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PREFACE 

 Solid Oxide Fuel Cell (SOFC) is an electrochemical device characterised by the use 

of solid oxide material as the electrolyte which can find application as an efficient and 

reliable energy source. The solid oxide electrolyte is known as the heart of the solid oxide 

fuel cell, as the operating temperature and cell performance depends on the ionic conductivity 

of the electrolyte material. Since the oxide ion conduction through the material occurs only at 

very high temperature, the operating temperature of the cell is high. So among the four 

components, viz anode, cathode, interconnect, and electrolyte, electrolyte materials seek 

much attention from the researchers. An electrolyte material should possess high ionic 

conductivity as well as should be chemically stable in both oxidising and reducing 

atmosphere at a very high temperature. Various factors such as crystal structure, composition 

and constituent atoms, affect the characteristic properties of the electrolyte, and thus, the 

factors become essential from the researcher’s perspective. 

 Here, in the present work, various structural factors that affect the oxide ion 

conductivity of the rare earth mixed oxides were studied. In the present work, pyrochlore 

composition and bismuth-based composition is studied in this aspect. The pyrochlore 

structure is characterised by the intrinsic oxide ion vacancies, and these vacancies are ordered 

in the structure. These ordered vacancies provide an easier path for the migration of oxide 

ions. In the case bismuth-based composition, the high-temperature δ-phase is identified as 

best oxide ion conductor and the present study is an attempt to stabilise these high 

temperature high conductive phase to the room temperature via the aliovalent and isovalent 

substitution. 

 The first chapter of the thesis starts with the importance of the study of Materials 

Science and then briefly provides an overview of the current scenario of energy sources and 

environmental problems. The importance and application of the solid oxide fuel cell are 

presented in this chapter. The basic operation and components and its requirements are also 

discussed in the chapter highlighting the importance of the electrolyte. A brief literature 

review of the solid oxide electrolyte is also presented with an emphasis on the pyrochlore 

oxides and bismuth-based oxides.  

 In the second chapter, a new series of compositions, RE2Y2/3Zr2/3Nb2/3O7 (RE = La, 

Nd, Sm, Gd, Dy, Y) were prepared, and the structural and electrical characterisation of the 

compositions were done. In this chapter, the interrelationship among the thermal expansion 

coefficient, ionicity and oxide ion conductivity is studied in detail. The study revealed that 



xx 

 

ionicity of the individual bond plays a vital role in determining the thermal expansion 

coefficient and oxide ion conductivity in the pyrochlore structured composition whereas in 

the case of the fluorite structured composition the cumulative effect of the A-O and B-O bond 

takes the dominant role. 

 The contrasting effects of anion disorder on the system Sm2Zr2O7 via the 

simultaneous aliovalent cation substitutions in the Zr site is studied in detail in the third 

chapter. The study revealed that at the initial lower substitution of Y and Nb on the Zr 

destabilises the system, and the lattice strain in the system is reduced. On further doping, it 

stabilises the system, and the lattice strain of the whole lattice is increased. After this, the Y 

and Nb substitution on the system acts as tetravalent substitution with higher ionic radius. In 

this study, qualitative measurement of the anion disorder is done using the ratio of the 

intensity of the Eg peak to that of the peak at around 800 cm
-1

. 

 Anion deficient pyrochlore type compositions, RE3Zr0.5Nb0.5O6.75 is studied in the 

fourth chapter. In this chapter, as the available oxide ion vacancies are increased the 

cooperative behaviour of the ions takes a significant role in determining the activation energy 

and thus the conductivity.  Here as the lattice volume of the composition decreases the effect 

of the cooperative behaviour among the ion enhances and thus, the activation energy 

increases rapidly, which again causes the decrease in ionic conductivity.  

 In the fifth chapter ionic conductivity of a misplaced displacive pyrochlore system is 

studied. In this chapter, the compositions: Ca3Ti3Nb2O14, Ca3Ti2ZrNb2O14, Ca3TiZr2Nb2O14 

and Ca3Zr2Nb2O14 are studied. The series exhibits a phase transition from cubic pyrochlore to 

monoclinic pyrochlore as the Zr content in the composition increases. This phase transition is 

attributed to the increased ionicity of the B-O bond as the Zr in the B site of the pyrochlore 

increases. The conductivity study revealed that the best conductivity is obtained for the cubic 

pyrochlore system which is an order of magnitude higher than the reported oxide ion 

conductivity for the displaced pyrochlore. 

 The sixth chapter is an attempt to stabilise the δ-Bi2O3 via the aliovalent and isovalent 

substitution by synthesising a series of compositions, MgBi1.5RE0.5O4 (RE = Nd, Sm, Gd, Dy, 

and Y).  A phase transition from rhombohedral to fluorite structure occurs as the ionic radius 

of the lanthanide cation decreases. The conductivity of the rhombohedral compositions is 

lesser than that of the fluorite compositions, which decreases with the lattice volume. 

However, in the case fluorite composition the maximum conductivity is obtained for the Y 

substituted composition irrespective of the lesser lattice volume and higher activation energy 
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than the Dy substituted composition. This is due to the phase transformation of the Dy 

substituted composition from fluorite to rhombohedral at about 773K.  

 Chapter seven summarises the significant findings and conclusions drawn from the 

work and gives the scope for further studies. 
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1. Chapter1 

Introduction 
 

This chapter introduces solid oxide fuel cell as a promising and reliable energy 

source in the near future. The chapter begins with the importance of materials science. 

The chapter discusses the basic operation, the components of the fuel cell and the material 

requirements. The 

importance of the solid oxide 

electrolyte in determining the 

cell performance, oxide ion 

conduction mechanism 

through the solid oxide 

materials are also discussed 

in detail. A general literature 

survey of oxide ion 

conducting solid electrolytes 

belonging to different crystal 

structures is presented in the 

chapter.  
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1.1 Introduction 

 Energy is an essential and inevitable input to the social and economic growth of the 

world and the energy resources, and its utilisation makes a significant role in the world's 

development. Our energy consumption is rising day by day due to the increased population, 

increased urbanisation and growing economy. At the same time, the use of conventional non-

renewable energy resources is causing atrocious effects on the environment, such as the 

greenhouse effect, global warming, increased atmospheric temperature, and rise in the sea 

level and further, the sources of fossil fuels are depleting in a rapid rate. Hence alternative 

eco-friendly sustainable energy resources are needed. Many countries are researching on the 

development of the new alternative resources known as renewable energy resources. 

Currently, some of the available alternative energy resources are solar energy, geothermal 

energy and fuel cells using non-conventional fuels such as hydrogen, biodiesel, methane and 

biomass source (Panwar et al. 2011). The utilisation of these renewable energy sources 

consist of two steps: (1) converting energy from infinite energy resources such as solar 

energy and hydrogen to a useful form, (2) storage of energy in high-performance storage 

devices. The first step mentioned above aims at the development of solar cells, fuel cells etc. 

and the second one’s goal is blooming of lithium-ion batteries and supercapacitors (Sun et al. 

2011). 

1.2 Materials Science 

 Our world is surrounded by different types of materials such as ceramics, glasses, 

composites, polymers, metal alloys, semiconductors, etc. These materials have always been 

the keystone in the development and growth of the humankind. The development of these 

materials began with the man himself, and the designation of the early civilisation is based on 

the materials development at that time (Stone age, Bronze age and Iron age.). The study of 

these materials known as materials science, which is an interdisciplinary science concerned 

with the understanding and application of the properties of materials.  

Material science comprises two branches: Material science and Material Engineering. 

Material scientists investigate the relationship between the structure and property of the 

materials and the engineers based on these structure-property relations, design the structure of 

new materials to obtain the predetermined properties. There are four essential components 

which are involved in the study of materials science and engineering: (1) processing, (2) 

structure, (3) properties and (4) performance. Structure of a material is the arrangement of the 
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internal components of the material. The structure of the material depends on the processing 

techniques used to obtain the final form of the material. The material’s response in terms of 

kind and magnitude to the specific type of stimulus is termed as the property, and the 

performance of a system depends on the properties. The relation between the four 

components is shown in Fig. 1.1 (Callister 2001). 

 

Fig. 1.1 The relationship between the four elements of material science 

The materials in the modern world are classified into two categories: Structural 

materials and Functional materials. As the name implies, the structural materials are used to 

make structure, bodies, and components. The functional materials perform a particular 

function in the presence of an external stimulus. This type of materials mainly includes ionic 

conductors, semiconductors, dielectrics, pyroelectrics, piezoelectrics, ferroelectric, electro-

optics and magnetic materials. The discovery of these materials dates back to the nineteenth 

century, and some of the materials having these properties are used in the Second World War. 

The properties of these materials mainly depend on the compositions, singularities of the 

crystallographic structure, and the material processing. The knowledge of the relationships 

between these factors will help the material world to develop new and improved materials for 

the current application and new uses. The materials scientists are in search of these 

relationships to develop and produce new materials that optimise materials to meet 

tomorrow’s needs (Vilarinho 2005).  

1.3 Energy Crisis and Environmental Pollution 

 According to World Economic Outlook 2007, fossil fuels will be the primary energy 

sources and the world’s 84% of energy needs will be satisfied by fossil fuels up to 2030. 

Recent studies on the subject show that fossil fuels will be available only up to 2112 (Sun et 

al. 2011). So the problem of the energy crisis is getting worse, and the diminishing natural 

resources will take thousands of years to replenish the stores. At the same time, the rate at 

which the usage of fossil fuels is increasing as the population and wastage of energy 

increases. In addition to this, the usage of these fossil fuels causes significant damage to the 

environment surrounding us.  

The usage of fossil fuels releases a massive amount of hazardous substances such as 

Processing  Structure Properties Performance 
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carbon monoxide, sulphur, lead, and other toxic substance to the environment. These gases, 

which are known as greenhouse gases lead to global warming, increases in atmospheric 

temperature and rise in sea level. These greenhouse gases act as a blanket to the earth and 

trap the IR rays from the sun and cause an increase in the temperature. This increase in 

temperature causes sea level rise and change in the climate. In addition to this, the toxic gases 

cause detrimental effects to human health. Thus, these two factors (diminishing energy 

resources and environmental problems) force the researcher to search for new clean, 

renewable energy resources.  

 Some of the currently using renewable energy resources are solar energy, wind power, 

hydroelectric energy, geothermal power, and hydrogen fuel cells. These sources such as solar 

cells, wind, and hydroelectric power plants in one way or another depends on the sun. 

Therefore these sources rely on the availability of the sunlight and other facts. That is, these 

energy resources are variable, and they cannot supply continuous power unless there is no 

effective storage mediums are present. However, the storage of energy is also a difficult job 

since the batteries and similar technology performs only for a short period. So in the current 

scenario, the research is on developing a new clean, sustainable energy resource. One of the 

solutions to our energy needs is the fuel cell, which is a consistent source of electricity and 

can rely upon as a sole power source 

1.4 Fuel cell 

 A fuel cell is an electrochemical device which can directly convert the chemical 

energy to electrical energy by merely combining hydrogen and oxygen to produce water. The 

history of fuel cells started with William Grove in 1839. While analysing the electrolysis of 

water, Grove observed that a small current flowed through the cell, as a result of the reaction 

between the electrolysis products, hydrogen and oxygen when the external power supply is 

switched off. Grove combined a number of these cells to form a gaseous voltaic battery 

(Ormerod 2003). However, the term fuel cell was first used by Mond and Langer in 1889 

(Mond and Langer 1890). This fuel cell can provide a continuous supply of energy as the fuel 

and air are supplied. If hydrogen is used as the fuel, then the products are electricity, water, 

and heat. The fuel cells almost resemble the batteries, but it does not require electrical 

charges. Because of this, the fuel cells are used in the space probes, satellites, and spacecraft.  

 Any fuel cell consists of three components, namely 
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1. Anode 

2. Cathode 

3. Electrolyte 

Fig. 1.2 is a schematic representation of a fuel cell. The fuel such as the hydrogen is 

supplied to the anode compartment and the oxygen for oxidation is provided to the cathode 

compartment. The direct chemical combustion is prevented using the electrolyte in between 

them. i.e. the electrolyte acts as a barrier to the gas diffusion, but it allows the migration of 

ions through it. The ions are produced at the electrode compartment. So the oxide ions are 

supplied to the cathode, and these migrate to the anode to combine with the hydrogen to form 

water, electrons, and heat.  

 

Fig. 1.2 The schematic representation of a fuel cell 

1.4.1 Types of fuel cells 

Fuel cells are characterised by the electrolyte used in it. Based on the electrolyte, 

several types of fuel cells have been developed. Table 1.1 shows the different kinds of fuel 

cells that are currently under development (Stambouli and Traversa 2002). 
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Table 1.1 Types of fuel cells 

Types of fuel cell Electrolyte Operating  

Temperature 

Fuel Oxidant Efficiency 

Alkaline (AFC) Potassium Hydroxide (KOH) 50-200°C Pure hydrogen or hydrazine O2/Air 50-55% 

Direct Methanol (DMFC) Polymer 60-200°C Liquid methanol O2/Air 40-55% 

Phosphoric acid (PAFC) Phosphoric acid 160-210°C Hydrogen from hydrocarbons and 

alcohol 

O2/Air 40-50% 

Sulfuric acid (SAFC) Sulphuric acid 80-90°C Alcohol or impure hydrogen O2/Air 40-50% 

Proton exchange membrane 

(PEMFC) 

Polymer, proton exchange 

membrane 

50-80°C Less pure hydrogen from 

hydrocarbons or methanol 

O2/Air 40-50% 

Molten carbonate (MCFC) Molten salt such as nitrate, 

sulphate, carbonates 

630-650°C Hydrogen, carbon monoxide, natural 

gas, propane, marine diesel 

CO2/O2/

Air 

50-60% 

Solid oxide (SOFC) Ceramic as stabilised zirconia 

and doped perovskite 

600-100°C Natural gas or propane O2/Air 45-60% 

Protonic ceramic (PCFC) Thin membrane of barium 

cerium oxide 

600-700°C Hydrocarbons O2/Air 45-60% 
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On analysing table 1.1, the first three are characterised by low operating temperature 

and hydrogen as the fuel. The remaining ones are working at very high temperature and can 

use hydrocarbons directly as the fuel to the cell and thus possess higher efficiency. The 

difference in operating temperature implicates the application for which the fuel cell is most 

suited (Ormerod 2003).  

1.5  Solid Oxide Fuel Cells 

Solid oxide fuel cells, characterised by the use of the solid oxide as the electrolyte 

material are seeking attention in recent years due to its high efficiency, reliability, fuel 

adaptability etc. These fuel cells operate at very high temperature, and this high operating 

temperature allows internal reforming, rapid electrocatalysis with non-precious metals and 

produces high-quality heat as a byproduct. The efficiency of fuel cell increases to 70% with 

an additional 20% as heat recovery (Stambouli and Traversa 2002).  

1.5.1 History of Solid Oxide Fuel Cells 

The first solid oxide electrolyte is discovered in 1899 by Nernst. Nernst reported that 

conductivity of pure metal oxides increases very slowly with temperature and it remained 

relatively low, and at the same time, the mixtures of metal oxides show high conductivities. 

In his patent, Nernst reported a glower in which Zirconium oxide stabilised with 15% yttrium 

oxide used as a glowing filament. Due to some practical disadvantages and the discovery of 

the first tungsten lamp in 1905, further research on the subject of ionic conductors was 

discarded (Nernst 1899).  

In 1905 itself the first fuel cell with solid oxide electrolyte (glass and porcelain) is filed 

for patent. In 1916, Baur and Treadwell filed a patent on fuel cell with ceramic oxides with 

salt melts in the pores as the electrolyte. In 1937, Baur and Preis demonstrated the solid oxide 

fuel cell with yttria stabilised zirconia at 1000°C (Nernst 1899). Until the 1960s, the high 

operating temperature and the reducing nature of the fuel gas held up the development of the 

solid oxide fuel cell. After the 1960s, advances in the preparation and production of the 

ceramic materials leads to the development of solid oxide fuel cell. Subsequent developments 

and advancements in the SOFCs and its components are taking place in the industrial and 

academic laboratories. 
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1.5.2 Advantages and Disadvantages of Solid Oxide Fuel Cells 

Solid oxide fuel cells have many benefits.   

 Higher efficiency, higher power density, highly reliable. 

 Fuel flexible since internal reforming can be done on the anode. 

 SOFCs produce high-quality heat as a byproduct which can be used in 

combined heat and power systems which in turn increases the overall 

efficiency. 

 No need for electrolyte loss maintenance and corrosion maintenance. 

 SOFCs have extremely low emission as CO is converted to CO2 at high 

operating temperature. 

 SOFCs have a potentially long life expectancy of more than 40000-80000h 

since these show higher tolerance to the impurities in the fuel. 

 High operating temperature hinders the use of expensive catalysts as 

platinum. 

 They operate quietly, and these are vibration-free since there are no moving 

parts involved. 

 In addition to all these, SOFC stacks can be put together in various ways 

and some of which are considerably simpler compared to other fuel cell 

stacks 

Even though, the material selection for individual components presents an enormous 

challenge due to the high operating temperature. Some of the disadvantages of the SOFCs are  

 The long startup time, which required to heat the system. 

 High operating temperature decreases the cell lifetime. 

 Expensive high-temperature alloys are used to house the cell. 

 Expensive ceramics for interconnections. 

 High operating temperature also needs significant thermal shielding to 

protect personnel and to retain the heat. 
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 Also, the high operating temperature induces thermal stress at the electrode-

electrolyte interface, and interdiffusion between cell components occurs 

(Mahato et al. 2015). 

Thus, for the implementation of low cost SOFCs requires lowering of the operating 

temperature 

1.5.3 Applications of Solid Oxide Fuel Cells 

SOFC has a broad range of applications from large-scale power plants to smaller home-

scale power plants and portable or emergency power generators. The most needed use 

depends on the following properties of the SOFC 

 High power reliability: computer facilities, call centres, communication 

facilities, data processing centres, high technology manufacturing facilities 

 Emission minimisation or elimination: urban area, industrial facilities, 

airports, zone with strict emission standards 

 Limited access to utility grid: rural or remote areas, maximum grid capacity 

 Biological waste gases are available: waste treatment plants, SOFC can 

convert waste gases to electricity and heat with minimal environment 

intrusion (Stambouli and Traversa 2002). 

1.5.4 Working of Solid Oxide Fuel Cells 

 

Fig. 1.3 Working of Solid Oxide Fuel Cell 

Similar to any other fuel cells, the SOFC also has three components, and a interconnect 



Chapter 1 

 

11 

 

to make a stack of the SOFC. In a typical SOFC, oxide ions move from the cathode to the 

anode. The air containing oxygen is supplied to the cathode, and the oxygen gets reduced to 

oxide ions, and the reformed fuel is supplied to the anode. The oxide ions move through the 

electrolyte to the anode to combine with the fuel and releases electrons to the external circuit 

and produce water as a byproduct. The chemical reaction occurring at the electrodes are: 

At cathode: 

      
                                                            (1.1) 

An ideal electrolyte offers no electrical conductivity and high ionic conductivity. At the 

operating temperature, only the oxide ions should flow through the electrolyte to the anode. 

The oxide ions combine with the fuel at the anode. 

At anode: 

      
          

                                          (1.2) 

The overall chemical reaction is (Bove 2007) 

                                                               (1.3) 

The electrons are carried to the external load via the current collector at the anode of 

the fuel cell. The driving force for the oxide ion movement through the electrolyte is the 

gradient of the oxide ion concentration at the electrodes or the difference between the oxygen 

partial pressure (PO2) at the electrodes. Thus the Nernst equation provides the theoretical 

reversible electromotive force(   )as 

    
  

  
  (

          

        
)                                 (1.4) 

where R is the universal gas constant, T is the absolute temperature, and F is the 

Faraday’s constant (96,500 C/mol). The coefficient 4 denotes the number of the electrons 

transferred when one molecule of the oxygen atom is reacted in the cell. The partial oxygen 

pressure at the cathode can be taken as that of the air (i.e. 0.21 atm) since air is supplied to 

the cathode. In laboratory experiments, reformed hydrogen is used as the fuel and is supplied 

to the anode. Using the overall chemical reaction mentioned above the mass action 

expression can be represented as 

    
    

(   )(   )
 
 

                                         (1.5) 
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Keq is the equilibrium constant for fuel gas station. The Gibb’s free energy and oxygen 

partial pressure at the anode side can be calculated using the Eqns (1.4) and (1.5) assuming 

no water condensation occurs at the anode or the gas delivery system. 

                   (   )                        (1.6) 

In Eqn (1.6) ΔHT is the heat change, and ΔST is the entropy change. The oxygen partial 

pressure at the anode is calculated using Eqn  (1.6) 

    (
    

   
)    *

 (        )

  
+    (1.7) 

The above mentioned for oxygen partial pressure along with Eqn (1.4) is used to 

calculate the Nernst potential. The actual cell voltage obtained during the operation of the 

fuel cell is always lesser than that computed using Eqn (1.4) because of some electrochemical 

or polarisation losses. This difference between the theoretical and the operating voltages is 

the cell polarisation or overpotential η, and it arises due to the (i) ohmic resistance, (ii) charge 

transfer (activation) polarisation and (iii) diffusion concentration.  

Ohmic resistance in the cell is due to the resistance offered to the flow of the ions and 

electrons in ionic and electronic conductors, respectively. It comprises the contact resistances 

between the cell components. The significant contribution to the ohmic polarisation is due to 

the electrolyte material, the magnitude of which is directly proportional to the current passing 

through the cell (Virkar et al. 2000). The activation polarisation arises due to the transfer of 

charges between the electronic and ionic conductors, and therefore, it is also termed as charge 

transfer polarisation. The concentration polarisation in the cell occurs when the reacting 

molecules are consumed in a faster rate so that the oxygen partial pressure at the cathode or 

low fuel partial pressure at the anode decreases and thus the overall voltage from the SOFC 

drops. The losses due to this polarisation cannot be eliminated, but it can be reduced by using 

proper components materials and optimised design of the cell (Mahato et al. 2015).  

1.6 Components of Solid Oxide Fuel Cells 

The significant components of SOFCs are mentioned earlier on the working of the 

SOFC. Since the operating temperature is high, the material of the components used in 

SOFC, should have to perform its function along with the other cell components. Hence the 

general requirements of the cell components are: 



Chapter 1 

 

13 

 

 Chemical stability in fuel cell environments and compatibility with other 

cell components. 

 Phase and microstructural stability. 

 Minimum thermal expansion mismatch between the various cell elements. 

 Reasonable toughness and strength at the cell operating temperature. 

 Moderate thermal shock resistance. 

 Low vapour pressure to avoid loss of the material. 

 Must allow cost-competitive component fabrication (Badwal and Foger 

1996). 

 

 

Fig. 1.4 Components of SOFC 
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1.6.1 Anode  

The electrode, through which the fuel is supplied to the fuel cell is the anode, and 

therefore, it is generally known as fuel electrode. The requirements of an anode are: 

 The material should be stable under reducing atmosphere, high operating 

temperature. 

 Should have high electric conductivity. 

 High porosity to allow the passage of fuel.  

 There should be no thermal expansion mismatch with the other cell 

components 

 The fuels used are reducing in nature, and so metals can be used as the anode materials 

(Singhal 2000). Because of the high operating temperature of the SOFC, the choice of the 

anode materials is limited to nickel, cobalt and the noble metals. Usually, nickel is preferable 

due to the low cost compared to cobalt and other noble metals. However, at the operating 

temperature of the SOFC, the nickel gets sintered and causes a decrease in the porosity, and 

the thermal expansion of the nickel is high compared to the electrolyte. The problem of 

thermal expansion mismatch and decline in the porosity can be eliminated using a skeleton of 

solid oxide electrolyte around nickel particles which is formed by dispersing the nickel with 

the solid oxide electrolyte material which is used as solid oxide electrolyte.  

The electrical conductivity and thermal expansion coefficient of the cermet depend on 

the nickel content in the cermet. Both the parameters increase as the nickel content in the 

system increases. The conductivity of the anode also depends on the microstructure, particle 

size distribution of the solid electrolyte and nickel, and the connectivity of the nickel particles 

in the cermet. The higher thermal expansion mismatch may cause cracking of the electrolyte 

or delamination of the anode during the fabrication or in the operating cycle of the fuel cell. 

Thermal expansion mismatch can be overcome by avoiding any flaws in the processing of the 

electrolyte, improve in its fracture toughness and using anodes of different compositions and 

the addition of a third material to the cermet. In addition to all this, sintering of the nickel 

particles occurs at the high operating temperature of the SOFC, which increases with increase 

in the nickel content in the cermet (Ormerod 2003). Because of all these facts currently, much 

interest is put on the development of the alternative anode materials instead of nickel/YSZ 

cermet. Some of the alternative anode materials are listed here:  
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 Nickel/Ceria cermet anode for zirconia and ceria-gadolinium based SOFCs. 

These anodes show excellent performance in ceria based SOFCs (Uchida et 

al. 1998). 

 Ceria added Ni/YSZ shows improved electrical performance and resistance 

to carbon deposition (Tsai and Barnett 1998). 

 Cobalt/YSZ and Ruthenium/YSZ has high reforming activity, high sulphur 

tolerance, high resistance to sintering, and these electrodes are rarely used 

due to high cost. 

 Various dopants such as molybdenum, gold, ruthenium and lithium are 

incorporated into nickel/zirconia and nickel ceria anodes to modify their 

reforming activity and tolerance against sulphur and carbon deposition 

(Finnerty and Ormerod 2000). 

 Oxides which are electronic conductors and stable under both oxidising and 

reducing atmosphere are potential anode materials, and some of them are 

LaCrO3 and SrTiO3. These anode materials offer the potential for direct 

oxidation of hydrocarbon fuel. 

The development of anodes which can also be used for the direct hydrocarbon 

oxidation is a very active area of current research. 

1.6.2 Cathode 

The electrode known as the air electrode operates in an oxidising environment at 

approximately 1000°C. The oxygen in the air is reduced to oxide ions consuming two 

electrons in the process. The air electrode has to meet the following requirements: 

 High electronic conductivity. 

 Chemical and dimensional stability in environments encountered during 

cell operation and fabrication. 

 Thermal expansion match and compatibility with the other cell components. 

 Minimum reactivity with the electrolyte and the interconnect with which 

the electrode comes into contact. 

 To facilitate the transport of molecular oxygen in the air supplied to the 

electrode, it should have sufficient porosity (Singhal 2000). 
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Similar to the case of anodes, it should be noble metals or oxides possessing sufficient 

electronic conductivity which is stable at the elevated temperature and in the oxidising 

atmosphere. Due to economic reasons, noble metals are precluded, and various oxides 

materials are studied in this aspect. Strontium doped lanthanum manganite (LSM), a 

perovskite structured material is the most commonly used material for the cathode.  

La1-xSrxMnO3 is an intrinsic p-type conductor due to the formation of cation vacancies 

and electronic conductivity in this material can be enhanced by the use of lower valent cation, 

as the dopant in the A or B site cation. Magnesium, calcium, strontium, barium etc. are used 

as the dopants (Kertesz et al. 1982). Strontium doped ones are most common for zirconia-

based SOFCs. The electronic conductivity of the LSM increases with the strontium content. 

At the same time, the increased strontium content increases the thermal expansion coefficient 

and thereby growing the mismatch with the Zirconia electrolyte. In the practical cases two 

layers are used as the cathode: (i) the first layer is a mixture of LSM and the yttria stabilised 

zirconia which is used as the electrolyte in the zirconia-based electrolyte so that the thermal 

expansion mismatching and sintering of the cathode material can be avoided and improved 

porosity can be achieved, (ii) the second layer used as the current collector is pure LSM. 

Platinum can be added to the cathodes to increase the cell performance by reducing the 

resistance loss between the current collector and the cathode (Minh 1993). The use of LSM 

cathodes with the zirconia-based SOFCs have some chemical compatibility issue above 

1200°C. Above 1200°C, the LSM diffuses to the YSZ and forms La2Zr2O7 and SrZrO3 (in the 

case of compositions having higher Sr content). The conductivity of La2Zr2O7 is 100 times 

lower than that of zirconia (Taimatsu et al. 1992; Yamamoto et al.1987). 

Another perovskite material which is having superior electrical conductivity compared 

to that of the LaMnO3 and studied as the cathode material is LaCoO3. Similar to lanthanum 

magnetite, the suitable substitution of the divalent cation on the lanthanum site increases the 

conductivity of the LaCoO3. However, the use of the LaCoO3 as the cathode material in the 

zirconia-based SOFCs is precluded due to its higher reactivity towards YSZ at high 

temperature, and it is highly reducible at high temperature. Also, the thermal expansion 

coefficient is high compared to that of LaMnO3, whose thermal expansion coefficient (TEC) 

is itself higher than YSZ. In order to make a better thermal expansion match and improve the 

electronic conductivity, a mixture of LaCoO3 and LaMnO3 is used. Strontium and iron 

substituted LaCoO3 (La1-xSrxCo1-yFeyO3: LSCF) which is having improved performance as 
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cathode material is used in intermediate temperature SOFCs since LSM reduces the cell 

performance at low temperature. The current research on the field is to develop the cathode 

materials having better performance at a temperature as low as 500°C (Minh 1993; Ohno et 

al. 1981; Yamamoto et al. 1987).  

1.6.3 Interconnect 

The interconnect in the fuel cell provides electrical contact between the adjacent cells 

and distributes the fuel to the anode and air to the cathode. The requirements of the 

interconnection are  

 It should have high electronic conductivity in both oxidising and reducing 

atmosphere. 

 Should be stable on both oxidising and reducing atmosphere at high 

temperature. 

 Chemical stability with the anode, cathode and electrolyte at high 

temperature. 

 It must be impermeable to avoid mixing of the fuel and air supplied to the 

respective electrodes. 

 Thermal expansion close to that of the electrodes and electrolyte. 

LaCrO3 having perovskite structure is used in the majority of the zirconia-based 

SOFCs. Doping with a divalent cation such as strontium, calcium and magnesium can 

improve the electrical conductivity of LaCrO3. Since the conductivity of the LaCrO3 in 

hydrogen is shown to be around 1000 times lower than that in the air, there is an electrical 

conductivity gradient across the interconnect. At the high operating temperature, this gradient 

in the electrical conductivity does not affect the overall cell performance (Minh 1993). 

However, it is difficult to sinter LaCrO3 to high density and impermeable due to the 

volatilisation of chromium under oxidising conditions. The sintering of LaCrO3 can be 

facilitated at low oxygen partial pressure with firing temperature above 1600°C. Different 

methods are extensively studied to reduce the sintering temperature, and the methods include 

use of dopants, various sintering aids, different synthesis methods and the use of non-

stoichiometric LaCrO3, which is deficient in chromium (Minh 1993). Calcium doped yttrium 

chromite is also used as the interconnect because of its better thermal expansion 
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compatibility. In intermediate temperature SOFCs, ferrite stainless steel composites are used 

as the interconnect, which offers very substantial cost benefits (Steele and Heinzel 2001). 

Using metals as the interconnect has the advantages of high electric and thermal 

conductivities which makes the fabrication easier and minimise the thermal gradients. 

However, the metal is prone to corrosion, and so corrosion resistant layers are required, and 

thermal expansion mismatch is significant. Siemens and Plansee AG developed Cr-based 

alloy with a better match in the thermal expansion of yttria stabilised zirconia over a whole 

range of temperature. However, much amount of work is still required to establish the 

suitability of this alloy for interconnects in SOFC (Badwal and Foger 1996).  

1.6.4 Electrolyte 

The operating temperature of the SOFC is determined by the solid oxide electrolyte 

used in the fuel cell through which the oxides ions starts conducting only at very high 

temperature and thus the solid oxide electrolyte is called as the ―heart of the SOFC‖ (Zhu 

2009). The objective of the present thesis is on the study of the structural factors that affect 

on the ionic conductivity of the solid oxide electrolyte and so a detailed literature survey on 

the solid oxide electrolyte is added on the latter section of the current chapter.  

1.7  The State of the Art of Material for Solid Oxide Fuel Cell  

In an attempt to improve the overall cell performance and to reduce to the operating 

temperature to an intermediate-range (400-700°C), different materials and their combination 

are developed and are studied in detail. For versatile applications of SOFC, each component 

with enhanced properties is needed. The commonly used cell components used in the SOFC 

are pictured in Fig. 1.5 (Abdalla et al. 2018). 
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Fig. 1.5  The commonly used components of the SOFC 

 

 

 

 

Electrolyte 

• Zirconia 
material(YSZ, 
ScSZ,CaSZ) 

 

• Ceria Material 
(GDC, 

SDC,YDC, 
CDC) 

 

• Lanthunum 
materials 
(LSGM, 
LSGMC, 
LSGMF) 

 

• Bismuth based 
oxides 

 

• Pyrochlore 
based oxides 

 

• Barium and 
Stronitum 

 

• Brownmillerit
es 

Anode 

• Nickel based (Ni-
O/YSZ,  Ni-O/SSZ,    
Ni-O/GDC,    Ni-

O/SDC,   Ni-
O/YDC) 

 

• Copper materials 
(CuO2/CeO2/YSZ,    

CuO2/YSZ, 
CuO2/YZT, 

CuO2/CeO2/SDC) 

 

• Lanthunum 
materials          

(La1-xSrxCrO3,   
La1-xSrxCr1-yMyO3) 

 

• Other materials 
(CeO2/GDC, 
TiO2/YSZ) 

 

• Cobalt based 
materials 

 

Cathode 

• Lanthnum 
materials 

(LSM,LSF,LS
C, LSCF, 
LSMC, 

LSMCr, LCM, 
LSCu, LSFN, 
LNF, LSCN, 
LBC, LNC, 

LNO) 

 

• Gadolinium 
mateials 
(GSC) 

 

• Prasedomium 
Materials 

(PCM, PSM, 
PBC) 

 

• Strontium 
materials 

(SSC, NSC, 
BSCCu) 

 

• Yttrium 
materials 

(YSCF, YCCF, 
YBCu) 

Interconnect 

• Metals (base 
metals, 

chromium 
alloys, ferritic 
stainless steel, 

austenitic 
stainless steel, 

iron alloys) 

 

• Coatings ( 
LSM, LCM, 

LSC, LSFeCo, 
LSCr, 

LaCoO3) 

 

• Ceramic  
(lanthunum 
chromite) 

SOFC Hardware Alternative Materials 
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1.8  Reducing the Operating Temperature of the SOFCs 

The high operating temperature causes a limitation in the commercial development of 

the SOFC and put numerous requirements on the selection of the material and secondary 

units. Therefore, a sustainable amount of work is doing in reducing the operating temperature 

of the fuel cell to an intermediate range of 500-700°C. However, as the temperature decreases 

resistive losses of the solid electrolyte increases and the overpotentials at the air and fuel 

electrode are magnified. Different strategies are used to reduce the operating temperature, and 

some of them are listed below: 

 Reducing the thickness of the electrolyte by using new techniques like 

dense screen printing. 

 Development of new electrolyte materials such as LAMOX, BIMEVOX or 

apatite families and understanding of mass transport properties can improve 

the ionic conductivity and thus reducing the operating temperature. 

 Development to new anodes based on oxides to substitute the classical 

cermets, eg. LaSrTiO3. 

 Development of new cathodes with layered structures, e.g.La2NiO4+δ and 

GdBaCo2O5+δ may reduce the operating temperature 

 Adaption of the fabrication processes for using interconnects based on 

metals. 

 New strategies based on micro- and nanotechnologies are studied to 

improve the overall cell performance (Zhu 2009). 

1.9 Solid Oxide Electrolyte  

The major challenge in reducing the operating temperature of the solid oxide fuel cell is 

the development of new oxide ion-conducting materials which can be used as the electrolyte 

in the cell. In practical application, only a few materials are suitable for function as a solid 

oxide electrolyte, and this is because many electrical, chemical, mechanical and 

electrochemical properties should be optimised for a solid oxide electrolyte. Some of them 

are listed below: 

  An electrolyte should have very high oxide ion conductivity and nearly 

zero electron conductivity to reduce the leakage current.  



Chapter 1 

 

21 

 

 Excellent thermodynamical stability.  

 The electrolyte should have high chemical compatibility with the anode, 

cathode and interconnect. 

 Should be highly dense to avoid the mixing of fuel and air.  

To reduce the operating temperature, which is governed by the nature of the electrolyte 

used depends on the two factors: its ionic conductivity and its thickness. In earlier times, 

SOFC relies on the electrolyte for structural support, and nowadays, the anode supported 

SOFCs are developed, and the thickness of the electrolyte is reduced to 10-15 μm (Ormerod 

2003). Besides all these difficulties, the solid oxide electrolytes have several advantages over 

the liquid ones, and some of them are listed below: 

 Easier to handle than the reactive liquid electrolytes and the sealing 

problems can be avoided. 

 Discharge is minimized under open-circuit conditions. 

 It has improved chemical stability under highly reactive conditions. 

 The miniaturisation of the cell can be achieved through the application of 

thin-film techniques (Tuller 2017). 

For improved ionic conductivity, the search for alternative solid electrolyte has been an 

active area of research for many years.  

1.9.1 Conduction Mechanism 

In a typical solid, the ionic conduction is in the range of 10
-10 

S/cm at a temperature of 

200°C, since there is a limited number of mobile ions are available for the conduction 

process. In solids, the ions are trapped in relatively stable potential wells, and hence their 

motion is hindered thus causes much smaller velocity. However with the increase in 

temperature, the total thermodynamical free energy gets increased and to minimise the free 

energy, the system will try to increase entropy which will lead to a creation of more defects in the 

lattice. 

The ionic conduction through the solids occurs through the activated jump process, and the 

diffusion coefficient corresponding to this conduction is given by  

       (
   

   
)   (   )         (

  

  
)   (

   

   
) (1.8) 
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where a is the jump distance ϑ0 is the lattice frequency, and Em is the migration energy. 

The factor (   )  defined the number of neighbouring unoccupied sites, while γ includes 

geometric and correlation coefficients. The ion mobility μ is given by the equation 

  
  

   
      (1.9) 

Using the equation for the diffusion coefficient and the classical equation connecting 

the conductivity and mobility 

      
   

   
   (   )         (

  

  
)    (

   

   
) (1.10) 

where n in the present context is the total number of sites that are available for 

conduction (Tuller 2017). The equation is in correlation with the Arrhenius equation given by 

       (
   

   
)     (1.11) 

where σ0 is the pre-exponential coefficient, which is a measure for the available charge 

carriers, Ea is the activation energy required for the hopping of ions through the lattice. The 

equation for the conductivity reveals that the conductivity is zero when the factor c(1-c) is 

zero, which is for highly perfect crystals. However, it implies that ionic conductivity through 

the solids can be explained in terms of creation and motion of atomic defects, notably 

vacancies and interstitials.  

Ionic defects can be induced to the lattice of the oxides by 

1. Thermally causing the intrinsic ionic disorder such as Schottky and Frenkel 

defect 

2. Redox induced defects 

3. Impurity caused defects. 

The defects such as the Schottky and Frenkel defects left the stoichiometry of the 

composition intact and the redox induced defects to cause the imbalance of cation to anion 

ratio, and so causes non-stoichiometry. In the case of the third one, substituting the cation 

with a lower valent cation induces high charge carrier density to the lattice. The selection for 

the lower valent cation depends on the following factors: 

 The high solid solubility of the substituent with the lower valency. 
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  Association energies between the oxygen vacancy and dopant should be small. 

 No long-range ordering of defects. 

Thus the high density of mobile ions, availability of vacancies and a crystal structure 

that enable the migration of ions much easier are required for a good oxide ion conductor 

(Tuller 2017). 

1.9.2 General Survey of Electrolyte Materials 

As discussed earlier, one of the essential properties of the solid oxide electrolyte is the 

ionic conductivity. In the development of oxide ionic conductors; the structure of the 

materials plays an upper hand role. It has to have some peculiar features such as:  

 Existence of a large number of equivalent sites for the oxide ions and 

oxygen vacancies. 

 High symmetry for the crystal system (mostly available oxide ion 

conductors are in cubic). 

 Large specific free volume. 

 High polarizability of the cations in the system to make the transport of 

oxide ion easier. 

 Consequently, a limited number of crystal systems are suitable to develop as oxide 

ionic conductors and some of the reported oxide ion conductors are reviewed here. 

1.9.2.1 Zirconia Based Electrolytes 

The best-known oxide ion conductor and the solid oxide electrolyte which is used in the 

commercially available high-temperature SOFC is the acceptor doped ZrO2. Pure ZrO2 is not 

an oxide ion conductor and exhibit three different crystal polymorphs: monoclinic, tetragonal 

or cubic respectively depending on the temperature (Boivin and Mairesse 1998). The cubic 

phase of the ZrO2 forms only at a temperature of 2300°C. The cubic structure of the ZrO2 is 

stabilised to the room temperature by the substitution of acceptor cation in the ZrO2 lattice, 

and the substitution with the lower valent cation induces oxygen vacancies to the lattice 

which causes the oxide ion conductivity through the lattice. The ionic conductivity at a 

temperature depends on the concentration and nature of the dopant cation. The conductivity is 

maximum when the dopant has a similar ionic radius as that of the Zr
4+

.  
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Commonly used dopants are cations such as Ca
2+

, Y
3+ 

and Sc
3+

. The yttria stabilised 

zirconia (YSZ) is a good oxide ion conductor at a temperature above 700°C and has been the 

subject of intense research to be used in the SOFC (Brett et al. 2008; Steele and Heinzel 

2001)
.
 The high operating temperature makes the use of YSZ difficult for small scale 

application (Mobius 1997).  Scandium Stabilised Zirconia (ScSZ) is a possible substitute for 

the YSZ one, but the cost of scandium limits its use (Badwal et al. 2000; Malavasi et al. 

2010). The high conductivity of the ScSZ is arising due to the similarity in the ionic radius of 

the Sc
3+

 (r = 0.87Å) and Zr
4+

 (0.84Å) (for VIII coordination). As the substitution with the 

lower valent cation increases, the extrinsic conductivity due to the oxygen vacancies created 

increases, and beyond a particular substitution concentration, the linear increase in the 

number of oxygen vacancies does not promote the oxide ion conductivity and thereafter it 

decreases. The decrease in the conductivity is because of the association of point defects, 

which leads to a reduction in defect mobility and thus conductivity. The optimum 

concentration of the dopant lies in the range of 0.08 ≤ x ≤ 0.12. Considering all the 

requirements of  solid oxide electrolyte such as the chemical stability, mechanical stability 

yttria stabilised zirconia with x=0.08 is used in the practical application of the SOFC (Boivin 

and Mairesse 1998).  

1.9.2.2 Ceria Based Electrolytes 

CeO2 doped with acceptor cations are another category of fluorite type compositions 

which seeks the attention of the researchers in the field of solid oxide electrolyte whose 

conductivity is higher than that of YSZ typically at a lower temperature (500-700°C). The 

common dopants are Gd2O3 (producing gadolinium doped ceria (GDC) and Sm2O3 

(samarium doped ceria, SDC). In addition to these gadolinium and samarium (Ishihara et al. 

2005; Yahiro et al. 1988; Yahiro et al.1989), other dopants for ceria include lanthanum (Suda 

et al.2006), yttrium (Kharton et al. 2004; Yahiro et al. 1989), ytterbium (Yashiro et al. 2004) 

and neodymium (Hong et al. 1998). Among these dopants, gadolinium and samarium are 

suitable because of their similarity in the ionic radius. The high ionic conductivity at the 

lower temperature makes this electrolyte as a suitable candidate for the IT-SOFC 

(Intermediate temperature –Solid Oxide Fuel Cell). However, at low oxygen partial pressure 

and temperature above 600°C, Ce
4+

 ions get reduced to Ce
3+ 

and thus increasing the 

electronic conductivity (Wang et al. 1997). This reduction causes non-stoichiometry and 

lattice expansion which leads to mechanical failure (Kharton et al. 2004). The materials 
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redox stability can be increased via co-doping with the rare earth elements. Although the 

electronic conductivity does not affect the overall efficiency significantly except for a 

reduction in the overall voltage.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

Increased dopant concentration on the CeO2 leads to the decrease in ionic conductivity, 

and atomic simulation and experimental studies show that clustering of dopant ions and 

oxygen vacancies and defect association causes the decrease in ionic conductivity (Kilner 

2000; Seo et al. 2006; West et al. 1997). Another vital strategy to improve the ionic 

conductivity properties is to mixing of zirconia along with ceria so that an electrolyte with 

improved chemical and mechanical properties of zirconia and better ionic conductivity of 

ceria can be developed (Yeh and Chou 2009) but the system produced is not suitable for long 

term application since chemical reaction occurs between zirconia and ceria (Boivin and 

Mairesse 1998).  

The chemical stability of the ceria with the cathode materials is high compared to the 

YSZ.  Ceria based electrolytes are compatible with any available cathode electrodes such as 

LSM, LSC, LSF, LSCF, LNF (Brugnoni et al. 1995; Chiodelli and Scagliotti 1994; Yeh and 

Chou 2009). Because of this excellent chemical stability, it is used as the interface between 

the YSZ and cathode in the cells, which can improve oxygen transport through the cathode 

materials. Due to this high ionic conductivity and high chemical stability with the cathode 

materials makes the ceria based electrolyte as an ideal candidate for the IT-SOFC. 

1.9.2.3  Perovskite Structured Oxides 

Perovskite structured oxides with the general formula ABO3 are another category of 

materials that are suitable for use as a solid oxide electrolyte. The structure is composed of 

two octahedra: A cation coordinated to twelve oxygen ions and the B cation occupying a six-

coordinate site and forming BO6 octahedra. Tilting of these polyhedra results in the deviation 

from the cubic symmetry (Malavasi et al. 2010). The cubic symmetry of the composition 

lowers as a tolerance factor, defined using the ionic radius of the A and B cations, 

(RA+RO)/(RB+RO)ratio deviates from the ideal √2 value (Boivin and Mairesse 1998). Similar 

to the fluorite structured oxides, oxygen vacancies are introduced to the lattice by the 

aliovalent acceptor cation. Samuel et al. predicted that lattices with a low mean value of 

metal-oxygen bonding energy, an open structure (high free volume), and a critical cation 

bottleneck for O
2-

 migration are suitable factors for a perovskite oxide ion conductors, and 
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this shows that the A and B cation ionic radius and their valence state are determining factors 

(Takahashi and Iwahara 1971).  

LaGaO3 is one of the highly studied perovskite oxides in this aspect. Ishihara et al. in 

1994 reported that Sr and Mg-doped LaGaO3 (La1-xSrxGa1-yMgyO3-δ) known as LSGM is an 

oxide ion conductor (Ishihara et al. 1994). LSGM shows pure ionic conductivity over a wide 

range of partial pressure and ionic conductivity is high compared to YSZ at relatively low 

temperature. However, the practical use of LSGM as an ionic conductor has some 

difficulties: (i) it is difficult to obtain pure single-phase materials and (ii) the gallium is 

highly volatile (iii) high reactivity towards Ni (which used as the cathode in the fuel cell) so 

that ionically insulating LiNiO3 forms. The high ionic conductivity in LSGM is due to the 

increased symmetry arises due to the reduction of the tilt of GaO6 octahedra due to the 

simultaneous substitution of Sr and Mg (Kajitani et al. 2005). The oxide ion migration in 

these oxides occurs by vacancy hopping mechanism between oxygen sites along a GaO6 

octahedron edge, accompanied by outward relaxation of adjacent cations with a slightly 

curved trajectory (Ishihara et al.1994). The study on the dopant vacancy association shows 

that the binding energy for Sr dopant-vacancy clustering is negligible and that of the Mg 

dopant-vacancy has a significant value resulting two distinct regions or non-linear portion on 

the Arrhenius plot (Islam and Slater 2009). Thus higher Mg doping level increases the 

activation energy, and slight replacement Mg with Co or Ni whose binding energy is less 

improves the overall cell performance (Li and Bergman 2009).  

Ishihara et al. studied a new series of rare-earth-doped compositions 

(La0.9Ln0.1)0.8Sr0.2Ga0.8Mg0.2O3-δ, with Ln = Y, Nd, Sm, Gd, Yb and the study revealed that 

the conductivity decreases as Nd > Sm > Gd > Yb > Y. This variation in the conductivity is 

due to the departure from the cubic symmetry (Ishihara et al.1995). NdGa0.9Mg0.1O2.95 (Petri 

and Huang 1996) and Gd0.85Ca0.15AlO2.925 (Sinha et al. 2008) are other perovskite structured 

oxides which can also be used as an oxide ion conductor. Perovskite-related oxides, K2NiF4 

(A2BO4+δ) structure such as Ln2NiO4+δ (where Ln = La, Nd, Pr) are also studied. The 

conduction mechanism in this type of oxides is by an interstitial transport mechanism 

(Chroneos et al. 2010). 

Perovskite structured oxides exhibit a wide variety of compositions and high solid 

solution solubility, and thus these are subjected to continued investigation in this aspect.  

 



Chapter 1 

 

27 

 

1.9.2.4  Brownmillerite Oxides 

Brownmillerite is closely related to the oxygen-deficient perovskite structure with 

general formula A2BB’O5. The difference between the two structures is on the oxygen 

vacancy distribution. The brownmillerite composition exhibit the phase transformation with 

temperature in which disorder in the lattice increases and it is difficult to distinguish between 

a disordered brownmillerite structure and an oxygen-deficient perovskite structure. The 

structure contains 16.66% intrinsic vacancies that are ideally ordered along the 110 direction; 

some other ordering can also occur. For example, considering the perovskite octahedra 

linking model, a row of equatorial oxygen is missing every two rows in alternate (001) BO6 

layers, resulting in a new series of alternating BO6 perovskite octahedra and BO4 tetrahedral 

(Boivin and Mairesse 1998). 

Ba2In2O5 is the first reported brownmillerite structured oxide ion conductor. The 

composition exhibits an order-disorder transformation at a temperature of about 800°C, and 

the conductivity increases drastically from 10
-3

 S/cm to 10
-1

 S/cm. In order to stabilise the 

high temperature highly conductive phase, aliovalent doping strategy is used. The cerium 

substituted composition Ba2In1.75Ce0.25O5 exhibits a break in conductivity at a temperature of 

850°C (Shabana and Misak 1990). The decreased ionic conductivity is due to the decrease of 

the available oxide ion vacancies, and increased activation energy is due to the trapping of the 

oxide ion vacancies.  Ba2(GdIn1-xGax)O5 is one of the solid solutions which shows the best 

ionic conductivity properties. However, the stability of Ba2In2O5 is poor and the compositions 

degrade in the CO2 atmosphere and cause the production of BaCO3 and loss of In2O3. Similar 

to ceria based electrolyte the doped Ba2In2O5 can be used in the solid oxide fuel cell in the 

moderate temperatures.  

1.9.2.5 Apatite Structured Oxides 

In the mid-1990s, the silicate-based apatites Ln9.33(SiO4)6O2 (where Ln is typically 

larger lanthanide ion such as La
3+

 or Nd
3+

) were found to be most fascinating oxide ion 

conductor (Nakayama, Aono, and Sadaoka 1995). The general formula for the apatite oxides 

is M10(XO4)6O2-y, where M is a rare-earth or alkaline-earth cation, X is a p-block element 

such as P, Si or Ge, and y is the amount of oxygen non-stoichiometry. Si and Ge based 

lanthanum apatites are good oxide ion conductors. They exhibit hexagonal symmetry (space 

group P63/m), with a lattice parameter 9.7–9.9 Å and c parameter around 7 Å, which varies 

with the dopant (Nakayama, Kageyama, and Sadaokac 1995). In the structure, La occupies 
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the cavity formed by the SiO4 or GeO4 tetrahedra with four distinct oxygen sites and on 

additional oxygen site which forms a channel through the structure. 

In contrast, with fluorite structured or perovskite ones the ionic conductivity in these 

oxides is due to the interstitial oxide ion transport mechanism. La9.33+x(SiO4)6O2+3x/2 system 

shows an increased conductivity as the interstitial oxide ions that are free to conduct through 

the system increases (Sansom et al. 2001). On comparing the Si and Ge based apatites the 

amount of interstitial oxides that can be contained in the Si-based ones is lower than that in 

the Ge based apatites (Kendrick et al. 2007). However, the Ge based apatites have some 

practical problems such as high volatilisation, the tendency to glass formation and high costs 

of GeO2 (Kharton et al. 2004). 

Since the apatites structured oxides are interstitial oxide ion conductors, the conduction 

path stimulates much debate. The path of oxide ion through the Ge-based apatites is much 

clear. The oxides ions move close to the GeO4 units leading to a five coordinated Ge 

(Kendrick et al. 2008; Kendrick et al. 2009). Both neutron diffraction studies and modelling 

studies support this fact. However, in the case of Si-based ones, the interstitial site is sensitive 

to the sample composition and synthesis conditions. Much study is needed to clarify this 

problem (Malavasi et al. 2010).  

The apatite oxides lent themselves to a wide range of cation dopants on both the La site 

or on the Si/Ge site. However, there are still many avenues to explore in order to improve the 

conductive properties of these oxides. 

1.9.2.6  LAMOX (La2Mo2O9) 

A new family of oxide ion conductors developed by Laccore and his team in 2000 

based on a parent compound named LAMOX, whose composition is La2Mo2O9 (Laccore et 

al. 2000). The composition exhibits a phase transition from a non-conductive monoclinic (α) 

to a conductive cubic phase (β) at about 580°C whose conductivity is 5x10
-2

 S/cm at 800°C.  

The structure of the low-temperature phase is the most complex structure so far 

reported and consists of 312 distinct crystallographic sites (Evans et al. 2005). The neutron 

diffraction studies of high-temperature β phase reveal the structure contains three 

crystallographic distinct oxygen sites, and the two of them are partially occupied (Goutenoire 

et al. 2001; Laccore et al. 2000). The presence of strong modulation on the β phase indicated 

the oxygen sublattice in the cubic phase is highly disordered, which causes high oxygen 
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mobility.  The pair distribution analysis of the neutron diffraction data reveals that as the 

transition from the monoclinic to the cubic phase occurs the distribution of oxygen lattice 

changed from the static to dynamic distribution (Malavasi et al. 2007). The conduction in 

these oxides occurs as the fully occupied O1 jumps to the O2 and then to O3 and again to the 

O1 site. Thus the pathway is in three dimensional (Wang and Fang 2002).  

In order to facilitate the use of LAMOX as the solid oxide electrolyte in the practical 

SOFC, two more issues are to be solved: (i) the volume strain associated with the phase 

transformation and (ii) the chemical stability under reducing atmosphere. Alkaline (K, Rb) 

and alkaline earth (Ca, Sr, Ba) doping on the La site stabilises the LAMOX  to the room 

temperature and the diffusion coefficients of the composition with Gd, Y or Nd dopant on the 

La site and W dopant on the Mo site are higher than that of YSZ and LSGM (Georges et al. 

2003; Goutenoire et al. 1999; Ishihara et al. 1998; Wang et al. 2005; Wang and Fang 2002). 

The chemical stability of the LAMOX is very poor in the presence of hydrogen, and the 

substitution of Mo with W enhanced the chemical stability. La1.7Gd0.3Mo0.8W1.2O9 is stable 

under reducing condition with no compromise in the conductivity (Malavasi et al. 2010).  

Further investigations are needed to find the potential of these materials to be used as 

the solid oxide electrolyte in the practical applications.  

1.9.2.7 Ruddlesden-Popper-Type Oxides 

Navac et al. discovered a highly conductive intergrowth in which perovskite layer(s) 

alternate(s) with one or several different structure type layers with general formula 

An+1BnO3n+1 (Navas and Zur Loye 1996). In this oxide nABO3 perovskite is sandwiched 

between to AO rock-salt structures. Sr3Ti2O7 is an example of n=2. The conductivity studies 

on Sr3Ti2O7 doped with Mg
2+

 and Al
3+

 were reported by Turillas et al.  (Turrillas et al.1988). 

Navas et al. extended the study to the substitution at the B site as the formula Sr3(M2-x, 

M’x)O7-x/2 with M’= Ti
4+

, Zr
4+

 and M‖ = Al
3+

, Ga
3+

, In
3+

.  The best conductivity at 950°C is 

1.6x10
-3 

S/cm. The lack of precise structural information makes it challenging to decide on 

the ability of these types of materials as oxide electrolytes.  
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1.9.2.8 Aurivillius Type  Oxides 

A new family of oxide ion conductors based on Bi2O3 with parent composition 

Bi4V2O11 which is having a layered material showing a complex polymorphism is also 

studied. The highly conductive polymorph is stable only at a temperature above 560°C, and it 

can be stabilised to room temperature by iso- or aliovalent substitution, and such 

compositions exhibit conductivities of the order of 0.1 to 1 S/cm at 600°C. This class of 

oxides are also known as BIMEVOX, where BI stands for bismuth ME for metal, V for 

vanadium and OX for oxygen. The structure consists of alternating Bi2O2
2+

 and perovskite-

like VO3.5
2–

 layers, with oxygen vacancies in the perovskite layers facilitating rapid ion 

migration. The dopant used to stabilise the high-temperature γ phase is Cu, Ni, Co and Mg. 

This dopant increases the ionic transport number close to 1.0. These oxides are mainly used 

as an electrochemical catalyst for selective reduction of NO due to its high ionic conductivity 

at relatively low temperature compared to YSZ. Chemical reactivity, reducibility and low 

mechanical strength of these oxides are yet to be explored to check the suitability of these 

oxides as the electrolyte in the SOFC (Malavasi et al. 2010).  

1.9.3 The Relevance of the Present Work 

The discussion on the SOFC reveals that the solid oxide electrolyte is the most crucial 

component of the fuel cell, which determines the operating temperature and overall efficiency 

of the fuel cell. Thus the name ―heart of the SOFC‖ is most suitable to the electrolyte. In 

order to get better overall efficiency of the fuel cell, the development of new electrolyte with 

much-improved properties is essential. One of the possible and suitable candidates for this 

application is pyrochlore oxides. The structure of these compositions itself contains intrinsic 

anion vacancies which facilitate an easy pathway for the movement of oxide ions. Several 

aspects like structure, lattice parameter(s), lattice volume, nature of ions, lattice defects like 

vacancies and interstitials, bond strength, thermal expansion behaviour and structure 

transition are reported evidently to affect the properties of a solid electrolyte. Despite the 

extensive research on these aspects, there still some of the factors which ionic conductivity 

remains unlearned.  

The present thesis focuses on factors that affect the ionic conductivity of the pyrochlore 

type compositions so that the design of new pyrochlore oxide ionic conductors becomes 

facile. In addition to these an attempt to stabilise the bismuth compositions were also done.  
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1.9.3.1 Pyrochlore Structured Oxides 

Pyrochlore is a mineral group of formula (Na, Ca)2Nb2O6(OH, F). All the crystal 

systems isostructural with the pyrochlore mineral group is known as pyrochlore. The 

pyrochlore is closely related to another mineral group CaF2 called as fluorite.  

 

Fig. 1.6 Fluorite and pyrochlore crystals 

Pyrochlore structured oxides of general formula A2B2O7 are identified as the potential 

candidates for Solid Oxide Fuel Cells (Liu et al. 2009; Wang et al. 2012). The fully ordered 

or ideal pyrochlore belonging to space group Fd3m is described as the superstructure of the 

ideal defect fluorite structure belonging to Fm3m, with twice the cell constant a ≈10Å. In the 

fluorite structure with general formula AO2 one species usually the cations have an fcc 

arrangement and the second species occupies all of the available tetrahedral interstices within 

the array. The arrangement of cations in the pyrochlore structure is such that the larger A
3+ 

cation is eight coordinated and located at 16d whereas the B
4+ 

cation is in six coordination 

located at 16c position. The ordering in pyrochlore results in two structurally different anions 

at 48f site and 8b site. The 48f site has two A
3+, 

and two B
4+ 

cations
 
as neighbours and anion 

at 8b site have tetrahedral coordination of entirely of A
3+

. Additionally, there is another 

anionic tetrahedral site 8a co-ordinated to four B
4+ 

ions, which is symmetrically vacant in 

ordered pyrochlore (Wuensch et al. 2000). 
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Fig. 1.7 (a) Pyrochlore and (b) Fluorite crystal system 

Pyrochlore Oxides have considerable importance in both the basic science and 

engineering and become a point of attraction for researchers, especially in materials science. 

This is because pyrochlore provide themselves to a wide variety of substitution at the A and 

B site provided the ionic radius ratio (rA/rB = 1.46 to 1.78) and charge neutrality are satisfied 

(Radhakrishnan et al. 2012) and exhibit large variety of physical and chemical properties 

depending on the chemical composition and the existing order/disordering of the A and B site 

cations and oxygen vacancies.  As a solid oxide electrolyte, the pyrochlore oxide structure 

itself contains intrinsic anionic vacancies and exhibit significant ionic conductivity at a lower 

temperature. An important problem in the case of the fuel cell is the compatibility of the 

electrolyte with the electrode material. Appropriate doping can induce hole, electronic and 

ionic conductivity in same pyrochlore material and the same material can be used as cathode, 

anode and electrolyte in the fuel cell. Another characteristic of these oxides is its structural 

transition from ordered pyrochlore to defect fluorite structure depending on the composition, 

temperature, and by applying pressure. In a pyrochlore lattice, ordered oxide ion vacancies 

provide a low energy pathway and low mobility of oxide ions because of its ordered structure 

(Kiruthika et al. 1998). As the lattice transforms to defect fluorite structure, the increased 

number of Frenkel defect gives a high energy continuous pathway for oxide ion motion and 

an increase in the number of mobile oxide ions. Therefore, it is noted that the conductivity 

varies drastically during this order-disorder transition (Sayed et al. 2012). The final atomic 

arrangement adopted by the pyrochlore oxides and the ionic conductivity depends not only on 

chemical composition but also on the method chosen to process the powder under study. 

(a) (b) 
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Oxygen ion conduction in pyrochlores, like in fluorites, proceeds via oxygen vacancy 

mechanism. An ordered pyrochlore structure has an intrinsic oxygen vacancy at the 8a site, 

and the migration mechanism of oxide ions occurs via jumps from 48f and 8b into these 

vacant sites, leaving behind vacancies at their original sites (Tuller 1994). In the pyrochlore 

lattice, continuous pathways for oxygen ion migration are provided by jumps from a 48f site 

to a vacant 48f site along with both ⟨100⟩ and ⟨110⟩ directions. An alternate pathway is from 

48f site to vacant 8b site followed by a jump from 8b site to vacant 48f site, but only along 

the ⟨110⟩ direction (van Dijk et al. 1985; Wilde 1998). Previous computational studies have 

found that the 48f−48f mechanism is a more energetically favourable pathway than the 

48f−8b mechanism. Experimental results also provide a clear indication that the 48f−48f 

mechanism is the dominant mechanism for oxide ion conduction in pyrochlore oxides. The B 

cation at 16c in pyrochlore is surrounded only by 48f O atoms. Hence the study shows that B 

site doping and B-O bonding has a prominent effect on the oxide ionic conductivity and 

activation energy (Radhakrishnan et al. 2012). 

The ionic conductivity of pyrochlore oxides can be improved by increasing the charge 

carrier concentration and decreasing the activation energy. As has been demonstrated 

experimentally, the high ionic conductivity by increasing the concentration of free charge 

carriers can be achieved through extrinsic doping with lower valence cation impurities that 

cause a local charge imbalance and drives the formation of charge compensating positive 

oxygen vacancies. However, for aliovalent doped materials, an important parameter that can 

increase activation energies is the binding of an oxygen vacancy to an aliovalent dopant 

(Pirzada et al. 2003). The activation energy is influenced by the effect of cation disorder and 

anion disorder in the lattice. Computational studies suggest that a higher degree of cation 

disorder in a pyrochlore decreases the transport of oxygen ions even though cation disorder 

has associated with it a degree of anion disorder (Minervini et al. 2000). At the same time, 

anionic disorder decreases the activation energy. The aliovalent ion substitution induces 

anion disorder in the pyrochlore lattice, which leads to a slight lowering of the activation 

energy for oxygen migration. Hence decoupling of anion disorder from cation disorder 

through aliovalent doping may be a significant factor in making pyrochlore materials useful. 

Hence the study of aliovalent and co-doping on B site of the pyrochlore oxide becomes 

essential.  
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Many research works were done on the aliovalent substitution at the A site, and it 

proved that aliovalent substitution could enhance the ionic conductivity (Kramer 1995; 

Kramer et al. 1994). Tuller and co-workers have synthesised pyrochlores in which either the 

A or B site was doped with an aliovalent cation. Substitution of Ca
2+

 at the A site of 

gadolinium titanate, (CazGd(1-z) )2Ti2O7  increased the ionic conductivity by more than two 

orders of magnitude with an increase in z value. Similar increases in conductivity were seen 

upon doping the B site with Al
3+

, but the solubility limit extended y= 0.01 (Kramer et al. 

1994). Kiruthika et al. studied the effect of aliovalent substitution on the oxide ionic 

conductivity of rare-earth pyrohafnates. With Sr substitution at the A site, the values of 

activation energy and the pre-exponential factor are lower compared to the parent phase. 

Aluminium substitution at the B site increases both the Ea and the pre-exponential factor. 

This difference may be due to a significant difference in the solubilities of the dopants. The 

ionic conductivity of doped pyrohafnates is lower than the pyrozirconates. The decrease in 

conductivity of the present system compared to pyrozirconates can be attributed to the 

difference in the bond lengths of the Zr-O and Hf-O bonds. The degree of covalency being 

higher for Hf-O bond leads to an increase in the bond strength, and hence, the oxide ion 

migration becomes less probable (Kiruthika et al. 1998). 

Sayed et al. studied the Sc
3+ 

substitution for Zr
4+ 

in NdGdZr2O7. The Sc
3+

 substitution 

increases both the activation energy and pre-exponential factor. The increase in the activation 

energy results from the disordering arises due to the substitution of larger cation at the B site. 

On the other hand, the creation of additional oxygen vacancies in the crystal lattice to 

increase the conductivity. The overall oxide ionic conductivity increases and then decrease as 

the Sc
3+

 concentration increases. Therefore an optimum substitution at B site of a pyrochlore 

to a limited concentration can result in improvement in ionic conductivity (Sayed et al. 2012). 

The influence of pentavalent Nb substitution for Zr on the electrical property of oxide ion 

conductor Gd2Zr2O7 was studied by Xia et al. Nb
5+

 substitution decreases the charge carrier 

concentration and activation energy. With the substitution of pentavalent Nb cations for Zr 

cations in Fluorite type Gd2Zr2O7, the number of oxide ion vacancies decreases in order to 

maintain the charge balance. In this study, the oxide ionic conductivity increases and then 

decreases with concentration (Xia et al. 2010). 

Role of bond strength on the oxide ion conductivity and lattice thermal expansion in 

quaternary pyrochlore solid solutions were investigated by Radhakrishnan et al. The tantalum 
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is substituted in place of Nb at the B site of CaGdZrNb1−xTaxO7 (x = 0, 0.2, 0.4, 0.6, 0.8, 1). 

Lattice thermal expansion coefficients of the samples show that the thermal expansion 

coefficient decreases with the substitution of Ta. Oxide ion conductivity also shows the same 

trend with the substitution of Ta, and this is due to the high bond strength of the Ta−O bond 

compared to that of the Nb−O bond. This makes the diffusion of oxide ions difficult in two 

ways: because of the reduction of the pathway for oxygen migration and because of the high 

activation energy required for breaking of the metal-oxygen bond. The studies established the 

role of chemical bonding in deciding the conductivity of pyrochlore oxides and confirmed 

that the 48f−48f hoping mechanism and the B−O bond strength plays a vital role in 

determining the oxide ion conductivity of pyrochlore oxides. The above results would allow 

prediction of the oxide ion conductivity and lattice thermal expansion of the pyrochlore-type 

compounds depending on the nature of the element substituted at the B site. Doping of an 

element with high ionisation energy increases the bond strength, and consequently, both the 

oxide ion conductivity and thermal expansion coefficient decrease (Radhakrishnan et al. 

2012). 

 The influence of B-site substitution and B-O binding energy is studied by substitution 

of Ce cations in Sm2Zr2O7 by Vaisakhan Thampi et al. Addition of Ce ions into the lattice 

induced structural disorder to both cationic and anionic sublattices, gradually transforming 

the unit cell from an ordered pyrochlore to a defect fluorite structure. The ionic disorder led 

to a decreased energy barrier for the thermally activated conduction process, thereby 

increasing the overall conductivity of the materials. The maximum value of the total 

conductivity observed in this study is higher than the recently reported values in a similar 

Sm2Zr2O7 system. As the concentration of Ce in Sm2Zr2O7 increases the ion-ion interaction in 

the disordered lattice began to dominate, leading to increased activation energy and decreased 

total conductivity (Vaisakhan Thampi et al. 2014). 

Influence of disorder-order transition on lattice thermal expansion and oxide ion 

conductivity in (CaxGd(1-x))2(Zr(1-x)Mx)2O7 (M = Nb, Ta) pyrochlore solid solutions were 

investigated by Radhakrishnan et al. The defect fluorite structure of Gd2Zr2O7 progressively 

changed to more ordered pyrochlore structure by simultaneous substitution at the A and B 

site. The lattice expansion coefficient in these pyrochlore oxides was found to decrease with 

decrease in the 48f oxygen x parameter (decrease in disorder) in pyrochlore oxides. Hence 

lattice thermal expansion coefficient is a good indicator of disordering in pyrochlore type 
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oxides. The conductivity studies reveal that Nb-doped compositions show a considerable 

change in conductivity near the phase boundary of disordered pyrochlore and defect fluorite 

phases, whereas the Ta doped compositions show almost constant ionic conductivity with 

doping. This variation in the conductivity is because Ta–O bond strength is higher than that 

of the Nb-O bond, as evident from the lattice expansion coefficients, which is higher for Nb 

doped samples than Ta doped ones. Hence from the study of impedance spectroscopy, it is 

found that not only structural disorder but also the bond strength is a crucial parameter in 

deciding the conductivity of pyrochlore type solid solutions (Radhakrishnan et al. 2011). 

The study on oxide ion conductivity on a non-stoichiometric compositions Nd2-

xZr2+xO7+x/2 (-0.2 ≤ x ≤ 0.4) which are in the perfect pyrochlore lattice shows that they exhibit 

high conductivity of 1.78x10
-2

 S/cm which is attributed to the optimised hybrid structure 

consisting of fluorite-type disordered zones interspersed in the ordered pyrochlore structure 

obtained under suitable annealing conditions. Hence non-stoichiometry in a composition can 

also be utilised to tailor the ionic conductivity (Anithakumari et al. 2016). The study of 

simultaneous substitution of Scandium and Cerium to Sm2Zr2O7 suggests that in addition to 

the lattice disordering the co-operating behaviour of oxides ion and the individual bond 

strength plays a vital role in determining the ionic conductivity of the pyrochlore oxides 

(Vaisakhan Thampi et al. 2017). The same authors also revealed that cooperative behaviour is 

disadvantageous for long-range conduction and smaller lattice volume enhances the effect 

(Vaisakhan Thampi et al. 2015). Srinivasan et al. studied the effect of substitution of Ti
4+

 and 

Ru
4+

 cation on the Gd2Sn2O7, and the ionic conductivity is good compared to the undoped 

Gd2Sn2O7. Highly polarisable Ti-O and Ru-O bonds are the causes of the enhanced ionic 

conductivity (Srinivasan and Kiruthika 2019). 
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1.9.3.2  Bi2O3 Based Oxide ion Conductors 

 

 

Fig. 1.8 Different polymorphs of Bi2O3 

Bi2O3 based oxide ion conductors are an essential class of material in the fluorite 

structured electrolytes whose ionic conductivity is 1-2 orders higher than the YSZ at 

relatively low temperature. The Bi2O3 compositions exhibit in four polymorphs: α-Bi2O3 

(monoclinic), β-Bi2O3 (tetragonal), γ-Bi2O3 (cubic, bcc), δ-Bi2O3 (cubic, fcc) ε-Bi2O3 

(orthorhombic), ω-Bi2O3 (triclinic) and with two non-stoichiometric phases (Bi2O2.33 and 

Bi2O2.75. On heating the monoclinic α-Bi2O3 transforms to the δ-phase is which stable only at 

a high temperature above 730°C and it is stable up to the melting point of Bi2O3 at 825°C. On 

cooling the high-temperature δ phase to room temperature, the γ and β phase forms. Slow 

cooling results in the formation of β-Bi2O3 at   650°C and at   640°C the γ-Bi2O3. Below 

500°C, these metastable phase transforms to stable α-Bi2O3 (Medernach and Snyder 1978). 

Among these, the fluorite structured δ-Bi2O3 exhibit high ionic conductivity. The factors that 

account for high oxide ion conductivity in Bi2O3 oxides which is listed below: 

 1/4 of the oxygen sites are vacant in the fluorite-type lattice. 
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 The electronic structure of Bi
3+

 is characterised by the presence of 6s
2
 lone 

pair electrons, leading to high polarisability of the cation network, which in 

turn leads to oxide ion mobility; 

 The ability of the Bi
3+

 to accommodate highly disordered surroundings 

(Mairesse 1993). 

 Weaker Bi-O bonds promote greater mobility of the oxygen vacancies in 

the lattice (Mairesse 1993). 

Although these oxides have some disadvantages too. The high thermal expansion 

coefficient (TECs), thermodynamic instability and low mechanical strength are some of 

them. In addition to all these, the high conductive δ-Bi2O3 is stable only on a narrow range of 

temperature (730-825°C). Several studies were done on the Bi2O3 in order to stabilise the 

high temperature high conductive δ-Bi2O3 to room temperature. Addition of the several 

dopants stabilised the δ-Bi2O3 to the room temperature, and some of them result in the 

formation of the rhombohedral structure also. 

Mainly used dopants are rare earth elements. The substitution of the rare earth to the 

bismuth oxides results in the δ-Bi2O3 and rhombohedral structured composition. Rare earth 

elements with higher ion radius up to gadolinium results in the rhombohedral structure and 

remaining ones form in the fluorite structured ones. Among the rare earth doped Bi2O3 the 

Er-doped composition (Bi2O3)0.8(M2O3)0.2 exhibit maximum conductivity of 0.4 S/cm at 973K  

and the high ionic conductivity is explained using the low dopant concentration that is 

required for the stabilisation of the δ-phase of Bi2O3 (Sammes et al. 1999; Verkerk et al. 

1980). The study of Meng et al. showed that instead of using a single rare earth element, 

using a couple of rare elements, it is possible to stabilise δ-phase down to room temperature 

with lower dopant concentration. This is due to the increased entropy of the resulting ternary 

system. Study of such systems shows that a smaller concentration of the second dopant 

stabilises the fcc structure and causes an increased ionic conductivity. At the same time, an 

increase in the concentration of the second dopant causes a decrease in the ionic conductivity 

(Meng et al. 1988). 

The structural stabilisation of Bi2O3 substituted with alkaline earth oxides, Bi2O3-MO 

(M=Ca, Sr, Ba) was studied by Levin et al.  (Levin and Roth 1964), Roth et al., Takahashi et 

al. (Takahashi et al. 1972) and Conflant et al. (Conflant et al. 1976). The conductivity studies 

on the Ca-stabilised Bi2O3 show that the rhombohedral structured composition exhibit higher 
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oxide ion conductivity. Strontium shows a wide range of solid solution solubility with Bi2O3 

(Sillén and Aurivillius 2014). The conductivity of the Sr doped rhombohedral phase is higher 

than that of the Ca-stabilised Bi2O3, and this is due to the large cation size of the Sr
2+

 than 

Ca
2+

. This variation in conductivity with ionic radius led to the assumption that the Ba doping 

may lead to higher oxide ion conductivity and among these Ba doped composition shows 

maximum conductivity. The study reveals that the alkaline earth stabilised Bi2O3 has superior 

conductivity properties compared to pure Bi2O3 and Sr stabilised rhombohedral phase is 

much more stable (Fung et al. 1992) than others.  

Pentavalent cation stabilised Bi2O3 (Bi2O3-M2O5, M = V, Nb, Ta) also studied. The 

amount of dopant needed to stabilise the δ-phase is 12.5 mol% for V2O5, 15 mol% for Nb2O5 

18 mol% for Ta2O5. It is to note that the threshold amount needed to stabilise the delta phase 

is a function of the atomic number of the pentavalent cation. Takahashi et al. reported that the 

maximum conductivity is obtained for the compositions (Bi2O3)0.85(Nb2O5)0.15 (Takahashi et 

al. 1978; Takahashi et al. 1977). Hexavalent doped Bi2O3 were also studied in this aspect 

(Hoda and Chang 1974; Takahashi and Iwahara 1973).   

We mentioned earlier that the co-doping could enhance the stability and conductivity 

properties of the Bi2O3. Er2O3-PbO co-doped Bi2O3 oxides were studied in detail, and the 

conductivity increases with increasing Pb
2+

/Er
3+ 

ratio and decreasing (Er
3+

+Pb
2+

)/Bi
3+ 

 ratio. 

The neutron diffraction data shows that the oxygen sublattice in the fcc structure is 

completely disordered (Webster et al. 2007). The total doping concentration required to 

stabilise the δ-phase in Bi2O3 doped with Er2O3 and Nb2O5  reduces from 20 mol% to 10 

mol% (Chou et al. 2011). The study on the system Bi0.76Y0.24−xMxO1.5+δ (M= Gd2O3, Nb2O5, 

Sc2O3, ZrO2, and BaO ) shows that the co-dopant stabilised Bi2O3 ceramics outperforms their 

single-dopant stabilised counterparts in terms of conductivity (Wang et al. 2012). Thus co-

doping improves the structural stabilisation and conductivity properties of the Bi2O3 based 

oxides and suitability of these oxides to use in the IT-SOFC is high.  
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1.10 Preface to the current thesis 

The intense research on the oxide ion conductivity of the pyrochlore structured composition 

shows that there is still plenty of information to be understood on the factors that affect the oxide 

ion conductivity of these oxides that are not unveiled.   The present thesis is an attempt to study 

some of the factors that affect the conducting properties of the rare earth mixed oxides. The focus 

is on the pyrochlore structured rare earth mixed oxides. On the second chapter of the thesis, the 

analysis of crystal chemistry of the pyrochlore structure composition is done, and its effect on the 

thermal expansion coefficient and ionic conductivity is also done in detail. The third chapter 

comprises the study with varied substitution concentration of Y and Nb on the Zr site of the 

Sm2Zr2O7 keeping the oxygen stoichiometry same and its effect on the conductivity and 

structural parameter. Then RE3Zr0.5Nb0.5O6.75, in which additional oxygen vacancies are 

introduced, is also studied in detail. Then study on the oxide ion conductivity of the displaced 

pyrochlore is also done. In the last part of the work, the study of oxide ion conductivity of the 

bismuth-based oxide ion conductors is also done. 
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2. Chapter 2 
Influence of Phase transition from Order to 

Disorder and Philip’s Ionicity on Thermal 

Expansion Coefficient of Pyrochlore Type 

Compositions with Multivalent Environment   
 

The present study involves a detailed investigation on interrelationships among 

Philip’s ionicity, thermal 

expansion coefficient and 

ionic conductivity. The 

system undergoes a 

structural transition from an 

ordered pyrochlore structure 

to a disordered defect 

fluorite structure in the 

series with a phase boundary 

at Gd substitution. Ionicity calculation for the pyrochlore type composition is done. The 

study demonstrates that individual bond ionicity and ionicity difference plays a significant 

role in determining the thermal expansion and ionic conductivity of pyrochlore based 

materials with structural dependence. 
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2.1 Introduction 

Pyrochlore oxides find innumerable applications in materials science, from highly 

insulating materials to metallic materials, dielectric, piezo/ferroelectric and magnetic 

materials, and fluorescence and phosphorescence host materials, (Subramanian et al. 1983) 

ionic conductor, gas sensors and nuclear waste immobilization (Minervini et al. 2000) due to 

its high chemical stability, high catalytic activity, high melting temperature, and excellent 

oxide ion conductivity. The pyrochlore structure is consisting of octahedra of highly charged 

cations with an ionic radius of 0.6 to 0.7Å (B at 16c) coordinated by oxygen ions (48f). These 

octahedra share corners to form (B2O6)∞. The larger A cations (16d) of ionic radius 0.9 to 

1.2Å occupies the holes formed by the octahedral network of B cations. The remaining one 

extra anion at (8b) is placed in the structure one to every B2O6 octahedra (Aleshin and Roy 

1962). Pyrochlore is also considered as a superstructure of a simple cubic fluorite structure, 

(Wuensch and Eberman 2000) with a general formula A2B2O6O’,  belonging to a space group 

Fd3m (a ≈ 10Å (twice that of the Fluorite), Z = 8) (Subramanian et al. 1983). Mostly, A is a 

trivalent rare earth oxide, but can be mono- or divalent cations and B is 3d, 4d or 5d transition 

metal ion with appropriate valence to maintain the stoichiometry of the composition
 

VIII
A2

VI
B2

IV
O6

IV
O
’ 
(Radhakrishnan et al. 2012)  (The Roman letters in superscript shows the 

coordination number of each species). The pyrochlore oxide lends themselves to a wide 

variety of substitutions at the A, B and O sites, and it can tolerate vacancies at the A and O 

sites (Radhakrishnan et al. 2012). Another significant factor which makes the pyrochlore a 

prime candidate in the field of material science is its inclination to show disordering effects, 

i.e. to randomising the distribution of two cations (16d and 16c to 4a) and corresponding 

redistribution of two anion lattice sites (48f and 8b to 8c), to transform to more disordered 

fluorite structure (Ubic et al. 2008). 

The additional ordering in pyrochlore oxides (compared to the fluorite structure) arises 

due to the ionic radius mismatch between the A and B cations (Wuensch and Eberman 2000). 

The stability of the pyrochlore oxides is defined using the tolerance factor defined by 

                 
                 

                 
    (2.1) 

and using the x- parameter (x-coordinate of 48f oxide ions). The radius ratio of 

lanthanide pyrochlore oxides is within (1.4 < RA/RB < 1.9) (Sayed et al. 2012). The x-value 

ranges between (0.309 ≤ x ≤ 0.355) for pyrochlore while in fluorite, it is equal to 0.375 (Ubic 
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et al. 2008). Also, the x-parameter determines the polyhedral shape associated with A and B 

cations. For x = 0.3125, the B ions have perfect octahedral coordination of 48f oxide ions, 

and A cations are eight coordinated in the form of the distorted hexagon of six oxygen (48f) 

and whose plane is perpendicular to the O
’
-A-O

’
 axis. When x = 0.375, the A cation will be at 

the centre of regular cubic eight coordination and B cations at the centre of highly distorted 

octahedron (Subramanian et al. 1983). The disorder in pyrochlore compounds seeks much 

attention since it governs the structural properties, which in turn affect the electrical and other 

properties. The order-disorder transition is not merely carried out by a change in the 

compositions but can also occur by increasing the temperature, by applying pressure and by 

high energy ion irradiation (Sayed et al. 2012). The unique property of pyrochlore oxides is 

the disordering of anion, and cation sublattice occurs simultaneously and independently 

(Radhakrishnan et al. 2011). 

Among various pyrochlore type oxides, lanthanide zirconates, Ln2Zr2O7 are extensively 

studied due to its complex crystal chemistry, low thermal conductivity, high thermal 

expansion coefficient, and high chemical stability and find applications in the field of  ionic 

conductors, superconductivity, catalyst, luminescence, dielectric, gas sensors, 

ferromagnetism, thermal barrier coating, and immobilization hosts of actinides in nuclear 

waste (Feng et al. 2012). The lanthanide zirconates garb in pyrochlore structure when the 

ions lighter than the Gd
3+

 occupies the A site and the heavier ones in fluorite structure 

(Subramanian et al. 1983). Due to its immense applications and a wide range of 

compositions, a considerable number of investigations have been taking place to optimise the 

property, which is suitable for the applications. Similar to other pyrochlore oxides, lanthanide 

zirconates also exhibit phase transition from pyrochlore to fluorite structure with increase in 

temperature, and the transition temperature is found to reduce as Ln
3+ 

ionic radius decreases 

(Michelet al. 1974). The studies on the oxide ion conducting property of the lanthanide 

zirconates show that the conductivity is maximum in the vicinity of the pyrochlore to fluorite 

transition (Shlyakhtina et al. 2005). The dielectric studies of Soloman et al. showed that 

Ln2Zr2O7 (Ln = Ce, Pr, Nd, Sm, Gd, Dy, Er and Yb) prepared via auto-ignition methods 

exhibit an increasing impedance as the radius ratio decreases from 1.588 to 1.463 and then 

decreases on further decreasing the ionic radius ratio. The study indicates that at the phase 

boundary from pyrochlore to defect fluorite, there is a distortion in the structural symmetry 

(Solomon et al. 2015). The molecular dynamics calculation of lanthanide zirconates for 

thermal expansion coefficient shows that the thermal expansion coefficient increases as the 
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lanthanide ion radius decreases (Schelling et al. 2004). The experimental support for this fact 

is given by Kutty et al. and reported that the thermal expansion coefficient of the Ln2Zr2O7 

lies in the range of 8-11 x10
-6 

K
-1 

(Kutty et al. 1994). The studies show that lighter lanthanide 

zirconates are suitable for thermal barrier coating applications (Bolech et al. 1997), and 

heavier zirconates are for oxide ion conducting applications (Shlyakhtina et al. 2005). The 

phase transformation from pyrochlore to fluorite structure introduces disorder and new paths 

for oxide ion movement and thus increasing ionic conductivity and thermal conductivity.   

In this work, the correlation of structural properties and thermo-physical properties of 

lanthanide zirconates with multivalent (trivalent and pentavalent) ions on the zirconium site 

will be investigated based on the crystal chemistry of the pyrochlore oxides. The study of 

Wuensch et al. (Wuensch et al. 2000) on the oxide ion conductivity and structural changes of 

pyrochlore with the composition and temperature shows that the disorder cannot be induced 

merely by reducing the ionic radius ratio of the A and B cations. However, bonding 

characteristic also plays a significant role in determining the structural stability, which in turn 

influences the thermal expansion coefficient and oxide ion conductivity. In pyrochlore 

oxides, the selection of B-site cations needs more important than that of A site due to smaller 

size and higher ionic charge of the B cation which results in much stronger B-O bond than A-

O bond. Hence the B-O bond energetics dramatically affects the properties of the pyrochlore 

lattice (Schelling et al. 2004). The studies of Radhakrishnan et al. also showed that the B-O 

bond energy plays a significant role in determining the ionic conductivity of the pyrochlore 

system (Radhakrishnan et al. 2012). However, the effect of multivalent ion in the B-site of 

pyrochlore oxides is yet to be explored. Here in this work the structural aspects of 

simultaneous substitution of the Y
3+

 and Nb
5+

 ions in the Zr
4+

 site are studied. Irvine et al. 

assumed the Nb
5+

 ions are oppositely charged when comparing with Y
3+

 since it has higher 

charge and smaller ionic radius. Thus simultaneous substitution of the Y
3+

 and Nb
5+

 to the 

Zr
4+

 site might reduce both the vacancy association and strain induced in the lattice and hence 

an increase in the oxide ion conductivity can be expected (Norberg et al. 2009).  The paper is 

focussed on the explanation for the thermal expansion coefficient, oxide ion conductivity and 

structural stability based on chemical bond point of view for the pyrochlore system. The 

pyrochlore system is yet to be explored in this aspect. The fractional ionicity of individual 

bonds (fi
µ
) is calculated theoretically for A-O and B-O bonds. In the case of perovskite 

systems, the oxygen ionic conductivity and thermal expansion coefficient decrease with the 

difference in ionicity Δfi between A-O and B-O bond (Taniguchi and Aniya 2010). In this 
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paper influence of the simultaneous substitution of the trivalent and pentavalent ion on the B 

site ion on thermal expansion coefficient and ionic conductivity will be discussed based on 

the chemical point of view.  

2.2 Experimental 

Compositions, RE2Y2/3Zr2/3Nb2/3O7 (RE = La, Nd, Sm, Gd, Dy, Y)  were prepared by 

the conventional ceramic route using La2O3 ( Sigma Aldrich, 99.99%), Nd2O3 (Alfa Aesar, 

99.9%), Sm2O3 (Alfa Aesar, 99.9%), Gd2O3 (Alfa Aesar, 99.9%), Dy2O3 (Sigma Aldrich, 

99.9%), Y2O3 (Aldrich, 99.99%), ZrO2 (99%), and Nb2O5 (Aldrich) as starting materials. The 

precursor chemicals were dried in an air oven before taking the weights. The stoichiometric 

raw materials were mixed in an agate mortar in a wet medium using acetone. Then, the 

mixture was dried in an air oven at 100°C for 1h. This procedure of mixing and subsequent 

drying was repeated thrice to get a homogenous mixture. The powdered samples are then 

calcined at 1500°C for 12h. The calcined product was ground into a fine powder and pressed 

into cylindrical pellets of 10mm diameter and 2-3 mm height using a hydraulic press. Pellets 

were sintered at 1600°C for 6h.  

Powder X-ray diffraction patterns were recorded to identify the crystalline phase of the 

sintered samples using a Ni filtered CuKα radiation by a Philips X’pert Pro diffractometer 

operating at 45kV and 30mA. Scans recorded over a 2θ range of 10-90° with a step size of 

0.02 and a scan time of 30 seconds using X’pert highscore software. The unit cell parameters 

were calculated by a least square method, and Rietveld analysis using high score plus 

software. The lattice thermal expansion studies were done using Philip’s X’pert Pro unit 

equipped with Anton Paar HTK attachment and taking the XRD pattern of the sample for 

2θ=10-90° in the temperature range of 298-1273K at a regular interval of 200K in static air. 

The Raman spectra of the prepared samples were taken using the WITec alpha 300R confocal 

Raman microscope analysis. The Raman confocal microscope is equipped with 100x oil 

immersion objective and 300/600 groves grating. 532nm laser source was used for the 

excitation, and CCD detector operating at room temperature was used as the detector. The 

number of accumulations and the integration time used were five and 1s, respectively. The 

high-resolution transmission electron microscopy and selected area electron diffraction 

(SAED) of the prepared samples were taken using a TECNAI 30G2 S-TWIN transmission 

electron microscope (FEI, The Netherlands). The samples for the TEM analysis were 

prepared by drop-casting of the samples on to the carbon-coated copper grids which are 
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dispersed in acetone medium by ultra-sonification. The copper grids are then dried. For 

impedance measurement, silver paste is applied on the flat faces of the pellets. The silver-

coated pellets were cured in an oven at 473K for 6h. Also, the measurements were carried out 

from room temperature to 1023K in the frequency range from l Hz to 1MHz by applying the 

ac signal with an amplitude of 100mV using the computer-controlled impedance analyser 

(Solatron, SI 1260). The complex impedance plots were made with SMART software.  

2.3  Results and Discussion 

The compositions, RE2Y2/3Zr2/3Nb2/3O7 (RE = La, Nd, Sm, Gd, Dy, and Y) were 

prepared via the conventional solid-state reaction methods. In this system, it is expected that 

the rare earth elements RE = La, Nd, Sm, Gd, Dy, and Y occupied the A site of the 

pyrochlore structure and the B site is equally taken up by trivalent Yttrium, tetravalent 

Zirconium, and pentavalent Niobium ions based on their ionic size and co-ordination 

requirement. These compositions maintain the metal to oxygen ratio for a pyrochlore type 

structure with a variation of lanthanides on the A site leading to a phase transition in the 

system.   

2.3.1 Structural analysis using X-ray diffraction methods 

Powder X-ray diffraction patterns of the compositions, RE2Y2/3Zr2/3Nb2/3O7 are shown 

in Fig. 2.1. The XRD patterns are indexed with the pyrochlore structure for compositions 

having RE = La, Nd, Sm, and the remaining ones are indexed to the fluorite structure.  

Pyrochlore structure is a superstructure of fluorite type of lattice. The sharp reflections in the 

pyrochlore structure correspond to the fluorite array of atoms and the additional ordering in 

pyrochlore structure is shown by the weak reflections which are indexed as (111), (331) and 

(731). The intensity of the weak reflection in the XRD gives information about oxygen 

scattering length, distribution of oxygen vacancies, and the x-parameter of the 48f oxygen 

(Heremans et al. 1995). Dickson et al. showed that the (111) reflection is more sensitive to 

the oxygen x-parameter (Dickson et al. 1989). From the Fig. 2.1(b) it can be seen that the 

intensity of superstructure peaks diminishes as the radius of the lanthanide ion in the A site 

decreases. This decreasing intensity of the superlattice peaks indicates a phase transition from 

a more ordered pyrochlore crystal structure to a more disordered fluorite structure. In Fig. 

2.1(c) shift of the principal peak with the lanthanide ion is shown.  
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Fig. 2.1 (a) Powder X-ray diffraction patterns of the series RE2Y2/3Zr2/3Nb2/3O7 (RE = La, 

Nd. Sm, Gd, Dy, Y). (b) Zoomed view of 2θ between 14 to 15° and (c) 28 to 30° 

The order-disorder phase transition occurs with decreasing the tolerance factor defined 

using the radius ratio of the cations at the A site (eight coordinated) to that at the B site. The 

ordered pyrochlore structure is favoured within the range of tolerance factor of 1.46 to 1.78 

(Whittle et al. 2009). Here for the current series of compounds, the radius ratio varies 

between 1.35 and 1.54. (The ionic radius of rare-earth ions and the used transition metals are 

obtained from Shannon’s table (Shannon et al. 1976). Fig. 2.2 shows the variation of the 

lattice parameter against the radius ratio of A and B cations. The lattice parameters of the 

fluorite compositions are doubled to compare with the pyrochlore structure. The lattice 
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parameter varies linearly with the ionic radius ratio of the A and B cations in pyrochlore type 

compositions (Yamamura et al. 2003). An abrupt change in the lattice parameter occurs as 

the Gd
3+ 

ion replaces the Sm
3+ 

and this may be due to transition from the ordered pyrochlore 

structure to the more disordered defect fluorite structure.  

 

Fig. 2.2 Variation of the lattice parameter of the compositions RE2Y2/3Zr2/3Nb2/3O7 with the 

radius ratio. 

Structural analyses of the XRD patterns are carried out by Rietveld analysis using 

Fullprof software. The initial crystal structure is modelled with that of the pyrochlore (Space 

Group Fd3m), and the occupancies are assigned as in the stoichiometric ratio. The A cation 

(A = La, Nd, Sm,) is at 16d (1/2, 1/2, 1/2) sites and the B cations (B = Y, Zr, Nb) are equally 

and simultaneously distributed at the 16c (0, 0, 0) and the anions are distributed at two 

distinct positions namely 48f (x, 1/8, 1/8) and 8b (3/8, 3/8, 3/8) and for the fluorite structure 

also the occupancies of the cations sites are assigned according to the stoichiometry. In the 

Rietveld process, the scale factor, flat background, specimen displacement and unit cell 

parameters are refined, and the peak profile is fitted using Pseudo-Voigt profile function. The 

Caglioti parameters are also refined. The refined XRD pattern of pyrochlore 
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La2Y2/3Zr2/3Nb2/3O7 and fluorite Y2Y2/3Zr2/3Nb2/3O7 patterns are shown in Fig. 2.3 a&b, and 

the results of the refined parameters are shown in Table 2.1.  

 

Fig. 2.3 Observed, calculated and difference XRD profiles of (a) Pyrochlore structured 

La2Y2/3Zr2/3Nb2/3O7 and (b) Fluorite structured Y2Y2/3Zr2/3Nb2/3O7. 

Table 2.1Rietveld refined parameters of RE2Y2/3Zr2/3Nb2/3O7 (RE = La, Nd, Sm, Gd, Dy, Y) 

Sample La Nd Sm Gd Dy Y 

Phase Pyrochlore Pyrochlore Pyrochlore Fluorite Fluorite Fluorite 

Unit cell Cubic Cubic  Cubic Cubic Cubic Cubic 

Space group Fd3m Fd3m Fd3m Fm3m Fm3m Fm3m 

Total number of 

independent 

reflections 

36 36 36 36 36 36 

Lattice constant, 

(Å) 

10.80698 10.68908 10.62310 5.29740 5.25950 5.24329 

Fwhm 

parameters 

U 0.00538 0.13101 0.16337 0.08600 0.04132 0.05322 

V -0.00277 -0.09092 -0.10004 -0.04589 -0.01814 -0.01815 

W 0.00071 0.01924 0.01623 0.01260 0.00619 0.00690 

Zero 0.0668 0.0694 0.0794 0.0612 0.0618 0.0409 

Oxygen x-

parameters 

0.31726 0.32217 0.33557    

R-factors 

(%) 

Rp 11.0 9.75 8.82 5.47 5.63 8.19 

Rwp 15.2 13.0 11.9 7.02 7.19 11.1 

Rexp 10.2 10.1 9.04 7.31 6.83 5.24 

χ
2
 2.23 1.602 1.73 0.922 1.11 2.16 

GOF 1.5 1.3 1.3 0..90 1.11 2.16 



Chapter 2 

51 

 

2.3.2  Raman spectral analysis  

The distribution of degrees of freedom around cation equipoint is zero, which shows 

that the Raman spectrum of pyrochlore type compounds arises due to the vibration of the 

anion sublattice. The A and B site occupies equipoints with the centre of symmetry so that 

the displacement coordinate is zero during vibration (Scheetz and White 1979). Therefore 

Raman spectroscopy is more sensitive to O
2- 

- M
n+

 vibration and therefore can be used as an 

excellent tool to determine the order-disorder arising due to anions in these materials (Sayed 

et al. 2012). There are six Raman active modes in pyrochlore given by  

Г=A1g+Eg+3T2g(1)+1T2g(2)    (2.2) 

Table 2.2 Factor group analysis for pyrochlore structure 

Modes Distribution of degrees of freedom Number of normal modes 

 A and B 

cations D3d 

16c, 16d 

X anion 

C2  48f 

O anion 

Td 8a 

Acoustic 

modes 

Lattice 

modes 

Selection 

rules 

A1g 0 1 0 0 1 Raman 

A2g 0 0 0 0 0 Inactive 

Eg 0 1 0 0 1 Raman 

T1g 0 2 0 0 2 Inactive 

T2g 0 3 1 0 4 Raman 

A1u 0 0 0 0 0 Inactive 

A2u 2 1 0 0 3 Inactive 

Eu 2 1 0 0 3 Inactive  

T1u 4 3 1 1 7 Infrared 

T2u 2 2 0 0 4 Inactive 

 

The factor group analysis of pyrochlore structured compositions is shown in Table 2.2. 

The factor group analysis itself shows that the Raman spectrum can be used as an assured 

tool to study the phase transition from ordered pyrochlore to more disordered fluorite. The 

Raman spectra of the current system RE2Y2/3Zr2/3Nb2/3O7 is shown in Fig. 2.4a and b. Table 

2.3 shows the peak positions and the corresponding modes of vibration. The Eg mode of 

vibration at ≈ 330 cm
-1

 corresponds to the O-RE-O bending modes (Begg et al. 2001). The 

peaks at ≈ 350 cm
-1 

corresponding to combination band of Eg and T2g shift towards the higher 



Chapter 2 

 

52 

 

wavenumber and the shift corresponds to the decreasing of the lattice parameter of the 

compositions. The wavenumber shifts from 333 to 380 cm
-1

 corresponding to the decrease in 

lattice parameter from 10.81 to 10.62Å. A larger lattice parameter corresponds to softening of 

the forces in the crystal lattice and which in turn shifts the phonon band to the lower energy. 

Thus the shift in Raman peaks and the lattice parameter are in good harmony (Scott 2007) for 

both pyrochlore and fluorite structured compositions. The A1g vibration modes due to the O-

B-O bending and A-O stretch occurs at ≈ 500 cm
-1

. The A1g mode of vibration for the 

composition with RE = Nd is not visible since the sample is coloured. For a perfect 

pyrochlore, the four T2g modes occur at 400, 507, 585 and 765 cm
-1 

(Mandal et al. 2010). The 

T2g band corresponding to 765 cm
-1

 is shown in the spectrum with considerable intensity. 

Other T2g modes are too weak to be visible.  
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Fig. 2.4 The Raman spectra of the series of compositions RE2Y2/3Zr2/3Nb2/3O7. (a) Pyrochlore 

structured compositions and (b) fluorite structured compositions 
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Table 2.3 Peak positions and corresponding modes of vibration  

Compositions Modes of vibration and peak position (cm
-1

) 

 Eg A1g T2g 

La 333 503 782 

Nd 363 508 781 

Sm 380 527 779 

 T2g Due to seven coordinated cations 

Gd 384 785 

Dy 387 782 

Y 399 788 

 

The factor group analysis of fluorite structure predicts only one Raman active vibration 

mode (Keramidas and White 1973), which involves the vibration of oxygen atoms which is 

tetrahedrally caged by the cations (Zhou et al. 2016). 

Г= T2g       (2.3) 

Fig. 2.4b is the Raman spectrum of fluorite structured compositions. It shows a vast 

peak around ≈400 cm
-1

 and an extra band at 780 cm
-1

. The broad peak at 400 cm
-1

 

corresponds to T2g mode. According to literature (Zhou et al. 2016), the absence of A1g mode 

around 500 cm
-1

 and the broadening of the peak between 300 to 400 cm
-1

 confirms the 

absence of additional ordering of pyrochlore structure. The other band around 780 cm
-1

 

corresponds to the seven coordinated cations (Radhakrishnan et al. 2009). Therefore Raman 

spectrum can be used as a sublime rule for analysing the order-disorder transitions. 

2.3.3 Electron microscopic studies 

Transmission electron microscopy has emerged as a convincing tool to study the 

structure of materials in nano and micro scale because of its capability to reveal the 

morphological information, crystallographic details, and chemical composition of phases 

distributed on a magnificent scale in a given microstructure (Neogy et al. 2006). Fig. 2.5 

shows the high-resolution image of the two representative samples, La2Y2/3Zr2/3Nb2/3O7 and 

Dy2Y2/3Zr2/3Nb2/3O7. The La2Y2/3Zr2/3Nb2/3O7 sample shows a lattice spacing corresponding 

to the (111) plane as in the case of pyrochlore structure compositions and the second one 

shows the plane having the same miller indices but corresponding to fluorite structure. The 
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selected area electron diffraction patterns of the same compositions are also shown in the 

figure. The SAED patterns are indexed using the ratio method. The transmission electron 

microscopy studies also confirm the phase transition from ordered pyrochlore to disordered 

fluorite structure.  

 

Fig. 2.5 High-resolution lattice image and SAED patterns of the compositions 

La2Y2/3Zr2/3Nb2/3O7 and Dy2Y2/3Zr2/3Nb2/3O7. 

2.3.4 Fractional ionicity calculation based on theoretical methods 

Most of the physical properties of the materials can be sensitively described based on 

the chemical nature of the bond between the atoms. Pauling (Linus Pauling 1960) and Philip 

(Philips 1970) had made many contributions to the theoretical concepts of the nature of 

chemical bonding. In the case of complex crystal structure, each bond is characterised by an 

average energy gap Eg composed of the bonding Ehμ and antibonding Cμ 
of hybridised 

molecular orbitals resulting in both ionic and covalent character for each bond. The 

calculation of the fractional ionic and covalent behaviour can provide a lot of qualitative and 
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quantitative explanations based on the coordination number, nearest neighbour distances, 

effective number of valence electrons on the cation and anion (Srivastava and Fermi 1984).  

The calculations of ionicity for the compositions RE2Y2/3Zr2/3Nb2/3O7 were done as 

follows. The chemical bonding in the multi-component material can be decomposed in the 

binary crystal as follows for RE2Y2/3Zr2/3Nb2/3O7 as 

RE2Y2/3Zr2/3Nb2/3O7=RE1/2-O1(2)+RE3/2-O3(1)+Y2/3-O1(1)+Zr2/3-O1(1)+Nb2/3-O1(1)    (2.4) 

According to generalised P-V-V theory, (Philips 1970), the bond ionicity fiµ
 
and bond 

covalency fcµ 
of an individual bond µ can be defined as follows: 
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Egµ is the average energy gap for the µ type of bond and Ehµ,
 and Cµ is the covalent or 

homopolar and ionic or heteropolar energy gaps which comprise the total average energy gap. 

The homopolar energy of the bond is given by 

  
 
 

     

(  )    
                  (2.8) 

For any binary crystals AmBn type compounds, the heteropolar C
µ
 parts can be 

calculated as follows: 
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aB is the Bohr radius (in Å), and d
µ
 is the bond distance (in Å). The units of Ehμ and Cμ 

are in electron volts. The heteropolar energy gives a measure for the difference of screened 

Coulomb potentials of the two atoms composing the bond or interaction of the point charges 

while the homopolar energy is a measure of the interaction of dipole and other multiple 

moments (Wu and Zhang 1999).     (   
 
  
 
)  is the Thomas-Fermi screening factor.   

 
 is 

the Fermi wave vector.    is the correction factor proportional to the square of the average 

coordination number   
 
.  
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β is 0.089 (Levine, 1973).    
 

 is the coordination number of the   type of bond for 

cation A, and    
 

 is the coordination number of the bond for anion B.   
 
 is the number of 

valence electrons of the   type of bond per cubic centimetre. 
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where   
 

is the number of effective valence electrons per µ bond and ϑb
μ
 the bond 

volume. 
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Nb
ϑ 

is the number of bonds per cubic centimetre, which is obtained from the crystal 

structure. 
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Table 2.4 shows the calculated results for the system RE2Y2/3Zr2/3Nb2/3O7.  The values 

show that ionicity of the A-O bond is always higher than that of the B-O bond which implies 

that B-O bond has larger covalency caused by the overlap of orbitals resulting in short bond 

length than that of A-O bond (Taniguchi and Aniya 2010). Further, the ionicity of A-O bond 

decreases with decreasing of the ionic radii except for Nd composition.  In the case of the Nd 

compound, the ionicity of the A-O bond shows an anomalous trend showing a much lower 

value compared to the other pyrochlore structured compositions. That is the A-O bond is 

more covalent in the Nd2Y2/3Zr2/3Nb2/3O7. This higher covalency may be due to the very high 

polarizability value of Nd
3+

 (14.519635) compared to other lanthanides in the series. 

Polarizability is the ease of deforming the valence electron cloud of the chemical species 

(Ghosh and Biswas 2002). High polarizability value of Nd
3+

 causes a more covalent character 

to the Nd-O bond. At the same time, B-O bond shows a gradual increase in ionicity, which 

decreases the covalency and this lessens the bond strength.  The difference in ionicity also 

exhibits the same trend just like that of the ionicity of the A-O bond.  For the defect fluorite 

structured compositions the ionicity of both A-O and B-O bond decreases gradually hence 

strengthens the bond. This can be explained as the effect of shorter bond length with a 

decrease in the lattice parameter. The shorter bond length increases the bond strength which 

can be attributed to the increased covalency. Also, it is visible that the ionicity of the B-O 

bond has more role in the phase transition, which reaches a maximum at the phase boundary, 

then decreases.  

Table 2.4 The ionicity of the A-O, B-O bonds and the ionicity difference of the compositions 

RE2Y2/3Zr2/3Nb2/3O7 

 

 

Compositions Ionicity of A-O bond Ionicity of B-O bond Ionicity Difference 

La 0.9028 0.8237 0.0791 

Nd 0.8779 0.8282 0.0497 

Sm 0.9584 0.8303 0.1281 

Gd 0.9385 0.8472 0.0913 

Dy 0.9188 0.8469 0.0719 

Y 0.8917 0.8467 0.0450 
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2.3.5 High-Temperature XRD Studies 

For the high-temperature application of the pyrochlore oxides, the structure stability 

and variation of crystallographic properties are to be studied. On the microscopic level, it can 

be done by using the high-temperature XRD. The lattice thermal expansion coefficient stated 

by the equation  

   
 

    
(
  

  
)        (2.20) 

αa is an excellent nominee to represent the structural stability, influence of bond 

strength on the oxide ion conductivity (Radhakrishnan et al. 2012). The XRD patterns of each 

sample were measured in the temperature range of 298K to 1273K with an interval of 200K. 

The obtained XRD patterns were analysed by Le-Bail fitting method of the software X’pert 

High Score Plus. The plot of lattice parameter Vs absolute temperature was done for each 

sample and the slope of the sample (
  

  
)  divided by the lattice parameter at the room 

temperature gives the value of lattice thermal expansion coefficient. The variation of lattice 

parameter with the temperature for Nd2Y2/3Zr2/3Nb2/3O7 is shown in Fig. 2.6a. Also, the shift 

in the d-spacing of the same is shown in Fig. 2.6b.  
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Fig. 2.6 (a) The variation of the lattice parameter of Nd2Y2/3Zr2/3Nb2/3O7 with temperature. 

(b) The corresponding shift in the d-spacing of Nd2Y2/3Zr2/3Nb2/3O7 

Fig. 2.7 shows the lattice thermal expansion coefficient of each sample. In the case of 

the pyrochlore structured compound, the lattice thermal expansion coefficient shows an 

anomalous behaviour. The lattice thermal expansion coefficient of Sm2Y2/3Zr2/3Nb2/3O7 

shows an abnormal increase. The thermal expansion coefficient for the fluorite structured 

compositions shows a steady increase. 
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Fig. 2.7 The variation of the lattice thermal expansion coefficient with the different 

lanthanides in the composition: RE2Y2/3Zr2/3Nb2/3O7 (RE = La, Nd. Sm, Gd, Dy, Y) 

The studies on the relationship between the thermal expansion coefficient and ionic 

conduction in perovskite-type oxides by Taniguchi et al. shows a small difference between 

the ionicities of the A-O and B-O bond results in more significant value of the thermal 

expansion coefficient due to the instability in the position of the oxygen (Taniguchi and 

Aniya 2010). However, in the case of pyrochlore oxides, the structure itself contains two 

crystallographically different oxides ions. The A cation is eight coordinated with six 48f 

oxygen ions and two 8a ions with different bond length, and the B cation is six coordinated 

with 48f oxide ions only. The plot of ionicity of A-O bond (  
 

   
), B-O bond (  

 

   
) and 

|  
 

   
   

 

   
| with the thermal expansion coefficient is shown in Fig. 2.8. Here in the 

case of pyrochlore compounds, A-O and B-O bonds has to be treated separately unlike in the 

case of perovskites. The ionicity of A-O and B-O bond for the compositions with RE= Nd 

shows better covalent character due to high polarizability (from the calculated values also). 

Higher covalency, in other words lower ionicity results in strong bonds. The stronger bond 

results imply increasing rigidity of the system, which in turn instigates smaller thermal 
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expansion (Radhakrishnan et al. 2012). In the case of composition with RE = Sm, both the A-

O and B-O bond has a higher percentage of ionic character compared to other compositions. 

Therefore the bonds are weaker and hence show a high value of thermal expansion 

coefficient. From the studies, it is shown that at least in the case of pyrochlore compounds, 

the chemical characteristics of each bond has its contribution. The studies of the Wuensch et 

al. show that the A
3+

-O bond expands more rapidly than the B
4+

-O bonds (Wuensch et al. 

2000). Hence higher contribution to the thermal expansion arises from the A-O bond. From 

this study also it is clear that the lattice thermal expansion coefficient is in line with the 

ionicity of the A-O bond.  

 

Fig. 2.8 The variation of lattice thermal expansion coefficient with ionicity of bonds (a) A-O 

bond (b) B-O bond and (c) Difference in ionicity between A-O and B-O bonds 

In the case of fluorite oxides, the 48f and 8b oxide ions randomise to form the 4c 

oxygen positions. Here just like the perovskite-type oxides A and B cations are coordinated 

by only one type of oxide ions. Hence here, individual bonds do not play an essential role in 
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determining the thermal expansion coefficient. Here the thermal expansion coefficient 

increases with a decrease in the difference in the ionicity of the A-O and B-O bonds.  Just 

like the radius ratio as the difference decreases the disorder in the fluorite structure increases 

and hence results in higher lattice thermal expansion coefficient. Hence in the case of Fluorite 

related structure cumulative effects of the bonds take part in determining the thermal 

expansion coefficient rather than the effects of individual bonds.  

2.3.6 Impedance Analysis 

The ionic conductivity of the samples was measured using the two probe ac- 

conductivity measurement method. Impedance spectroscopy is the study of sample resistivity 

over a wide range of frequencies. Each spectrum provides information about resistive, 

inductive or capacitive elements which together constitutes the electrical behaviour of the 

sample. Impedance spectrum taken over a wide range of frequencies is capable of resolving 

total impedance into three components namely, impedance for the bulk (high-frequency 

spectrum), grain boundary (middle of the spectrum) and electrode process (low-frequency 

arc). The conductivity measurements were done on a wide range of temperature from room 

temperature to 1073K at an interval of 50K. The Cole-Cole plot of the representative sample 

Nd2Y2/3Zr2/3Nb2/3O7, Arrhenius plot, activation energy and pre-exponential constant and the 

overall conductivity of all the compositions were plotted in Fig. 2.9.  
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Fig. 2.9  (a) Cole-Cole plot of the Nd2Y2/3Zr2/3Nb2/3O7 as a representative sample. (b) The 

Arrhenius plot of the samples fitted with a straight line. (c) The variation of activation energy 

and pre-exponential factor of the series of samples. (d) The overall conductivity variation of 

the samples at 1023K. 

Fig. 2.9a shows the Cole-Cole (Nyquist) plot of the sample Nd2Y2/3Zr2/3Nb2/3O7 at 873, 

923, 973, 1023K. It is observed in Fig. 2.9a that the radius of the semicircle of the Cole-Cole 

plot decreases as the temperature increases, which implies that the conductivity of the 

samples increases as the temperature increases. Therefore it is understood that the conduction 

mechanism is thermally activated. The Nyquist plot ends with a small spike at the low-

frequency region. This spike is either due to the diffusion of ions through the electrode or the 

electrode polarisation. The capacitance value corresponding to this spike is the same as those 

expected for the blocking of ionic charge carriers at the electrode sample interface (Abram et 

al. 2001). Hence this spike confirms the oxide ion conduction in the samples.  

The temperature dependence of conductivity is shown in Fig. 2.9b and is found to 

follow the Arrhenius behaviour given by the equation  
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 ( )        (   |   )    (2.21) 

where σ0 is the pre-exponential factor, which is a measure of the actual number of 

mobile oxide ions, Ea denotes the activation energy for the conduction process, KB is the 

Boltzmann constant, and T is the absolute temperature. The activation energy and pre-

exponential factor are calculated from the Arrhenius plot using the slope and y-intercept of 

the straight line for each sample. The plot of activation energy and the pre-exponential values 

are plotted in Fig. 2.9c. The variation of overall conductivity with the composition is also in 

Fig. 2.9d.  

The trend in conductivity with the compositions can be viewed as a competing effect of 

the trends of activation energy and preexponential factor. The activation energy in the case of 

Nd2Y2/3Zr2/3Nb2/3O7 increases drastically compared with the other pyrochlore structured 

compositions. This high activation energy is due to the highly polarizable Nd ion due to 

which the covalency of the A-site composition increases and the bonds in the structure 

became rigid. This causes high activation energy required for the breaking of the metal-

oxygen bond. The rigidity of the bonds in the Nd2Y2/3Zr2/3Nb2/3O7  was proved by the thermal 

expansion coefficient, which is low compared to the other pyrochlore structured 

compositions. Hence the activation energy of the sample with Nd is very high. However, the 

conductivity trend is in the opposite direction since the conductivity increases, disregarding 

the influence of the activation energy. The explanation for this phenomenon can be done 

using the concept of ionicity for this composition; the difference in ionicity of the A-O and B-

O bonds is shallow. When the difference in ionicity is small the bonding nature in A-O and 

B-O becomes closer, and the oxygen might bind to the A-site or B-site ion, and hence the 

position of the oxygen ion becomes unstable (Taniguchi and Aniya 2010). This introduces 

more anion disordering to the lattice, which in turn enhances the concentration of charge 

carriers which is also shown in Fig. 2.9c where the pre-exponential which is a  measure of the 

concentration of charge carriers increases rapidly for the sample with RE=Nd.  Then the 

conductivity of the sample Sm2Y2/3Zr2/3Nb2/3O7  remains the same since the more 

considerable value of ionicity difference reduces the concentration of charge carriers even 

though the activation energy is very much reduced. In the case of compositions with the 

fluorite structure the conductivity follows the same trend with the difference in ionicity. 

Hence the ionicity calculation in pyrochlore type oxides plays a vital role in determining the 

ionic conductivity. It can also be concluded that small difference in ionicity also introduces 

cation disorder in the lattice, which in turn increases the activation energy and the oxygen 
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position becomes unstable and hence anion disordering also. Cation disorder increases the 

activation energy, and anion disorder increases the concentration charge carriers in 

pyrochlore (Munshi 1995). The conductivity hence arises as the result of these competing 

effect in these compositions.  

2.4 Conclusions 

A series of new compositions, RE2Y2/3Zr2/3Nb2/3O7 were prepared via solid-state 

reaction route successfully. The structural analysis using powder X-ray diffraction pattern, 

Raman analysis, and transmission electron microscopy studies showed a phase transition 

from an ordered pyrochlore to a defect fluorite type structure with a phase boundary at Gd 

substitution. The analysis of thermal expansion coefficient, ionicity and oxide ionic 

conductivity of the system indicated an interrelationship among these parameters with 

structure-dependent.  The decrease in difference in ionicity in metal-oxygen bonds increases 

the ionic conductivity in both phases. However, the influence of ionicity difference of M-O 

bond on thermal expansion is dependent on phase as well as ionicity of A-O bond. The best 

conductivity obtained in the series is 7.9 x 10
-6

 S/cm for Y2(Y1/3Zr1/3Nb1/3)2O7 at 1023K. The 

minimum thermal expansion coefficient is obtained at the phase boundary for 

Gd2Y2/3Zr2/3Nb2/3O7, and the value is 5.2 x 10
-6 

K
-1

. The present study demonstrated that the 

ionicity difference of metal-oxygen bonds plays a crucial role in determining the thermal 

expansion coefficient and ionic conductivity which may help design oxide ionic conductors.  
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3. Chapter 3 

Contrasting anion disorder behaviour in Sm2Zr2O7 

by simultaneous aliovalent cation substitutions and 

its structural and electrical properties  
  

In the present study, the effect of simultaneous aliovalent cation substitutions on B site 

of the pyrochlore type compositions has been attempted to understand the anion disorder and 

its influence on the electrical properties. The structural analysis studies reveal that the 

concentration of aliovalent cation substitution has a distinct effect on the structure; the lower 

concentration of the Y and Nb (x ≤ 0.25) destabilises the system lowering the distortion and 

at higher concentration (x ≥ 0.5) it stabilises the system. The degree of anion disorder is 

evaluated by the intensity ratio of the Raman intense Eg mode and T2g mode around 800 cm
-1

 

from the Raman spectrum whose trend is in line with the oxygen x-parameter variation with 

different concentration 

of the aliovalent cation 

substitution. The 

electrical properties 

follow the same trend 

of anion disorder and 

lattice strain in the 

system.  
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3.1 Introduction 

Oxide ionic conducting materials draw a lot of attention due to its diverse 

technological applications such as oxygen sensors and pumps, ceramic membranes for 

oxygen separation and in solid oxide fuel cells (SOFCs), where they act as electrolytes 

transporting O
2- 

ions to react with a fuel such as hydrogen in the clean direct conversion of 

chemical to electrical energy (Skinner and Kilner 2003). Oxide ion conduction through solids 

is discovered more than a century ago by Nernst. Due to the small conductivity of the 

materials at a low temperature, the application of the oxide ion conductors is reduced to the 

high-temperature application. The small conductivity of these materials arises due to the 

interaction of the significant double-charged oxide ion with the cation network (Boivin and 

Mairesse 1998). Therefore some of the highly specified structural compositions will exhibit 

high ionic conductivity. Pyrochlore structured compositions are one of the relevant class of 

materials suitable for these applications 

 Pyrochlore oxides having a general formula A2B2O7 shows a vast range of electrical 

and physical properties depending on the compositional variations and ordering of the atoms 

and oxygen vacancies (Moreno et al. 2007). This structure has Fd3m space symmetry and is 

ordered superstructure of the fluorite structure AO2 (having space symmetry Fm3m) with an 

ordered absence of the 1/8
th
 oxygen in the fluorite (Ashbrook et al. 2015). Generally, two 

classes of pyrochlore type compositions are present viz. A2
3+

B2
4+

O7 and A2
2+

B2
5+

O7. In these 

compositions, III-IV type compositions are more favoured due to the ionic radius ratio of A 

and B cations (Subramanian et al. 1983). Fixing the origin at B cation, the Wyckoff position 

of the pyrochlore type compositions are: the A cation at 16d and the B is at 16c. These 

cations form an FCC lattice with an alternative arrangement along the <110> direction. The 

crystal lattice consists of three different anion positions, and oxide ion occupies two sites (8b 

and 48f), and one is vacant at 8a. The anion vacancies are ordered in the lattice 

(Radhakrishnan et al. 2011).  

 Among the pyrochlore zirconates, Sm2Zr2O7 has been extensively studied due to its 

good ionic conductivity which is comparable to the other oxide ion conductors at low-

temperature ranges. The time-independent ionic conductivity and low activation energy make 

the Sm2Zr2O7 a promising oxide ion conductive material (Shinozaki et al. 1979). Xia et al. 

study the aliovalent substitution effect on the Sm2Zr2O7 in the A site, and reported that 

conductivity increases with the CaO substitution until the secondary phase emerges (Xia et 
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al. 2009). Studies of substitution of Ce
4+

 on the B site substitution and simultaneous 

substitution of Sc
3+

 and Ce
4+

 on Sm2Zr2O7 were carried out (Vaisakhan Thampi et al. 2014; 

Vaisakhan Thampi et al. 2017).  Both the substitutions increase the ionic conductivity as the 

disorder increases and then decreases with further increase in the disorder. Acceptor and 

donor doping on the Sm2Zr2O7 compositions were also reported. MgO on the A-site 

composition reduces the ionic conductivity, and the ZrO2 on the same site slows down the 

decrease in the ionic conductivity when compared to the acceptor doping on the B site 

substitution of Sm2Zr2O7 (Shlyakhtina et al. 2014; Xia et al. 2010). Zirconia stabilisation 

study using Y and Nb as the dopants reveals some interesting results and these results show 

that at lower doping concentration, the dopants destabilise the system and as the 

concentration increases, it stabilises the system but the distortion increases among the 

neighbouring cation network (Li et al. 1994). 

  The study on the factors that affect ionic conductivity reveals that lattice strain is a 

prominent parameter in determining the structural and functional properties of the oxide 

materials. Computational studies on the fluorite structured oxides show that the conductivity 

increases to several orders of magnitude in a strained system (Kushima and Yildiz 2010). 

Recent research studies show that in the case of ionic conduction in which the crucial part is 

played by the site to site hopping (e.g., oxide ions and alkali ion conductors) lattice strain 

modulates the conductivity (Ferrara et al. 2016). This site to site hopping is more favoured by 

creating anion disorder in the lattice. So far, many pieces of research have been carried out to 

achieve more disorder either by smaller cation substitution on the A site or bigger ion 

substitution on the B site of the Sm2Zr2O7 (Vaisakhan Thampi et al. 2014; Wan et al. 2011). 

However, these approaches have some drawbacks, such as control of anion disorder and 

increased activation energy in the highly disordered system. The present investigation is 

substituting two aliovalent cations on the B site with higher average ionic radius than 

zirconium and studies its influence on the crystal structure, anion disorder and electrical 

properties.  

 Therefore, the present work attempted to study aliovalent cation substitutions (Y and 

Nb) on the B-site of Sm2Zr2O7 by maintaining the charge neutrality. The study reveals insight 

of anion disorder and its influence on the electrical properties, which provides a scope in 

designing and developing new pyrochlore structure-based oxide ionic conductors. To the best 

of our knowledge, simultaneous substitution on the B site of the Sm2Zr2O7 is not yet studied 
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in detail. The B site substitution has more influence on the properties of the pyrochlore type 

composition, and therefore such a study can reveal much understanding of the anion disorder 

and lattice strain that influence on the electrical properties. The present chapter comprises 

some of these results studied on this aspect. 

3.2 Experimental 

The compositions, Sm2Zr2-x(YNb)x/2O7 (x = 0, 0.25, 0.5, 0.75, 1) were prepared via 

conventional solid-state reaction route. The chemicals Sm2O3 (Alfa Aesar, 99.998%), ZrO2 

(Aldrich 99%), Y2O3 (Aldrich 99.999%) and Nb2O5 (Aldrich 99.995%) were weighed 

stoichiometrically. The weighed compositions were mixed using agate and mortar in a wet 

medium using acetone. The mixed compositions were dried in an oven at 373K for 1h. The 

process is repeated thrice to make a uniform mixture. Thoroughly mixed samples were 

calcined at 1573K for 6h and then further calcined at 1873K for 12h with intermittent 

grinding. The samples were ground into fine powders, and the powder was uniaxially 

compressed at 25Mpa and sintered at 1923K for 12h. Then the sintered samples were used for 

further characterisation. 

 Crystal structure analyses of the prepared compositions were done using X-ray 

powder diffractometer (X’pert Pro, PANalytical) under Ni-filtered CuKα radiation using a 

Philips X’pert Pro diffractometer operating at 45 kV and 30 mA. Scans were recorded over a 

2θ range of 10–90° with a step size of 0.02 and a scan time of 30 s using X’pert software. The 

unit cell parameters were calculated using a least-square method and Rietveld analysis using 

high score plus software. The Raman spectra of the prepared samples were recorded using a 

WITec alpha 300R confocal Raman microscope. The Raman confocal microscope was 

equipped with a 100_ oil immersion objective and 300/600 grove grating. A laser source of 

wavelength 532 nm was used for excitation, and a CCD detector operating at room 

temperature was used for detection. The number of accumulations and the integration time 

used were 5 and 1 s, respectively.  For impedance measurement, a silver paste was applied to 

the flat faces of the pellets. The silver-coated pellets were placed in an oven at 473 K for 6h, 

and the measurements were carried out from 573K to 1023 K in the frequency range from l 

Hz to 1 MHz by applying an ac voltage of 100 mV using a computer-controlled impedance 

analyser (Solatron, SI 1260). The complex impedance plots were made using SMART 

Software. 
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3.3 Results and Discussion 

The compositions, Sm2Zr2-x(Ynb)x/2O7 (x = 0, 0.25, 0.5, 0.75, 1) prepared via solid-state 

reaction route are characterised using powder X-ray diffraction, Raman Spectroscopy, SEM 

and impedance microscopy. The samples are termed as Zr2, Zr1.75, Zr1.5, Zr1.25, and Zr1 for 

brevity.  

3.3.1 Powder X-ray diffraction analysis 

Fig. 3.1 shows the powder X-ray diffraction patterns of the prepared samples. The XRD 

patterns of the compositions are indexed to the pyrochlore crystal structure. Pyrochlore is the 

superstructure of the fluorite structure, so the X-ray diffraction data in Fig. 3.1 consists of all 

the fluorite peaks plus the less intense superlattice peaks corresponding to the ionic radius 

difference between the A and B cations. 

 

Fig. 3.1 The powder X-ray diffraction patterns of the Sm2Zr2-x(Ynb)x/2O7 (x = 0, 0.25, 0.5, 

0.75, 1). 
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 The fluorite structure peaks easily satisfy the conditions: 

            (3.1) 

                      (3.2) 

                      (3.3) 

Where (hkl) is the Miller indices of the planes (Heremans et al. 1995). The superlattice peaks 

do not satisfy the above equations. Sm
3+

 cation occupies the A site (16d) site which is eight 

coordinated. Zr
4+

 at 16c is co-doped with Y
3+

 and Nb
5+

 cations. The radius of the cations is 

1.079Å, 0.72Å, 0.9Å and 0.64Å for Sm
3+ 

(VIII coordination), Zr
4+

, Y
3+

and Nb
5+

 (VI 

coordination) respectively (Shannon 1976). The pyrochlore structure stability depends mainly 

on the radius ratio RA/RB. The average radius of the B cation is calculated using the formula 

   
(   )  (    ) 

 

 
 (   ) 

 

 
 (    )

 
    (3.4) 

The present radius ratio decreases with the incorporation of Y and Nb on the B site 

ranging from 1.50 to 1.45. Therefore all the compositions are expected to form in the 

pyrochlore structure. The variation of the lattice parameter with the substitution is shown in 

Fig. 3.2. The lattice parameter of the compositions increases with increase in the Y, and Nb 

concentration and the increase in the lattice parameter obeys the Vegard’s law as the effective 

ionic radius of Y and Nb is high compared to that of Zr at the B site.  The variation in the 

lattice parameter also further evidences the effective substitution of Y and Nb into the lattice.  
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Fig. 3.2 The increase in the lattice parameter with an increase in the doping concentration x 

 Rietveld analyses of the samples were done on the X-ray powder diffraction data of 

the samples in order to study the structural changes with the increase in the substitution. The 

idea of the Rietveld refinement is to calculate the entire powder diffraction data with the 

given refinable parameter and to minimise the weighted sum of the square of the difference 

between the calculated pattern and the observed pattern using the least square methods 

(Dinnebier 2001). All the compositions are assumed to be in the pyrochlore structure. The 

Sm
3+

 cations occupy the 16d site and Zr
4+

, Y
3+

 and Nb
5+

 occupy the 16c site according to the 

stoichiometric ratio of the compositions. Pseudo Voigt profile function is used to define the 

pattern. The lattice parameters, oxygen 48f x parameter along with other factors such as scale 

factor, Caglioti functions, flat background and peak shape functions are refined. The refined 

parameters are shown in Table 3.1, and the graphical output is shown in Fig. 3.3. The R 

factors and goodness of fit values suggest that proper fit is achieved.  
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Table 3.1 Rietveld refined parameters of the Sm2Zr2-x(Ynb)x/2O7 (x = 0, 0.25, 0.5, 0.75, 1) 

compositions 

 Zr2 Zr1.75 Zr1.5 Zr1.25 Zr1 

Unit cell Cubic Cubic Cubic Cubic Cubic 

Space group Fd3m Fd3m Fd3m Fd3m Fd3m 

Lattice 

parameter (Å) 

10.5716(1) 10.5840(1) 10.5917(1) 10.6029(9) 10.6101(3) 

x- parameter 

(Å) 

0.338(1) 0.339(1) 0.336(9) 0.338(1) 0.341(1) 

Rp ( %) 6.40 8.60 9.15 10.22 10.08 

Rexp (%) 5.94 9.11 9.36 9.62 9.93 

Rwp (%) 8.22 10.77 11.19 12.63 12.71 

RBragg (%) 10.21 6.95 8.15 9.20 9.07 

GoF 1.92 1.40 1.43 1.72 1.64 

 

 The bond length of the prepared compositions can also be derived from the Rietveld 

analysis. The calculated values of the A-O1, A-O2, B-O1 compositions are reported in Table 

3.2. The lattice strain due to the Y and Nb doping is calculated using Williamson–Hall (W–

H) method where both size-induced and strain-induced broadening is deconvoluted by 

considering the peak width as a function of 2θ. The width of the individual peaks in the XRD 

diagram is expressed as 

          
  

 
                    (3.5) 

whereβ is the width of the peaks, d is the crystallite size, λ is the wavelength of X-ray used, 

and ε is the lattice strain. A plot is drawn with 4sinθ along the x-axis and βcosθ along the y-

axis, and the plot is called Williamson- Hall (W-H plot) plot. From the slope of the linear fit 

of the plot, the lattice strain can be derived. One representative W-H plot is shown in Fig. 3.4.  
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Fig. 3.3 Observed, calculated, and difference XRD profiles of Zr1 composition 

 

Fig. 3.4 W-H plot of one representative sample Zr1.75 
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Table 3.2 The bond length of the compositions obtained from the Rietveld analysis and the 

lattice strain calculated using W-H plot 

Compositions Sm-O1 (Å) Sm-O2 (Å) Zr/Y/Nb-O1 (Å) Lattice 

Strain (%) 

Zr2 2.535 2.289 2.088 0.07835 

Zr1.75 2.530 2.291 2.095 0.07393 

Zr1.5 2.552 2.293 2.084 0.142 

Zr1.25 2.544 2.296 2.092 0.143 

Zr1 2.525 2.297 2.108 0.144 

 

 The variation of the bond length of A-O1, A-O2 and B-O1 bonds and the x parameter 

of the compositions shows some abnormal variation with the substitution. Some of the earlier 

studies show that the A-O2 bonds dependence only on the lattice parameter (a) and the A-O1 

and the B-O1 bonds depend on both the lattice parameter and the variable oxygen x- 

parameter (Kennedy et al. 1997). In this study also, the Sm-O2 bond length increases with the 

lattice parameter. The 48f oxygen x parameter varies from 0.3125 for a perfect octahedral of 

the BO6 polyhedra to 0.375 for perfect cubic coordination for A, and an intermediate value is 

for distortion on both polyhedra (Chakoumakos 1984). For the pyrochlore structure, the 

distortion of the polyhedra around the B site cation is minor since all the B-O bonds are 

equal. However, the distortion of the A site polyhedra is significant (Gardner et al. 2010). 

The Y and Nb substitution (x = 0.25) on the B site of the present compositions increase the B-

O1 bond length which is evident since the combined radius of the Y and Nb is higher than 

that of the Zr. Also, it shifts the AO8 polyhedra towards perfect cubic coordination since the 

difference of the bond length decreases. That is the distortion of the AO8 polyhedra 

decreases, and the distortion of the BO6 octahedra increases, causing higher x value (Rittman 

et al. 2017). Also, the strain in the lattice is reduced due to the reduction of the distortion of 

the AO8 polyhedra.  

 A study of co-doping of Y and Nb on the ZrO2 shows that at low dopant 

concentration, it destabilises the cubic zirconia. However, at higher concentration, some 

ordering occurs among the cations, and it stabilises the zirconia and causes severe distortion 

to the surrounding cation network. Here also at x = 0.5 doping with Y and Nb, the calculated 

strain on the pyrochlore lattice is very high, and the increased distortion occurs for both 
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AO8and BO6 polyhedra. Due to this, the x parameter of the system reduces to 0.336. Also at 

this composition the attained strain is maximum and after that increase in Y, and Nb 

concentration does not cause much more variation in the lattice strain. After this, the 

substitution merely acts as an isovalent cation with a higher ionic radius than that of the 

zirconium. It merely increases the cation disorder in the system by reducing the difference 

between A-O1 and A-O2 bond length and increase in the B-O1 bond length.  

3.3.2  Raman spectroscopy studies 

X-ray diffraction studies are much more sensitive to the disorder in the cationic 

sublattice in comparison to that of the anionic sublattice, whereas Raman spectroscopy is an 

excellent tool to determine the cation-anion vibrations and thus to identify the local disorder 

in the lattice (Advances in Solid Oxide Fuel Cells VI ® WILEY). Glerup et al. (Glerup et al. 

2001) used Raman spectroscopy as an effective tool to differentiate the ordered pyrochlore 

from disordered defect fluorite structure.   

 

Fig. 3.5 Raman spectrum of the Sm2Zr2-x(Ynb)x/2O7 (x = 0, 0.25, 0.5, 0.75, 1) compositions. 

 The factor group for the cubic pyrochlore A2B2O7 which contain two molecular units 

in the unit cell is Oh. The site symmetry for the A and B cation is D3d, C2v for the O1 anion 
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and Td for the O2 anion (McCauley 1980). Factor group analysis of the pyrochlore crystal 

systems using the above assumptions predicted 26 vibrational modes, out of which only six 

are Raman active and the Raman  active modes of vibration are (Rousseau et al. 1981; 

Vandenborre et al. 1983):  

                  (3.6) 

 The Raman spectra of the samples are shown in Fig. 3.5. All the spectra show the 

characteristic modes of the pyrochlore system as reported in the literature (Qu et al. 2007; 

Singh et al. 2008) and this confirms the pyrochlore structure. Only five of the six Raman 

active modes of vibration are present in the figure. Other modes of vibrations are very weak 

in intensity and hence are not observable. The most intense peak on the ≈ 300 cm
-1

 

corresponds to the Eg mode. The mode corresponding to the 400 cm
-1 

is T2g mode that arises 

due to the 8b site oxygen ion. A1g mode appearing about 525 cm
-1 

correspond to O-B-O 

bending. The other two modes at around 600 cm
-1

 and 800 cm
-1

 are assigned to the T2g mode 

corresponds to the 48f oxygen vibration. However, the T2g mode at 800 cm
-1

 shows distinct 

variation in intensity with the increasing of the B site substitution. On inspection, the 

appearance and intensity variation of this mode can be correlated to the oxygen x-parameter, 

which is more related to the distortion of the BO6 octahedra. To evaluate this, we have taken 

the ratio of the highest intensity mode around 300 cm
-1

 and the mode under observation. 

 The ratio of the intensity of the Eg Raman mode at ≈ 300 cm
-1

(I2) and T2g mode at 800 

cm
-1

 (I1) is calculated and is shown in Fig. 3.6 along with oxygen x-parameter. As expected, 

this ratio goes in line with the oxygen x-parameter. This ratio is maximum for the higher 

concentration of substitution having the highest oxygen x-parameter that suggests higher 

amount of anion disorder. Hence anion disordering induces a transformation of the octahedral 

coordination of the B cation into more distorted octahedron.  Further, it can be explained that 

as the distortion in the BO6 polyhedra increases, the anion disorder increases, which in turn 

increases the oxygen 48f x-parameter. However, the aliovalent substitution of Y and Nb on 

the B site does not show linear trend of anion disorder but dependant on the concentration. 

Hence Raman spectrum also supports the information obtained from the X-ray diffraction 

data. i.e., Y and Nb substitution on the B site of the pyrochlore structure first destabilises the 

crystal system and then stabilises the system. 
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Fig. 3.6 The ratio of the intensity of the Eg Raman mode at ≈ 300 cm
-1

(I2) and T2g mode at 

800 cm
-1

 (I1) and 48f oxygen x parameter of the compositions 

3.3.3 Morphological Analysis 

The morphology of the sintered samples was analysed using a scanning electron 

microscopic technique. The typical SEM images of the four samples are shown in fig. 3.7. 

The image shows clear grain boundaries with distinguishable grains. The grain size decreases 

as the substitution increases and attains a minimum size and then increases. The grain size 

can be related to the strain as the strain increases with decrease in grain size (Zhao and Zhang 

2008). Therefore the SEM images also confirm the lattice strain is arising as a result of the Y 

and Nb substitution on the pyrochlore crystal system 
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Fig. 3.7 Scanning electron microscopic images of the prepared compositions 

3.3.4 Impedance spectroscopic studies 

The electrical behaviour of the sintered samples of the prepared compositions subjected 

to an ac signal of 100 mV and frequency ranging from 1Hz to 1MHz was measured using two 

probe complex impedance spectroscopy. The impedance spectrum comprises of inductive, 

capacitive and resistive behaviour of the samples. In the case of a polycrystalline material, the 

system can be regarded as a series of RC circuits in which the resistor I deals with the 

conduction and the capacitor I is associated with the charge accumulation effects (Vaisakhan 

Thampi et al. 2015). The significance of the impedance spectroscopy lies in the fact that it 

can uniquely identify the individual reaction/ migration steps in a multistep process since 

each migration steps have a distinct time constant it can be easily separated in the frequency 

domain (Lai 2007). Thus in the case of polycrystalline sintered pellets, the impedance 

spectrum consists of three semicircles due to the impedance for the bulk (high-frequency 

spectrum), grain boundary (middle of the spectrum) and the electrode process (low-frequency 

arc). The conductivity measurements were done over a temperature range from 573K to 

1023K.   

 The Nyquist plot impedance spectra of the Zr1 samples at different temperature are 

shown in Fig. 3.8a and Fig. 3.8b. For better analysis, the impedance variation of all the 
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samples at 873K is also shown in Fig. 3.8c. The figure here shows two semicircles which are 

contributed to the grain and grain boundaries of the system. As the temperature increases, the 

radius of the semicircles decreases, indicating increased conductivity. This can be due to the 

thermal agitation and increased hopping rate of the conducting ions (Anithakumari et al. 

2016). Hence thermally activated conduction mechanism is confirmed. As mentioned in the 

previous work, here also there is a spike at the lowest frequency region, emerges as a result of 

the capacitance value for the blocking of the ionic charge carriers at the electrode interface 

(Abram et al. 2001; Renju et al. 2017). 

 

Fig. 3.8 Cole-Cole plot of the representative Zr1 sample at different temperatures. 

 The total conductivity of the samples is calculated by extrapolating the semicircles to 

make an intercept with the x-axis, and this intercept is taken as the resistance I of the samples 

from which the conductivity can be calculated using the formula 

  
 

  
      (3.7) 

where ζ is the conductivity of the sample, l is the length, and A is the area of the sintered 

pellets whose conductivity is measured, and the method of semicircle fit is illustrated in the 

Fig. 3.8d. The temperature dependence of the samples was studied using the Arrhenius 
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equation for conductivity given by 

  (  )    (  )  
  

  
    (3.8) 

The equation is the logarithmic form of the Arrhenius equation. Here the ζ0 is the pre-

exponential factor which is a measure of the concentration of the charge carriers in the 

samples, T is the temperature, Ea is the activation energy, and k is the Boltzmann constant. 

The linearly fitted Arrhenius plot of the samples is shown in Fig. 3.9 

 

Fig. 3.9 Arrhenius plot and the linear fit of the samples Sm2Zr2-x(Ynb)x/2O7 (x = 0, 0.25, 0.5, 

0.75, 1). 

 The linear behaviour of the Arrhenius plot supports for the thermally activated 

conduction. The slope and intercept of the graphs yield activation energy and the pre-

exponential factor of the samples. The variation of the activation energy and pre-exponential 

factor and the conductivity of the samples with the composition are shown in Fig. 3.10. The 

conductivity of the samples at 1023K decreases with the substitution of trivalent and 

pentavalent ion on the B site of the Sm2Zr2O7 compositions up to x=0.5 and further increases 

with the substitution. The variation of the conductivity with the Y and Nb substitution can be 
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explained based on the calculation of the activation energy and the pre-exponential constant. 

 

Fig. 3.10 (a) Variation of total conductivity of the samples with the compositions 

(b) Activation energy and pre-exponential factor of the compositions 

 Analysis of the figures reveals that the conductivity of the prepared samples goes in 

line with the pre-exponential factor of the samples. The Raman spectra analysis qualitatively 

quantified the anion disorder in the prepared compositions. The analysis conveys that the 

Zr1.5 samples exhibit a much more ordered anion sublattice. Studies on anion disorder in the 

pyrochlore lattice shows that anion disorder involves in the generation of 48f oxygen 

vacancies which in turn serves as the charge carriers in the pyrochlore lattice (Yu 1996). Thus 

the sample with highest anion disorder Zr1 has the highest value for the pre-exponential 

factor. The study on the lattice strain reveals the crystal lattice having considerable strain has 

small activation energy for ion migration. The small activation energy of the lattice is 

explained by the additional driving force caused by the strain for ion migration because the 

ion migration process relaxes the lattice strain and thus reduces the free energy of the system 

(Zhao et al. 2017). The small increase in the activation energy of the Zr1 composition arises 

due to the increased disorder in the anion lattice, which is confirmed by the X-ray diffraction 

and Raman spectrum analysis of the prepared compositions. Thus lattice strain and anion 

disorder in the pyrochlore crystal lattice can significantly influence the ionic conductivity in 

the lattice. 
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3.4 Conclusions 

The Sm2Zr2-x(Ynb)x/2O7 (x = 0, 0.25, 0.5, 0.75, 1) pyrochlore type compositions are 

prepared via solid-state reaction route and the structural, morphological and electrical 

characterisation of the compositions were done using X-ray diffraction, Raman spectrum, 

scanning electron microscopy and impedance spectroscopy. All the prepared samples are in 

pure phase and form in the pyrochlore crystal lattice. The lattice strain and oxygen x 

parameter calculation show that the Y and Nb initial substitution destabilise the pyrochlore 

system and then it stabilises the system just as the same doping stabilise the ZrO2 in earlier 

studies. The degree of anion disordering is confirmed by the Raman spectra of the samples. 

The oxide ion conductivity of the prepared compositions also shows that samples are strained 

and the conductivity decreases to a minimum value due to the decreased pre-exponential 

factor of the samples and then increases by order of magnitude to the maximum conductivity 

of 4.44x10
-4

 S/cm. In summary, the conductivity of Sm2Zr2O7 can be primarily influenced by 

the simultaneous aliovalent cation substitution on the B site through anion disorder and lattice 

strain. 
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4. Chapter 4 

Study of the Introduction of Oxygen Vacancies to 

the Pyrochlore Type Compositions and its Influence 

on the Electrical Properties 
 

Anion deficient pyrochlore type compositions were synthesised and analysed in this 

work. All the compositions prepared via the conventional solid-state reaction method have 

the defect fluorite structure. The modulus spectrum analysis shows that as the lattice 

volume decreases the cooperative behaviour of the oxide ions increases, which causes an 

increase in activation 

energy. The increase in 

activation energy occurs 

rapidly and thus, the 

conductivity also decreases. 

Thus in such cases of 

systems having high charge 

oxygen vacancies, the 

cooperative behaviour 

among the ions increases 

and it is further increased by 

decrease in the lattice 

volume.  
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4.1 Introduction 

Solid oxide ion conductors have always been the centre of attraction of researchers due 

to its various practical applications such as in solid oxide fuel cells for generating the 

electrical power, oxygen separation membranes, membranes which convert methane to 

syngas and the behaviour of these compositions are tunable by controlling structural and 

synthetic parameters (Anithakumari et al. 2016; Skinner and Kilner 2003).  A good oxide ion 

conductors require partial occupancy of the energetically equivalent sites of oxide ions and 

lesser activation energy (Goodenough 2000). Oxygen vacancies for oxide ion transport in this 

material are introduced in two ways: one is to select the crystal systems having intrinsic anion 

vacancies, and the other is to substitute the compositions with lower valent cation 

(Goodenough 2000).  Therefore the available oxide ion conductors are confined to a small 

group of oxides which are mainly related to fluorite structure (Lacerda et al. 1988).      

Pyrochlore oxide ion conductors are an essential class of materials which finds 

significant application in the field of oxide ion conductivity, dielectrics, magnetic materials 

multiferroic materials and superconductivity (Gomez-Perez et al. 2015). These oxide 

materials are derivative of basic fluorite structure and possess intrinsic oxygen vacancies. 

Pyrochlore structure has general formula A2B2O7 belongs to the space group Fd-3m (a ≈ 10Å, 

Z = 4) whereas the fluorite has general formula AO2 structure belongs Fm3m (a ≈ 5Å, Z = 4). 

The fluorite structure has an fcc array of the cation in which all the tetrahedral interstices are 

occupied by the anions. Pyrochlore structured compositions are retained its fcc array of the 

cation in non-equivalent sites. Furthermore, anions are located in the tetrahedral interstices 

just as in the fluorite structured compositions but in two non-equivalent independent sites 

(Maczka et al. 2018). In addition to these two anion sites, there is an addition anion site 

which is vacant in the pyrochlore structure which makes pyrochlore structured compositions 

a better candidate as the oxide ion conductors.  The A cations in the pyrochlore compositions 

are eight coordinated and located at 16d, and the B cations which is six coordinated occupies 

the Wyckoff position 16c taking the B cations at the origin.  The anions are at 48f and 8b 

Wyckoff positions. The additional oxygen vacancy is at 8c 

 (Yang et al. 2015). In fluorite structured compositions the cations occupy 4a and 

anions are at 8c positions. The determination of the structure of these type of compositions 

mainly depends on the radius ratio of the compositions ( it is in between 1.46 to 1.78) 

(Subramanian et al. 1983)  and these compositions often exhibit phase transformation from 
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ordered pyrochlore to more disordered defect fluorite structure. This phase transformation 

depends on the compositions, calcination temperature, the pressure applied and ion 

irradiation. 

Pyrochlore zirconates whose structure is either pyrochlore or defect fluorite can be 

treated as an ideal candidate for the application in the field of oxide ionic conductors since 

these are treated as an extension of stabilised zirconia which is the currently using as the solid 

electrolytes in solid oxide fuel cell (Govindan Kutty et al. 1995; Zhang et al. 2017). In the 

case of lanthanide zirconates, the zirconates with lesser atomic number than Gadolinium 

forms into pyrochlore structure and others are in the fluorite structure and the transition 

temperature of these oxides from pyrochlore to defect fluorite decreases as the ionic radius of 

the lanthanides decreases (Blanchard et al. 2012). Study on the activation energy for O48f 

→O48f conduction mechanism in Gd2Ti2O7 and Gd2Zr2O7 revealed that a small amount of 

cation antisite defects on pyrozirconates creates a more tranquil path for oxide ion migration 

(Gunn et al. 2012). The long range migration of the ions through the lattice results in a 

conductivity given by 

        (
   

  
)     (4.1) 

where σ0 is the pre-exponential factor, and Ea is the activation energy. On analysing the 

equation, it is seen that the conductivity can be increased by increasing σ0 and decreasing the 

activation energy. However, the increase in the pre-exponential factor causes an undesired 

increase in the activation energy and thus limits the oxide ion conductivity (Chadwick 2000).  

This increase in the activation energy is the result of the increased cooperativity among the 

oxide ions and thus increases the activation energy for the long-range conduction in the 

lattice (Moreno et al. 2005). In addition to the concentration of vacancies and the activation 

energy, the cooperative behaviour of the oxides ions plays a crucial role in determining the 

ionic conductivity  (Moreno et al. 2005, 2009; Vaisakhan Thampi et al. 2015). 

Here in this study, a new series of pyrochlore type compositions are prepared in which 

the oxygen vacancies are introduced to the system by aliovalent and non-stoichiometric 

substitution on the B site of the compositions. In our previous work, we have studied the 

effects of aliovalent cation at the B site with preserved oxygen stoichiometry, and it revealed 

some remarkable results (Renju et al. 2017). The literature studies on this subject reveal that 

anti-site disorder in the pyrochlore type compositions favours oxygen disorder and the 
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disordering of the oxygen increases the oxygen ionic conductivity (Wuensch et al. 2000). So 

here in this work, we have studied non-stoichiometric pyrochlore type composition with 

excess oxygen vacancies and thereby an understanding of the increased cooperative 

behaviour of the oxide ions and its variation with the lattice volume can be done.  

4.2 Experimental 

Powder samples of the compositions RE3Zr0.5Nb0.5O6.75 (RE = Nd, Sm, Gd, Dy, Y) 

were prepared via a solid-state reaction method. The starting materials used are Nd2O3 

(Sigma Aldrich 99.9%) Sm2O3 (Alfa Aesar 99.998%), Gd2O3, Dy2O3, Y2O3 (Sigma Aldrich 

99.9%), ZrO2 (Aldrich 99%) and Nb2O5 (99.99%). The mentioned chemicals are weighed 

stoichiometrically and mixed in agate using acetone as the medium. The mixed composition 

is dried in an oven at a temperature of 373K. The process is repeated thrice to make a 

uniform mixture. The mixed powder is then calcined at 1573K for 6h. The calcined samples 

are recalcined at 1673K for 6h with intermittent grinding. The prepared powder is uniaxially 

pressed to make green cylindrical pellets, compaction at 25Mpa. These cylindrical pellets are 

sintered at 1823K for 18h.  

The crystal structure of the prepared samples is analysed using X-ray powder 

diffractometer (X’pert Pro, Analytical). The analysis was carried out on a two theta range of 

10-90° using CuKα X-ray radiation of wavelength 1.5406Å. Rietveld refinement of the X-ray 

diffraction spectrum was done on the X’pert high score plus software. Further structural 

analysis was employed using the Raman Spectroscopy. Raman spectroscopic measurements 

were carried out in a Renishaw InVia Raman microscope with a laser beam directed to the 

sample through 50× and 20× objective lens and a Peltier cooled charge-coupled device 

(CCD) detector. Samples were excited with a 532 nm excitation wavelength laser, and Stokes 

shifted Raman spectra were collected with 1 cm
−1

 resolution. Before every measurement, a 

calibration with a silicon standard (Raman peak centred at 520 cm
−1

) was performed. WiRE 

3.2 software package was used for data acquisition. The surface morphology of the sintered 

pellet was pictured via electron microscopic imaging using a scanning electron microscope 

(JEOL, JSM-5600L). The electrical characterisation of the samples were done by electroding 

the sintered pellets with high temperature curing silver paste then cured at 600°C for 30 min.  

Impedance analyser (Solatron SI 1260) with a dielectric interface (Solatron 1296) is used to 

study the electrical properties of the 91 ctahedra pellets, and the study is done in the 

temperature range of 473-1023K within the frequency range of 1MHz to 1Hz.  
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4.3 Results and Discussion 

The compositions RE3Zr0.5Nb0.5O6.75 (RE = Nd, Sm, Gd, Dy and Y) will be labelled as 

REZN (NdZN, SmZN, GdZN, DyZN and YZN ) throughout the paper.  

4.3.1. X-ray diffraction studies 

Fig. 4.1 shows the powder X-ray diffraction patterns of the prepared series of 

compositions. All the compositions are in the fluorite structure, and the peaks are indexed to 

the fluorite structure. The radius ratio of these compositions is below 1.34, and the 

compositions are in the fluorite structure as expected. The ionic radius of the ions used and 

the radius ratio is shown in Table 4.1. In the fluorite structured compositions, each cation is 

in tetrahedral coordination with four oxide ions, and the Wyckoff position of each cation and 

anions are 4a (0,0,0) and 8c (0.25,0.25,0.25) respectively. As the ionic radius of the 

lanthanide cations in the compositions decreases, there is a shift of the intense peak (111) in 

the X-ray diffraction pattern towards the higher angle, which further indicates a decrease in 

the lattice parameter is visible.  

Table 4.1: Ionic radii and radius ratio of the prepared compositions 

 RE(RA) 

Å 

RB  (Å) RA/RB 

RE Zr Nb RB  (Å) 

NdZN 1.109 0.983 0.72 0.64 0.8315 1.3337 

SmZN 1.079 0.958 0.72 0.64 0.819 1.3175 

GdZN 1.053 0.938 0.72 0.64 0.809 1.3016 

DyZN 1.027 0.912 0.72 0.64 0.796 1.2902 

YZN 1.019 0.900 0.72 0.64 0.790 1.2898 
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Fig. 4.1 The powder X-ray diffraction patterns of the prepared compositions 

RE3Zr0.5Nb0.5O6.75 (RE = Nd, Sm, Gd, Dy, Y) 

The more detailed structural analysis of the XRD pattern was done by the Rietveld 

analysis using the commercially available X’pert Highscore plus software. The refinement 

was done by assuming the fluorite structure for all the compositions. The site of occupancy of 

all the compositions was deduced from converting RE3Zr0.5Nb0.5O6.75 to 

RE0.75Zr0.125Nb0.125O1.675. The fitting function used for the peaks is Pseudo-Voigt profile 

function. The Caglioti parameters, flat background and two background function coefficients 

were refined for obtaining a better match between the observed and the calculated XRD 

pattern. The results of the Rietveld refinement of all the compositions are given in Table 4.2, 

and the fitted pattern is shown in Fig. 4.2. The variation of the lattice parameter (deduced 

from the refinement) with the lanthanide ions is shown in Fig. 4.3. As expected, the lattice 

parameter of the composition decreases following Vegard’s law (Vegard 1921).  
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Table 4.2 The Rietveld refinement results 

 NdZN SmZN GdZN DyZN YZN 

Unit cell Cubic Cubic Cubic Cubic Cubic 

Space group Fm3m Fm3m Fm3m Fm3m Fm3m 

Scale factor 0.000207 0.000112 0.000138 0.000406 0.000382 

Lattice 

parameter 

(Å) 

5.4188(2) 5.3790(1) 5.33870(9) 5.28428(7) 5.25980(9) 

Rp(%) 9.41662 6.52322 4.58162 4.48375 8.59268 

Rexp(%) 7.84612 6.61146 5.15993 4.63807 5.02230 

Rwp(%) 12.08039 8.75227 6.12275 6.49887 14.16575 

GOF 2.37057 1.75246 1.40800 1.96336 1.95561 

 

 

Fig. 4.2 The graphical output of the Rietveld refinement of the XRD 

Fig. 4.3 shows the variation of the lattice parameter with the radius ratio of A and B 

cation. In the figure, the lattice parameter calculated using equation 4.2 is also shown (Mouta 
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et al. 2013). The lattice parameter shows a sharp decrease in the lattice parameter and the 

similar decrease in the calculated value shows that the sudden variation arises merely due to 

the ionic radius of the lanthanides cation in the system. The difference between the observed 

and calculated lattice parameter remains constant. The explanation for the difference in the 

observed and calculated parameter is that the calculation of the lattice parameter using 

equation 4.2 does not account the oxygen vacancies and the disorder in the lattice, and the 

constant difference indicates that same type of the defects are occurring in all the 

compositions.  

  
 

 
 
 

*       (     )          (
(     )

 

(     )
)+  (4.2) 

Here RA, RB and RO are the ionic radii of the A, B and O ions.  

 

Fig. 4.3 Variation lattice parameter of the compositions  

RE3Zr0.5Nb0.5O6.75 (RE = Nd, Sm, Gd, Dy, Y) 

4.3.2. Raman spectroscopic analysis 

For further analysis of the structure of the prepared compositions, the Raman spectra 

were recorded. The Raman spectra of the prepared compositions are shown in Fig. 4.4. In the 

cubic fluorite structure, the 4a site in which the cation is occupied has a site symmetry Oh and 
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8c has a site symmetry Td. According to the Factor group analysis, the ideal fluorite structure 

has only one Raman active mode T2g, which is active around 470cm
-1 

(Vaisakhan Thampi et 

al. 2015).  

 The spectra in Fig. 4.4 show two peaks around 360 cm
-1

 and 800 cm
-1

. The observed 

peaks are very broad. The broad nature is the result of the inherent deviation of the 

translational periodicity in the lattice of the disordered fluorite structure (Mandal et al. 2007; 

Moriga et al. 1990; Wan et al. 2011). The additional peak in the Raman spectra indicates a 

deviation from the fluorite structure. The crystal system has an additional ordering in the 

lattice due to the presence of different cations in the same crystal lattice. The peak around 

800 cm
-1

 arises due to the seven coordinated cations, and it confirms the defect fluorite 

(Rittman et al. 2017). The wavenumber shift towards the higher wavenumber, indicating a 

decrease in the lattice parameter. A decrease in the lattice parameters indicates a hardening of 

the bonds in the crystal systems, and it causes an increase in the phonon energy. Thus the 

shift in the Raman peaks is in line with the decrease of lattice parameter from the XRD. 

 

Fig. 4.4 Raman spectra of the compositions RE3Zr0.5Nb0.5O6.75 (RE = Nd, Sm, Gd, Dy, Y) 
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 The peaks broaden as the ionic radius of the substituent ions decreases, which 

indicates increased disorder in the lattice. The radius ratio RA/RB is a measure for disorder in 

the disordered fluorite lattice. In the present study, the ratio ranges from 1.33 to 1.29, i.e. as 

the ionic radius of the substituent ions decreases the disorder in the compositions decreases. 

Thus the XRD results and Raman spectra confirm the defect fluorite structure of the prepared 

compositions.  

4.3.3. Surface morphological studies 

The surface morphology of the sintered pellets was pictured using the scanning electron 

microscopy. The scanning electron microscopic images of the pellets are shown in Fig. 4.5. 

The figure shows an improvement in the grain structure as the ions goes from Nd to Dy.  

 

Fig. 4.5 The scanning electron microscopic images of the prepared compositions 

RE3Zr0.5Nb0.5O6.75 (RE = Nd, Sm, Gd, Dy) 

4.3.4. Electrical Properties  

The electrical properties of the sintered pellets were recorded using the impedance 

analyser by giving the pellets a small ac signal of 100mV with varying frequency from 1MHz 
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to 1Hz. The measurements were done in the temperature range from room temperature to 

1023K.  In the case of polycrystalline samples, the Nyquist plot contains three semi-circles, 

corresponding to bulk contribution from grains at the higher frequency; second one 

corresponding to the grain boundary and the last one at the lower frequency corresponds to 

the electrode-electrolyte interfaces.  

 

Fig. 4.6 The Nyquist plot of the representative composition Gd3Zr0.5Nb0.5O6.75 and 

Y3Zr0.5Nb0.5O6.75 

Fig. 4.6 shows the Cole-Cole plot of the representative samples Gd3Zr0.5Nb0.5O6.75 and 

Y3Zr0.5Nb0.5O6.75.  The figure shows a spike-like structure at the low frequencies and the 

peaks are due to the blocking effect of the electrode-electrolyte interface (Barsoukov and 

Macdonald 2005). The blocking resistance at the electrolyte electrode interfaces proves that 

the conduction in these samples is due to ions. The resistance of the samples is calculated 

from the Cole-Cole plot by fitting semicircles and then extrapolating to meet the x-axis, and 

the x value corresponding to the intersection gives the resistance of the samples. The 

conductivity of the samples is calculated from the resistance using the formula  

  
 

  
      (4.3) 

where   the height of the cylindrical pellets is,   is the resistance obtained from the 

Nyquist plot, and A is the area of the cylindrical pellets. The variation of the conductivity 

with the ionic radius of the lanthanide cations is shown in Fig. 4.7.  
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Fig. 4.7 The conductivity of the prepared compositions at 1023K 

The conductivity of the compositions decreases as the ionic radius of lanthanide ions 

decreases. Fig. 4.8 shows the temperature dependence of the conductivity and the lines are 

linearly fitted using Arrhenius equation given below. 

        (
    

  
)            (4.4) 

The figure shows that the conduction is thermally activated. Activation energy can be 

calculated from the slope of the linear fit in the Fig. 4.8.  

 

Fig. 4.8 Arrhenius plot (a) ln(ζT) Vs 1000/T (b) log(fmax) Vs 1000/T 
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 A better analysis of the electrical properties of the compositions can be done using the 

concept of electric modulus function which is the reciprocal of the dielectric permittivity and 

is given by the equation 

        
       (4.5) 

where C0 is the vacuum cell capacitance, and   is the frequency. The modulus 

formulation highlights the bulk process in the conductivity, and it reduces the contribution 

from the electrode polarisation effects and is complementary to the complex impedance 

spectra. 

 

Fig. 4.9 Imaginary part of modulus Vs log frequency 

 Fig. 4.9 shows the plot of the imaginary part of the modulus against log frequency on 

the DyZN sample. The peaks in Fig. 4.9 are asymmetric to the peak maxima, and the shape of 

the peaks is the same irrespective of the temperature. However, the peaks shift towards higher 

frequency as the temperature increases, and the peak height is constant, which indicates the 

dielectric constant remains the same. The region to the left of the peak maximum corresponds 

to the ions which are mobile over a long-range, and the right of the peak corresponds to the 
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ones which are confined to the potential wells (Padmasree et al. 2006). i.e. at the frequency in 

which the M‖ maxima occurs, the reorientation of the ions involving oxide ion vacancies 

occurs. The activation energy for these charge re-orientation can be calculated by plotting the 

Arrhenius plot of log fmax versus 1000/T  (Reau et al. 1994), and the plot is in Fig. 4.8(b).   

The activation energy calculated from both the Arrhenius plot is the same, and this 

confirms the conduction through the lattice occurs via the hopping mechanism (Reau et 

al.1994; West et al.1997). Fig. 4.10 shows the activation energy of the composition. The 

activation energy shows a rapid increase as the lattice volume of the composition increases. 

The sudden increase in the activation energy is due to the cooperative behaviour of the ions, 

which can be confirmed by the broadening of the peak in the normalised modulus against 

normalised log frequency.    

 

Fig. 4.10 The variation of activation energy of the composition RE3Zr0.5Nb0.5O6.75 (RE = Nd, 

Sm, Gd, Dy, Y) 

The plot of the normalised M‖/M‖max vs log (f/fmax ) is plotted on the Fig. 4.11. The 

peaks in the plot are unsymmetrical, and this peak proves that these composition exhibit non-
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Debye relaxation. The fitting function of the Debye relaxation is purely exponential and 

symmetric to the maxima given by equation 4.6. 

 ( )     (
  

  
)     (4.6) 

The fitting function for the non-Debye relaxation is non-exponential and is represented 

below 

 ( )     (
  

 
)
 
         (4.7) 

η is the relaxation time which is the inverse of the angular frequency corresponding to 

the peak in the imaginary part of the modulus vs log frequency (ωp), and β is the Kohlrausch 

parameter whose value is less than 1 for a practical solid oxide electrolyte. The Kohlrausch 

parameter decreases when there is an increase in the distribution of the relaxation time 

(Moreno et al. 2005). The β value can be calculated using the FWHM value of the normalised 

M‖/M‖ max plot.  

  
    

    
     (4.8) 
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Fig. 4.11 The normalised plot of M‖/M‖max vs log(f/fmax) for all the composition 

The Fig. 4.11 shows that as the lanthanide ions in the composition become smaller the 

peak width increase which in turn decreases the β value and the deviation from the Debye 

relaxation increases. The coupling model for the ion transport shows that the hopping of ions 

to an adjacent vacant site occurs with an exponential relaxation function represented by 

equation 4.6 (Ngai and Leon 2002; Ngai and León 2003; Ngai and Tsang 1999)  However, 

because of ion-ion interaction the independent hopping does not occur, and this ion-ion 

interaction slows down the ion hopping thus increasing the relaxation time and thus the 

exponential correlation function changes to Kohlrausch equation. Thus the ion-ion interaction 

causes increased cooperative behaviour of the mobile charge carriers, and thus the activation 

energy for the long-range conduction and that for individual hopping differs, and the relation 

between them is given by the equation below. 

   
   

 
     (4.9) 

The smaller value of β causes an increase in the activation energy for long-range 

conduction. In addition to this, studies on the systems having higher charge carrier 

concentration this cooperative behaviour increase as thus activation energy increases and in 



Chapter 4 

 

104 

 

the present system due to the increased availability of the oxygen vacancies (Moreno et al. 

2005) this effect becomes prominent.  Lattice volume also takes a role in the enhancement of 

the cooperative behaviour of the present series. All these effects thus cause an exponential 

decrease in the conductivity as the ionic radius of the lanthanide ion present in the system 

decreases, as shown in Fig. 4.7. 

4.4 Conclusions 

A new series anion vacant pyrochlore composition RE3Zr0.5Nb0.5O6.75 was synthesised 

by conventional solid state reaction method.  All the prepared composition are characterised 

by powder X-ray diffraction, Raman spectroscopy, scanning electron microscopy and 

impedance spectroscopy. The compositions are in pure phase with a fluorite crystal structure 

as predicted using the radius ratio. The Raman analysis also confirmed the formation defect 

fluorite structure. The impedance spectrum analysis on the prepared composition reveals that 

the conductivity decreases rapidly as the lattice volume of the prepared composition 

decreases. The activation energy calculated from the Arrhenius plot also increases sharply. 

This sharp increase in the activation energy and decrease in the conductivity is explained 

using the cooperative behaviour of the mobile charge carriers in the compositions. The 

modulus spectrum analysis of the composition shows that as the lattice volume of the 

composition decreases the ion-ion interaction in the lattice increases thus it enhances the 

cooperative behaviour of the ions which in turn causes an increase in the activation energy 

and thus decreases in the conductivity. Thus the study reveals that in addition to the no of 

oxygen vacancies and activation energy, the cooperative behaviour of the oxide ion also plays 

a crucial role in determining the ionic conductivity. The effect of the induced oxygen 

vacancies on the ionic conductivity is maximum only when the lattice volume is maximum 

on which the ion-ion interaction is minimum.  
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5. Chapter 5 
Study of the Ionic Conductivity on the Displaced 

Pyrochlore Type Compositions 
 

Electrical properties of the displaced pyrochlore compositions were done in the 

present chapter. A series of compositions in which the Zr replaced the Ti in the displaced 

pyrochlore composition Ca3Ti3Nb2O14 were prepared and the series exhibit the phase 

transition from cubic to the 

monoclinic pyrochlore as the 

Zr content in the composition 

increases. The phase transition 

takes place due to the increase 

ionicity of the B-O in the 

composition. The conductivity 

studies show that the 

composition with the fluorite 

structure have the maximum 

conductivity, which is an order 

of magnitude higher than the 

reported oxide ion conductivity value for the displace pyrochlore.  
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5.1 Introduction 

Pyrochlore oxides are an essential class of oxide materials that find enormous 

application in the field of ionic and electronic conductors, magnetic materials, phosphor host 

nuclear waste immobilisation and spin ice (Ewing et al. 2004; Morris et al. 2009; Pirzada et 

al. 2001; Wuensch et al. 2000) due to its lattice stiffness, high chemical stability, ability to 

tolerate both cation and anion sublattice disorder independently and to accommodate a 

diverse range of cations on the A and B sites (Sreena et al. 2015). These oxides with general 

formula A2B2O7 belong to Fd3m space group are closely related to fluorite structure which 

belongs to Fm3m space group. The A cation is eight coordinated to the oxide ion, and the B 

cation is six coordinated. The addition ordering in the pyrochlore structure due to the A and B 

cation with different ionic radii causes two crystallographic different oxide ions: one is at 48f 

and second one is at 8b. The formation of pyrochlore structure occurs for the composition 

having radius ratio of A and B cations in the range of 1.46 to 1.78 (Nishino et al. 2004). An 

oxygen vacancy at 8c is also contained in the structure. The x-parameter of the 48f oxide ion 

is another factor characterising the pyrochlore structure. The x value ranges from 0.3125 to 

0.375. The value of x-parameter determines the A-O and B-O bond distance and the shape of 

the AO8 and BO6 polyhedra. When x = 0.3125, BO6 polyhedra become perfect octahedra and 

thus a perfect pyrochlore structure forms. AO8 becomes perfect cubic polyhedra when  x = 

0.375, and thus the structure becomes fluorite (Shlyakhtina et al. 2018).  

The A cation in the AO8 polyhedra is at the centre of a puckered hexagonal ring of six 

oxide ions (48f) and normal to the mean plane of this puckered hexagonal there is a pair of 

oxide ion (O’) at 8b. The A-O bond length is longer compared to the A-O’ bond and 

neglecting the A-O interaction the framework of the pyrochlore structure can be treated as 

interpenetrating B2O6 and A2O’ chains (Subramanian et al. 1983). The stability field for the 

several substitutions on the A and B cation of the pyrochlores depends on the simple 

parameters such as the radius ration of A and B cations and electronegativity (Subramanian et 

al. 1983; Vanderah et al. 2005). However, in a recent study, the stability field is extended for 

composition that can tolerate a cation displacement and maintain the microscopic cubic 

symmetry of pyrochlore (Avdeev et al. 2002; Hector and Wiggin 2004; Radosavljevic et 

al.1998). One of such composition is bismuth-containing pyrochlore composition. The 

bismuth is a bigger cation reducing the stability region that causes displacive disorder on both 

the A and O’ ions (Withers et al. 2004).  IR reflectance study on the bismuth-based 
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pyrochlores also confirmed this displacement (Chen et al. 2005). In the case of ideal 

pyrochlore structure, only O48f can relax to the oxygen vacancy and thus the variables that 

characterise an ideal pyrochlore structure is the x-parameter of the O48f and the lattice 

parameter. However, here in the case of these bismuth-based pyrochlore, the lone pair of 

electrons is the reason for the cation displacement and hence the disorder in the A2O’ 

network (Hinojosa et al. 2008).  Such pyrochlores are commonly termed as misplaced-

displace pyrochlores. Since the A2O’ network weakly interacts with the rigid B2O6 network, 

the disorder or vacancies in this network does not affect the whole pyrochlore structure 

(Sreena et al. 2016). Thus the pyrochlore structure is highly tailorable, for example, the 

identities and oxidation state of the B cation which play an essential role in determining the 

electrical properties of the oxides can be controlled through deliberate choices of the A and 

O’ by maintaining the electrical neutrality (Vanderah et al. 2005).  

As mentioned in the previous paragraph displacive structure is observed for bismuth-

containing composition. Levin et al. studied the structure and the stoichiometry of the 

pyrochlore structured bismuth zinc niobate as Bi1.5Zn0.92Nb1.5O6.92 with partial zinc 

occupancy in both the A and B position. The displacement of the cation occurs along <112> 

direction perpendicular to the O’-A-O’ axis and the O’ ions displaces through the <110> 

directions. These displacements cause the appearance of some weak forbidden reflection 

(eg:442) which violate special reflection conditions for 8b, 16c, 16d, and 48f positions 

occupied in the ideal arrangement (Levin et al. 2002). In the ideal pyrochlore structure, the 

intensity of this reflection is zero, and this arises to the displacement of the A cation to a 

lower symmetry position such as g, h, i, e. Also the bismuth titanate with pyrochlore structure 

was prepared for the first time by Radosavljevic et al. which cannot exist based on the 

Bi2O3/TiO2 phase diagram, and the composition of the sample is Bi1.74Ti2O6.62.  The 

refinement studies confirmed the displacement of the Bi cations (Radosavljevic et al. 1998). 

Crystal chemical study on the pyrochlore structure reveals that the displacive disorder 

becomes a structural feature for compositions that allows the formation of cubic pyrochlores 

in which the smaller B cation occupies ca 25% of the A cations (Vanderah et al. 2005). The 

off-centre displacement is because of the larger A-site cavity which is too big for the smaller 

ones (Avdeev et al. 2002). The phase equilibria study of CaO: TiO2:Nb2O5 by Roth et al. 

revealed that a pyrochlore structured solid solution is formed for the composition 3CaO: 

3TiO2: Nb2O5 or Ca1.5Ti1.5NbO7.  The refinement studies show that the structure has an 
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intrinsic displacive disorder. The Ca and Ti occupy the 16d and 96g Wyckoff position 

respectively. The O’ ions shifts from the ideal 8b to tetrahedral 32e position.  The similarities 

of the electrical properties of this composition with the Bi-based pyrochlores confirms that 

the properties arise due to the displacive disorder in the system and not due to the presence of 

the polarizable lone pair of electrons in the bismuth (Roth et al. 2008). Thus it is confirmed 

that the displacive disorder in the pyrochlore phase can tune the properties of the system.  

 In a recent study on metastable Bi2Zr2O7 revealed that these displaced pyrochlore 

oxides could exhibit oxide ion conductivity. In the currently mentioned study, the ionic 

conductivity obtained is 3.071x10
-6

 S/cm at 773K. Activation energy and other electrical 

properties confirmed the charge carrier for this conductivity is oxide ions (Pandey, 

Shrivastava, and Nagarajan 2018). Also, the bismuth titanate doped with Cu, Mg, and Sc 

identified as mixed electron- ionic conductor, exhibit high oxygen mobility at a temperature 

above 400°C and it depends on the doped cation radius and the oxygen vacancies formed 

(Pandey et al. 2018).   

Despite all these facts, the study on ionic conductivity of the misplaced displacive 

pyrochlore is not explored in detail. Here in the present work, we have tried to study the ionic 

conductivity of Ca3Ti3Nb2O14 composition in which the titanium is gradually replaced by 

zirconium which is having the high ionic radius than titanium. From the literature survey on 

this pyrochlore, it is revealed that the Ti is small to occupy the A cation site 16d in the ideal 

pyrochlore structure and that is why the Ti
4+

 ion occupies the 96g position. So in the present 

study, replacement of Ti with Zr may seriously affect the structure and ionic conductivity 

properties of the composition. The present work analyses these structural and conductivity 

properties changes. 

5.2 Experimental 

The powder samples of the present series of compositions Ca3Ti3Nb2O14, 

Ca3Ti2ZrNb2O14, Ca3TiZr2Nb2O14 and Ca3Zr3Nb2O14 were prepared by conventional solid-

state reaction method. The starting material CaCO3 (99.9%, Sigma Aldrich), TiO2 (99.9995%, 

Sigma Aldrich), ZrO2 (99.99%, Sigma Aldrich) and Nb2O5 (99.995%, Sigma Aldrich) were 

dried for 1h and then weighed stoichiometrically. The weighed chemicals were ground in 

agate and mortar using acetone as the medium. The mixture is dried in a microwave oven for 

1h. The process is repeated thrice to get a uniform mixture of the composition. Thus obtained 

uniform mixture is then calcined at 1300°C for 6h and at 1400°C for 6h with intermittent 
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grinding. The prepared powder is uniaxially pressed to make green cylindrical pellets, 

compaction at 25 Mpa. These cylindrical pellets are sintered at 1450°C for 18h.  

The samples prepared via solid-state reaction method is characterised for structural and 

conductivity properties. The crystal structure of the composition was analysed using X-ray 

powder diffractometer (X’pert Pro, Analytical) operating at 45kV and 30mA. The analysis 

was carried out on a two theta range of 10-90° using Ni filtered CuKα radiation of 

wavelength 1.5406 Å. Scans recorded over a 2θ range of 10-90° with a step size of 0.02 and a 

scan time of 30 seconds using X’pert highscore software. The structural analysis of the 

prepared composition was done using the least square method, and Rietveld analysis using 

high score plus software. The surface morphology of the composition in the form of the pellet 

is done using a scanning electron microscopy. Here the scanning electron microscope (JEOL, 

JSM-5600L) is used to picture the surface morphology of the sintered pellet. The electrical 

properties of the pellets were done by Impedance analyser (Solatron SI 1260) with a 

dielectric interface (Solatron 1296). High temperature curing silver paste was coated on both 

sides of sintered pellets then cured at 600°C for 30 min. The conductivity measurements were 

carried out from room temperature to 1023K in a frequency range of 1Hz to 1MHz. The 

impedance plots were made with SMART software.  

5.3 Results and Discussion 

The compositions Ca3Ti3Nb2O14, Ca3Ti2ZrNb2O14, Ca3TiZr2Nb2O14 and Ca3Zr3Nb2O14 

were abbreviated as CT3N, CT2ZN, CTZ2N, and CZ3N throughout the text. 
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5.3.1 Powder X-ray Diffraction Studies 

 

Fig. 5.1 The powder X-ray diffraction patterns of the compositions CT3N, CT2ZN, CTZ2N 

and CZ3N 

The powder X-ray diffraction patterns of the compositions CT3N, CT2ZN, CTZ2N and 

CZ3N are shown in Fig. 5.1.  The series of composition exhibit a phase transition from cubic 

pyrochlore to monoclinic zirconolite (CaZrTi2O7) like structure as the zirconium content in 

the composition increases. In Fig. 5.1 only cubic pyrochlore is indexed. The table of d-

spacing and the hkl values corresponding to the monoclinic is shown in Table 5.1.  

Table 5.1 The d-spacing and corresponding hkl values of the monoclinic structure 

d-spacing (Å) h k l 

5.91191 2 0 0 

5.64838 0 0 2 

3.98794 2 0 2 

3.56565 0 2 1 

3.35342 3 1 1 
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2.99885 2 2 1 

2.97590 0 0 4 

2.73066 2 2 3 

2.58865 4 0 2 

1.99459 4 0 4 

1.86230 4 0 6 

1.84270 2 2 5 

1.83115 0 4 2 

1.78640 6 2 1 

1.63595 4 4 2 

1.56612 2 2 7 

1.55841 4 4 2 

1.50114 4 4 4 

1.49014 0 0 8 

 

Pyrochlore oxide is a member of the oxygen octahedron family in which the structural 

stability of the composition is determined by using radius ratio and x-parameter of the 48f 

oxygen. However, recently, some of the composition that resides outside the region of 

structural stability by radius ratio were synthesised, and the compositions are characterised by 

displacement of the A and O’ ions. In earlier studies, such compositions with pyrochlore 

structure and non-cubic symmetry are found in the composition in which the A cation is 

possessed with an inert lone pair of electrons such as Bi
3+

, Pb
2+

 and so on (Shannon et al. 

1980; Vetter 1978; Wang et al. 2005). Avdeev et al. and some of the recent research works 

on these misplaced displacive pyrochlore reveals that the doping of smaller transition metal 

ions on the A site of the pyrochlore structure can also induce some structural disorder in the 

A2O’ network and thus form the displacive pyrochlore (Sreena et al. 2015, 2016). Here in the 

present work also such a disorder in the A2O’ causes the formation of displaced disorder in 

the system.  In the present composition much smaller Ti cation occupies the 16d site which is 

too big for the Ti ions. Thus the Ti
4+

 cation is shifted to lower symmetry position 96g or 96h. 

Such a displacement affect the position of the O’ and shift to 32e position.  
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Table 5.2 The Wyckoff position and site of occupancies of all the compositions used for the 

refinement 

CT3N CT2ZN CTZ2N CZ3N 

(Ca1.5Ti0.5)(TiNb)O7 

16d→0.75Ca+0.25Ti 

16c→0.5Ti+0.5Nb 

48f→1O1 

8b→1O2 

(Ca1.5Zr0.5)(TiNb)O7 

16d→0.75Ca+0.25Zr 

16c→0.5Ti+0.5Nb 

48f→1O1 

8b→1O2 

(Ca1.5Zr0.5)(Zr0.5Ti0.5Nb)O7 

8f→0.75Ca+0.25Zr 

8f→0.125Zr+0.125Ti+0.25Nb 

4e→0.125Zr+0.125Ti+0.25Nb 

8f→O1 

8f→O2 

8f→O3 

8f→O4 

8f→O5 

8f→O6 

8f→O7 

(Ca1.5Zr0.5)(ZrNb)O7 

8f→0.75Ca+0.25Zr 

8f→0.25Zr+0.25Nb 

4e→0.25Zr+0.25Nb 

8f→O1 

8f→O2 

8f→O3 

8f→O4 

8f→O5 

8f→O6 

8f→O7 

The X-ray diffraction pattern of the cubic pyrochlore structured composition is refined 

using X’pert high score plus software. The refinement was done assuming the ideal 

pyrochlore structure. The Wyckoff positions and site of occupancy based on the 

stoichiometry used is shown in Table 5.2. The observed, calculated patterns and difference 

plot of the cubic pyrochlore are shown in the Fig. 5.2. The refined parameters are tabulated in 

Table 5.3. The isotropic temperature parameter obtained from the refined data in Table 5.3 

and 442 reflections peak shown as the inset in the Fig. 5.1. confirms the displaced pyrochlore 

structure (Levin et al. 2002). The isotropic temperature parameter values for the ions which 

are prone to displacement are high compared to the ions that are fixed as in the ideal 

pyrochlore structured composition. This high-value isotropic temperature parameter indicates 

the displacement of the respective ions from the ideal higher symmetric position to lower 

symmetry position. 
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Table 5.3. The refined parameters for the cubic pyrochlore structured composition  

Composition 

Refined parameters 

CT3N CT2ZN 

Phase Pyrochlore Pyrochlore 

Unit cell Cubic Cubic 

Space group Fd-3m Fd-3m 

Lattice parameter (Å) 10.2180(8) 10.2554(1) 

Flat absorption 

correction 

0.0027 0.000392 

FWHM 

parameter 

(Å) 

U -0.015490 -0.007096 

V 0.020928 0.015636 

W 0.000891 0.0016286 

R-factors 

(%) 

Rp 12.32052 11.29987 

Rwp 10.44868 9.34402 

Rexp 13.83089 12.09797 

x-parameter (Å) 0.330607 0.323471 

Biso Ca 0.506903 0.854905 

Biso Ti 2.496859 1.321170 

Biso Ti 0.001000 0.001021 

Biso Nb 0.002000 0.001042 

Biso O1 0.000668 0.000000 

Biso O2 8.9(5) 0.3(7) 
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Fig. 5.2 The observed, calculated patterns of CT3N along with the difference plot. 

The lattice parameter of the monoclinic pyrochlore structured composition was 

calculated using the formula  

 

    
 

 

     
*
  

  
 
       

  
 
  

  
 
        

  
+  (5.1) 

              (5.2) 

The refinement of the lattice parameter of these compositions was done on the X’pert 

highscore plus software using Le bail fit (since the high-quality XRD diffraction data is 

needed to refine) and the obtained lattice parameter from the refinement and using equation 

were in agreement. The lattice parameter values of all the composition are listed in Table 5.3. 

The variation of the lattice volume with the Zr substitution is shown in Fig. 5.3. 
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Table 5.4 The lattice parameter values of all the composition 

Composition Lattice parameters (Å) Lattice volume (Å
3
) Electronegativity 

difference in B-O bond 

CT3N a=10.2180(8) 1066.8306 1.96 

CT2ZN a=10.2554(1) 1078.5935 1.96 

CTZ2N a=13.0871(5) 

b=7.5155(2) 

c=11.29676(8) 

β=101.2365°(3) 

1089.8105 2.0225 

CZ3N a=13.1223(4) 

b=7.5557(1) 

c=11.3364(9) 

β=102.365°(5) 

1097.9105 2.125 

 

The Fig. 5.3 indicates that as the Zr content in the composition increases the lattice 

volume increases as can be predicted from the Vegard’s law irrespective of the structural 

changes. 
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Fig. 5.3 The variation lattice parameter with the Zirconium content 

 Most of the compositions with A2B2O7 composition are reported to be in the cubic 

pyrochlore structure. However, several compositions such as tetragonal Bi2FeVO7 and 

Bi2AlVO7, trigonal Er2Mn2/3Re4/3O7, orthorhombic Y2YbSbO7 or monoclinic Y2FeMoO7 and 

Bi2Zn2/3Nb4/3O7 were reported with crystal structure other than ideal cubic pyrochlore 

depending on the A and B substitutions (Torres-Martínez et al. 2012). A phase 

transformation similar to the present work is reported earlier in the bismuth zinc niobate 

system (BZN). The mentioned compositions are Bi1.5ZnNb1.5O7 and Bi2(Zn2/3Nb4/3)O7. The 

structure of the latter composition was the subject to discussion in earlier times. In the earlier 

studies, the structure is described as distorted pyrochlore with pseudo-orthorhombic 

pyrochlore with a = 7.202Å, b = 7.603Å and c = 10.64Å (Wang et al. 2005). In a detailed 

structural analysis of the composition Bi2(Zn2/3Nb4/3)O7 by Levin et al. using the neutron 

diffraction data and refinement studies revealed that the structure is monoclinic similar to 

zirconolite CaZrTi2O7 (Levin et al. 2002) with space group C2/c. The monoclinic zirconolite 

structure cannot be derived from the pyrochlore structure but like in the case of pyrochlore 

structure can be described as an anion deficient derivative of fluorite structure with the 

distinct distribution of cations over the metal sites.  
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In the pyrochlore structured composition, the BO6 octahedra –sharing vertices forms a 

three-dimensional octahedra forming a three-dimensional network B2O6 leaving large cavities 

in which the A and O’ ions reside and forms A2O’ tetrahedral network. The B2O6 network 

consists of 111 sheets of octahedra sharing vertices to form six and three-membered rings 

often referred to as hexagonal tungsten bronze layer (HTB). The sequential arrangement of 

these HTB layers causes a difference in the structure (Torres-Martínez et al. 2012). 

Pyrochlore structure is a 3D arrangement of these HTB blocks while monoclinic is a 2D 

arrangement with different sequence of arrangement. In the case of monoclinic structure the 

interstices formed by the six-membered BO6octahedra is occupied by the smaller B cations. 

Also, in the ideal pyrochlore structure the A cation remains in the ring centre and are eight 

coordinated whereas in the case of the zirconolite compositions the smaller B cation are 

displaced from the ring centre and reside on both sides of the two-fold symmetry axis 

resulting six coordination (Levin et al. 2002). Thus on increasing the Zr content on the 

composition the Zr ions enter into the A sites. On further increasing the part of the Zr resides 

on the B2O6 octahedra and thus the interstices of this network are also occupied by the Zr ion, 

and thus the system transforms from the cubic to the pyrochlore structure. In addition to this 

electronegativity also plays an important role in the determination of the phase in the 

displaced pyrochlore. In the case of the displaced pyrochlore increased ionic character of the 

B-O bond causes a distorted pyrochlore structure. The cubic pyrochlore is formed when the 

B-O bond has high covalent character. Here in this study also the increase in the amount of Zr 

causes increased ionic behaviour in the B-O bond and thus causes the formation of 

monoclinic pyrochlore (Wang et al. 2005). The difference in electronegativity is included in 

Table 5.4 

5.3.2 Morphological analysis 

The morphological analyses of the sintered pellets were done using the scanning 

electron microscopy. Fig. 5.4. shows the surface morphology of the sintered pellets. The 

images show the polycrystalline nature and the grain size of the composition containing 

zirconium is in the range of 1-3 μm, and that of the CT3N is ranging from 2-5 μm. All the 

samples possess some porosity. 



 Chapter 5 

 

119 

 

 

Fig. 5.4 The scanning electron microscopic images of the polished surface of the sintered 

pellets of all the prepared composition 

5.3.3 Electrical properties 

In the case of a polycrystalline solid, the resistance to the charge flow occurs via two 

mechanisms: the first one arises from the pure ohmic resistance part, and the other is the 

accumulation charge in somewhere thereby causing capacitive reactance to the charge flow. 

The accumulation of charges occurs mainly in the bulk, grain boundary and the sample-

electrode interfaces. Depending on the sites where charge accumulation occurs, the 

capacitance differs. In the bulk of the material the capacitance falls in the pico farad range 

and that for grain boundary and sample electrode interface happen to be in the nano farad and 

microfarad range respectively. Thus the polycrystalline sample is analogous to a series of 

three RC parallel circuits.  

The impedance spectroscopy studies on the polycrystalline samples can throw some 

light on the physical aspects of the charge carriers’ conduction. An ac stimulus of 100mV is 

applied to the silver-coated flat surface of the cylindrical pellets. Analysis of the impedance 

spectra was done using the Smart software.  
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Fig. 5.5 The Nyquist plot of the CZ2TN composition at various temperature 

Fig. 5.5 shows the Cole-Cole plot of the sample CZ2TN at temperature 923K, 973K, 

1023K. Three semicircles are not seen in the Fig. 5.5. Due to the difference in the distribution 

of relaxation frequencies, the semicircles may appear merged or incomplete, and some 

portions of the semicircles may lie outside the frequency range used in the measurement. At 

high temperature, the accumulation of charge carriers at the sample electrode interface may 

give rise to spikes in the complex place instead of semicircles due to the high capacitance. 

Such spikes also confirm that the conduction occurs due to the oxide ions (Sibi et al. 2009). 
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Fig. 5.6 The frequency dependence of the real and imaginary part of the samples CT3N and 

CZ3N 

Fig. 5.6 represents the frequency dependence of the real and imaginary part of the 

impedance of two representative samples CT3N and CZ3N at various temperatures. The jump 

Z’ and peak of the Z‖ shifts towards higher frequency as the temperature increases. The real 

part of the impedance decreases as the temperature increases. The coincidence of Z’ at high 

frequencies and high impedance value at low frequencies indicates the possible release of the 

space charge. This confirms the relaxation of oxide ions. In the case of imaginary part of the 

impedance, when the temperature increases, the relaxation peaks shift towards the higher 

frequency, and the peaks get broadens. The relaxation frequency in the Nyquist plot 

corresponds to the apex of the semicircle satisfying the relation  

          (5.3) 

where ω=2πfη where fη is the relaxation frequency. The bulk capacitance of the samples 

was calculated using the equation. The relaxation frequency is independent of the geometrical 

measurements of the samples and is related to the conductivity via the relation  
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                 (5.4) 

The temperature dependence of the relaxation frequency is shown in the Fig. 5.7. The 

figure shows the dependence follows the Arrhenius equation  

          (
   

   
)    (5.5) 

fηo is the pre-exponential term, Ea is the activation energy, kB is the Boltzmann constant and T 

is the temperature. The slope of the straight line gives the activation energy. 

 

Fig. 5.7 The plot of the log of the relaxation frequency against 1000/T 

The intercept of the semicircle with the real axis gives the resistance of the samples 

associated with the particular mechanism. The conductivity of the samples is calculated using 

the formula 

  
 

  
     (5.6) 

A and l are the area and height of the cylindrical pellets and R is the resistance value obtained 

from the intercept of the semicircle. The temperature dependence of the conductivity was 
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analysed by plotting log (ζT) against 1000/T. Fig. 5.8 shows the plot. All the samples obey 

the Arrhenius equation and show linear behaviour. The linear fit of the data points also shown 

in the figure. This linearity confirms the thermally activated conduction 

       (
   

   
)     (5.7) 

 

Fig. 5.8 Arrhenius plot of the composition CZ3N, CZ2TN, CZT2N and CT3N 

The slope of the Arrhenius plot gives the activation energy for the conduction, and the 

intersect of the straight line gives the pre-exponential factor, which is a measure for available 

charge carriers. The variation of activation energy and conductivity is shown in Fig. 5.9. The 

activation energy calculated here is almost in agreement with the activation energy calculated 

from the frequency plot. The agreement in these values shows that the conduction and 

relaxation have the same origin.  

The Fig. 5.9 shows that the activation energy increase with the Zr substitution as 

observed in the case of the ideal pyrochlore structure (Gunn et al. 2012). However, for the 

composition containing only zirconium the activation energy decreases and this effect may be 

due to the presence of single B cation in the monoclinic structure whose B cation is much 
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more ordered compared to the pyrochlore (Bazuev and Chupakhina 2009). The conductivity 

of the composition also goes in hand with the activation energy. The conductivity decreases 

by order as the Zr content increases. The maximum conductivity is obtained for CT3N 

composition with cubic pyrochlore structure which is an order of magnitude higher than the 

reported conductivity for displaced pyrochlore (Pandey et al. 2018).  

 

Fig. 5.9 The variation of conductivity at1023K and activation energy with compositions 
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5.4 Conclusions 

A series of displaced pyrochlore structured compositions Ca3Ti3Nb2O14, 

Ca3Ti2ZrNbO14, Ca3TiZr2Nb2O14 and Ca3Zr3Nb2O14 were synthesised via conventional solid 

state reaction method. The structural studies on the series confirmed the transition from the 

cubic pyrochlore to the monoclinic pyrochlore as the zirconium doping in the series 

increases. The transition occurs from the cubic to the monoclinic due to the placement of 

smaller transitional cation on the interstices of the B2O6 octahedra. The conductivity also 

varies as Zr content increases. The activation energy increases for the composition with 

Zirconium content. A small decrease in the activation energy occurs when the Zr content 

fully replaces the Ti in the composition. The conductivity also goes in line with the change in 

the activation energy. Maximum ionic conductivity is obtained for the composition 

Ca3Ti3Nb2O14, which is an order of magnitude higher than the reported ionic conductivity for 

the displaced pyrochlore. 
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6. Chapter 6 

Structural Stabilization of δ-phase Bi2O3 in the 

MgBi1.5RE0.5O4 System through Rare Earth 

Substitution for Improved Ionic Conductivity 
 

The present study is an attempt to stabilise the highly conductive δ-phase of the Bi2O3 

via aliovalent and isovalent substitution. The series of the composition exhibits a phase 

transition from rhombohedral to fluorite structure depending on the ionic radius of the 

rare-earth ion substituted. The conductivity of the rhombohedral composition is lower than 

that of the fluorite ones. In the rhombohedral composition, the conductivity decreases with 

a decrease in the lattice 

volume and in the case of the 

fluorite composition 

conductivity increases with a 

decrease in the lattice 

volume. The variation in the 

trend of the conductivity is 

due to the transformation of 

Dy substituted composition 

from cubic to rhombohedral 

at a temperature of 773K. The maximum conductivity and better stability are obtained for 

Y substituted composition.  
 

 

 

 

Ionics (communicated) 
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6.1 Introduction 

 Oxide ion conductors have become the subject of intense research over the last 

century because of their varied applications in the field of solid oxide fuel cell (SOFC), 

oxygen sensors, dense ceramic membranes for oxygen separation, membrane reactors for 

oxidative catalysis etc. (Boivin 2001). In these materials, the conductivity of oxide ions 

occurs mainly through the vacancy mediated transport mechanisms. Some other types of 

transport mechanisms are also involved in a few numbers of oxide ion conductors. Therefore, 

in the development of oxide ionic conductors, the structure of the materials plays a crucial 

role. It has to have some peculiar features such as the existence of a large number of 

equivalent sites for the oxide ions and oxygen vacancies, high symmetry for the crystal 

system (most of the best oxide ion conductors are cubic), large specific free volume, and high 

polarizability of the cations in the system to make the transport of oxide ion easier (Boivin 

2001; Hayashi et al. 1999; Sammells et al. 1992). Consequently, a limited number of 

crystalline systems are suitable to develop as oxide ionic conductors.  

Fluorite structured oxides are one of the crystalline systems that exhibit high oxide ion 

conductivity and hence have been extensively studied. The general formula for the fluorite 

structure is AO2 where A is a tetravalent cation. The cations are eight coordinated by anion 

and anions are in tetrahedral coordination with the cations (Navrotsky 2010). An additional 

oxygen vacancy for the conduction oxide ions can be generated by doping the system with 

acceptor cations. One of the most studied, oldest and currently using and commercially viable 

oxide ion conductors for SOFC applications is yttria stabilised zirconia (YSZ) in which 

zirconia is stabilised in the fluorite structure by doping with yttria (Malavasi et al. 2010; Scott 

1975). However, the high operating temperature (1000°C) makes the price of YSZ based fuel 

cells high, and small scale usage is impractical. Another type of fluorite type structured 

composition is CeO2. Trivalent cations are introduced into CeO2 to generate oxide vacancies 

in the system (Scott 1975). Commercially used dopants for CeO2 are Gd2O3 and Sm2O3, and 

the resulting systems are known as Gadolinium-Doped Ceria (GDC) and Samarium Doped 

Ceria (SDC) (Malavasi et al. 2010). These compositions have higher ionic conductivity 

compared to the YSZ at a lower temperature range of 500-700°C. However, they suffer from 

electronic conduction at higher temperatures and low oxygen partial pressure, which limits 

their commercial use.   
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Bi2O3 based oxides are an important class of materials that exhibit good oxide ion 

conductivity. These oxides find applications in the field of paint formulations, photovoltaic 

cells, oxygen sensors and oxygen pumps. Bi2O3 exhibit many polymorphs: α- Bi2O3 

(monoclinic), β- Bi2O3 (tetragonal), γ- Bi2O3 (cubic, bcc), δ- Bi2O3 (cubic, fcc) ε- Bi2O3 

(orthorhombic), ω- Bi2O3 (triclinic) with two non-stoichiometric phases (Bi2O2.33 and 

Bi2O2.75. δ- Bi2O3 possesses a defect fluorite structure and is known to have the best oxide ion 

conductivity. (However, δ- Bi2O3 is stable only above ≈ 730°C and exists up to its melting 

point, which is approximately 825°C (Yilmaz et al. 2011).  

 δ- Bi2O3 is characterised by an oxygen sublattice with a high fraction of oxygen 

vacancies which causes the high oxide ion conductivity in the system which is two orders of 

magnitude higher than that of zirconia (Fung and Virkar 1991). Other factors that account for 

high oxide ion conductivity of this phase are high mobile of oxide ions due to weaker Bi-O 

bonds and the high polarizability of Bi
3+

 with its lone pair of 6s
2
 electrons. Much research is 

being carried out to stabilise δ- Bi2O3 to room temperature by partially replacing bismuth by 

isovalent and aliovalent cation in the systems. Y2O3, Nb2O5, WO3, Er2O3 etc. have been 

identified as suitable dopants maintaining good ionic conductivity in stabilised δ-phase 

(Meng et al. 1988). The stabilisation of Bi2O3 in the cubic phase depends on the particular 

dopant ion, dopant concentration, heat treatment to make the compositions and cooling rate in 

the preparation methods (Yilmaz et al. 2011). Studies involving Eu2O3 on the Bi2O3 causes a 

phase transformation only at a higher temperature and the conductivity of the composition 

increases with increase in the Eu2O3 doping (Yilmaz et al. 2011). In the composition 

involving double stabilizers, it can be seen that overall amounts of dopant which are needed 

to stabilise the δ phase down to the room temperature are reduced and a small amount of 

second dopants causes an increase in the ionic conductivity and further doping decreases the 

conductivity due to its complex behaviour (Meng et al. 1988). The highest oxide ion 

conductivities are obtained for the systems with the lowest doping concentration which is 

needed to stabilise the δ phase (Malavasi et al. 2010) which can be facilitated by the use of 

double stabilisers.  

 The study shows that tetravalent doping along with Y2O3 in Bi2O3 favours the cubic 

phase formation and at the same time, the divalent cations (Ca
2+

, Sr
2+

) transforms to 

rhombohedral at room temperature. The enhanced stability in tetravalent cation is due to the 

reduced cation interdiffusion (Fung and Virkar 1991). In addition to this recent studies have 
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shown that conductivities of the compositions are also improved with double trivalent doping 

(Polat et al. 2017). WO3 and Dy2O3 doped Bi2O3 were found to have maximum stability for 

the delta-phase, and this is due to the decreased concentration of Dy2O3 to stabilise the δ 

phase (Jung et al. 2016). In one of the recent study, the Bi2O3 was stabilised using two 

trivalent cation Gd2O3 and Lu2O3 and the prepared compositions are found to be good oxide 

ion conductors (Polat et al. 2017). Thus these studies showed that double doping favours the 

stabilisation of δ-Bi2O3 and causes increased ionic conductivity.  

Earlier studies have shown that the δ-phase exhibits higher ionic conductivity than 

other polymorphs of Bi2O3, but the stabilisation of the phase is hardly achieved. In this 

regard, the stabilisation of the δ-phase of Bi2O3 substituted with rare earth elements and Mg
2+

 

is attempted in the compositions MgBi1.5RE0.5O4, (RE = Nd, Sm, Gd, Dy, Y). The electrical 

properties of the compositions are also studied in detail. These compositions undergo a phase 

transformation from rhombohedral to fluorite structure. However, the effect of total dopant 

concentration and dopant ratio on structure and conductivity of these bismuth oxide-based 

electrolytes has still not been thoroughly investigated. In this study, different rare-earth 

dopants are selected to study the influence on the structure and electrical properties of these 

systems.  

6.2 Experimental 

Compositions with the general formula, MgBi1.5RE0.5O4, (RE = Nd, Sm, Gd, Dy, Y) 

were prepared via solid-state reaction route. Commercially available MgO, Bi2O3, Dy2O3, 

Gd2O3 (Sigma Aldrich 99.999%), Nd2O3, Sm2O3 (Alfa Aesar 99.99%), and Y2O3 (Sigma 

Aldrich 99.995%) were weighed stoichiometrically and were mixed thoroughly in an agate 

mortar in acetone medium with intermittent drying to attain maximum homogeneity in the 

mixture. The mixture was calcined at 1000°C for 6h. The powdered calcination product was 

pressed into a small cylindrical pellet of 10 mm diameter using a hydraulic press at a pressure 

of 25MPa and then sintered at a temperature 1050°C for 10h.  

The phase purity of sintered samples at room temperature was analysed using an X-ray 

diffractometer (X’pert Pro, PANalytical) employing Cu Kα1 radiation with a wavelength of 

1.54060Å. XRD data were recorded in the 2θ range from 10° to 90°. The morphology of the 

sample surface was analyzed using a Scanning Electron Microscope (SEM, Jeol JSM 

5600LV). Thermal stability of the prepared samples was examined by differential thermal 

analysis (Thermogravimetry/ Differential thermal analyser, SII TG, DTA 6200) in the 



Chapter 6 

 

132 

 

temperature range from room temperature to 1273K. Electrical characterisation of the 

sintered pellets was carried out using an Impedance Spectrometer (Solartron SI 1260) with a 

Dielectric Interface (Solartron 1296). Electrodes were applied by painting silver paste over 

the flat polished surfaces of the cylindrical pellets. Silver wires were used to connect the 

samples to the Frequency Response Analyzer via the dielectric interface. The measurement 

was done in air atmosphere in the frequency range from 1Hz to 1MHz at various 

temperatures from 200 to 750°C. 

6.3 Results and Discussion 

MgBi1.5RE0.5O4 (RE = Nd, Sm, Gd, Dy, Y) compositions were prepared via the 

conventional solid-state reaction route. The compositions thus prepared were characterised 

using powder X-ray diffraction, scanning electron microscopy and impedance spectroscopy. 

The samples are named MBRE for identification.    

6.3.1 Powder X-ray diffraction 

Fig. 6.1 The X-ray powder diffraction patterns of the compositions 

 (MgBi1.5RE0.5O4, RE = Nd, Sm, Gd, Dy, Y) 
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The X-ray powder diffraction patterns of the compositions are shown in Fig. 6.1. The 

set of diffraction patterns indicate that all the compositions were formed in a single phase. 

The compositions MBNd, MBSm and MBGd form in the rhombohedral (trigonal) crystal 

system with R-3m space group. The remaining compositions exhibit a cubic fluorite structure 

in a space group Fm3m space group. The formation of the trigonal or cubic crystal systems 

depends on the doped ionic species and composition (Jung et al. 2016). Doping Bi2O3 with 

lanthanides having larger ionic radius such as Gd
3+

 usually results in the formation of 

products with the rhombohedral structure (Jiang and Wachsman 1999; Takahashi et al. 1975). 

This is seen in this present work also. The compositions doped with Gd
3+

 and other larger 

ionic radii lanthanides are exhibiting the rhombohedral structure.  

In the rhombohedral structure, bismuth and oxygen ions occupy the Wyckoff positions 

1a (0, 0, 0) and 2c (x, x, x). In most recent studies, on the rhombohedral structure, it shows at 

least three oxide ion sites are fully occupied, and two are partially occupied.  The whole 

structure looks as follows: The structure is layered, consisting of neutral fluorites like sheets 

containing three layers of cations perpendicular to the c-axis and a van der Waals gap 

between the sheets. O(1) is located on the near the centre of the (M, Bi)3Bi tetrahedron and 

O(2) is located off centre in the Bi3(M, Bi) tetrahedron (M is the dopant cation) (Boivin and 

Thomas 1981). The lattice parameter and lattice volume is calculated using the following 

equations: 

 

  
 
{(        )       (        )(          )}

  (               )
   (6.1) 

                   (6.2) 

In the case of fluorite structured compositions, the cation occupies the 4c site, and the anions 

occupy the 8c and 32f Wyckoff positions. The lattice parameters are calculated: 

 

  
 
(        )

  
              (6.3) 

                          (6.4) 

The lattice parameter and the volume of the prepared compositions are listed in Table 6.1, 

which shows the variation in the lattice parameter and volume for various rare earth 

substitutions. 
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Table 6.1 Lattice Parameter and Volume of the Compositions MgBi1.5RE0.5O4, (RE = Nd, 

Sm, Gd, Dy, Y) 

Composition Lattice parameter (Å) Angle α(degrees) Volume (Å
3
) 

MBNd 9.4011 (5) 24.6133 (30) 125.8953 

MBSm 9.3828 (3) 24.5264 (21) 124.8086 

MBGd 9.3735 (2) 24.5043 (46) 124.0758 

MBDy 5.5001 (6)   166.375 

MBY 5.4855 (2)  165.0626 

6.3.2 Scanning electron microscopic studies 

The surface morphology of the sintered pellets of the compositions was analysed using 

the scanning electron microscopy. The size and shape of the grains and the porosity analysis 

of the compositions can also be derived using these images. The cross-sectional images of the 

present compositions are shown in Fig. 6.2. The grain size shows a gradual increase from Nd 

to Dy samples. All the compositions show well-sintered grains, less porosity and perfect 

grain boundaries.  

 

Fig. 6.2 Cross-sectional SEM images of compositions MgBi1.5RE0.5O4, RE = Nd, Sm, Gd, Dy 
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 The chemical compositions are confirmed using the EDAX analysis. The results are 

in line with the proposed compositions. The homogeneity of the elements in the compositions 

is also established with elemental X-ray dot mapping. The EDAX analysis and X-ray dot 

mapping images of a representative sample (MBY) are shown in Fig. 6.3. 

 

Fig. 6.3 (a) Elemental dot mapping of the composition MBY. (b) EDAX results for 

composition MBY 

6.3.3 Thermal stability studies. 

The thermal stability and structural change during the heat treatment of the prepared 

MBY and MBDy samples were analysed using TG-DTA (Thermogravimetry- Differential 

Thermal Analysis) (Suzuki and Yoshikawa 2004). The DTA curves for the samples 

mentioned above are shown in Fig. 6.4. The DTA curve of the MBDy samples shows an 

endothermic peak at about 773K. The transformation from cubic to rhombohedral Bi2O3 

(b) 
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related systems is accompanied by an endothermic peak in the DTA curve (Chou, Liu, and 

Wei 2011b). This phase transformation in MBDy samples reduced the electrical conductivity 

as seen in the latter part of the text. Such a transformation is absent in the MBY sample. 

 

Fig. 6.4 DTA curves of the samples MBDy and MBY 

6.3.4 Conductivity Studies 

A.C impedance spectroscopy is an essential tool for studying the ionic conductivity of 

the ceramic oxide and is an efficient tool for separating the grain, grain boundary and 

interfacial contribution to the bulk conductivity. The study of the conductivity is done over a 

wide range of frequencies (Lai 2007). In the present study, the conductivity of the samples in 

the frequency range from 1Hz to 1MHz within the temperature range of 573 to 1023K is 

measured with ac stimulus of 100mV.  

The complex impedance spectra of the samples are shown in Fig. 6.5. The Cole-Cole 

plot of the imaginary part of ac impedance against its real part shows that semicircles are 

originated from the dielectric behaviour of the solid samples at various temperatures. The 

semicircles end up in a short spike at their low frequency ends. This shows an increase in 

capacitive reactance at the electrode-sample interface due to the accumulation of ions there 
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and is consistent with the conduction mechanism being predominantly ionic (Sibi et al. 

2009). The intercept of the impedance arc with the real axis gives the resistance of the 

material. It can be seen from the figure that the radii of the impedance arcs diminish with 

increasing temperature, which indicates that the conduction is thermally activated.  

Fig. 6.5 The complex impedance spectra of the representative samples of the compositions 

MgBi1.5RE0.5O4 (RE = Nd, Sm, Gd, Dy, Y) 

The value of the total resistance from the impedance spectrum at various temperatures 

was determined from the point of intersection of the spectrum with the real axis. The ac 

conductivity of the sample can be calculated using the geometrical parameter and resistance 

of the sample as done elsewhere. The temperature dependence of the total conductivity is 

usually described by the Arrhenius equation, and the Arrhenius plot of the prepared 

composition is shown in Fig. 6.6. The values of activation energy were calculated from the 

slope of the straight line for each composition and summarised in Table 6.2. The activation 

energy increases with decreasing radius of the dopant ion. The increased activation energy is 

attributed to the decreased lattice volume. The studies of the Wakamura implies that the 

activation energy and lattice volume posses an inverse relation as Ea=AvV
-2/3,

 where Av is a 

constant (Wakamura 2009).  
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Fig. 6.6 Arrhenius plot of the compositions MgBi1.5Re0.5O4, (RE = Nd, Sm, Dy, Gd, Y) 

Table 6.2 The total conductivity at 1023K and activation energy of the compositions 

MgBi1.5RE0.5O4, (RE = Nd, Sm, Dy, Gd, Y)  

Compositions Conductivity (*10
-3

 S/cm) Activation Energy (eV) 

MBNd 18.639 0.97 

MBSm 8.1614 0.98 

MBGd 7.6086 1.06 

MBDy 32.793 1.08 

MBY 43.675 1.16 

 

The variation of total conductivity of the compositions with the rare earth is shown in 

Fig. 6.7. The conductivity of the rhombohedral structures Bi2O3 based conductivity is one 

order of magnitude less conductive than that of the fluorite structured Bi2O3 based ionic 

conductors (Wakamura 2009). The conductivity of the compositions at 1023K decreases for 

the rhombohedral compositions and then increases for the fluorite structured compositions. 
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The decrease in conductivity for the rhombohedral compositions is due to the decrease in 

lattice volume and increased activation energy. In addition to these changes in the structural 

changes, the whole conduction mechanism changes, and it goes from being a 3D conductor to 

a 2D conductor. After that, the conductivity of the fluorite structure compositions increases. 

 

Fig. 6.7 Variation of Total conductivity of the compositions MgBi1.5RE0.5O4, (RE = Nd, Sm, 

Dy, Gd, Y) at 1023K 

On close inspection, it is found that the conductivity of the MBDy samples is high 

compared to that of MBY in the low-temperature region below 773K. After heating the 

MBDy samples above 773K, the conductivity is lowered compared to MBY. The change in 

the conductivity of the MBDy and MBY compositions with temperature is shown in Fig. 6.8.  

The literature reviews show that the stabilised δ-Bi2O3 doped with rare earth transforms to the 

rhombohedral structure on heating at an intermediate temperature and thus causes 

conductivity to decrease, i.e. the fluorite structure MBDy on heating to 773K transforms to 

the rhombohedral structure and thus its conductivity is lowered compared to that of MBY 

(Omari et al. 1990; Takai et al. 1998).  High-temperature XRD studies on the Bi2O3-Y2O3-

PbO solid solution shows that in the temperature range 500-720°C a Bi-Sr-O type 

rhombohedral structure formed and is associated with a decrease in the ionic conductivity 

(Omari et al. 1990). Diffuse scattering techniques studies on the stabilised δ-Bi2O3 reveal that 
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the structure contains small, ordered microdomains of rhombohedral structure within the 

overall fluorite structure (Boivin and Thomas 1981). Thus the fluorite structure is locally 

destabilised and distorts locally to a lower symmetry with conductivity lower than that of 

Bi2O3 (Verkerk et al. 1982). Literature reviews of the Bi2O3 based oxygen ion conductors 

reveal that such a transformation also occurs for the Y2O3 doped compositions, but in the 

present work, the MBY composition maintains its fluorite structure up to 1023K. That is the 

fluorite structured MBY that is having the maximum conductivity is stable up to 1023K.  

 

Fig. 6.8 The variation of conductivity of the compositions MBDy and MBY with the 

temperature 
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6.4 Conclusions 

The MgBi1.5RE0.5O4, (RE = Nd, Sm, Dy, Gd, Y) compositions were synthesised using 

conventional solid-state reaction route. The prepared compositions were characterised using 

powder X-ray diffraction, scanning electron microscopy, thermogravimetry analysis and 

impedance spectroscopy. All the prepared compositions are phase pure and the compositions 

exhibit a phase transformation from the rhombohedral (for larger rare-earth ions) to the cubic 

fluorite (for smaller ones) structures. The conductivity of the rhombohedral structured 

compositions is found to be less conductive compared to the fluorite structured ones, and the 

conductivity decreases as the lattice volume decreases and as the activation energy increases. 

In the case of fluorite structured compositions, despite having higher lattice volume and 

smaller activation energy, MBDy has smaller ionic conductivity at 1023K compared to MBY. 

The smaller ionic conductivity is due to the phase transformation from fluorite to 

rhombohedral at a temperature of about 773K. The composition MBY continues to be in the 

fluorite structure up to 1023K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6 

 

142 

 

 

 

 

 

 

 



 

143 

 

7. Chapter 7 

Conclusions and Future Scope  

The present chapter summarises the conclusions drawn from the investigation carried 

out in the present research work. Some general conclusions derived from the study are also 

listed in the chapter. A comparison of the present research work with the existing literature 

survey is made. On the last part of the chapter, the future aspects of the present work are also 

discussed. 
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7.1 Conclusion 

The present research work is an attempt to study the structural factors affecting the 

ionic conductivity of the rare earth mixed oxides. The work is mainly concentrated on the 

pyrochlore type composition, and the last part of the thesis is an attempt to stabilise the δ-

Bi2O3 with aliovalent and isovalent substitutions. The study is a fundamental one that can be 

considered as the guidelines on designing of new oxide ion conductors. The study explores 

the correlation between the oxide ion conductivity, crystallography and chemical nature of 

the atoms. The conclusions drawn from the study are listed below: 

 Influence of phase transition and Philips ionicity on the thermal expansion 

coefficient and oxide ion conductivity of pyrochlore type compositions with 

multivalent cations on the B-site is studied by preparing a new series of 

composition RE2Y2/3Zr2/3Nb2/3O7 (RE = La, Nd, Sm, Gd, Dy and Y). The series 

of composition were prepared via solid-state reaction method.  

 The series exhibits a phase transition from pyrochlore to fluorite based on the 

radius ratio of the A and B cation. The composition with RE = La, Nd and Sm 

have pyrochlore structure and the remaining ones with Gd, Dy and Y have 

fluorite structure. As the ionic radius of the lanthanide ions in the composition 

decreases the intensity of the superlattice peaks decreases.  

 The lattice parameter of the composition decreases as the ionic radius of the 

lanthanide ions decreases. Raman spectroscopy studies also confirm the structural 

transition and the lattice parameter decrease. 

 The crystal chemistry of the pyrochlore type oxides with multivalent cation is 

analysed using the Phillips and Van Vechten theory. Most of the physical 

properties of the crystal systems depend on the chemical nature of the bond in the 

system. In the case of complex crystal structure, each bond is characterised an 

energy gap Eg which arises from the bonding and antibonding of hybridised 

molecular orbitals resulting in two types of energy gap: namely homopolar 

energy (Eh
μ
) and heteropolar energy (C

μ
). These energy gaps result in the ionic 

and covalent character in the bonds. The square of the ratio of homopolar or 

heteropolar energy to the total energy gap is termed as fractional covalency or 

ionicity. The calculation of the fractional ionic and covalent behaviour can 
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provide a lot of qualitative and quantitative explanations based on the 

coordination number, nearest neighbour distances, active number of valence 

electrons on the cation and anion.  

 The fractional ionicity of the A-O and B-O bonds was calculated, and as in the 

literature survey, the B-O bond has higher strength, and thus B-O has higher 

covalency. The ionicity of the A-O bond decrease as the ionic radius of the 

lanthanide ion decreases except for Nd
3+

. The polarizability value of the Nd
3+

 is 

very high, so that the covalency of the bond increases. 

 The thermal expansion coefficient of the pyrochlore structured composition 

mainly depends on the A-O bond, and that of the fluorite structured compositions 

depends on the difference in ionicity. In the case of the pyrochlore structured 

composition the A-O bond expands more rapidly than the B-O bond, and thus 

TEC goes hand in hand with the A-O bond whereas in fluorite structured 

composition when the difference in the ionicity decreases the oxygen position 

becomes unstable and the thermal expansion coefficient increases with the 

decrease in the difference in ionicity.  

 The oxide ion conductivity also depends on the ionicity. When the difference in 

ionicity is small, the oxygen position becomes unstable and thus the pre-

exponential factor, which is a measure for the charge carriers present in the 

system increases. The activation energy for the pyrochlore structured composition 

increases as the ionicity increases and that of the fluorite structured composition 

increases with the decrease in the difference in ionicity. The total conductivity of 

the composition is the competing effect of the pre-exponential factor and the 

activation energy.  

 Analysis of the thermal expansion coefficient, ionicity and oxide ionic 

conductivity of the system indicates an interrelationship among these parameters 

with structural dependence 

 The effects of the anion disorder in Sm2Zr2O7 by aliovalent cation substitution, 

keeping the oxygen stoichiometry same is studied in detail in chapter 2. 

  A new series of composition Sm2Zr2– x(YNb)x/2O7 (x = 0, 0.25, 0.5, 0.75, 1) were 

prepared via conventional solid-state reaction method. All the composition falls 
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in the pyrochlore structure. As the substitution of Y and Nb increases the intensity 

of the superlattice peaks decreases and the lattice parameter increases. The 

increase in the lattice parameter is due to the increased effective ionic radius of 

the Y and Nb on the B site of the pyrochlore type composition. 

 The bond length A-O1, A-O2 and B-O1 were obtained from the structural 

refinement. These bond length and oxygen x-parameter show some abnormal 

variation as the substitution increases. The A-O2 depends on the lattice parameter 

and the bond lengths A-O1, and B-O1 varies following the x-parameter of the 48f 

oxygen.  

 The x-parameter of the O48f  determines the shape of the AO8 and BO6 polyhedra. 

When x = 0.3125, BO6 polyhedra become perfect octahedra and when x=0.375 

the coordination of A cation is a perfect cubic, and an intermediate value is for 

distortion on both polyhedra. In pyrochlore structured composition the major part 

of the distortion of the whole crystal system arises from the AO8 polyhedra since 

the bond length A-O1 and A-O2 are different 

 For the composition x = 0.25, the difference between the A-O1 and A-O2 bond 

length decreases and thus distortion AO8 decreases which causes an increase in 

the x-parameter. It implies that BO6 octahedra get more distorted than AO8. 

 The literature survey on the Y and Nb substitution on the ZrO2 show that at a 

lower concentration of Y and Nb, ZrO2 destabilises and at higher concentration it 

stabilises the ZrO2 and causes severe distortion in the surrounding cation 

networks. Such a phenomenon occurs here too when the doping concentration 

becomes x = 0.5 the distortion of the AO8 polyhedra increases and the x-

parameter decreases.  

 The lattice strain is calculated from the W-H plot and the strain calculated 

depends on the AO8 polyhedra. 

 The ratio of the intensity of the Eg Raman mode at ≈ 300 cm
-1

 and T2g mode at 

800 cm
-1

 goes in line with the oxygen x-parameter, and the ratio is a qualitative 

measure of the anion disorder. The anion disorder increases the charge carriers 

available for the conduction and thus the pre-exponential factor. 
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 The increased lattice parameter causes a decrease in the activation energy, and it 

is explained by the additional driving force caused by the strain for ion migration 

because the ion migration process relaxes the lattice strain and thus reduces the 

free energy of the system 

 The conductivity of Sm2Zr2O7 can be primarily influenced by the simultaneous 

aliovalent cation substitution on the B site through anion disorder and lattice 

strain. 

 A new series of anion deficient pyrochlore type compositions RE3Zr0.5Nb0.5O6.75 

(RE = Nd, Sm, Gd, Dy and Y) were prepared via a solid-state reaction method. 

All the compositions are in fluorite structure. Lattice parameter decreases with the 

decrease in the ionic radius of the lanthanide ions. Raman spectroscopic studies 

also confirmed the formation of defect fluorite structure. 

 The conductivity studies on the series show that the conductivity decreases 

rapidly as the ionic radius of the lanthanide ion increases. 

 When the number of charge carriers in the system increases the cooperative 

behaviour among the ions increases, and the effect is enhanced when the lattice 

volume decreases. Thus the activation energy increases exponentially with a 

decrease in the lattice volume. 

 Thus the study reveals that in addition to the number of oxygen vacancies and 

activation energy, the cooperative behaviours of the oxide ion also plays a crucial 

role in determining the ionic conductivity. The effect of the induced oxygen 

vacancies on the ionic conductivity is maximum only when the lattice volume is 

also maximum on which the ion-ion interaction is minimum. 

 The displacive pyrochlore was examined for the ionic conductivity which is not 

done in detail yet. The series exhibits a transition from the cubic pyrochlore to 

monoclinic pyrochlore depending on the ionicity of the B-O bond.  

 The ionic conductivity reported for the current series of composition is an order 

of magnitude higher than the reported values for the same structure, and the 

maximum conductivity is obtained for the cubic pyrochlore Ca3Ti3Nb2O14. 
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 In the last chapter of the thesis, an attempt to stabilise δ-Bi2O3 is done. The series 

of compositions MgBi1.5RE0.5O4 (RE = Nd, Sm, Gd, Dy, Y) exhibit a phase 

transition from rhombohedral to fluorite 

 The conductivity of the compositions shows abrupt change as the structure 

changes from rhombohedral to fluorite structure.  

 The activation energy increases with a decrease in the radius of the dopant ion 

decreases. The conductivity of the rhombohedral structure decreases due to the 

lesser lattice volume and increased activation energy 

 The lower activation energy and high lattice volume in MgBi1.5Dy0.5O4 does not 

favour the ionic conductivity at 1023K due to the phase transformation from 

fluorite to rhombohedral at a temperature of about 773K 

 Thus the concentration of the dopant influence the ionic conductivity and the 

phase stability of the Bismuth based oxide ion conductors  

In the present work, some of new oxide ion conductors were developed which have the 

potential to develop as the solid oxide electrolyte. The best conductivity obtained on the 

present study is for the anion deficient Nd3Zr0.5Nb0.5O6.75 composition. However, the 

conductivity value is low compared to the one used for the practical application. However, 

the study of these compositions as in the real-time SOFC application is not done. In the case 

of bismuth-based composition, the best conductivity of the order of 10
-2

 S/cm (at 750°C) and 

better stability is obtained for MgBi1.5Y0.5O4 composition which is of the same order as that 

of the YSZ at 1000°C. The present research work reveals some of the structural factors that 

can be used in designing new oxide ion conductors and some of the general results that can 

be drawn from the study are listed below. 

 Phillips ionicity is a crucial factor that determines the thermal expansion 

coefficient and oxide ion conductivity of the pyrochlore and fluorite structured 

oxides. In the pyrochlore structured oxides, the individual bonds play its role in 

determining the properties of the composition, but in the case of the fluorite 

structured oxides, the cumulative effect of the bonds take part in this. 

 Lattice strain became an essential parameter in determining the activation energy 

of the pyrochlore structured composition and qualitative measurement of the 

anion disorder in the pyrochlore type composition can be done by measuring the 
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ratio of the intensity of the Eg Raman mode at ≈ 300 cm
-1

 and T2g mode at 800 

cm
-1

 

 When the number of oxide vacancies is increased in the composition, the 

cooperative behaviour among the charge carriers increases, and it is further 

enhanced when the lattice volume decreases. Therefore in order to enhance the 

oxide ion conductivity  via the introduction of oxide ion vacancies, the lattice 

volume should be concerned 

 In the case of the displaced pyrochlore since the B2O6 is rigid network in its 

ionicity plays a vital role in determining whether the formed structure is cubic or 

monoclinic and high conductivity is observed for the cubic displaced pyrochlore  

 The stabilisation of the δ-Bi2O3 depends on the type of the dopant and the amount 

of the dopant 

7.2 Future Scope  

The upward trend in the global oil price, fall in the discovery of new oil wells and the 

depletion of current oil well demand the development and implementation of fuel cell 

technology. The concern for the environmental damage and pollution from the emission 

while burning fossil fuels also catalyses the development of the fuel cells. In the case of the 

SOFC, the electrolyte is termed as the heart of the solid oxide fuel cell. Hence the 

development of new solid oxide materials are that have ionic conductivity is essential. The 

present research work is only the initial stage in understanding the structural factor affecting 

the oxide ionic conductivity of the solid oxide electrolyte.  

The present study is concentrated on the correlation between the structural parameters 

and the electrical conductivities of the rare earth mixed oxides. The microstructural 

optimisation is not done in the present since all the compositions in the present work were 

prepared via conventional solid-state reaction route followed by high-temperature calcination 

and sintering. In order to obtain the microstructural optimisation, low-temperature soft 

chemical methods to prepare the compounds can be used and using the soft chemical 

methods, the sintering temperature of the pellets can be reduced. The use of the sintering aide 

can also reduce the sintering temperature. Thus such a study in which different synthesis is 

used can help to study the effect of the microstructure on the oxide ion conductivity 
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In addition to this, improved characterisation techniques can give a lot more 

information about the oxide ion conduction mechanism. In the present work, the frequency 

range used is 1Hz to 1MHz.  Expanding the frequency range above and below this frequency 

range will be helpful to understand the bulk, grain boundary and sample electron interface 

contribution and its variation with temperature and composition. Also, in order to measure 

the transference number, (the ratio of the oxide ion conductivity to the total conductivity of 

the system) the conductivity should be measured with different environments such as varied 

oxygen partial pressure, different gases such as H2 and N2. The chemical stability of the 

samples can also be checked via using different atmosphere.  

In addition to all these efforts, as the development and study of these compositions 

were done to make use of these materials in the SOFC, the cell fabrication should be done, 

and the cell performance should be checked with a fuel cell work station with load and no-

load conditions. 
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