  

 
 D.8 

With the given expressions, there are six unknown parameters for the fittings of the total 

conductivity measurements, and two unknown parameters for the TG measurements. 


