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Higher ionically conductive solid oxide electrolytes operating at intermediate 

temperatures (400 to 700°C) are critical for the application of portable power generation 

device based on solid oxide fuel cells (SOFCs).  Doped ceria materials show promise 

due to their higher ionic conductivity, and good thermodynamic stability in the 

intermediate temperature range.  Among the doped ceria electrolytes, Gd0.10Ce0.90O2-δ 

(GDC) is widely accepted to exhibit the highest ionic conductivity.  To further enhance 

the ionic conductivity in ceria in this work, novel co-doping strategies are tested.  Co-

doping based on Sm3+ and Nd3+ as dopant cations resulted in an increase in the ionic 

conductivity.  It is shown that at 550oC, the ionic conductivity of Sm0.075Nd0.075Ce0.85O2-δ 

is observed to be 30 % higher than that of GDC.  

From the literature, it is known that the ionic conductivity depends upon the 

processing variables.  Thus, to have a clear understanding of the ionic conductivity 

trend as a function of dopant type, a consistent set of ionic conductivity data is 

developed for different doped ceria materials synthesized under similar processing 

conditions.  It was observed that for single dopants, Nd3+ is the best dopant cation for 

host ceria.   
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The critical dopant ionic radius (rc) was determined for trivalent doped ceria 

system at high temperatures.  The elastic strain and the ionic conductivity of doped 

ceria systems measured at 500oC, show that the elastic strain – ionic conductivity 

relationship based on rc concept is not a successful strategy in doped ceria. 

Further, the effect of processing condition on Sm0.075Nd0.075Ce0.85O2-δ materials is 

tested.  Co-doped ceria is synthesized using different processing routes.  It is observed 

that the grain ionic conductivity of Sm0.075Nd0.075Ce0.85O2-δ synthesized using co-

precipitation technique and microwave sintering is around 45 % higher than that of GDC 

at 550oC. Finally, the performance of the anode-supported prototype SOFC using 

Sm0.075Nd0.075Ce0.85O2-δ as an electrolyte is analyzed at intermediate temperatures.  An 

exceptionally high power density of 1.38 W/cm2 is obtained at 650oC, using 90 

cm3/minute of dry air and wet hydrogen in cathode and anode sides, respectively.  The 

power density of a tested cell shows that the Sm0.075Nd0.075Ce0.85O2-δ ceramic electrolyte 

can successfully generate higher performance in SOFCs working in the intermediate 

temperature range. 
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CHAPTER 1 
INTRODUCTION 

1.1 Statement of Problem and Motivation 

The continuous increase in demand for fuels, limited oil resources and increasing 

global warming requires for the use of renewable sources of energy.1,2  These 

renewable sources include solar, biomass, hydropower, geothermal, and wind energy.3  

Research on the use of these sources mainly focuses on the development of new 

technologies (e.g., fuel cells, batteries, solar cells, windmills etc.) that can efficiently 

create cleaner sustainable energy.  Among them, fuel cell technology shows significant 

promise.4  Development and commercialization of this technology would be a major 

step forward towards the goal of sustainable energy production.  Among various fuel 

cells, solid oxide fuel cell (SOFC) is considered by many to be the most desirable fuel 

cell for generating electricity from hydrocarbon fuels.5  This is because they are highly 

efficient, environmentally friendly, corrosion resistant, and have the potential to operate 

directly on existing transportation fuels ranging from gasoline to jet fuels.6   

Figure 1-1 shows the main components of SOFC, i.e., cathode, electrolyte and 

anode.  The operation of the device will be described in detail in chapter 2.  Although 

SOFC offers a lot of promise in energy-conversion system, the current technology, 

based on a stabilized ZrO2 electrolyte, must operate in the region of 1000oC to avoid 

unacceptable high ohmic losses.7  The high operating temperature requires the use of 

selected materials to withstand such extreme conditions.  If the operating temperature 

can be lowered to 400-700oC, which is termed the intermediate temperature (IT) range, 

it will open up the possibility for a wide range of materials in SOFC.  It will not only 

improve the reliability (i.e., hours of operation) of the device, but also lower the cost and 
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time it takes to heat up to the operating temperature.  A main goal of the Department of 

Energy is to accelerate the development of SOFCs and get them commercialized as 

quickly as possible making them affordable option for power generation.  Extensive 

research has been performed through the Solid State Energy Conversion Alliance 

(SECA) program which include an industrial team, a core technology program team, 

and federal government experts.8  The main target of this program is to place SOFCs 

into market by 2010 at a cost of nearly $400/kW.  These fuel cells will be 3-10 kW in 

size, adaptable for various applications.8  

 
 
Figure 1-1. Schematic of a solid oxide fuel cell. 

However, with the current state-of-the-art SOFC materials, lowering the operating 

temperature increases the ohmic losses and electrode polarizations.  This has a 

detrimental effect on the performance and efficiency of the device.  Thus, there is a 

need to develop materials for all the components of SOFCs that show improved 

properties in the IT range.  In the present work, research is focused on developing solid 
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oxide electrolyte materials with enhanced ionic conductivity for the IT application of 

SOFCs. 

1.2 Scientific Approach 

A summary of the ionic conductivity of oxide materials are shown in Figure 1-2.9  

All these ionically conductive materials exhibit the cubic fluorite crystal structure.  

Among the oxygen ion conductors, bismuth oxide based materials show the highest 

ionic conductivity in IT range.  However, these materials undergo an order–disorder 

transition at around 600oC, which limits their application as solid oxide electrolytes.  

Although doped zirconia materials are stable at intermediate temperatures, their ionic 

conductivity is comparatively lower than other candidate materials.  In recent years, 

SOFC electrolyte research primarily has focused on doped ceria.10-12  Doped ceria 

materials exhibit higher ionic conductivity than doped zirconia, and show better 

thermodynamic stability than doped Bi2O3 in the IT range.  Among doped ceria 

materials, Gd-doped ceria exhibits the highest ionic conductivity.13  The main objective 

of this dissertation is to identify dopants and doping strategies that can further enhance 

the ionic conductivity of ceria.   

Numerous works have been performed in understanding the effect of different 

acceptor dopants on the ionic conductivity in ceria.10,14  Since processing variables 

affect the ionic conductivity, a wide range of ionic conductivity data is reported for a 

given composition in doped ceria.7,15  Thus, a clear understanding of the ionic 

conductivity trend as a function of dopant type is still lacking.   

To overcome this, a consistent set of ionic conductivity data will be developed for 

different doped ceria materials synthesized under similar processing conditions.  The 
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comparison of this consistent data will allow selecting the potential acceptor dopants 

that can enhance the ionic conductivity in ceria.   

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0
1312 11 10 9 8 7 6 5

δ−Bi2O3

(HfO
2 )0.88 (CaO)0.12

(ThO
2 )0.93 (Y2O

3 )0.07

(ZrO
2 )0.87 (CaO)0.13

(La2O
3)0.95(SrO)0.05

(ZrO
2 )0.90 (Y2O3)0.10

(ZrO
2)0.90(Sc2O3)0.1

Ce0.80Gd0.20O1.9

Lo
g 

σ 
(S

.c
m

-1
)

1000/T (K-1)

(Bi2O
3)0.75 (Y2O3)0.25

T/100 (oC) 

 
 

Figure 1-2.  Ionic conductivity of fluorite structure oxides.9  

In the literature, co-doping in ceria is well established to increase the ionic 

conductivity.16  However, in the previous work, no systematic rationales behind selecting 

acceptor dopants were provided.17-20  Experiment will be conducted to test the novel co-

doping strategies for a series of acceptor dopants, which will be selected based on their 

ionic radius.  After identifying the co-dopants, the effect of dopant concentration on the 

ionic conductivity will be examined. 
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The structure (elastic strain) – property (ionic conductivity) relationship in the 

literature for doped ceria shows Gd3+ as the ideal dopant since it create the minimum 

elastic lattice strain.21,22  It is difficult to compare both aspects as the ionic conductivity is 

measured at intermediate temperatures, and the elastic strain is determined at room 

temperature.  Therefore, to perform a fair comparison between structure and property, 

for all the doped ceria materials, both the ionic conductivity and elastic strain will be 

measured at high temperatures. 

After identifying the dopants and optimizing the dopant concentration, the effect of 

different processing variables on the ionic conductivity will be performed.  The higher 

ionically conductive material will be synthesized using varying processing routes, to 

obtain different ceramic microstructures.  The effect of fast firing using microwave 

sintering on the ionic conductivity of novel ceramic material will be studied. 

Finally, the potential of the novel co-doped ceria as an electrolyte will be tested in 

a real SOFC environment.  Anode-supported SOFC prototypes based on the novel 

electrolyte will be fabricated. The power density measurement of the SOFC samples will 

be performed using current-voltage characteristics at intermediate temperatures. 

Different characterization techniques will be utilized to achieve all the above 

objectives. The ionic conductivity measurement will be performed using ac-impedance 

spectroscopy technique inside the quartz reactor at high temperatures, in air.  High 

temperature X-ray diffraction will be used to characterize the crystal structure 

parameters of doped ceria materials.  Microstructural analysis will be performed using 

scanning electron microscopy and transmission electron microscopy. 
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1.3 Organization of the Dissertation 

Chapter 2 presents a brief introduction on the solid state electrochemistry, solid 

oxide fuel cells, solid oxide electrolytes, and the main requirements for the material to 

be used as an electrolyte in SOFC environment.  This general crystallography of fluorite 

structure, ionic conduction in doped fluorite oxides, and the ionic conductivity 

dependence on temperature, dopant concentration, and the oxygen partial pressure are 

also covered.  In addition, a brief overview of impedance spectroscopy technique is also 

presented.  In Chapter 3, materials selection, details of the experimental procedures 

and the various characterization techniques used are covered. 

Chapter 4 discusses the doping strategies that are tested on ceria, in order to 

enhance the ionic conductivity of the materials.  This chapter presents the ionic 

conductivity results of novel ceramic electrolyte materials, and their comparison to 

Gd0.10Ce0.90O2-δ electrolyte. 

In Chapter 5, a consistent set of ionic conductivity data at intermediate 

temperatures, for different doped ceria systems synthesized under similar experimental 

conditions, is presented.  In addition, crystal lattice elastic strain for different doped ceria 

systems at higher temperatures, and its comparison with the ionic conductivity at the 

corresponding temperature are described.  Further, the relation between critical dopant 

ionic radius and the ionic conductivity of doped ceria system is revisited.  After 

understanding the structure and property in doped ceria systems, the effects of 

processing on the ionic conductivity are also covered in Chapter 6.  Different processing 

routes are used to synthesize phase pure samples of our novel ceramic electrolyte.  

The effects of processing variables on the microstructure, and ionic conductivity are 

described in this chapter. 
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Chapter 7 presents in detail the experimental setup and the fabrication of anode-

supported prototype of SOFC.  Further, power density results of SOFC device using the 

novel ceramic electrolyte are discussed.  Chapter 8 presents the summary of the 

dissertation and the areas for future work in doped ceria materials.  At the end of the 

thesis, four appendices present the basic information about the defect chemistry, and 

thermodynamic of point defects (Appendix A), ionic conductivity and defect complexes 

(Appendix B), X-ray diffraction profile for various doped ceria materials collected at 

different temperatures in air (Appendix C), and extrapolation method to estimate lattice 

parameter of cubic structure material (Appendix D). 
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CHAPTER 2 
BACKGROUND 

2.1 Solid State Electrochemistry  

Electrochemistry is the branch of chemistry that covers all the phenomena in 

which a chemical change is the result of electrical force and, vice versa, where an 

electric force is generated as a result of chemical processes.  When associated with the 

chemistry and physics of solid state compounds, it is called solid state electrochemistry.  

Solid state electrochemistry involves the study of thermodynamics, kinetics and 

mechanism of electrochemical reactions in solid state materials.  It is a well established 

field which finds lot of applications in various fields.  Electrochemical gas sensors, fuel 

cells, batteries, and electrochromic devices are few areas where the knowledge of solid 

state electrochemistry is exploited.23  Further, it can be divided into two main subjects, 

ionics and electrodics.  In ionics, the emphasis is on the properties of electrolyte 

materials, while electrodics involves understanding electrode reactions.  Both subjects 

require fundamental understanding of structural and defect chemistry, diffusion and 

transport in solids, conductivity and electrochemical reactions, and adsorption and 

reactions on solid surfaces.24  The basic information about the defect chemistry, 

thermodynamic barriers, and diffusion processes in solid materials are provided in 

Appendix A and elsewhwere.24 

2.2 Fuel Cells 

The concept of generating electrical power from a simple electrochemical cell was 

first demonstrated by Sir William R. Grove in 1839.25  At that time, the electrochemical 

device was known as Grove cell instead of fuel cell.  The Grove cell provided nearly 

double the voltage of the Daniell cell which was the major device in the early years of 
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batteries.  It was believed that a power generation using hydrogen as a fuel could 

replace coal, the primary source of energy at that time.  The term fuel cell wasn’t used 

until 1889, when scientists Ludwig Mond and Charles Langer attempted to build the first 

practical device using hydrogen to produce electricity.  In 1959, Bacon was able to 

assemble a stack of 40 fuel cells which exhibited a useful power density.26  Bacon’s cell, 

which was modified by Pratt and Whitney, became the onboard power system for the 

Apollo space vehicle that enabled astronauts to land on the moon in 1969.  Today, 

scientists and technologists all over the world are working to advance the fuel cell 

technologies for use in everyday appliances, such as computers and cell phones as well 

as to power homes, office buildings, and even vehicles. 

Table 2-1.  Typical characteristics of various Fuel cells.6 
Type of 

Fuel Cell 
Typical Electrolyte 

Charge 

Carrier 

Operating 

Temperatures (oC) 

Efficiency 

(%) 

SOFC 

Y Stabilized ZrO2, 

Gd Doped CeO2, 

Er Stabilized Bi2O3 

O2- 

1000 

600-800 

600 

60-70 

PEMFC Perfluorosulfonic Acid H+ 50-100 35-40 

AFC KOH (aqueous) OH- 70-100 60 

MCFC Li2CO3-K2CO3 (molten) CO3
2- 650 50-60 

PAFC H3PO4 H+ 200 40-45 

 

A fuel cell can be described as an electrochemical conversion device that uses 

oxygen and hydrogen or hydrocarbons to generate electricity with the only byproducts 

being water and heat (shown in Figure 1-1).  Like a simple battery it consists of  an 

electrolyte sandwiched between two electrodes (a porous anode and cathode).5  

However, while a battery only stores electricity, a fuel cell produces electricity and does 
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not need recharging.  Theoretically, as long as fuels (i.e., hydrogen or hydrocarbons, 

and oxygen) are supplied, it will continuously generate electricity. 

Fuel cells are generally classified by the type of electrolytes incorporated within 

the fuel cell: e.g., alkaline fuel cell (AFC), polymer electrolyte membrane fuel cell 

(PEMFC), phosphoric acid fuel cell (PAFC), molten carbonate fuel cell (MCFC) and 

solid oxide fuel cell (SOFC).27  For PEMFCs and PAFCs, protons move through the 

electrolyte towards the cathode where they combine with oxygen and electrons, to 

produce water and heat.  For AFCs, MCFCs and SOFCs, negative ions diffuse through 

the electrolyte toward the anode to oxidize the hydrogen fuel to produce water and 

electrons.  The electrons move through the anode to the external circuit and back to the 

cathode, providing a source of useful electrical energy in an external circuit.  The 

general characteristics of these fuel cells are given in Table 2-1.6 Further useful 

technological information and their current application status is published in a variety of 

books, review papers, and websites.28-31 

Fuel cells offer the promise of higher efficiency in energy conversion and electric 

power generation for many different applications.  However, as main incentive for 

investing in the fuel cell research and development is the substantially reduced 

environmental impacts if the long-term energy scenario based on renewable energy 

source, i.e., hydrogen can be realized. 

2.3 Introduction to Solid Oxide Fuel Cells 

As the name implies, SOFCs uses an ion conducting solid-oxide or ceramic as an 

electrolyte.  The first ceramic solid-oxide electrolyte was discovered by Nernst in 

1899.5,32  The first successful operation of a ceramic fuel cell at 1000oC was 

demonstrated by Baur and Preis in 1937.33  Since that time, SOFC technology has 
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made excellent technical progress.  Fuel cells based on the state of the art yttria 

stabilized zirconia electrolyte, have been operated for thousand of hours showing 

excellent performance.  In the last few decades, SOFC research and development 

received significant attention which shows the widening interest in this technology. 

Among various types of fuel cell technologies, SOFC is considered to be one of 

the most desirable fuel cell for generating electricity from hydrocarbon fuels.  This is 

because of their ability to use currently available fossil fuels, thus reducing production 

cost.  SOFCs have so far been operated on methane, propane, butane, fermentation 

gas, gasified biomass and paint fumes with minimal fuel processing.5  Other fuel cell 

technologies require pure hydrogen as their fuel.  This makes them highly fuel flexible 

and far superior to other technologies such as PEMFC, MCFC.  In addition, SOFCs 

have the highest efficiencies of all fuel cells and, potentially, a long life expectancy.34  

The typical efficiency when used separately is around 40-60%.  However, this figure can 

reach 70 % when the hot exhaust of the cell is used in a hybrid combination with gas 

turbines.  Further, the high operating temperature of SOFCs (~1000oC) eliminates the 

need for expensive Pt catalysts, which is the case for PEMFC or other low temperature 

fuel cells.  Thus, they do not get poisoned by carbon monoxide.  In addition, their high 

operating temperature allows direct use of natural gas, thus eliminating the need for an 

expensive, external reformer.  Furthermore, because SOFC is a two phase gas/solid 

system, many of the problems associated with liquid electrolytes such as corrosion, 

flooding, electrolyte distribution, and maintaining a stable triple phase boundary region 

are eliminated.  They are attractive as an energy source because they are clean, 

reliable and environmentally friendly.  Emission of pollutants from fuel cells (such as 
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CO, NOx, SOx) are several orders of magnitude lower than those produced by 

conventional combustion engines.  Finally, the vibration-free operation of SOFCs 

eliminates the noise associated with conventional power generation systems.  For these 

reasons, SOFCs may be considered to be “The Future of Power Generation”. 

Figure 1-1 shows a schematic of a typical SOFC.  The dense solid oxide 

electrolyte is sandwiched between two porous electrodes (anode and cathode).  Each 

component serves several functions in the cell, and meets certain requirements (such 

as conductivity, chemical and structural stability, compatibility, and mechanical 

properties) for a particular condition.35  The operation of SOFCs involves oxidation of 

the fuel at the anode, and reduction of the oxidant at the cathode.  Air flows along the 

cathode side.  When an oxygen molecule contacts the cathode/electrolyte interface, it 

splits into two oxygen ions.  These oxygen ions diffuse into the electrolyte material and 

migrate to the other side of the cell where they encounter the anode.  The oxygen ions 

encounter the fuel at the anode/electrolyte interface and react, producing water, carbon 

dioxide, heat, and most importantly electrons.  These electrons transport through the 

anode to the external circuit and back to the cathode, providing a source of useful 

electrical energy in the form of direct current in an external circuit.  The open circuit 

voltage (Eo) is given by the Nernst equation, 

( )
( ) ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
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anodepO
cathodepO
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RTE o

2

2ln
4

                                         (2-1) 

where R, T, F and the pO2’s are the universal gas constant, absolute temperature, 

Faraday’s constant, and the oxygen partial pressures, respectively.  Under cell 

operating conditions, i.e., when a current passes through it, the cell voltage (E) is given 

by, 
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CA
o IREE η−η−−=                                               (2-2) 

where I is the current passing through the cell, R is the resistance of the cell, and ηA and 

ηC are the voltage losses due to the polarization associated with anode and cathode, 

respectively.  For a high power density SOFC, the resistive losses and the electrode 

polarizations need to be minimized.  The amount of power produced by a fuel cell 

depends upon several factors, such as fuel cell type, cell size, the temperature at which 

it operates, and the pressure at which the gases are supplied to the cell.36  Still, a single 

fuel cell produces enough electricity for only the smallest applications.  Therefore, in 

order to generate sufficient voltage, individual fuel cells are typically connected in stacks 

and electrically connected in series through interconnects.  A typical fuel cell stack may 

consist of hundreds of fuel cells.  

2.4 Solid Oxide Electrolyte 

In 1899, W. Nernst32 suggested that ZrO2 is a solid conductor for oxygen ions.  

However, the explanation for the conduction mechanism in this material was first given 

by C. Wagner37.  Doping of ZrO2 with different acceptor metal cations results in oxygen 

vacancies which are the charge carriers in this material.  The acceptor doped ZrO2 is 

typically used as a solid oxide electrolyte in sensors for measuring oxygen partial 

pressures and in fuel cells and electrolyzers.  In order to reduce the ohmic losses, these 

devices are typically used at higher temperatures (~1000oC).  Thus, the main 

requirements for good solid oxide electrolytes are mainly fixed by the high operating 

temperature which dictates constraints of different types, 

1. High ionic conductivity (> 0.1 S.cm-1 at 1000oC). 

2. Low electronic transference number (< 10-3). 
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3. Large electrolytic domain. 

4. Chemically stable under extreme conditions i.e., low reducing atmosphere (10-22 

atmosphere) and high temperatures (1000oC). 

5. Good phase stability and a good match of thermal expansion coefficient with 

other cell components. 

6. High mechanical strength i.e., fracture toughness (> 400 MPa). 

In an effort to lower the operating temperature of SOFCs, numerous research 

groups have focused on developing materials with higher ionic conductivity than doped 

ZrO2.  Higher ionically conductive electrolytes are not only important for SOFC 

applications but also play a vital role in chemical processing, oxygen and hydrogen 

generators, electrochemical gas sensors, and combustion control.  High oxygen 

diffusivity has been observed in oxides which exhibit large tolerance for atomic disorder.  

Several investigations have focused on cubic fluorite structured oxides due to their 

relatively open structure.  The most successful oxide electrolytes have been those 

based on group IVB oxides (i.e., ZrO2, HfO2, CeO2 or ThO2) with additions of either an 

alkaline earth oxides (e.g. CaO or SrO), Sc2O3, Y2O3 or a rare earth oxides.38  

Optimization of these materials has led to 8 mol% yttria-stabilized zirconia (YSZ) as the 

favored electrolyte for solid oxide fuel cells (SOFCs) application.39  Although YSZ is 

purely an ionic conductor even at reducing atmospheres, its high operational 

temperature restricts its usage to multi-MW SOFC systems (e.g.: electrical generation 

plants).  For smaller SOFC stacks (3-5 kW), ionic conductive materials are required that 

can operate in intermediate temperature (IT) range i.e. 400-700oC without 

compromising the internal resistance of the cell.  Studies of new electrolytes led to the 
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discovery of other materials e.g., δ-Bi2O3 and doped CeO2.  A summary of the ionic 

conductivity of different fluorite structured oxides is shown in Figure 1-2.  It can be seen 

that δ-Bi2O3 and yttria-stabilized Bi2O3 exhibit the highest ionic conductivity among all 

oxygen ion conducting materials in IT range.  The exceptional conductivity is due to the 

unique intrinsic defect fluorite structure of this material.  Because of the stoichiometry of 

the material, 25% of the oxygen sites are vacant.  Therefore, there are an excess 

number of equipotential sites implying a random distribution of oxygen ions at high 

temperatures.  This results in high oxygen ion mobility.  However, Bi2O3 based materials 

possess a number of disadvantages, including thermodynamic instability in reducing 

atmospheres, volatilization of Bi2O3 at moderate temperatures, a high corrosive activity 

and low mechanical strength.40,41  Hence, the applicability of these oxides in 

electrochemical cell is considerably limited.  In the last few decades, ceria based 

electrolytes have attracted much attention as an alternative of YSZ in SOFCs.  As 

shown in Figure 1-2, the ionic conductivity of gadolinium doped ceria is about one order 

of magnitude higher than that of YSZ.  In addition, they exhibit good thermal stability 

which makes them superior to yttria-stabilized Bi2O3. 

2.4.1 Ceria Based Materials 

In recent years ceria-based materials have attracted considerable attention 

especially in the application like solid oxide electrolytes and environmental catalysis.9,42  

In the automotive industry, ceria is used in catalytic converter inside the engine.43  It 

acts as a buffer, absorbing or releasing oxygen, depending on the condition of the 

engine.  It can effectively reduce harmful emissions like NOx to pure nitrogen and 

convert harmful carbon monoxide to the less harmful carbon dioxide.44,45  Further, it 

exhibits high absorption for ultraviolet rays and it is transparent to visible light which 
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makes it a prospective material to replace ZnO and TiO2 in sunscreen applications.46  In 

the present work, doped ceria materials in the role of solid electrolytes for the 

intermediate temperature SOFCs will be discussed in detail. 
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Figure 2-1.  Cubic fluorite structure of ceria. 

Pure stoichiometric ceria possesses the cubic fluorite structure which is stable 

from room temperature to the melting point.  Figure 2-1 shows the cubic fluorite 

structure of ceria where Ce4+ and O2- ions are located at 4a and 8c Wyckoff positions, 

respectively.  The space group associated with this structure is m3Fm  and the 

number of molecules of CeO2 present in the unit cell is four (Z = 4).  The standard lattice 

parameter of pure ceria at room temperature is 5.4114 Å.47  According to the radius 

ratio scheme proposed by Pauling, coordination number is related to cation-anion radius 
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ratio (rc/ra).  For the cation positioned at the center of the anion cube, rc/ra value should 

be higher than 0.732.24  In stoichiometric ceria, the Ce4+ cation establishes eight-fold 

coordination with O2- anions, while the O2- resides in the tetrahedral position.  However, 

the theoretical rc/ra ratio in ceria is 0.702.48  This value is below the critical rc/ra which is 

a prerequisite for eight fold coordination.  Thus, CeO2 does not follow radius ratio 

scheme which is well suited for other known structures. 
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Figure 2-2.  Oxygen vacancy jump in doped ceria system.  

Ionic conduction in oxide fluorites takes place via an oxygen vacancy diffusion 

mechanism.  At high oxygen partial pressures, cubic fluorite structure of undoped ceria 

do not possess any oxygen vacancies.  Thus, pure ceria is not a good ionic conductor. 

These oxygen vacancies are incorporated into the ceria structure during the substitution 
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of Ce4+ by an acceptor dopant cation in the lattice, which can be represented by the 

following defect equation using Kröger-Vink notation.  

••× ++′⎯⎯ →⎯ OOCeCeO VODOD 32
232                                   (2-3) 

Most of the oxygen ions tend to vibrate in the region of their tetrahedral sites and 

migrate from one regular tetrahedral site to the other.  This migration process is called 

discrete hopping.  Normally, oxygen ions will not occupy the octahedral sites of Ce4+ 

ions in the face centered cubic lattice since these are the interstitial sites.   

Figure 2-2 shows the diffusion of oxygen vacancy from one tetrahedral site to 

another in doped ceria. 

2.4.2 Ionic Conductivity 

Ionic conductivity (σi) in the case of a pure oxygen ion conductor is given by, 

iioOi qNV μ=σ •• ][                                                    (2-4) 

where No is the number of oxygen sites per unit volume, ][ ••
OV  is the mole fraction of 

mobile oxygen vacancy present in the oxygen sublattice, and qi and µi are the charge 

and mobility of oxygen ion, respectively.  When electrons or electron holes are localized 

on ions in the lattice, as in CeO2-x or Fe1-xO, the semiconductivity arises from electrons 

or electron holes moving from one ion to another, which is called hopping-type 

semiconductivity.23  Thus, the total conductivity (σt) of a solid is the sum of the 

contributions due to ions (σi), electron (σe), and hole (σh) as follows, 

heit σ+σ+σ=σ                                                   (2-5) 

The electron and hole conductivities of the solid oxide electrolyte must be kept as 

low as possible to prevent losses from leakage currents.  In order to force the electrons 

liberated from the fuel into the external circuit, where they can do useful work, there 
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must be a huge resistance to prevent them from going through the electrolyte.  At high 

temperatures (>1000oC) and under reducing atmospheres, ceria shows a tendency to 

transform from Ce(IV) to Ce(III).  

/
2 2

2
1

CeOOCe CeOVOCe ++⎯→⎯+ ••××                                           (2-6)  
                   

This results in the increase in the n-type conductivity which promotes the formation 

of electron hopping paths inside the electrolyte material and deteriorates the overall 

performance of the cell.  The ionic conductivity contribution to the total conductivity can 

be described in terms of the ionic transference number ti which is defined as, 

elecion

ion
iont

σ+σ
σ

=                                                   (2-7) 

As mentioned earlier, one of the main requirements for a good electrolyte is a high 

ionic transference number especially in extreme conditions.  Lower ionic transference 

not only degrades the associated cell efficiency but also expands the materials (due to 

the formation of additional oxygen vacancies) both of which have a deleterious effect on 

the mechanical properties.49  The yttria stabilized zirconia, is pure ionic conductor at 

high temperatures (1000oC) and oxygen partial pressure (< 10-22 atmosphere) with an 

ionic transference number of 1. 

2.4.2.1 Temperature dependence 

Ionic conduction in the oxygen ion conductors is a thermally activated process. 

The temperature dependence of electrical conductivity of doped fluorite oxides can be 

expressed as, 

⎟
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⎜
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o exp                                                    (2-8) 
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where σo is a pre-exponential constant, T is the absolute temperature, and EA is the 

activation energy for electrical conduction.  Equation (2-9) is a detailed form of an 

Arrhenius relationship.  
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                           (2-9) 

Here No is the number of oxygen sites per unit volume, ][ ••
OV  is the fraction of free 

mobile oxygen vacancy present in the oxygen sublattice, qv is the charge oxygen 

vacancy, a is the ion jump distance, oν  is an appropriate lattice vibration, and ΔSm and 

ΔHm is the entropy and the enthalpy change during oxygen ion diffusion, respectively.  

For a complete derivation of this equation, refer to Appendix B.  Equation (2-9) provides 

the clear view of the relationship between the conductivity and temperature.  It is 

important to note that ][ ••
OV  in equation (2-9) is the concentration of free mobile oxygen 

vacancies.  In a distorted cubic structure of doped ceria system, oxygen vacancies tend 

to interact with acceptor dopant cations.  These interactions result in the localization of 

oxygen vacancies near the dopant cations.  The association of point defects will be 

discussed in more detail in a later section of this chapter.  With the increase in thermal 

energy (temperature), the localized oxygen vacancies try to free themselves from 

dopant cations which results in the increase of mobile oxygen vacancy concentration.  

Thus, the pre-exponential constant (σo) in equation (2-9) depends upon the 

concentration of free oxygen vacancies which itself is a complex function of 

temperature.  Hence, the ionic conductivity of doped fluorite oxides cannot be 

expressed by a single exponential equation. 
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2.4.2.2 Oxygen partial pressure dependence 

The rate of electrochemical reaction depends upon the driving force for the 

process to occur.24  The driving force is a measure of how far the system is from the 

equilibrium state.  In the case of SOFCs, the driving force is the oxygen partial pressure 

difference between the cathode and anode sides.  The higher the partial pressure 

difference, the larger the power density that can be obtained from the cell.  Thus, 

extreme opposite condition in both electrodes (i.e., high reducing atmosphere in anode 

side and high oxidizing condition in cathode side) is necessary to obtain reasonable 

power from the single cell.  Normal atmospheric pressure of air is usually maintained in 

the cathode side of SOFC.  Oxide ceramics are usually stable in such conditions but 

problem can arise at low oxygen partial pressure.  Doped ceria tends to partially reduce 

from Ce(IV) to Ce(III) in the reducing condition (< 10-15 atmospheres) at the anode side 

of the cell.  For a material to be use as an electrolyte in SOFCs, it must have a high 

ionic transference number.  The ionic transference number starts decreasing under 

reducing atmosphere and generates conduction electrons by the following defect 

reaction, 

/
2OO e2O

2
1VO ++→ ••×                                          (2-10) 

Applying the law of mass action to the above reaction, the electron concentration 

at equilibrium can be written as, 

( )
4/1
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2/1

][ pOV
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O
••

=                                                  (2-11) 

where K(T) is a equilibrium constant which depends solely on the temperature.  The 

[ ••
OV ] can be assumed to be unchanged due to the reduction of doped ceria in which a 
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large number of oxygen vacancies is already generated via doping.  Thus, the ionic 

conductivity is independent of oxygen partial pressure and the equation can be written 

as, 

( )
4/1

2

2/1

pO
TKn =                                                    (2-12) 

The ionic transference number (
2Ot ) which is described as,  
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As conductivity primarily depends upon the concentration of charge carrier, 
2Ot  can be 

written as, 
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where ∗
2OP is the parameter associated with K(T).  From equation (2-14), it can be seen 

that ∗
2OP  at a given temperature corresponds to the oxygen partial pressure at which 

2Ot  

equals to 0.5. 

Table 2-2.  ∗
2OP  of doped ceria systems.50 

 ∗
2OP  (atmosphere) 

Composition 500oC 700oC 850oC 1000oC 

Ce0.9Ca0.1O1.9 10-20 10-13 10-9 - 

Ce0.905Ca0.095O1.95 10-26 10-17 10-13 10-10 

Ce0.9Gd0.1O1.95 - 1.2  ×  10-19 1.7 ×  10-15 - 

Ce0.5Gd0.5O1.75 - 1.5 ×  10-16 6.5 ×  10-14 - 
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Table 2-2 shows the value of ∗
2OP  for ceria based solid solutions at different 

temperatures.  At 700oC, Gd0.10Ce0.90O1.95 shows the ∗
2OP  value of 10-19 atmospheres.  

With the increase in temperature, this value increases to 10-15 atmospheres.  Thus, it is 

essential to develop electrolytes which not only contain higher dopant concentration, but 

also exhibit higher ionic conductivity, so that they can operate in the lower IT range.  

2.4.2.3 Dopant concentration dependence 

The effect of dopant concentration on ionic conductivity is illustrated in Figure 2-3, 

where total ionic conductivities of doped zirconia systems are plotted as a function of 

dopant content.51 
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Figure 2-3.  Ionic conductivity as a function of dopant concentration in doped zirconia 

systems.51 

In the dilute regime, the ionic conductivity as a function of dopant cation is 

consistent with the Arrhenius relationship in equation (2-9).  It increases with the 
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increase in the number of charge carriers i.e., oxygen vacancies.  However, it is 

experimentally observed that the ionic conductivity reaches a maximum at certain 

dopant concentration, and then decreases.  This is the general behavior observed in all 

the other fluorite oxide systems.  Further, the observed peak positions are not the same 

for different dopant cations.  It has been argued that the observed decrease in 

conductivity is associated with dopant cation and oxygen vacancy interactions; this will 

be discussed in the subsequent section.9,52 

2.5 Association of Defects 

Whenever charged defects ( /
AD ) are incorporated into the crystal structure, there 

must be defects with opposite charges to preserve charge neutrality.  These defects are 

prone to strongly associate with each other due to electrostatic attraction between the 

oppositely charged defects.  Also, there is a possibility for elastic interaction to relieve 

the local stresses associated with both defects.52  The end result is the formation of 

local defect structures such as ( )//
AOA DVD −− ••  and ( )•••− OA VD / , which effectively 

reduces the number of mobile oxygen ions, thus leading to a substantial drop in the 

ionic conductivity of the electrolyte at higher dopant content (as shown in Figure 2-3).   
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Figure 2-4.  Oxygen vacancy trapped in the tetrahedral site.  
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Figure 2-4 shows the situation in which an oxygen vacancy is trapped in a 

tetrahedral site which is surrounded by oppositely charged dopant cations and neutral 

host cations.  The binding energy between these defects is mainly due to the coulombic 

attraction of the defects caused by the effective charges in the lattice.  However, it also 

includes terms due to the relaxation of the lattice around the defect which depend on 

the effective charge, polarizability and ionic radius of the dopant cation.  Thus, in the 

lower intermediate temperature range, total activation energy (ΔH) is the sum of 

migration enthalpy (ΔHm) and association enthalpy (ΔHa).9,53  With the increase in 

temperature, the thermal vibrations of the local defect structures become more 

important.  The stage comes when the thermal energy overcomes the binding energy of 

these local defect structures and most of the oxygen vacancies are set free to diffuse 

from one site to another.  Above this temperature, oxygen vacancies require only ΔHm 

to cross the energy barrier.   

2.6 Impedance Spectroscopy 

Alternating current (ac) electrochemical impedance spectroscopy (EIS) is a 

valuable technique for the characterization of various electrochemical processes.54,55  

EIS has increased the understanding of the limiting processes for different materials as 

well as effects of processing and microstructure of materials in tests applying electrode 

pellets, and other electrochemical devices.  It measures voltage (or current) as a current 

(or voltage) is applied on the test sample over a wide range of frequencies.  Impedance 

at a given frequency (ω) is determined using Ohm’s law i.e., the ratio between ac 

voltage and ac current.  Since the output impedance is a complex number, therefore at 

any given frequency, it contains real (Z/) and imaginary (Z//) components.  The complex 

impedance data is typically represented as a “Nyquist” plot, where the real impedance 
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and negative imaginary impedance is plotted in the x and y coordinates, respectively. 

The sign convention for the imaginary impedance is typically used in the plot as the 

capacitive behavior often dominates the processes in ceramic materials.  With the 

choice of sign convention, most of the processes of interest for SOFCs occur in the first 

quadrant of the complex impedance plot.  The frequency range examined is typically 

from 0.01 to 107 Hz.  The upper limit on the test frequency is determined by the 

limitation of the instrument, while the lower limit is usually determined by the time it 

takes for data acquisition.  However, these limitations are of not much concern as the 

most of the phenomenon lie in the measurable frequency range.  The response of the 

cell is usually modeled in terms of equivalent circuits, i.e., a group of electrical circuit 

elements (resistors, capacitors, inductors) that are connected in a way that would give 

the same impedance response as the cell. 
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Figure 2-5.  Typical impedance response for a given relaxation process.  A parallel 
resistor-capacitor element is also shown which represents a “lossy capacitor”. 
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One of the main advantages of using EIS is that it assists in identifying the 

relaxation time associated with the processes occurring at the atomic and 

microstructural level.  Each distinct process has its own real and imaginary impedances, 

with a characteristic relaxation frequency.  A typical impedance response for a given 

relaxation process, and it equivalent circuit is shown in Figure 2-5.  A parallel RC 

element represents a “lossy capacitor” with a typical relaxation time which corresponds 

to the process.  Such behavior could be characteristic, for example, of a double-layer 

capacitance (due to charge separation between electrode and electrolyte) in parallel 

with a resistance to charge transfer or a polarization resistance.  Thus a semi-circle in a 

complex impedance plot is a representation of a relaxation process with a distinct “time 

constant”.  The peak of the semicircle will occur at the characteristic frequency, ωo. 

The Nyquist plot of the electrochemical cell may contain more than one semi-

circle, which is indicative of various relaxation processes occurring in the cell.  Often the 

time constant for two processes lie very close to each other.  In this case, semi-circles 

must be de-convoluted in order to determine each individual contribution.  A typical 

complex impedance response of an electroded polycrystalline ceramic is shown in 

Figure 2-6.  In the figure, three main features can be observed: incomplete depressed 

arc at high frequency and two distinct arcs at low frequency. The high frequency arc 

was identified as the grain polarization while the remaining two arcs at low frequencies 

correspond to grain boundary and electrode polarization processes.  In the ideal case, 

the center of the semi-circle should lie on the x-axis.  However, it is usually the case, 

that the center of the semi-circle is depressed below the x-axis.  The equivalent circuit 

for such response is similar to that shown in Figure 2-5; however, in place of capacitor a 
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constant phase element (CPE) is required to model the experimental data.  A constant 

phase element is equivalent to a distribution of capacitors in parallel whose phase angle 

is somewhat less than 90o.  Further, a depressed semi-circle in the complex impedance 

plot has been described in several ways.  For example, the depressed semicircle in the 

intra-grain polarization can be attributed to the microstructural inhomogeneities within 

the sample.  In addition, the depressed electrode polarization semi-circle in solid 

electrode is explained by the surface roughness of the electrode.  
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Figure 2-6.  Typical impedance spectrum of an electroded polycrystalline ceramic 
material.  The equivalent circuit to fit the spectrum is also shown.  CPE and R 
in the equivalent circuit stands for constant phase element and resistor, 
respectively. 

It is important to note that in the present work, the main focus is to determine the 

grain ionic conductivity rather than the total ionic conductivity.  Thus, the grain ionic 

resistance was calculated by fitting the observed impedance spectra with the analog 
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circuit having three parallel pair of resistor-constant phase element in series.  The 

presence of the inductive effect of the experimental setup severely affects the high 

frequency datasets at high temperatures.  To counter this effect, external inductor was 

also used in the equivalent circuit, while fitting the data.  The grain ionic conductivity 

was calculated using the following relationship, 

A
L

Rg
grain

1
=σ                                                   (2-15) 

where Rg  is the grain ionic resistance, L and A are the length and area of the cross-

section of the sample, respectively.  
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CHAPTER 3 
MATERIALS AND EXPERIMENTAL PROCEDURES 

3.1 Materials Selection 

Higher ionically conductive materials are critical for the realization of intermediate 

temperature range SOFCs.  In recent years, doped ceria electrolytes have opened up 

the possibility for such intermediate temperatures SOFCs, due to their higher ionic 

conductivity and good thermodynamic stability.  Ionic conductivity in doped ceria 

systems depends upon various factors such as dopant charge valence, dopant ionic 

radius, dopant concentration, temperature, and oxygen partial pressure.  Keeping the 

last two parameters constant, ionic conductivity primarily depends upon the type of 

dopants.  According to Yahiro et al, the higher the charge valence of the acceptor 

dopant cation the better is the ionic conductivity.56,57  Thus, trivalent doped ceria 

systems show higher ionic conductivity compared to divalent doped ceria systems.  This 

can be attributed to the lower electrostatic interaction involved in the case of trivalent 

doped system, between oxygen vacancies and dopant cation sites.  These interactions 

hinder the flow of oxygen vacancies and lower the free oxygen vacancy concentration.52  

Thus, in order to design higher conductive materials, different trivalent acceptor dopant 

cations were selected for host ceria. 

3.2 Experimental Procedures 

In this section, the details of the experimental procedures that were used to 

synthesize phase pure powders and ceramic samples for different characterizations will 

be discussed.  Figure 3-1 shows the block diagram of the typical powder synthesis, and 

different ceramic sample characterization techniques. 
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Figure 3-1.  Flow chart for the powder synthesis using conventional solid state reaction 

and different characterization techniques. 
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3.2.1 Powder Processing 

Different processing routes were used to synthesize phase pure doped ceria 

powders.  Conventional solid oxide route was primarily used to synthesize powder in 

bulk amount.  However, the particle size achieved using this technique was usually 

large compare to other wet chemical routes.58  Large particle size results in lowering the 

surface reactivity of the powder which in turn lowers the sintering kinetics of the 

material.59  Thus, high sintering temperature and time are required for such green 

ceramic bodies to obtain high theoretical density.  Even though high sintering 

temperature and time increases the diffusion kinetics for sintering process, they are 

usually avoided for several reasons.  Such high sintering temperatures may lead to 

unwanted interfacial reactions during co-sintering of electrolyte and cathode or anode 

layers.  In addition, very high-temperature sintering can produce micro-cracks; e.g. due 

to oxygen liberation as a result of reduction of CeO2 to Ce2O3.60  The interest in low 

temperature sintering is also driven by the need to reduce material processing costs.  

Furthermore, it has been shown that there is a detrimental effect of sintering at high 

temperatures on the ionic conductivity.61,62  This will be discussed in detail in Chapter 6. 

In the present work, all the doped ceria materials were synthesized using 

conventional solid state sintering under same experimental conditions.  These materials 

were further processed for electrical characterization at high temperatures.  Among all 

the doped ceria systems, the material which shows the highest conductivity was then 

synthesized using wet chemical route (i.e., co-precipitation technique).  Using this 

process, high purity, homogenous and ultrafine powder can be obtained by calcining at 

temperatures lower than 1000oC.58,63,64 
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3.2.1.1 Conventional solid state route 

Phase pure powders of DxCe1-xO2-δ (where D = trivalent dopant cation, x = dopant 

content) were synthesized by conventional solid state reaction method, starting from 

stoichiometric mixtures of D2O3 and CeO2 powders (all with 99.99% purity from Alfa 

Aesar).  Loss on ignition was determined for all the starting powders.  Accordingly, the 

stoichiometric amount of powders were weighed and mixed with de-ionized water and 1 

wt% dispersant (Ammonium Polyacrylate) to form 60 vol% solids slurry.  The role of 

dispersant is to keep the dispersed ceramic particles in suspension in the water.  Mixing 

was performed using wet ball milling for 24 h.  One of the main disadvantages of using 

ball milling is that the wear of the grinding media can be fairly high.  For ceramic 

materials used for electrolyte application, the presence of unwanted impurities in the 

powder is a serious problem.  To avoid this, chemically inert and highly pure yttria 

stabilized zirconia media with 3 and 10 mm diameter spheres were used.  The ball 

milled ceramic slurries were then dried in the oven at 120oC for 16 h.  The 

agglomerated powders were ground using mortar and pestle to fine particles which 

were subsequently separated out using sieve with the aperture opening of 212 μm.   

After obtaining the homogeneous mixture of raw oxides, powders were then 

treated to high temperature for solid state reaction.  The calcination temperature and 

time were optimized for different doped ceria systems.  The dissolution of the dopant 

cations inside the host lattice depends upon its solubility limit at a particular 

temperature.  The width of the solubility increases with the decrease in the ionic radius 

difference between the host and dopant cations.  The maximum solubility exist when the 

difference between the ionic radii become minimum.65  For example, for Lu0.10Ce0.90O2-δ 

the calcination temperature and time were optimized to be 1350oC for 10 h.   
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Figure 3-2.  XRD patterns of Lu0.10Ce0.90O2-δ calcined at different temperatures for 10 h. 

To verify the complete dissolution of dopants in ceria, phase analysis was 

performed using X-ray diffraction (XRD).  Curved position-sensitive (CPS) diffractometer 

(INEL, France) was used to obtain the XRD pattern of each composition using Cu Kα 

radiation.  Figure 3-2 shows the XRD profiles of Lu0.10Ce0.90O2-δ calcined at different 

temperatures for 10 h.  It can be seen around 1350oC, there are no extra peaks of 

Lu2O3 present in the XRD pattern.  As Lu3+ exhibits similar ionic radius as that of Ce4+, 

thus it requires lower thermal energy to dissolve in host ceria lattice when compare to 

other dopant cations which show higher ionic radii (rLu
VIII

 = 0.977 Å, rCe
VIII = 0.97 Å).48  In 

order to widen the solubility limit for other trivalent dopants cations, calcination was 

performed at 1450oC for 10 h.  Figure 3-3 shows the XRD patterns of different doped 

ceria systems taken at room temperature in air.  It can be seen that all the compositions 
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are phase pure with cubic fluorite structure.  In the inset, (200) plane peak of all the 

compositions is shown.  The peak position provides information about the lattice change 

(expansion or contraction) of the host ceria which will be discussed in Chapter 4 and 

Chapter 5.  
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Figure 3-3.  XRD patterns of different doped ceria systems calcined at 1450oC for 10 h. 

After the calcination, agglomerated powders were again ball-milled for 24 h in de-

ionized water, dispersant, forming a 60 vol % slurry.  The ball-milled ceramic slurries 

were then dried in the oven at 120oC for 16 h.  The agglomerated powders were ground 

using mortar and pestle to fine size particles, which were subsequently separated out 

using sieve with the aperture opening of 212 μm.  The particle size distribution of these 

powders was measured using Beckman Coulter LS13320.  Figure 3-4 shows the 
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number particle size distribution of co-doped ceria ceramic powder synthesized using 

the experimental procedure described earlier.  In order to achieve high density ceramic, 

it is desired that the particle size should be less than 1 μm with particle size distribution 

to be narrow and monodisperse.59  It can be seen that the most of the particles are less 

than 2 μm in size with the mean size of 0.84 μm.  Further, the particle size distribution is 

also mono-disperse which is desired for good sintering in reasonable time. 
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Figure 3-4.  Particle size distribution of Sm0.075Nd0.075Ce0.85O2-δ synthesized using solid 
oxide route. 

3.2.1.2 Co-precipitation route 

The co-precipitation technique was used to synthesize phase pure powder of 

Sm0.075Nd0.075Ce0.85O2-δ.58  By doing so, the effect of processing on the electrical 

property of co-doped ceria was studied.  One of the main objectives of using wet 

chemical route is to obtain fine particle size powder which as a result enhance the 
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sintering kinetic of the ceramic powder.  Thus, high density pellets can be obtained 

using lower sintering temperature and time (especially when compared to conventional 

solid state route).  Highly pure cerium nitrate (Ce(NO3)3.6H2O, Alfa Aesar, 99.99%), 

samarium nitrate (Sm(NO3)3.6H2O, Aldrich, 99.999%), and neodymium nitrate 

(Nd(NO3)3.6H2O Alfa Aesar, 99.9%) were used as a starting raw materials.  They were 

weighed in the stoichiometric proportions and dissolved in de-ionized water to produce 

aqueous solution.  Excess ammonia solution (Acros Organics, 28-30 vol% of NH3 

solution in water) was added to the stirred solution to increase the pH to 12.  The 

addition of ammonia solution results in the formation of yellowish brown color 

precipitate.  The precipitate was filtered and then subsequently dried at 80oC for 12 h.  

The agglomerated powder was then ground to fine particles using mortar and pestle.  

The powder was then calcined at 900oC for 10 h in air.  The CPS diffractometer was 

used to obtain the XRD pattern of Sm0.075Nd0.075Ce0.85O2-δ using Cu Kα radiation.  A 

monochromator crystal was used to separate out Cu Kα1 from the incident X-ray beam.  

Peak positions in the XRD pattern were determined by fitting each individual peak with a 

symmetric Pearson VII profiles to model Cu Kα1 using commercially available software 

(i.e., Solver add-in within Microsoft Excel spreadsheet package).  Figure 3-5 shows the 

XRD profile of the calcined powder of Sm0.075Nd0.075Ce0.85O2-δ taken at room 

temperature.  Powder looks phase pure with cubic fluorite structure.  The best estimate 

of the lattice constant (ao) was calculated using the least-squares extrapolation 

method.66  The lattice parameter of Sm0.075Nd0.075Ce0.85O2-δ synthesized using co-

precipitation technique was 5.4299 ± 0.0013 Å.  The estimated lattice parameter value 

is close to the value (5.4314 Å) obtained from the empirical relationship given by Kim.22 
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Figure 3-5.  XRD pattern of Sm0.075Nd0.075Ce0.85O2-δ synthesized using co-precipitation 
technique. 

After the calcination, agglomerated powder was ground using mortar and pestle to 

fine size particles which were then separated using sieve with the aperture opening of 

212 μm.  The particle size distribution of the grounded powder was then measured and 

is shown in Figure 3-6.  It can be seen that the particle size of the powder synthesized 

using co-precipitation is lower than that in solid state method.  The most of the particles 

are less than 0.2 μm in size with the mean size of 0.095 μm.  Similar to the conventional 

solid state route, the particle size distribution obtained using this technique is somewhat 

narrow and mono-disperse which is desirable for good sinterability. 
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Figure 3-6.  Particle size distribution of Sm0.075Nd0.075Ce0.85O2-δ synthesized using co-
precipitation technique. 

3.2.2 Forming 

After synthesizing the phase pure powders from conventional solid oxide route 

and/or co-precipitation techniques, the next step was to fabricate a green ceramic body. 

Approximately 2 wt% of polyvinyl alcohol (PVA) binder was added into the powder to 

assist in forming.  Powder was then mixed with the binder using a mortar and pestle.  

This was performed until the powder stopped sticking to the wall of the mortar.  The 

agglomerates were separated from the powder using a sieve with the aperture opening 

of 212 μm.  Powder consisting of fine size particles was then uniaxially pressed into 

disk-shaped pellets (8 mm in diameter and 4 mm thick) under a pressure of 180 MPa.  

This was followed by the isostatic pressing at 200 MPa for 3 minutes.   
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3.2.3 Solid State Sintering 

Sintering is a process in which the ceramic green body is heat treated to a 

temperature (below the melting point) such that its particles adhere to each other to give 

a desired microstructure. Thus, the porous ceramic body when heated to the sintering 

temperature, it densify to the theoretical density of the material.  This densification rate 

involves the transport of material which in turn depends upon key process parameters 

such as particle size, temperature, time and pressure.  In this work, all the ceramic 

samples were sintered in air.  Thus, the only parameters which were varied were 

temperature, time and particle size of the powder.  Based on this, the effect of 

processing conditions on the electrical property of doped ceria is studied. 

Although the high sintering temperature and time promotes solid state sintering, it 

has a detrimental effect on the ionic conductivity of doped ceria materials.  Fabrication 

of highly dense ceramics at lower sintering temperatures and shorter times remains one 

of the challenges for the application of this material.  Microwave sintering technique was 

used to fabricate dense ceramics of doped ceria at low temperature and time.  The 

effect of microstructure on the ionic conductivity will be discussed in Chapter 6. 

3.2.3.1 Conventional sintering 

The green ceramic pellets obtained from the phase pure powders synthesized 

using solid oxide route were sintered in air at 1550oC for 10 h.  The pellets pressed from 

the Sm0.075Nd0.075Ce0.85O2-δ powder synthesized using co-precipitation technique were 

sintered at 1350oC for 10 h.  The ramp rate in these runs while heating and cooling was 

200oC/hour.  Binder burn out was performed at 400oC for 1 h.  Densities of the ceramic 

samples sintered at 1550oC for 10 h were measured in water using Archimedes’s 

principle and were estimated to be 98% of theoretical density or above. However, the 
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density of the sintered samples fabricated from powder synthesized using co-

precipitation was around 93% of theoretical density. 

3.2.3.2 Microwave sintering 

The green ceramic pellets of Sm0.075Nd0.075Ce0.85O2-δ powder synthesized using 

co-precipitation technique were microwave sintered in a 2.45 GHz microwave furnace 

(Thermwave Mod III).  Microwave furnace was operated at 1.3 kilowatts power output.  

The microwave sintering was performed at 1450oC for 1 h. 

 
 

Figure 3-7.  Sample placed in the thermal pod for microwave sintering. 

Figure 3-7 shows the green ceramic pellet positioned in a zirconia sample holder 

inside the refractory insulation box or thermal pod.  Silicon carbide thermocepts were 

used to boost the temperature rise of both microwave absorbing samples and 

non-absorbing or low absorbing materials.  They can microwave heat materials through 

temperature zones were the material does not readily absorb microwave energy at 2.4 

GHZ.  These thermocepts are arranged around the inside wall of the thermal pod.  The 



 

58 

Archimedes density of the pellets fabricated from the microwave sintering was 

estimated to be around 94% of theoretical density.  

3.2.4 Sample Preparation for Characterization 

After fabricating the high density ceramic pellets, they were processed for different 

characterizations.  In this section, sample fabrication for the different characterization 

techniques utilized will be discussed. 

3.2.4.1 Ionic conductivity 

The high temperature ionic conductivity measurements were performed on dense 

sintered ceramic samples of doped ceria materials.  The sintered pellets were polished 

to obtain planar surfaces.  Pt paste (CL11- 5349, Heraeus) was brushed onto both sides 

of the disk-shaped pellets to serve as the electrode.  The pellets were then co-fired at 

900oC for 1 h.  Pt wires (99.9% pure) with diameter 0.127 mm were attached to the cell 

using Ag adhesive paste to perform ionic conductivity measurements.   

3.2.4.2 X-ray diffraction 

High temperature X-ray diffraction was performed on the doped ceria samples to 

understand the relationships between the crystal structure and ionic conductivity at 

higher temperatures.  After the ionic conductivity measurements, samples were 

mechanically polished with SiC abrasive papers (of different grit sizes), and 

subsequently cleaned using sonicator.  Pellets were then ground to fine particles using 

mortar and pestle.  X-ray diffraction was performed on the sintered fine particles of 

doped ceria. 

3.2.4.3 Scanning electron microscopy 

The microstructural characterization was performed using scanning electron 

microscope (SEM).  The sintered ceramic samples were mechanically polished to a 



 

59 

mirror finish using alumina dispersed polymer grinding discs of different grit size.  After 

polishing, ceramic samples were cleaned using sonication for 30 min.  This was 

followed by thermal etching process.  The clean polished surface of ceramic samples 

was rapidly taken to the temperature 100oC below the respective sintering temperature.  

The heating ramp rate was 600oC/hour.  Samples were kept at the respective 

temperatures for 1 h.  After thermal etching, they were again cleaned using sonication 

for 30 minutes.  They were then coated with carbon for SEM. 

3.2.4.4 Transmission electron microscopy 

The grain boundary study was performed through conventional TEM, using its 

various modes of analysis.  In conventional TEM, these were mainly bright field (BF) 

and dark field (DF) imaging, selected area diffraction patterns (SADP), and energy 

dispersive X-ray analysis (EDX).  These were performed on a JEOL JEM-2010 at 200 

kV having an ultra thin Be window for EDX, attached with a Link Analyzer. 

Sintered disks, 3 - mm in diameter of doped ceria were mechanically polished to a 

thickness of ~30 μm using Gatan’s precision diamond discs of different grades.  Using 

superglue, the ceramic sample was then mounted on the molybdenum TEM sample 

holder (with the shape of a ring).  The sample placed on Mo sample holder was then 

thinned in the precision ion polishing system (PIPS) with argon ions at an accelerating 

voltage of 5 kV, which were incident at both surfaces at an angle of 4° to yield a 

reasonably thin specimen.  After 4 to 10 h of ion milling (depending upon the sample 

thickness), a hole was seen in the centre of the ceramic sample.  The samples were 

then coated with carbon, and were placed under the microscope for microstructural 

study.  
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3.2.5 Impedance Spectroscopy Experimental Setup 

Ionic conductivity measurements were done using two point probe ac impedance 

spectroscopy technique. Figure 3-8 shows the electroded ceramic sample, quartz 

reactor, and impedance spectroscopy setup.   

 

 
 

Figure 3-8.  AC impedance spectroscopy experimental setup. 

Processed ceramic sample was individually heated in a quartz reactor which was 

placed inside a small tube furnace.  The quartz tube consisted of an inlet and outlet for 

gas flow, and gold wires running through alumina rods coated with platinum for 

shielding.  The gold wires were connected to the Pt wires, which were attached to the Pt 

electrodes of the ceramic sample using Ag paste.  At different temperatures, the 

complex impedance (Z) of the sample was measured using Solartron 1260 over the 
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frequency range of 0.10 Hz to 32 MHz.  A 50 mV AC voltage was applied and the 

induced current was measured to produce the impedance spectra.  Measurements were 

performed using 2-point connection to the Solartron.  The Solartron 1260 is interfaced 

with the computer through Z-plot software.  Data acquisition was done through Z-plot 

software.  All the measurements were taken in air, in the temperature range of 250oC to 

700oC.  
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CHAPTER 4 
IONIC CONDUCTIVITY AND DOPING STRATEGIES FOR IONIC CONDUCTIVITY 

ENHANCEMENT  

4.1 Ionic Conductivity 

Lowering the operating temperature range to intermediate temperatures (500–700 

°C) can significantly reduce the cost and extend the SOFC application domain to 

portable power market sectors.67  High ionic conductivity of oxide electrolytes is critical 

for the development of such SOFCs.  Although yttria stabilized zirconia (YSZ) is 

considered to be the most reliable electrolyte in terms of structural and thermodynamic 

stability, its lower ionic conductivity in intermediate temperatures restricts SOFC usage 

to high temperatures (1000°C).7,67  In recent years, doped ceria electrolytes have 

opened up the possibility for such intermediate temperatures SOFCs due to their higher 

ionic conductivity and good thermodynamic stability.9  Among doped ceria electrolytes, 

Gd0.10Ce0.90O2-δ is widely accepted to exhibits the highest ionic conductivity.13  In search 

of advanced ceramic materials that show higher ionic conductivity than Gd0.10Ce0.90O2-δ, 

it is important to investigate the effect of dopants and doping level on the ionic 

conductivity of the doped ceria materials.  This involves investigation of local defect 

structures or complex defect associates (as mentioned in Chapter 2) for different doped 

ceria systems.  In addition, thermodynamic properties such as activation energy for 

oxygen diffusion and entropy of the doped ceria system are also influenced by the 

dopant type and their concentration.68,69  Thus, it is essential to understand these 

relationships, and based on them rationally design higher ionic conductive electrolyte 

materials. 
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As mentioned in Chapter 2, ionic conduction in these materials is a thermally 

activated process. Ionic conductivity (σ) dependence on temperature can be described 

by Arrhenius relationship, 
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where σo, ΔHm, k and T are pre-exponential coefficient, migration enthalpy for oxygen 

diffusion, Boltzmann’s constant and absolute temperature, respectively.  Equation (4-2) 

is the detailed form of the abovementioned Arrhenius relationship, 
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where No is the number of oxygen sites per unit volume, ][ ••
OV  is the fraction of free 

mobile oxygen vacancy present in the oxygen sublattice, qv is the charge oxygen 

vacancy, a is the ion jump distance, oν  is an appropriate lattice vibration, and ΔSm and 

ΔHm is the entropy and enthalpy change, respectively, during oxygen ion diffusion.  

However, the above relationship assumes that there are negligible interactions between 

dopant cations and oxygen vacancies sites.  Due to both electrostatic and elastic 

interactions between these two types of point defects, there is some additional energy 

barrier involved (in addition to ΔHm) for oxygen diffusion.  Thus, there is a possibility of 

the formation local defect structures (also discussed in Chapter 2) such as 

( )//
AOA DVD −− ••  and ( )•••− OA VD /  (i.e., trimers and dimers, respectively).  The additional 

thermal energy (which can be termed as association energy) is required to break free 

the oxygen vacancies from these complex defect associates.52  Taking ( )//
AOA DVD −− ••  
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and ( )•••− OA VD /  defect structures into account, equation (4-2) can be written as equation 

(4-3) and equation (4-4), respectively. 
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where ΔHDimers and ΔSDimers, and  ΔHTrimers and ΔSTrimers are the association enthalpy and 

entropy of dimers and trimers, respectively.  A complete derivation of the above 

relationships can be found in Appendix B.  As these defect structures lower the free 

mobile oxygen vacancy concentration, one of the main objectives while designing the 

electrolyte material is to minimize this association enthalpy (i.e., ΔHDimers and ΔHTrimers).  

The concentration of these defect structures depends on the dopant content and the 

physical properties of acceptor dopants such as ionic radius, charge valence, 

polarizability, etc.22,70  Hence, the selection of dopants for host ceria based on activation 

energy is critical for the development of novel electrolytes. 

In addition, it can be seen from equations (4-3) and (4-4), that the ionic 

conductivity also depends upon the entropy of the system. As mentioned in Appendix A, 

the total entropy of a collection of atoms is a sum of vibrational entropy and 

configurational entropy.24  The uncertainty in the exact value of energy in which the 

atoms vibrates in a given energy level constitutes vibrational entropy.  On increasing the 

temperature, the probability of atoms excited to the higher energy level increases, which 

in turn, increases the vibrational entropy of the system.  The change in vibrational 

entropy as a function of temperature is given in Appendix A.  Similar to free mobile 
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oxygen vacancy concentration (in the pre-exponential term of the Arrhenius 

relationship), entropy term also depends on the temperature.  Further, vibrational 

entropy is also the function of the characteristic frequency in which the atoms vibrate.  

Dopants which exhibit stronger bond strength with oxygen ions will show lower thermal 

entropy, while dopant which shows weaker bond strength will exhibit higher vibrational 

entropy.24  

The total entropy also contains the configurational term which is the measure of 

the number of ways in which the atom can be arranged in a given number of lattice 

sites.  Thus, using two or more dopants, the number of configurations can be increased 

which in turn increase the total entropy in the system.  Previous works have shown that 

using two or more dopants can significantly improve the ionic conductivity.16,18,19  This 

was attributed to the increase in configurational entropy which consequently enhances 

σo.69,71  In the present work, this approach was taken and the co-dopants were used to 

suppress the oxygen vacancy ordering with an aim to enhance the ionic conductivity. 

4.2 Co-doping Strategies 

In the following sections, two different co-doping strategies will be discussed 

followed by results and discussion. The main objectives in both the strategies are to 

minimize the association energy and maximize the pre-exponential coefficient (or 

entropy) which as a result increases the ionic conductivity of the material. 

4.2.1 Critical Dopant Ionic Radius 

The critical dopant ionic radius was first proposed by Kim22, which was later 

revisited by many other researchers72-74.  In this section, the effect of co-doping based 

on critical dopant ionic radius on the ionic conductivity in ceria will be discussed. 
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4.2.1.1 Theory 

As discussed in previous section, activation energy for oxygen diffusion at 

intermediate temperatures consists of migration enthalpy (ΔHmig) of the oxygen ion, and 

the association enthalpy (ΔHassoc) of the local defect structures.  From previous research 

it has been found that in the dilute regime, ΔHmig is independent of dopant 

concentration.75  However, with the increase in oxygen vacancy concentration, the 

probability of the formation of local defect structure increases.  Thus, to enhance the 

ionic conductivity, the minimization of the association of defects is required.  As 

expressed before, this association energy is a function of the coulombic attraction 

between oxygen vacancies and dopant cations sites and the elastic strain field around 

the defect complex.22  According to Kilner et al.21, maximum ionic conductivity in doped 

oxide fluorites is achieved when there is minimum elastic strain present in the lattice.  

Kim22 studied the effect of ionic radius and valence of the dopant cation on the lattice 

parameter of oxide fluorites and a critical ionic radius, rc, was defined as the ionic radius 

of the dopant that neither causes expansion nor contraction of the host fluorite lattice. 

Specifically, for a trivalent dopant cation in host ceria, rc was calculated to be 1.038 Å.  

Figure 4-1 shows the grain (bulk) ionic conductivity as a function of trivalent dopant 

cation.  It is important to note that the grain ionic conductivity data presented in this 

figure are taken from literature.  Gd0.10Ce0.90O2-δ exhibits the highest grain ionic 

conductivity among singly doped ceria electrolytes.  This is consistent with the critical 

ionic radius concept as the ionic radius of Gd3+ (r3+
Gd,VIII = 0.1053 nm) is relatively close 

to the ideal rc value.48 
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Figure 4-1.  Grain ionic (GI) conductivity comparison of D0.10Ce0.90O2-δ at 400oC.  GI 
conductivity data for Gd0.10Ce0.90O2-δ, Sm0.10Ce0.90O2-δ, Y0.10Ce0.90O2-δ and 
Nd0.10Ce0.90O2-δ are taken after Steele13, Zhan et al.76, Zhang et al.77, and Li et 
al.78, respectively, while Gd0.056Y0.044Ce0.90O2-δ, LuxNdyCe0.90O2-δ and 
Lu0.10Ce0.90 O2-δ are from this work. 

4.2.1.2 Materials selection 

As Kim22 suggested, ideal trivalent dopant for host ceria should have the ionic 

radius of 1.038 Å.  In the lanthanide series of the periodic table, Tb3+ cation with VIII 

coordination shows ionic radius of 1.040 Å.48  Hence, based on critical dopant ionic 

radius scheme, Tb3+ is the ideal dopant for host ceria.  Unfortunately, Tb element exists 

in different valence states.  This will promote electronic conduction through the 

electrolyte and lower the ionic transference number.54  In order to test Kim’s hypothesis, 

co-doping pairs were selected based on their ionic radius.  Lu3+ and Nd3+, and Gd3+ and 
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Y3+ were selected as trivalent co-dopant pairs.  They were added in a proportion such 

that the weighed average dopant ionic radius of co-dopants matches rc.  For example if 

xLu and xNd are the proportion of Lu3+ and Nd3+ co-dopants, then they must satisfy the 

following equation: 

cNdLuNdNdLuLu rxxrxrx )( +=+                                              (4-5) 

where rLu and rNd  are the ionic radius of trivalent dopant Lu3+ and Nd3+ with VIII 

coordination, respectively.  By doing so, it was expected that the positive elastic strain 

due to larger dopant cation (i.e., Nd3+ or Gd3+) can be compensated by the negative 

elastic strain due to smaller dopant cation (i.e., Lu3+ or Y3+).  This in turn prevents any 

distortion in fluorite lattice which is usually present in singly doped ceria systems.  

Lu0.054Nd0.046Ce0.90O2-δ and Gd0.056Y0.044Ce0.90O2-δ ceramic samples were synthesized 

using solid oxide route as described in Chapter 3.  In order to study the elastic strain 

behavior as a function of dopant concentration, different composition of LuxNdyCe1-x-yO2-

δ (where x+y = 0.05, 0.10, 0.15 and 0.20) were also synthesized.  In addition, to 

understand the effect of electrostatic interactions alone, LuxCe1-xO2-δ (where x = 0.05, 

0.10, and 0.15) was also investigated as the ionic radius of Lu3+ is approximately the 

same as Ce4+ (r3+
Lu,VIII= 0.977 Å and r4+

Ce,VIII= 0.97 Å).48  Moreover, singly doped ceria 

D0.10Ce0.90O2-δ (where D3+ = Y3+, Gd3+, Sm3+ and Nd3+) samples were also processed 

under similar experimental procedure. 

3.2.1.3 Results and discussion 

In this section, relationship between the elastic strain (measured at room 

temperature) and the ionic conductivity measured at 400oC for co-doped ceria systems 
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will be discussed.  Further, the comparison between the ionic conductivity of co-doped 

ceria with that of Gd0.10Ce0.90O2-δ will be presented. 

X-ray diffraction analysis: To ensure the complete dissolution of dopant in CeO2, 

phase analysis was performed using X-Ray diffraction (XRD) technique. Figure 4-2 and 

Figure 4-3 show the XRD profiles of the calcined powders of LuxNdyCe1-x-yO2-δ (where 

x+y = 0.05, 0.10, and 0.15 and 0.20), Gd0.056Y0.044Ce0.90O2-δ, CeO2 and D0.10Ce0.90O2-δ 

(where D3+ = Lu3+, Y3+, Gd3+, Sm3+and Nd3+).  It can be observed that all the 

compositions studied are single phase with a cubic fluorite structure like pure CeO2.  
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Figure 4-2.  XRD profiles of LuxNdyCe1-x-yO2-δ and Gd0.056Y0.044Ce0.90O2-δ taken at room 

temperature. 
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Figure 4-3.  XRD profiles of D0.10Ce0.90O2-δ taken at room temperature. 

The effect of total dopant concentration (x+y) on the lattice constant ao of the cubic 

fluorite structure of LuxNdyCe1-x-yO2-δ was studied.  The ao of the calcined powders of 

LuxNdyCe1-x-yO2-δ, and LuxCe1-xO2-δ with different total dopant concentrations was 

calculated using maximum likelihood estimation method with tungsten as an internal 

standard.79  Figure 4-4 shows the variation of the elastic strain present in the cubic 

fluorite lattice of LuxNdyCe1-x-yO2-δ, NdxCe1-xO2-δ and LuxCe1-xO2-δ as a function of total 

dopant concentration.  The lattice constant data for the different compositions of 

NdxCe1-xO2-δ was taken after Stephens et al.80  Elastic strain is calculated using the 

following equation: 

Elastic strain 
a

aao −
=                                                     (4-6) 
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where a is the lattice constant of a pure ceria.  Positive and negative elastic strain is 

respectively observed upon the separate addition of Nd3+ and Lu3+.  By contrast, there is 

almost no elastic strain present in the fluorite lattice of LuxNdyCe1-x-yO2-δ, even at high 

dopant concentrations.  This validates the hypothesis that, when combined, the positive 

elastic strain generated by the addition of the larger Nd3+ dopant ion is compensated by 

the negative elastic strain caused by the addition of smaller Lu3+ dopant ion.  Further, 

the lattice parameter of Gd0.056Y0.044Ce0.90O2-δ ceramic was calculated using 

extrapolation method.66  The estimated lattice parameter of Gd0.056Y0.044Ce0.90O2-δ (a = 

5.4133 ± 0.0018 Å) was close to that of standard value of ceria (a = 5.41134 Å) at room 

temperature which is similar to what we obtained in LuxNdyCe1-x-yO2-δ  system.47 
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Figure 4-4.  Elastic strain as a function of dopant concentration. Lattice parameter data 
for NdxCe1-xO2-δ were taken after Stephens et al.7,80 
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Ionic conductivity: Ionic conductivity measurement was performed using ac 

impedance spectroscopy from 250 – 700oC, in air.  The details of this technique can be 

found in Chapter 2.  Figure 4-5 shows the grain ionic conductivity of Gd0.10Ce0.90O2-δ, 

Lu0.054Nd0.046Ce0.90O2-δ, and Lu0.10Ce0.90O2-δ as a function of temperature.  Further, the 

grain ionic conductivity data of Gd0.10Ce0.90O2-δ taken from literature were also plotted.  

It can be seen that the grain ionic conductivity data follows Arrhenius behavior. The 

typical correlation coefficients for a linear least squares fit lie between 0.9995 and 

0.9999. Comparison of the grain ionic conductivity for co-doped ceria with that of singly 

doped ceria is shown in Figure 4-1.  As mentioned earlier, the grain conductivity values 

of different doped ceria systems are taken from literature.  It can be seen that 

Lu0.054Nd0.046Ce0.90O2-δ exhibits higher grain ionic conductivity than either of 

Lu0.10Ce0.90O2- δ and Nd0.10Ce0.90O2-δ, which is consistent with the elastic strain behavior 

observed in Figure 4-4.  However, in the intermediate temperature range, the grain ionic 

conductivity of Lu0.054Nd0.046Ce0.90O2-δ is lower than that of Gd0.10Ce0.90O2-δ.  Thus, even 

though Lu0.054Nd0.046Ce0.90O2-δ shows higher ionic conductivity than singly doped ceria 

(Lu3+ or Nd3+), its ionic conductivity is less than that of Gd0.10Ce0.90O2-δ.  It may be due to 

the large ionic radius difference between the Lu3+ and Nd3+ dopant cations (rLu
3+ =0.977 

Å and rNd
3+ = 1.109 Å).48  On testing the Gd0.056Y0.044Ce0.90O2-δ system (rGd

3+ =1.053 Å 

and rY
3+ = 1.019 Å)48, it is found that the ionic conductivity value of Gd0.056Y0.044Ce0.90O2-

δ lies in between that of Gd0.10Ce0.90O2-δ and Y0.10Ce0.90O2-δ (see Figure 4-4).  Thus, 

even though both co-doped ceria systems show minimal elastic strain, their ionic 

conductivity is less than that of Gd0.10Ce0.90O2-δ.  This shows that minimizing elastic 

strains is good but not enough.  Here, it is important to note that in the structure-
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property relationship proposed by Kim22, both elastic strain and ionic conductivity are 

measured in different conditions.  Ionic conductivities for all the doped ceria electrolytes 

were measured at high temperatures (~ 400oC), while lattice parameters were 

calculated at room temperature.  This will be revisited in the Chapter 5 where structure-

property relationships were determined at higher temperatures.  That will provide the 

correct rc values of the dopant that causes neither expansion nor contraction in the host 

ceria lattice at high temperatures. 
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Figure 4-5.  Arrhenius plot for the bulk ionic conductivity of Gd0.10Ce0.90O2-δ, 
Lu0.10Ce0.90O2-δ, and Lu0.054Nd0.046Ce0.90O2-δ systems in air.  Comparison 
between the present work and literature13,77 for the grain ionic conductivity of 
Gd0.10Ce0.90O2-δ. 
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4.2.1.4 Summary and conclusion 

Based on critical dopant ionic radius, co-dopant strategy was used to investigate 

the effect of elastic strain in the lattice on the grain ionic conductivity of the doped ceria.  

The Lu3+ and Nd3+, and Y3+ and Gd3+ were selected as co-dopant pairs for the host 

CeO2 and they were added in a proportion such that the weighed average dopant ionic 

radius matches rc for all the compositions.  Elastic strain present in LuxNdyCe1-x-yO2-δ 

and Gd0.056Y0.044Ce0.90O2-δ systems was calculated to be negligible when compared to 

singly doped ceria systems.  It was observed that both Lu0.054Nd0.046Ce0.90O2-δ and 

Gd0.056Y0.044Ce0.90O2-δ ceramics show lower grain ionic conductivity than that of 

Gd0.10Ce0.90O2-δ.  The results clearly suggest that the co-dopant strategy based on rc 

does not lead to ionic conductivity higher than that of Gd0.10Ce0.90O2-δ.  However, rc 

proposed by Kim is derived through the empirical relationship, which was obtained for 

room temperature.  The clear view of this co-doping strategy will only be possible, if rc is 

obtained at higher temperatures where the ionic conductivity of these materials is 

measured.  This topic will be revisited in the Chapter 5. 

4.2.2 Density Functional Theory Calculation 

Many of the properties of materials are dependent upon interatomic interactions 

which include the nuclei-nuclei, nuclei-electron, and electron-electron.81  Density 

function theory (DFT) incorporates these interactions by solving Schrödinger’s 

equations typically by using approximations like Kohn-Sham82 to obtain electron-

electron exchange and correlation functions.  DFT provides high materials fidelity and is 

successfully used to describe different types of material systems (metals, 

semiconductors, oxides, etc.).  A review of the DFT approach to solve materials science 

related problems can be found elsewhere.81  In this section, co-doping strategy (for 



 

75 

ceria) based on the DFT prediction of the interaction energy between oxygen vacancy 

and dopant cation will be described.  The ionic conductivity of co-doped ceria with 

different dopant concentration will be compared with Gd0.10Ce0.90O2-δ.  Further, the 

activation energy and the pre-exponential coefficient of co-doped sample will be 

presented in detail. 

4.2.2.1 Theory 

In the recent DFT work by Andersson et al.83 has shown that the total interaction 

energy values for the oxygen vacancy sitting in nearest neighbor (NN) site and the next 

to nearest neighbor (NNN) site for Pm3+ dopant are almost same.  The defect properties 

were modeled within 3 × 2 × 2 supercells with 4.2 % of dopant content.  Figure 4-6 

shows the total interaction as a function of dopant ionic radii for different trivalent 

dopants.  This figure is modified after Andersson et al.83  The total interaction energy 

which is the sum of electrostatic and elastic interaction energies, between trivalent 

dopant cation site and the oxygen vacancy residing in NN and NNN sites, is calculated 

for different trivalent dopant cations using DFT calculations.  The negative sign in the 

interaction energy imply attractive interactions.  In its original form, Figure 4-6 is plotted 

between the total interaction energy and the atomic number of the dopant cation.  The 

atomic number was used to describe the doped ceria system as this is the only physical 

parameter (except for the crystal structure) that is used as an input in DFT calculations.  

The specification of the atomic number in DFT calculations takes into account ionic 

radii, and interactions between electrons.  However, from the experimental point of 

view, it is reasonable to plot the interaction energy as a function of ionic radii of the 

dopant, as this physical property is more relevant while understanding the effect of 

different dopants on the crystal structure.22 
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Figure 4-6.  Total interaction energy between dopant cation and oxygen vacancy sitting 
in nearest neighbor (NN) and next to nearest neighbor (NNN) site (of dopant 
cations) for different trivalent cations.48,83 

The main idea of the present co-doping strategy is to maximize the concentration 

of equi-interaction energy oxygen vacancy sites inside the host ceria lattice.  Figure 4-7 

shows another view of cubic fluorite structure of doped ceria, where oxygen ions form 

the lattice and cerium ions (and dopant ions) sit inside the lattice.  Here, oxygen 

vacancy sits in NN site and NNN site of dopant cation.  The probability of oxygen 

vacancy to sit in any particular site depends upon its interaction energy with dopant 

cation site.  The oxygen vacancies will try to diffuse to the sites where the interaction 

energy is higher.  However, once they are trapped in these higher interaction energy 

sites, they will require additional thermal energy to jump out of there.  If all the sites are 
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of equal interaction energy, then there will be no deep traps for oxygen vacancies.  

Thus, the probability of oxygen vacancies jump out of the traps increases which will 

promote diffusion through the material and minimize the concentration of local defect 

structures.   

 

A 

 

B

Figure 4-7.  Cubic fluorite structure of doped ceria, where oxygen vacancy reside in 
nearest neighbor (NN) site A) and next to nearest neighbor (NNN) site B) of 
dopant cation. 

It can be seen from Figure 4-6 that for Pm3+, and for ions to the right of Pm3+ in the 

lanthanide series, oxygen vacancy interacts strongly with the dopant cation when it 

occupies NN position of the dopant cation.  Moreover, cations with atomic number less 

than the Pm3+ in the lanthanide series usually hold oxygen vacancies in the NNN 

position of the dopant cation.  Thus, around Pm3+ there will be no site preference for 

oxygen vacancies, resulting in an increase in the number of equi-interaction energy 

sites which facilitate the oxygen vacancy diffusion.  It was predicted then that Pm3+ 

doped ceria should exhibits higher ionic conductivity than any other singly doped ceria 

material. 
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4.2.2.2 Materials selection 

Using DFT results, it was shown that Pm3+ is the ideal trivalent dopant cation for 

ceria to exhibit highest ionic conductivity.  Unfortunately, Pm is radioactive and cannot 

be used for electrolyte applications.  The ideal dopant should have an effective atomic 

number around Pm3+ (61) which shows ionic radius of 1.093 Å.48  Therefore, as 

predicted by Andersson et al., a co-dopant scheme using Sm3+ and Nd3+ can provide an 

experimental scenario for testing this hypothesis.  In terms of ionic radius, 1:1 Sm:Nd 

co-doping can be seen as having a weighed average dopant ionic radius ( Effective
NdSmr / ) of 

1.094 Å which is close to Pm3+ ionic radius of 1.093 Å (shown in Figure 4-6).48  Thus, 

based on the Pm3+ atomic number, in the present work the effect of co-dopant pair Sm3+ 

and Nd3+ on the ionic conductivity of ceria based electrolyte is investigated.  Dopants 

were added in equal proportion to achieve the effective atomic number of Pm3+, i.e. 61.  

By doing so, similar total interactions between the oxygen vacancies sitting in NN and 

NNN sites and the dopant cation are expected, with the consequent enhancement of 

the ionic conductivity.  

In order to study the effect of dopant concentration on the crystal structure and 

ionic conductivity, polycrystalline samples of Smx/2Ndx/2Ce1-xO2-δ (where x = 0.01, 0.03, 

0.05, 0.08, 0.10, 0.12, 0.15, 0.18, and 0.20) were synthesized by conventional solid 

state reaction method (as described in Chapter 2).  As Gd0.10Ce0.90O2-δ exhibits the 

highest ionic conductivity among doped ceria systems, therefore for comparison, phase 

pure sample of Gd0.10Ce0.90O2-δ was also processed using the identical experimental 

procedure.  Densities of all the sintered samples were measured in water using 

Archimedes’s principle and were estimated to be 98% of theoretical density or above.53   
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4.2.2.3 Results and discussion 

In this section, the microstructure, lattice parameter, and the ionic conductivity of 

Smx/2Ndx/2Ce1-xO2-δ will be covered.  Also, the comparison between the ionic 

conductivity of Smx/2Ndx/2Ce1-xO2-δ and Gd0.10Ce0.90O2-δ will be presented.  Further, the 

effect of dopant concentration on the crystal lattice and the ionic conductivity at 

intermediate temperatures will be discussed. 

Microstructure analysis: The microstructure of the sintered pellets of 

Smx/2Ndx/2Ce1-xO2-δ was studied using SEM.  A typical micrograph of the surface of the 

Sm0.05Nd0.05Ce0.90O2-δ sample is shown in Figure 4-8.  There is almost no residual 

porosity observed in Figure 4-8 which is consistent with the measured density of the 

sintered pellet.  The mean lineal intercept technique was used to determine the mean 

grain sizes.  The average grain size in each sample was found to be in the range of 4 - 

5 μm.   

 
 

Figure 4-8.  Scanning electron micrograph of the surface of Sm0.05Nd0.05Ce0.90O2-δ 
sintered pellet. 
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X-ray diffraction analysis: To verify the complete dissolution of dopants in ceria, 

phase analysis was performed using X-ray diffraction (XRD).  Curved position-sensitive 

diffractometer was used to obtain the XRD pattern of each composition using Cu Kα 

radiation.  Figure 4-9 shows the XRD profiles measured at room temperature for all the 

compositions of Smx/2Ndx/2Ce1-xO2-δ.  Tungsten was used as an internal standard in the 

powder sample.  It can be observed that all the compositions studied are single phase 

with a cubic fluorite structure like pure CeO2.   
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Figure 4-9.  XRD patterns of Smx/2Ndx/2Ce1-xO2-δ measured at room temperature.  
Tungsten was used as an internal standard. 

Figure 4-10 shows the (111) and (200) peaks of the materials and (110) peak of 

the tungsten standard for different dopant concentration.  It can be observed that with 

the increase in the total dopant content (x), (111) and (200) peaks of the material shift to 
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the lower 2θ angles while (110) peak positions of the tungsten standard remain stable in 

all the compositions.  This clearly indicates that the doped ceria lattice expands with the 

increase in dopant content. 
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Figure 4-10.  Shift in (111) and (200) XRD peaks position of Smx/2Ndx/2Ce1-xO2-δ with 
increase in dopant concentration (x).  Tungsten was used as an internal 
standard. 

Precise lattice constant (ao) for all the compositions of Smx/2Ndx/2Ce1-xO2-δ was 

calculated using the least-squares extrapolation method.66  Figure 4-11 shows the 

lattice parameter of Smx/2Ndx/2Ce1-xO2-δ solid solution as a function of total dopant 

concentration (x).  For comparison, the lattice parameter data of NdxCe1-xO2-δ as a 

function of dopant content is also shown taken after Stephens et al.80  It can be seen 

that for Smx/2Ndx/2Ce1-xO2-δ system, the lattice parameter increases linearly with the 
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increase in Sm3+ and Nd3+ concentration following Vegard’s law.84  Using a least-

squares fitting algorithm, a linear relationship was obtained between the lattice 

parameters of Smx/2Ndx/2Ce1-xO2-δ and dopant content (x).  This can be represented as, 

ao(x) = 0.5412 + 0.0154 x                                      (4-7) 

0 2 4 6 8 10 12 14 16 18 20 22
5.405

5.410

5.415

5.420

5.425

5.430

5.435

5.440

5.445

5.450
 NdxCe1-xO2-δ after Stephens et al.
 Smx/2Ndx/2Ce1-xO2-δ

 

La
tti

ce
 C

on
st

an
t (

Å)
 

x, Dopant Concentration (%)
 

 
Figure 4-11.  Lattice parameter as a function of dopant concentration (mol%) for 

Smx/2Ndx/2Ce1-xO2-δ and NdxCe1-x O2-δ taken after Stephens et al.67,80 

It is important to note that a gradual non-linear increase in the lattice parameter 

with dopant concentration was observed in ceria-neodymium system.  Similar quadratic 

expansion was also reported in YbxCe1-xO2-δ, DyxCe1-xO2-δ, GdxCe1-xO2-δ, and 

YxCe1-xO2-δ systems.85  The lattice parameter behavior for these systems was fitted 

using the quadratic function of the dopant mole fraction.  The first-order term in the 

quadratic relationship was interpreted as the ionic radii mismatch between the dopant 

(rd) and the host cations (rh), which consequently results in the expansion (for rd > rh) or 
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contraction (for rd < rh) of the host lattice with the increase in dopant concentration.  The 

coefficient of the second-degree term was interpreted as a measure of the degree of 

ordering present in the material.  The decrease in the lattice parameter at higher dopant 

concentration can be attributed to the effect of the attractive interactions between 

dopant cations and oxygen vacancies which tend to contract the unit cell.   

As seen from equation (4-7), the coefficient of the second-degree term in the 

lattice parameter - dopant content relationship in Smx/2Ndx/2Ce1-xO2-δ system is 

essentially negligible.  This points to the theory that the oxygen vacancy ordering in 

Smx/2Ndx/2Ce1-xO2-δ system is significantly lower compared to other ceria based 

systems. 

Ionic conductivity: Ionic conductivity measurement was performed on the 

sintered pellets of Smx/2Ndx/2Ce1-xO2-δ using the ac impedance spectroscopy technique 

in air, from 250 –700oC.  It is essential to note that it is the grain ionic conductivity that is 

the intrinsic property of the material; whereas, total conductivity includes microstructural, 

impurity and other contributions to the samples resistance.86  Thus, in the present work, 

comparison between the grain ionic conductivity rather than the total ionic conductivity 

for different materials is reported.  Figure 4-12 shows the typical impedance spectrum of 

an electroded polycrystalline ceramic sample of Sm0.075Nd0.075Ce0.85O2-δ.  Three arcs, 

corresponding to the polarizations of the grain, grain boundary, and the electrode, were 

shown in the impedance spectrum.  The high frequency semi-circle in the spectrum 

which is associated with intra-grain polarization is also shown in the inset.   
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Figure 4-12.  Typical impedance spectrum of a polycrystalline Sm0.075Nd0.075Ce0.85O2-δ 
ceramic measured in air at 300oC.  Inset shows the intra-grain polarization 
contribution. 

The grain ionic resistance was calculated by fitting the observed impedance 

spectrum with the analog equivalent circuit having three parallel resistor-constant phase 

element (R-CPE) pairs in series.  Further details about impedance spectroscopy are 

given in Chapter 2.  The reported grain ionic conductivity for each composition is the 

average of the grain ionic conductivity values measured for three different test samples 

of the same composition with varying geometrical aspect ratio.  The typical error 

assiated with the values of the reported grain ionic conductivity is < 2%.  Furthermore, 

no density correction has been made on the reported grain ionic conductivity data as 

the density of all the sintered pellets is 98% of the theoretical density or above. 
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Figure 4-13.  Arrhenius plots for the grain ionic conductivity of Smx/2Ndx/2Ce1-xO2-δ.  
Dopant concentration (x) is reported in mol%. 

Figure 4-13 shows the Arrhenius plot of the grain ionic conductivity for 

Smx/2Ndx/2Ce1-xO2-δ.  In the dilute regime, the grain ionic conductivity increases with the 

increase in the dopant concentration.  This can be explained as there are limited defect 

interactions, and the ionic conductivity mainly depends upon the oxygen vacancy 

concentration.  However above 5 mol%, the grain ionic conductivity decreases with 

increase in total dopant concentration (x) in the lower intermediate temperatures (< 
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450oC).  This can be attributed to the increase in the defect interactions, which 

consequently decreases the number of low energy migration paths for oxygen 

vacancies, and lower the mobile oxygen vacancy concentration. 
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Figure 4-14.  Log σo as a function of activation energy measured below 475oC for 
Smx/2Ndx/2Ce1-xO2-δ.  Line connecting data points for each composition is 
shown for visual aid. 

Further, it can be seen from the Figure 4-13 that the Arrhenius plots for the grain 

ionic conductivity of all the compositions (> 5 mol %) converges to a common transition 

point, i.e. around 475oC.  Around this temperature, conductivity becomes independent 

of dopant concentration.  Such behavior was also previously reported in a wide range of 

materials and is commonly known as Meyer-Neldel rule.87  Hohnke reported a similar 

trend for the ionic conductivity of GdxCe1-xO2-δ.88  Recently, Stephens et al. observed 
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Meyer-Neldel behavior for the ionic conductivity in NdxCe1-xO2-δ at higher Nd3+ 

concentration.80  Based on the Meyer-Neldel rule, the magnitudes of the pre-exponential 

factor (σo), and activation energy (ΔH) can be linked by a following relationship, 

log σo = α ΔH + β                                                          (4-8) 

where α and β are constants.  Figure 4-14 is a plot between the log σo and ΔH for 

Smx/2Ndx/2Ce1-xO2-δ.  For the higher dopant concentration (> 5 mole %), log σo shows a 

linear relationship with ΔH which is consistent with the above mentioned relationship.  

Using least-squares linear regression, the values for α and β were found to be 6.6839 

and 0.6443, respectively. 

According to Almond et al., To, which is a common transition point for the 

Arrhenius plots for the conductivity data of all the composition, corresponds to an order-

disorder transition in the mobile ion sublattices in a ionically conductive material.89  

Thus, above To, mobile ions no longer remained ordered on their lattice sites.  

According to Nowick et al., To can be seen as a transition temperature between the 

stage where most of the carriers are bound at various traps and the stage where all the 

carriers are free.87  This suggests that above To, almost all the oxygen vacancies are 

free to migrate for any dopant concentration.  It is difficult to confirm this hypothesis as 

the Arrhenius conductivity plots of Smx/2Ndx/2Ce1-xO2-δ exhibit a gradual, rather than a 

sharp, change in slope with temperature.  In addition, the extent of formation of local 

defect structures also increases with the increase in dopant concentration; therefore, 

higher oxygen vacancy concentration systems will require higher thermal energy (or 

temperature) for the oxygen vacancies to surpass the dopant interaction barrier.  
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Furthermore, for the dopant concentration in the dilute regime, Arrhenius plots never 

exhibit any crossover point. 
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Figure 4-15.  Grain ionic conductivity as a function of x, dopant concentration (mol%) in 
Smx/2Ndx/2Ce1-xO2-δ and GdxCe1-xO2-δ.  The grain ionic conductivity of 
Gd0.10Ce0.90O2-δ (this work) at different temperatures is also plotted.53,67,77 

Figure 4-15 shows the grain ionic conductivity of Smx/2Ndx/2Ce1-xO2-δ at different 

temperatures.  For comparison, measurements of Gd0.10Ce0.90O2-δ synthesized under 

identical experimental conditions in our lab are presented, as well as recent data on the 

same GdxCe1-xO2-δ composition from Zhang et al.77  Our Gd0.10Ce0.90O2-δ data is 

comparable with grain ionic conductivity values reported by Zhang et al.  At lower 

temperatures, the grain ionic conductivity of Smx/2Ndx/2Ce1-xO2-δ looks comparable to 

that of GdxCe1-xO2-δ.  However, with the increase in temperature Smx/2Ndx/2Ce1-xO2-δ 
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clearly surpasses GdxCe1-xO2-δ.  Among all the compositions of Smx/2Ndx/2Ce1-xO2-δ, 

Sm0.09Nd0.09Ce0.82O2-δ exhibits the highest grain ionic conductivity above 600oC (3.47 × 

10-2 S·cm-1 at 650oC).  The reported ionic conductivity is 35% higher than that of GDC. 

Below 600oC, Sm0.075Nd0.075Ce0.85O2-δ is the highest ionically conductive material in 

doped ceria material. 
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Figure 4-16.  Arrhenius plot for the grain ionic conductivity of Sm0.075Nd0.075Ce0.85O2-δ 
and Sm0.05Nd0.05Ce0.90O2-δ.  The grain ionic conductivity of Gd0.10Ce0.90O2-δ 
(our work) at different temperatures is also plotted.67 
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At 550oC, the grain ionic conductivity of Sm0.075Nd0.075Ce0.85O2-δ and 

Sm0.05Nd0.05Ce0.90O2-δ was found to be 14.0 × 10-3 S·cm-1 and 12.2 × 10-3 S·cm-1, 

respectively.  The measured grain ionic conductivity data of Sm0.075Nd0.075Ce0.85O2-δ and 

Sm0.05Nd0.05Ce0.90O2-δ was 30% and 14% higher than that of Gd0.10Ce0.90O2-δ (~ 10.7 × 

10-3 S·cm-1), respectively, which is the widely accepted material to exhibit highest ionic 

conductivity among doped ceria.  This is a proof that, on the basis of conductivity, 

Smx/2Ndx/2Ce1-xO2-δ is the most promising ceria-based electrolyte for SOFCs operating in 

the intermediate temperature range. 

As mentioned earlier, the higher grain ionic conductivity of Smx/2Ndx/2Ce1-xO2-δ 

electrolytes can be attributed to the increase in the number of equi-interaction energy 

sites which lower the activation energy and facilitate oxygen ion diffusion in the lattice.  

In addition to the activation energy, using co-dopants also enhances the configuration 

entropy of the system which, in turn, increases the pre-exponential factor in the 

Arrhenius relationship.  Figure 4-16 shows the Arrhenius plot for the grain ionic 

conductivity of Sm0.05Nd0.05Ce0.90O2-δ, Sm0.075Nd0.075Ce0.85O2-δ and Gd0.10Ce0.90O2-δ in 

intermediate temperatures.  The results clearly show that Sm0.05Nd0.05Ce0.90O2-δ exhibits 

higher grain ionic conductivity than that of Gd0.10Ce0.90O2-δ at almost all the 

temperatures.  However, in the high intermediate temperature, Sm0.075Nd0.075Ce0.85O2-δ 

is the material that exhibits the highest grain ionic conductivity.67  Table 4-1 compares 

the σ, ΔH, and σo of Sm0.05Nd0.05Ce0.90O2-δ, Sm0.075Nd0.075Ce0.85O2-δ and 

Gd0.10Ce0.90O2-δ.  The error in the values of σ, ΔH, and σo was calculated by measuring 

the grain ionic conductivity of the test samples with different geometrical aspect ratios.  

Given the error associated with the experimentation, it can be seen from the Table 4-1 
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that Sm0.05Nd0.05Ce0.90O2-δ exhibits higher σ than that of Gd0.10Ce0.90O2-δ.  The result can 

be attributed to the higher σo and lower ΔH of Sm0.05Nd0.05Ce0.90O2-δ than that of 

Gd0.10Ce0.90O2-δ.  This validates the hypothesis that co-dopants based on Pm3+ atomic 

number (with ionic radii in the close proximity to Pm3+) results in the enhancement of 

grain ionic conductivity.  Although, Sm0.075Nd0.075Ce0.85O2-δ exhibits the highest ionic 

conductivity among doped ceria, it shows higher ΔH than that of Gd0.10Ce0.90O2-δ and 

Sm0.05Nd0.05Ce0.90O2-δ.  However, it possesses higher σo which shows dominant effect 

on ionic conductivity compared to ΔH.  This indicates that for a high ionic conductive 

material, both a low ΔH and a maximum σo are required.   

Table 4-1.  Comparison of the ΔH and log σo for Gd0.10Ce0.90O2-δ, Sm0.05Nd0.05Ce0.90O2-δ. 
and Sm0.075Nd0.075Ce0.85O2-δ measured below 550oC.  Further, σ of these 
oxide materials at 550oC is also reported.67 

Materials σ (S·cm-1.K)] ΔH (eV) Log10 [σo (S·cm-1.K)] 
Gd0.10Ce0.90O2-δ 10.7 ± 0.4 × 10-3 0.6900 ± 0.0030 5.184 ± 0.020 

Sm0.05Nd0.05Ce0.90O2- δ 12.2 ± 0.3 × 10-3 0.6867 ± 0.0003 5.215 ± 0.002 
Sm0.075Nd0.075Ce0.85O2- δ 14.0 ± 0.2 × 10-3 0.7634 ± 0.0038 5.5565 ± 0.020 

 
Figure 4-17 shows the grain ionic conductivity trend of Smx/2Ndx/2Ce1-xO2-δ as a 

function of dopant concentration at different temperatures.  Initially, the grain ionic 

conductivity increases with the increase in dopant concentration.  However, it reaches a 

maximum and then substantially drops beyond certain dopant concentration at lower 

temperatures.  Degradation of the grain ionic conductivity at higher dopant 

concentration is related to the formation of local defect structures, which lowers the 

mobile oxygen vacancy concentration.  Moreover, it is interesting to observe that as the 

temperature increases, the maxima of the grain ionic conductivity in the Figure 4-17 

shifts toward the higher dopant concentration.  A similar trend was also observed in 

GdxCe1-xO2-δ and YxCe1-xO2-δ by Zhang et al.77 and Tian et al.62, respectively.  This 
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behavior indicates the dissociation of complex defect structures (present mainly at 

higher dopant concentration) at higher temperatures to give mobile oxygen vacancies.  

Since the ionic conductivity depends mainly on the mobile oxygen vacancy 

concentration, therefore, with the increase in temperature ionic conductivity maxima 

shift toward higher dopant concentrations.  
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Figure 4-17.  Grain ionic conductivity of Smx/2Ndx/2Ce1-xO2-δ as a function of x, dopant 
concentration (mol%).  Lines connecting data points for different temperatures 
is shown for visual aid. 

Since the Arrhenius plot for the grain ionic conductivity exhibits a gradual decrease 

in the slope at higher intermediate temperatures, it is difficult to distinguish the regimes 

where the association-dissociation of oxygen vacancies is taking place.  As mentioned 

earlier, the cross-over point of Arrhenius plots for the grain ionic conductivity of 
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Smx/2Ndx/2Ce1-xO2-δ (for x > 0.05) was interpreted as the association - dissociation 

temperature of oxygen vacancies, hence, for the purpose of this study it is assumed that 

the transition occurs at 475oC.  Using a least-squares algorithm, high and low 

temperature region of Arrhenius plot is linearly fitted.  The fit of the data is generally 

quite good, with correlation coefficients for a linear least-squares fit between 0.9997 and 

0.9999.  Activation energy values for the ionic conduction in these materials are 

calculated from the high and low temperature gradients of the fitted Arrhenius plots. 
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Figure 4-18.  Activation energy for oxygen ion diffusion in Smx/2Ndx/2Ce1-xO2-δ measured 

below 475oC and above 475oC, as a function of x. Line connecting data points 
for different temperatures is shown for visual aid. 

Figure 4-18 shows the plots of activation energy for the grain ionic conductivity of 

Smx/2Ndx/2Ce1-xO2-δ, measured below 475oC and above 475oC, as a function of dopant 
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concentration (x).  The activation energy measured in the range of 475oC - 250oC, can 

be seen as a sum of two contributions, the association enthalpy (ΔHassociation) and 

migration enthalpy (ΔHmigration).  Initially, the addition of dopant cations in ceria 

decreases the activation energy for oxygen vacancies diffusion.  However, around 5 

mol% dopant concentrations, activation energy plot exhibits a minimum.  A similar trend 

of activation energy as a function of dopant concentration was earlier reported by Faber 

et al.14 for various rare earth oxides doped ceria systems.  According to Faber et al., this 

decrease is due to the presence of attractive interactions between dopant cations and 

oxygen vacancies, with the increase in dopant concentration leading to an increase in 

the number of percolation paths.  However, above 5 mol% dopant concentration, with 

increasing dopant concentration, there is an increasing probability that the dopant 

cations sit in close proximity.  This results in the formation of “deep traps” that 

accommodate all existing mobile oxygen vacancies.14  Consequently, the oxygen 

vacancy diffusion paths become more resistive and therefore the activation energy for 

ionic conduction increases.  

As most of the oxygen vacancies above 475oC are assumed to be mobile, the 

reported activation energy measured above 475oC (in Figure 4-18) is equal to the 

migration enthalpy of the oxygen ion diffusion.  It can be seen that the ΔHmigration also 

experiences a minima at 5 mol% dopant concentration.  Similar results have been 

observed for activation energy measured at higher temperatures for NdxCe1-xO2-δ 

system, by Stephens et al.80  However, based on nuclear magnetic resonance (NMR) 

studies, Fuda et al.90 concluded that the migration enthalpy is independent of dopant 

concentration.  Their results are not in agreement with the migration enthalpy data.  
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According to Ralph et al.91, compositional independence of migration enthalpy only 

holds good in the dilute regime.  Assuming the dilute regime in Smx/2Ndx/2Ce1-xO2-δ 

system extends to 5 mol%, it can be seen that the migration enthalpy decreases with 

the increase in dopant concentration.  This behavior of ΔHmigration can be explained in 

terms of continuous network of oxygen vacancies.  As the dopant concentration 

increase in the dilute regime, number of low energy migration paths increase which 

effectively decrease the migration enthalpy. 

4.2.2.4 Summary and conclusion 

In search of advanced materials that show improved ionic conductivity, both pre-

exponential factor and the activation energy (in the Arrhenius relationship) for oxygen 

diffusion need to be optimized.  Co-dopants were used to suppress the oxygen vacancy 

ordering and increase the pre-exponential factor in the system.  The relative co-dopant 

concentration was based on the effective atomic number of Pm3+.  This novel approach 

was based on the computational work which suggests using co-dopant with an average 

effective atomic number of Pm (61).  By doing so, the increase in the number of equi-

interaction energy sites of oxygen vacancy was expected, which as a result, facilitates 

oxygen diffusion.  This in turn increased the ionic conductivity of the material.  

Therefore, a co-doping scheme using Sm3+ and Nd3+ provided the experimental 

scenario to test this hypothesis.  Lattice parameter as a function composition obeys 

Vegard’s law which indicates, short range oxygen ordering in Smx/2Ndx/2Ce1-xO2-δ 

system is not as pronounced as in other singly doped ceria system.  Among all the 

compositions of Smx/2Ndx/2Ce1-xO2-δ, Sm0.09Nd0.09Ce0.82O2-δ exhibits the highest grain 

ionic conductivity above 600oC (3.47 × 10-2 S·cm-1 at 650oC). The grain ionic 

conductivity of Sm0.09Nd0.09Ce0.82O2-δ was found to be 35% higher than that of 
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Gd0.10Ce0.90O2-δ at 650oC.  Below 600oC, Sm0.075Nd0.075Ce0.85O2-δ is the highest ionically 

conductive material in doped ceria material.  At 550oC, the grain ionic conductivity of 

Sm0.075Nd0.075Ce0.85O2-δ was found to be 30% higher than that of Gd0.10Ce0.90O2-δ.  Thus, 

it was shown that co-doping based on Pm atomic number results in the enhancement of 

ionic conductivity.  Further, at higher dopant concentrations, Smx/2Ndx/2Ce1-xO2-δ system 

follows Meyer-Neldel rule.  Taking the common transition point of Arrhenius plots as 

association-dissociation temperature of oxygen vacancies, migration enthalpy in 

Smx/2Ndx/2Ce1-xO2-δ system was calculated.  It was shown that the migration enthalpy do 

have dependence on dopant concentration in dilute regime.  Furthermore, shift in the 

grain ionic conductivity maxima toward higher dopant concentration with the increase in 

temperature, was observed in Smx/2Ndx/2Ce1-xO2-δ system.  

4.3 Processing Effects on Ionic Conductivity 

In light of the comparison here proposed between singly doped and co-doped 

electrolytes, it is important to note that, for example, a literature survey of the reported 

grain ionic conductivity of Gd0.10Ce0.90O2-δ reveals a wide range of values as presented 

in Figure 4-1 and Figure 4-19.  Inspection of the experimental procedure followed in 

each work indicates a strong correlation between the powder synthesis technique and 

the conductivity observed.  Typically, co-precipitation techniques lead to higher 

conductivity values and solid state processing methods result in lower ones.63       

Figure 4-19 compares the grain ionic conductivity at 600oC of singly doped ceria 

reported here with that from literature.  Since in our work solid state processing was 

employed, as expected, the grain ionic conductivity here reported for Gd0.10Ce0.90O2-δ is 

lower than that of Steele.13  On the other hand, its conductivity is higher that of Reddy et 

al.61  Similar is the case with Sm0.10Ce0.90O2-δ.  However, our Nd0.10Ce0.90O2-δ exhibits 
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much higher grain ionic conductivity than reported by Stephens et al.80 and Li et al.78  It 

can be inferred that besides composition, processing related variables such as grain 

size distribution, dopant redistribution within the grain, grain impurities, and extended 

grain defects also play a vital role in the enhancement of the grain ionic conductivity of 

the electrolytes. 
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Figure 4-19.  Grain ionic conductivity comparison at 600oC between our work and 

literature.  Grain ionic conductivity data (1), (2), (3), (4), and (5) is taken from 
Reddy et al.61, Steele13, Zhan et al.76, Stephens et al.80, and Li et al.78, 
respectively.  

Clearly, a consistent set of data for the ionic conductivity of all the doped ceria 

systems is required in which the processing variable to synthesize ceramic samples 

remain constant.  This will provide a clear idea about the ideal dopant for ceria which 



 

98 

shows the highest ionic conductivity, when all the materials are synthesized under 

similar processing conditions.  After identifying the highest ionic conductive material, the 

ionic conductivity can be improved using lower sintering temperature and higher purity 

processing conditions. The variation of processing conditions to improve the ionic 

conductivity of doped ceria will be discussed in the Chapter 6.
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CHAPTER 5 
STRUCTURE-PROPERTY RELATIONSHIPS IN DOPED CERIA MATERIALS AT 

HIGH TEMPERTATURES 

5.1 Introduction 

High ionically conductive electrolyte materials are critical for the development of 

SOFCs operating in intermediate temperature range.  Acceptor doped ceria materials 

are potential candidates for this application.  For a given dopant valence (di- or trivalent) 

and concentration, oxygen ion conductivity in ceria system depends primarily upon the 

dopant size.  According to Kilner et al.21, maximum ionic conductivity is achieved in the 

system which shows neither contraction nor expansion upon the addition of dopant 

cation.  For example, most of the ionic radii of commonly used dopant cations lie closer 

to the ionic radius of Ce4+ than Zr4+.  Thus, it is expected that for the same dopant 

cation, activation energy for oxygen vacancy diffusion involved in doped CeO2 systems 

must be lower than that in doped ZrO2.  From Chapter 2, it is known that activation 

energy is comprised of migration and association enthalpies.  The migration enthalpy in 

both the systems is almost comparable; therefore, it is the association enthalpy (of local 

defect structures) that dictates the oxygen ionic conductivity in the material.  Table 5-1 

compares the migration and association enthalpies in ZrO2 and CeO2 doped with 

Ca2+.21  It can be seen that the association enthalpy in doped CeO2 system is lower 

than that in doped ZrO2, which clearly indicates that the lower ionic radius difference 

between the dopant (rd) and host (rh) cations, results in higher ionic conductivity.  

Although the difference in the host and dopant cations ionic radius (rh-rd) is 

important, the creation of oxygen vacancies in the host lattice (to maintain charge 

neutrality) by the addition of acceptor dopants, also influences the lattice geometry.  The 

presence of oxygen vacancies instead of oxygen anions results in the contraction of the 
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lattice.  Given (rh-rd) is negligible, the increase in the dopant concentration results in the 

contraction of the host lattice.92  For example, as presented in Chapter 4, in LuxCe1-xO2-δ 

system, although the ionic radius difference between Lu3+ and Ce4+ is very small 

(r3+
Lu,VIII= 0.977 Å and r4+

Ce,VIII= 0.97 Å), the increase in the dopant concentration 

contracts the host ceria lattice.7,48 

Table 5-1.  Activation energies for ZrO2 and CeO2 systems doped with Ca2+.21 
Activation Energy Ca-doped ZrO2 Ca-doped CeO2 

Migration Enthalpy (eV) 0.68 0.61 

Association Enthalpy (eV) 1.00 0.64 

 

Aleksandrov et al.93 estimated the lattice strain in Y2O3-ZrO2 solid solution as a 

function of dopant concentration, which was later modified by Ingel et al.94, by adding 

the dopant size effect on the lattice.  However, the proposed model does not fit to other 

fluorite AO2 type oxide (where A is a cation) systems, as it does not precisely take into 

account the effect of oxygen vacancies.  In order to compensate the oxygen ion 

vacancies, some arbitrary values of ionic radii were used.  Glushkova et al.92 used both 

ionic radius difference (between host and dopant cations), and the oxygen vacancies 

creation factors into account to describe the change in the lattice constant of lanthanide 

doped fluorite oxides.  The contraction of the lattice due to the formation of oxygen 

vacancies was described in terms of an effective oxygen-ionic radius, which becomes 

smaller with the increase in dopant content.  The effective oxygen ionic radius ( effective
Or ) 

was defined as, 

( ) 6.3
1

138.1 mr effective
O −=                                                  (5-1) 
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where 1.38 Å is the ionic radius of O2- (four-fold co-ordination), m is the molar 

concentration of lanthanide oxide (LnO1.5) , and 3.6 is the correction factor for the 

association of oxygen vacancies.  The units of effective
Or  is Å.  The model shows good 

agreement with the experimental data for LnO1.5-ZrO2 and LnO1.5-HfO2 systems.  

However, lattice parameter calculated from the model shows deviation from the 

measured values for LnO1.5-CeO2 and LnO1.5-ThO2 systems.  The deviation is even 

larger, if alkaline dopant cations are used instead of LnO1.5.  

Kim22 studied the elastic strain formed in the host fluorite oxide lattice by the 

substitution of acceptor dopant cations for host cations.  Using multiple regression 

analysis, empirical relationship for the lattice parameter change in the doped ceria 

system, as a function of the difference in the ionic radius between host and dopant 

cation (rh-rd), dopant valence and dopant concentration was established for room 

temperature.  Equation (5-2) shows the lattice change for the ceria solid solutions, 

( )∑ Δ+Δ+=
k

kkkCe mzra 0015.022.0413.5                              (5-2) 

where aCe (in Å) is the lattice parameter of the ceria solid solution at room temperature, 

Δrk (in Å) is the ionic radius difference (rk-rh) between kth dopant (rk) and host (rh) 

cations, Δzk is the valence difference (zk-zh) between kth dopant (zk) and host (zh) 

cations, and mk is the mole percent of the kth dopant cation.  It was assumed that the 

solid solution of doped ceria obeys Vegard’s law i.e., a linear relationship exists 

between lattice parameter and concentration of solute.84  

Using equation (5-2), the critical ionic radius (rc) of the dopant was proposed.  

Dopant with ionic radius equal to rc, will neither cause expansion nor contraction in the 

host fluorite oxide lattice.  For the trivalent dopant cation and host ceria, rc was 
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determined to be 1.038 Å.22  Based on Kilner et al.’s prediction, dopant with rc is the 

ideal dopant for ceria to show highest ionic conductivity.  Thus, the ionic conductivity in 

doped ceria materials depends upon the difference ( cd rr − ) between the ionic radius of 

the dopant cation and rc.  The lower the cd rr −  value for a particular dopant, the higher 

the ionic conductivity for that system is expected to be.  Using a similar argument, Kim 

suggested that Gd3+ exhibits the highest ionic conductivity as the ionic radius of Gd3+ 

(r3+
Gd,VIII= 1.053 Å) lies close to rc.48 

Hong et al.74 proposed a model to estimate lattice parameter of trivalent doped 

ceria at room temperature using a different approach.  Oxygen vacancy was considered 

to be one of the species, and a radius (
OVr ) was assigned to it which was assumed to be 

constant with respect to dopant concentration and dopant ionic radius.  Thus, 
OVr  has a 

unique value for a given solid solution.  Using this approach, lattice parameter (a) as a 

function of dopant concentration (x) and dopant ionic radius (rd) was proposed and is 

given by, 

[ ] [ ]OCeVOCed rrxrrrra
O

+××+××+×−−××= 9971.0
3

425.025.09971.0
3

4    (5-3) 

where rCe and ro are the ionic radius of Ce4+ and O2-, respectively.  Equation (5-3) obeys 

Vegard’s law.  Using this model, the critical ionic radius (rc) for the trivalent dopant 

cation was proposed for ceria, the definition of which is similar to Kim’s definition of rc.  

The rc is defined for which the Vegard’s slope = 0.  For the trivalent dopant cations, the 

rc value is estimated to be 1.024 Å by plotting measured values of Vegard’s slopes for a 

number of dopant cations against the dopant cation ionic radius.   
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In the literature, it has been reported that Sm3+ and Gd3+ are the ideal dopants for 

ceria to show higher conductivity among other dopant cations.9,71  The ionic radius of 

Sm3+ (r3+
Sm,VIII= 1.079 Å) is higher than that of Gd3+ and shows cd rr −  value of 0.041 

Å.48  The rc value is taken from the Kim’s22 proposed model.  Also, it is known that Dy3+ 

shows lower ionic conductivity than that of Gd3+ and Sm3+.9  The cd rr −  value is lowest 

for Dy3+ (0.011 Å), when compared with Gd3+ (0.015 Å), and Sm3+ (0.041 Å).  These 

results contradict Kilner et al.’s hypothesis.   

It is important to note that the rc derived by Kim, was obtained from the elastic 

strain (or lattice parameter) measured at room temperature.  The ionic conductivity of 

doped ceria electrolyte materials is usually measured between 400oC to 700oC.  It may 

be possible that the rc value increases with the increasing temperature.  Hence, it is 

important to test the Kilner et al.’s hypothesis by obtaining rc value at higher 

temperatures.21  Also important is the fact that the ionic conductivity of these electrolyte 

materials depend upon processing variables.7,63  Keeping the processing conditions 

constant, it is important to synthesize ceria based materials with different trivalent 

dopants.  This will provide a consistent set of ionic conductivity data that can be used to 

obtain elastic strain – conductivity relationships at higher temperatures.   

As discussed by Inaba et al.9 in the review of ceria based electrolytes, trivalent 

acceptor cations as dopants exhibit higher ionic conductivity than divalent cations in 

ceria, therefore, in the present work, trivalent cations were used as dopants for host 

ceria.  Polycrystalline ceramic materials of D0.10Ce0.90O2-δ (where D3+ = Lu3+, Yb3+, Er3+, 

Y3+, Dy3+, Gd3+, Sm3+, Nd3+) were synthesized under similar experimental conditions 

described in Chapter 3.  In addition to this, different compositions of Smx/2Ndx/2Ce1-xO2-δ 
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(x = 0.01, 0.03, 0.05, 0.08, 0.010, 0.12, 0.15, 0.20) were also processed using same 

experimental procedures.  Ionic conductivity measurements were performed using two - 

point probe ac impedance spectroscopy, from 250oC to 700oC in air.  This was followed 

by high temperature X-ray diffraction (XRD) of the crushed sintered samples of doped 

ceria materials from room temperature to 600oC.  Curved position sensitive 

diffractometer CPS120 (with modified Debye - Scherrer geometry) was used to perform 

high temperature XRD.  A monochromator crystal was used to separate out Cu Kα1 from 

the incident X-ray beam.  The ground powders were placed on top of an alumina tube, 

inside a water-cooled furnace.  Furnace temperature was controlled using a commercial 

software with 2oC tolerance.  Samples were first heated to 600oC, and then 

measurements were performed at different temperatures (in air), while the furnace 

temperature is lowered.  A ramp rate of 8oC/minute was maintained for the furnace to 

heat up to 600oC and then cool down to room temperature.  Before the start of the data 

acquisition at any temperature, around 10 minutes of waiting time was given for the 

material to come into equilibrium with the temperature.  Data acquisition at each 

temperature was performed for 1 h.  Peak positions in the XRD pattern were determined 

by fitting each individual peak with a symmetric Pearson VII profile to model Cu Kα1 

using a commercially available software (i.e., Solver add-in within Microsoft Excel 

spreadsheet package).  The best estimate of the lattice constant was calculated using 

the extrapolation method.66  This method corrects for the most common error in lattice 

parameter determination, that of vertical sample displacement.95  Further information 

about this method is given in Appendix D. 
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Figure 5-1.  The (331) peak in XRD profiles of Gd0.10Ce0.90O2-δ measured at 400oC in 
different ramping conditions.  Dots are the experimental data, and the line is 
the symmetric Pearson VII function peak fit. 

In order to confirm that the XRD patterns obtained while the furnace is cooling 

down and heating up are same, measurements were taken for Gd0.10Ce0.90O2-δ ceramic 

in both situations.  Figure 5-1 shows the fitted (331) peak of Gd0.10Ce0.90O2-δ at 400oC in 

air.  The fitted peak profile parameters for both the conditions are given below (in Table 

5-2). 

Table 5-2.  Fitted (331) XRD peak profile parameters for Gd0.10Ce0.90O2-δ at 400oC, 
measured while the furnace is heating up and cooling down. 

 2θ (Degrees) 
Full width of half max. 

(Degrees) 

Heating 76.939 0.077 

Cooling 76.935 0.081 
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It can be seen that in both profiles, peak position values are very close to each 

other.  This clearly indicates that there is no evidence of significant thermal hysteresis 

present in the material. 

5.2 Crystal Structure of Trivalent Acceptor Doped Ceria at High Temperature 

5.2.1 High Temperature X-Ray Diffraction  

High temperature XRD patterns were taken for different doped ceria systems at 

temperatures ranging from 25oC to 600oC, in air.  Figure 5-2 and Figure 5-3 show the 

XRD profiles of Sm0.10Ce0.90O2-δ and Lu0.10Ce0.90O2-δ, respectively, measured at different 

temperatures.  All the patterns look similar to that of pure ceria shown in Chapter 2, 

which clearly indicates that, both Sm0.10Ce0.90O2-δ and Lu0.10Ce0.90O2-δ ceramics, remain 

phase pure cubic at intermediate temperature range in air.   
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Figure 5-2.  XRD profiles of measured Sm0.10Ce0.90O2-δ at different temperature in air. 
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Figure 5-3.  XRD profiles of measured Lu0.10Ce0.90O2-δ at different temperature in air. 

In the insets of Figure 5-2 and Figure 5-3, the (311) peak of the XRD patterns 

measured at different temperatures for Sm0.10Ce0.90O2-δ and Lu0.10Ce0.90O2-δ, 

respectively, are also shown.  With the increase in temperature, the (311) peak shifts 

toward lower 2θ angle which indicates the thermal expansion of the lattice of doped 

ceria system. The XRD profiles measured for other doped ceria systems at higher 

temperatures are presented in Appendix C.  All the doped ceria materials are phase 

pure with no extra peaks of other phase present in XRD profiles.   
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5.2.2 Lattice Strain 

5.2.2.1 Thermal strain 

The solid oxide electrolyte is an essential component of SOFC device which 

operates in the temperature range between 400oC to 800oC.  Together with electrolyte, 

an SOFC consists of an anode, a cathode, and interconnector.  Thus, the device can be 

regarded as a typical example of composite materials.  For such composite materials to 

avoid thermal stresses at high temperatures, it is required that all the components of the 

materials possess nearly the same thermal expansion coefficient over a wide 

temperature range.96,97  For example, it is recognized that the highest accepted 

mismatch in thermal expansion coefficient between cathode and electrolyte materials 

should not exceed 30%.98  Higher difference in thermal expansion results in the 

mechanical fracture of the components during the heating and cooling cycles of the 

device.  Hence, thermal properties of SOFC components are essential for this 

application.  Since the present work is devoted on the study of solid oxide electrolytes, 

therefore in this section, thermal expansion coefficient of doped ceria electrolytes will be 

discussed.  

The linear thermal expansion coefficient (α) of a material can be defined as the 

fractional change in length with the change in temperature at constant pressure, or 

Po T
l

l ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Δ
Δ1  where lo is the original length.24  It is well known that the thermal expansion is 

related to the shape of the potential energy – inter-atomic distance between atoms in 

the crystal lattice.  The larger the asymmetry in the shape of the potential energy curve, 

the higher the thermal expansion coefficient of the material.  Further, asymmetry of the 

energy well depends upon the bond strength between the two atoms.  Weak bond 
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strength materials will show higher asymmetry, and consequently higher thermal 

expansion coefficient.  For example, thermal expansion coefficient of solid Ar is in the 

range of 10-3 /oC, while for most of ceramics and metals, it is in range of 10-5 /oC.24 
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Figure 5-4.  Thermal expansion of D0.10Ce0.90O2-δ ceramic systems (where D3+ = Lu3+, 

Yb3+, Er3+, Dy3+, Gd3+, Sm3+, Sm3+/Nd3+, Nd3+) in air.  Polynomial equation 
was used to fit the thermal expansion of doped ceria systems. 

Since the thermal expansion coefficient normally increases with the increase in 

temperature, it is usually written in terms of temperature as, 

21 T
cTbbo ++=α                                                          (5-4) 
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where bo, b1, and c are constants independent of temperature.96  Figure 5-4 shows the 

lattice expansion of the of D0.10Ce0.90O2-δ (where D3+ = Lu3+, Yb3+, Er3+, Y3+, Dy3+, Gd3+, 

Sm3+, Sm3+/Nd3+, Nd3+) ceramic systems with the increase in temperature.  The curves 

shown in the Figure 5-4 are plotted as a function of temperature (with Kelvin as a unit) 

and are fitted using a least square algorithm to the following polynomial, 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−+= d

T
cTbTbaa oo 2

2
1                                                  (5-5) 

where d is a constant, a and ao are the lattice parameter of the material at any given 

temperature and at room temperature, respectively.  

Table 5-3.  Thermal expansion coefficient (α) constants for different doped ceria 
systems. 

Thermal Expansion Coefficient (α) Constants Doped Ceria Electrolyte 

Materials (with different 

trivalent dopants) 
bo (1/K) × 10-10 B1 (1/K2) × 10-9 c (K) × 10-1 

Yb0.10Ce0.90O2-δ 1.48 8.70 7.58 

Dy0.10Ce0.90O2-δ 1.48 8.76 8.61 

Gd0.10Ce0.90O2-δ 1.48 9.69 6.24 

Sm0.10Ce0.90O2-δ 1.48 10.21 5.55 

Sm0.05 Nd0.05Ce0.90O2-δ 1.48 10.57 4.46 

Nd0.10Ce0.90O2-δ 1.47 11.21 3.63 

CeO2 1.48 8.85 7.01 

 

Table 5-3 shows the thermal expansion coefficient constants (i.e., bo, b1, and c) of 

doped ceria systems, obtained through fitting.  For Lu0.10Ce0.90O2-δ, and Er0.10Ce0.90O2-δ 

ceramic systems, the curve cannot be fitted as there was insufficient number of 

experimentally measured data points.  In Figure 5-4, the line connecting data points for 

these materials is plotted for visual aid. 
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Figure 5-5.  Thermal expansion coefficient (at 600oC) as a function of dopant ionic 
radius for D0.10Ce0.90O2-δ systems.  Line connecting data is for visual aid. 

According to Hayashi et al.99, the thermal expansion coefficient is dependent on 

the total binding energy of the material.  This binding energy can be influenced by 

changing the bond distances between anions and cations, and also by creating oxygen 

vacancies inside the material.  It becomes smaller with the increase in the ionic distance 

between anions and cations.  Further, with the formation of oxygen vacancies the 

binding energy in the crystal decreases.99  Keeping the oxygen vacancy concentration 

(or dopant content i.e., 10 mol%) fixed, the incorporation of dopant cations with different 

ionic radii results in the change in Ce-O and D-O distances (Dopant cation = D3+).  This 

is critical as it determines whether the total binding energy in the system increase or 

decrease.  As Hayashi et al.97,99 suggested, the lower the total binding energy in the 

material, the higher the thermal expansion coefficient.  Figure 5-5 shows the effect on α 

(at 600oC) with the change in dopant ionic radius.  It can be seen that with the increase 
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in the ionic radius of the dopant, the thermal expansion coefficient for doped ceria 

systems at this temperature increases.  This suggests that the total binding energy 

involved in the system decreases with the increase in ionic radii of the dopant.  Thus, 

Nd3+ dopant cation shows lower binding energy than Yb3+ cations. 
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Figure 5-6.  Thermal expansion of Smx/2Ndx/2Ce1-xO2-δ ceramic systems (where x = 0.01. 
0.03, 0.05, 0.08, 0.10, 0.12, 0.15, and 0.20) in air.  Polynomial equation 
(given in text) was used to fit the thermal expansion of doped ceria systems. 

The thermal lattice expansion for the different compositions of Smx/2Ndx/2Ce1-xO2-δ 

was also measured using high temperature XRD.  Figure 5-6 shows the thermal 

expansion curve for Smx/2Ndx/2Ce1-xO2-δ system.  As expected, all the curves exhibit 
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non-linear behavior.  They were fitted using equation (5-5).  Table 5-4 shows the 

thermal expansion coefficient constants (i.e., bo, b1, and c) of doped ceria systems, 

used in equation (5-4). 

Table 5-4.  Thermal expansion coefficient (α) constants for Smx/2Nd x/2Ce1-xO2-δ.  
Thermal Expansion Coefficient (α) Constants 

Smx/2Nd x/2Ce1-xO2-δ 
bo (1/K) × 10-10 b1 (1/K2) × 10-9 c (K) × 10-1 

Sm0.005 Nd0.005Ce0.99O2-δ 1.478 9.275 5.778 

Sm0.015 Nd0.015Ce0.97O2-δ 1.478 9.731 5.469 

Sm0.040 Nd0.040Ce0.92O2-δ 1.475 10.019 5.700 

Sm0.05 Nd0.05Ce0.90O2-δ 1.480 10.210 5.550 

Sm0.060 Nd0.060Ce0.88O2-δ 1.474 10.312 5.451 

Sm0.075 Nd0.075Ce0.85O2-δ 1.473 10.597 5.520 

Sm0.010 Nd0.010Ce0.80O2-δ 1.471 11.314 4.085 

 

Figure 5-7 shows the effect on α (at 600oC) with the change in dopant content in 

ceria.  It can be seen that with the increase in the dopant concentration, the thermal 

expansion coefficient for doped ceria systems (at this temperature) increases.  Zhou et 

al.100 and Hayashi et al.97 observed similar results for YxCe1-xO2-δ and GdxCe1-xO2-δ, 

respectively.  According to Hayashi et al., this trend can be explained by the formation 

of oxygen vacancy, which reduces the binding energy of the system.  For example, in 

GdxCe1-xO2-δ system, the Ce-O distance decreases with the increase of Gd content, 

while Gd-O bond length remains almost unchanged with increase in x.99  However, the 

increase in the binding energy due to the decrease in Ce-O distances is lower than the 

decrease in binding energy during the creation of oxygen vacancies.  This results in the 

lowering of binding energy which explains the higher thermal expansion coefficient with 

the increase in dopant concentration.   
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Figure 5-7.  Thermal expansion coefficient (α) at 600oC for Smx/2Nd x/2Ce1-xO2-δ as a 
function of dopant concentration.  Line connecting data is for visual aid. 

5.2.2.2 Chemical strain 

The formation of point defects has an influence on the lattice dimension of the host 

crystal structure.101  These point defects have their own specific volume generally 

different from that of their host lattice, and are non-uniformly distributed in the host 

crystal structure.102  This results in the mechanical strain in the lattice which is also 

called chemical strain.  For example, addition of trivalent dopant cation (D3+) results in 

the formation of /
CeD  and ••

OV  point defects in the host ceria lattice.  Both these defects 

independently affect the lattice dimension of host ceria crystal structure.  For /
CeD point 

defect, the ionic radius mismatch between the host and dopant cations (rh-rd) governs 

the nature of chemical elastic strain in the lattice.  In the case rh < rd, the addition of /
CeD  

point defect, results in the expansion of host lattice.  However, if rh > rd, the lattice will 
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contract.21  To maintain charge neutrality in the system, ••
OV  point defect is also created 

(in addition to /
CeD ).  Hong et al.74 estimated the effective oxygen vacancy radius for 

ceria to be 1.164 Å at room temperature which is significantly smaller than the radius of 

the oxide ion of 1.38 Å.48,74  Thus, it can be said incorporation of oxygen vacancies 

result in the contraction of the host lattice.  For example, at room temperature, the 

lattice constant of Lu0.10Ce0.90O2-δ (5.3987 Å) is lower than that of pure ceria (5.41134 

Å), even though rh-rd value is almost negligible (r3+
Lu,VIII = 0.977 Å and r4+

Ce,VIII = 0.97 

Å).7,47,48   

The effect of both the point defects on the host lattice will decide the nature of 

elastic strain present in the host lattice.  The extent (or magnitude) of the elastic strain is 

a function of the concentration of these point defects.  In the present section, the 

chemical strain (or lattice strain) by incorporating trivalent dopant cations (of different 

physical properties) inside the ceria lattice, from room temperature to 600oC will be 

discussed.  Also, the effect of dopant concentration (x) on the lattice parameter of 

Smx/2Ndx/2Ce1-xO2-δ ceramic at higher temperature is investigated. 

As presented in the previous section, according to Kim’s22 proposed empirical 

relationship for doped ceria, at room temperature, lattice parameter change in doped 

ceria system is linearly dependent on the ionic radius mismatch between the host and 

dopant cations.  Similar type of linear relationship was also given by Hong et al.74 in 

their work on rare earth element doped ceria electrolytes.  However, whether this linear 

dependency also exists at higher temperatures, where these materials are normally 

operated is still unknown. 
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In order to investigate the effect of dopant ionic radius on the lattice parameter at 

higher temperatures, different doped ceria systems (D0.10Ce0.90O2-δ) were synthesized 

under the same experimental conditions, as described in Chapter 3.  The dopant 

content (and thus expected oxygen vacancy concentration) in these systems is kept 

constant to study the separate effect of ionic radius mismatch between host and dopant 

cations.  The high temperature lattice parameters were estimated using XRD described 

earlier in this chapter. 
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Figure 5-8.  Lattice expansion of D0.10Ce0.90O2-δ systems as a function of dopant ionic 
radius.  The linear least-square algorithm was used to fit the data. 

Figure 5-8 shows the isothermal curves for the lattice expansion of doped ceria 

as a function of dopant ionic radius.  It can be seen even at higher temperatures, lattice 
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parameter shows a linear dependency on the dopant ionic radius.  All the curves were 

fitted using a linear least-square fit.   

Table 5-5.  Relationship between lattice parameter (a) and dopant ionic radius (rd) for 
D0.10Ce0.90O2-δ at different temperatures. 

Temperature (oC) 
Relationship between lattice parameter (a) and dopant 

ionic radius (rd).  The units of a and rd are in Å. 

25 1946.5r2088.0a d +×=  

100 2033.5r2049.0a d +×=  

200 2049.52096.0 +×= dra  

300 2090.5r2122.0a d +×=  

400 2096.52189.0 +×= dra  

500 2059.5r2302.0a d +×=  

 

Table 5-5 shows the lattice parameter and dopant ionic radius relationships 

obtained by linearly fitting each isothermal curve in Figure 5-8.  The empirical 

relationship proposed by Kim22 (taking 10 mole % dopant concentration and trivalent 

dopant cations) for room temperature is given below. 

185.52200.0 +×= dra                                                         (5-6) 

where a is the lattice parameter of the D0.10Ce0.90O2-δ and rd is the ionic radius of the 

trivalent dopant cation.  The units of a and rd are in Å.  It is important to note that Kim’s 

lattice constant of pure ceria is 0.00166 higher than the standard value of 5.41134 Å.47  

Kim verified the relationship against considerable amount of data, and the typical 

uncertainty in the parameters was observed to be 0.003 Å.  Although in the present 

work, the relationship between lattice parameter and ionic radius of dopant follows a 
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linear behavior, the obtained linear fit for D0.10Ce0.90O2-δ (at room temperature) does not 

match with the relationship proposed by Kim. 

The effect of dopant concentration on the lattice parameter of doped ceria systems 

is already discussed in Chapter 4.  According to Mogensen et al.73, doped ceria solid 

solutions should follow Vegard’s law.  However, experimentally it has been observed for 

various singly doped ceria systems that lattice parameter exhibits quadratic behavior 

with dopant concentration.80,85  The second degree term in the quadratic expansion or 

contraction (depending upon the ionic radius mismatch between dopant and host 

cations) has been interpreted as due to interactions between the point defects.  In the 

dilute regime, the host lattice parameter change is not affected by these interactions as 

the point defects (in this case /
CeD  and ••

OV ) are usually far away from each other.  

However, with the increase in dopant content, the probability of ••
OV  sitting next to /

CeD  

increases.  This results in the formation of stable local defect structures (such as 

// DVD O −− •• ) which tend to contract the host ceria lattice, and, thus, precludes 

Vegard’s law behavior.  However, in Smx/2Ndx/2Ce1-xO2-δ system, it has been shown that 

at room temperature, the lattice expands linearly as a function of dopant 

concentration.67  The second degree in the lattice expansion of Smx/2Ndx/2Ce1-xO2-δ 

system is negligible which indicates that the local defect structures in this system are 

not as pronounced as in other systems.  In the present work, lattice parameter 

relationships as a function of dopant content in Smx/2Ndx/2Ce1-xO2-δ system at higher 

temperatures were determined.  Different polycrystalline sintered samples of 

Smx/2Ndx/2Ce1-xO2-δ (where x = 0.01, 0.03, 0.05, 0.08, 0.10, 0.12, 0.15, and 0.20) were 

synthesized using the conventional solid oxide route (described in Chapter 3).  Sintered 
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pellets were crushed into fine particles using mortar and pestle.  The XRD profiles were 

collected at high temperatures as described earlier.  
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Figure 5-9.  Lattice expansion in Smx/2Ndx/2Ce1-xO2-δ system as a function of dopant 
concentration at different temperatures. 

Figure 5-9 shows the lattice expansion of Smx/2Ndx/2Ce1-xO2-δ as a function of 

dopant concentration at different temperatures.  It can be seen that in all the 

temperatures, Smx/2Ndx/2Ce1-xO2-δ system follows linear behavior i.e., Vegard’s law.  All 

the curves are fitted using a linear least-squares fit.  Table 5-6 shows the fitted linear 

relationship for Smx/2Ndx/2Ce1-xO2-δ system at different temperatures.   

 



 

120 

Table 5-6.  Relationship between lattice parameter (a) and dopant content (x) for 
Smx/2Ndx/2Ce1-xO2-δ system at higher temperatures. 

Temperature (oC) 
Relationship between lattice parameter (a) and dopant 

content (x).  The unit of a is Å. 

25 )21(40973.5)2(00138.0 +×= xa  

100 )24(41398.5)2(00140.0 +×= xa  

200 )22(42050.5)2(00140.0 +×= xa  

300 )27(42694.5)3(00145.0 +×= xa  

400 )22(43444.5)2(00150.0 +×= xa  

500 )18(44205.5)2(00156.0 +×= xa  

600 )21(44992.5)2(00170.0 +×= xa  
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Figure 5-10.  Vegard’s slope as a function of temperature for Smx/2Ndx/2Ce1-xO2-δ 

system.  The experimental data is fitted using an exponential curve. 

The slope of the fitted line is termed as Vegard’s slope.  Figure 5-10 shows the 

variation of Vegard’s slope (SV) with temperature.  It can be seen that the SV in the 
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Smx/2Ndx/2Ce1-xO2-δ system increases with the increase in temperature.  The variation of 

the estimated SV datasets with temperature was then fitted using different curve 

equations.  The best fit was observed using exponential curve, with R2 value of 0.9947.   

The relationship between SV and the absolute temperature (T) is given below, 

( )TSV ××+= − 00479.0exp101453.500136.0 6                          (5-7) 

According to Kim22, SV is the algebraic sum of elastic and electrostatic interactions 

among the point defects in the doped fluorite oxide system.  The solubility limit of a 

solute depends on the elastic energy in the lattice which is introduced when a dopant 

cation (with different ionic radius and charge valence than host cation) is incorporated 

into the host lattice.  The higher the elastic strain energy, the smaller the extent of 

solubility.  This elastic strain energy (ΔE) in a substitutional solid solution is defined as, 

2
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VGVE                                                    (5-8) 

where G is a the shear modulus, and Vo and V are the molar volume of a pure metal 

and its solid solution.  As doped ceria exhibits the cubic fluorite structure, the molar 

volume in equation (5-8) can be written in terms of lattice parameter. 
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where ao is the lattice constant of the pure ceria and and Δa is the change in lattice 

constant after the incorporation of dopant.  Since Δa << ao, therefore, ΔE can be written 

as, 

26 aGVE o Δ=Δ                                                    (5-10) 

Now, Δa can be described in terms of Vegard’s slope (SV).  Therefore, 
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226 cSGVE Vo=Δ                                                   (5-11) 

where c is the concentration of solute.  As mentioned earlier, the extent of solubility 

depends inversely upon the elastic strain energy (ΔE).  Using equation (5-11), it can be 

said that the solubility limit of the dopant increases with the decrease in SV. 

2
1

VS
s ∝                                                         (5-12) 

It is well known that the extent of solubility widens with the increase in 

temperature.  Thus, following equation (5-12), it is expected that with the increase in 

temperature, SV should decrease.  However, Vegard’s slope in Smx/2Ndx/2Ce1-xO2-δ 

system increases with the increase in temperature (as shown in Figure 5-10).  This 

indicates there is an additional term involved in the Vegard’s slope, which with the 

increase in temperature becomes predominant compared to elastic and electrostatic 

interaction energy.  Also, it is important to note that with the increase in temperature, the 

extent of solubility depends not only on the elastic energy but also on the entropy term 

(-TΔS).  Thus, it is the Gibb’s free energy (ΔG) which governs the solubility limit rather 

than the elastic energy (ΔE). 

5.3 Ionic Conductivity of Trivalent Acceptor Doped Ceria at High Temperatures 

Due to higher ionic conductivity and good thermodynamic stability, doped ceria 

materials open up the possibility of SOFCs operating at intermediate temperatures.  

Ionic conductivity in these materials takes place through the oxygen vacancy diffusion 

mechanism.  The concentration of oxygen vacancies which are the charge carriers in 

these oxide materials is dependent on the amount of acceptor dopant content present in 

the host oxide.  For the same dopant concentration, ionic conductivity differs for 

different type of dopants.  For example, the trivalent dopant cation system shows higher 
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ionic conductivity compared to the divalent dopant cation system.9  Also, Gd3+ is widely 

accepted to show highest ionic conductivity.13  This difference in ionic conductivity 

occurs due to the interactions which exist among various types of point defects.  The 

highest ionic conductivity is shown in the dopant cation system where these interactions 

are minimal.  This condition leads to oxygen vacancy with higher mobility without any 

type of local ordering.  Numerous studies have been done to understand the effect of 

different dopants on the oxygen vacancy diffusion in doped ceria materials.11,14,56,75,103  

However, as mentioned in Chapter 4, a wide range of ionic conductivity data have been 

reported in the literature.13,63,77  Examination of the experimental procedure followed in 

each work indicates a strong correlation between the processing conditions and the 

conductivity observed.  Typically, powder synthesized using co-precipitation technique 

exhibits higher ionic conductivity than that processed through solid state route.63  In 

order to identify the best dopant cations for ceria, and to establish the relationships 

between dopant physical properties and ionic conductivity, it is essential to develop a 

consistent set of ionic conductivity data for all the doped ceria systems synthesized 

using the same experimental conditions.  This will provide a clear idea about the ideal 

dopant for ceria, which shows the highest ionic conductivity, when all the materials are 

synthesized under similar processing conditions.   

In the present work, D0.10Ce0.90O2-δ systems (where D3+ = Lu3+, Yb3+, Er3+, Y3+, 

Dy3+, Gd3+, Sm3+ and Nd3+) were synthesized using solid oxide route as described in 

Chapter 3.  Dopant concentration in these systems is kept fixed, to investigate the effect 

of ionic radius mismatch between host and dopant cations on the ionic conductivity.  In 

addition, to study the effect of dopant concentration on the ionic conductivity, different 
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compositions of Smx/2Ndx/2Ce1-xO2-δ were also synthesized under similar experimental 

conditions.  The ionic conductivity measurements were taken on the Pt electroded 

sintered samples using two-point probe electrochemical impedance spectroscopy from 

250oC to 700oC in air.  Complex impedance measurements were taken over the 

frequency range from 10 MHz to 0.1 Hz.  It is essential to note that in the present work, 

the grain ionic conductivity which is the fundamental material property, rather than the 

overall ionic conductivity (which includes microstructural, impurities and other 

contributions) of doped ceria systems is reported.  Further, the reported grain ionic 

conductivity for each composition is the average grain ionic conductivity values 

measured for three different samples of the same composition with varying geometrical 

aspect ratio. The typical error associated with the values of the reported grain ionic 

conductivity is < 2%. 

Figure 5-11 shows the grain ionic conductivity comparison of D0.10Ce0.90O2-δ 

materials synthesized using similar experimental procedures, measured at different 

temperatures in air.  The grain ionic conductivity values of Sm0.05Nd0.05Ce0.90O2-δ are 

also shown.  The weighed average ionic radius of the dopant cations (i.e., Sm3+ and 

Nd3+) was taken as an effective ionic radius of Sm3+/Nd3+ (i.e., 1.094 Å) while plotting 

this graph.  From the Figure 5-11, it can be seen that with the increase in dopant ionic 

radius, the ionic conductivity increases.  Even though the dopant ionic radius of Lu3+ is 

very close to that of Ce4+, the grain ionic of Lu0.10Ce0.90O2-δ exhibits the lowest ionic 

conductivity in all the temperatures.  This may be due to the electrostatic interactions 

between dopant cations and oxygen vacancies which restrain oxygen vacancy diffusion 

inside the crystal lattice.  At higher ionic radius of the dopant cation, the ionic 
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conductivity data of D0.10Ce0.90O2-δ seems to reach saturation (with increasing dopant 

ionic radius).  However, between 500oC and 600oC, Nd0.10Ce0.90O2-δ shows the highest 

ionic conductivity among other trivalent acceptor doped ceria systems with similar 

dopant concentration.  It is also important to note that the ionic conductivity of co-doped 

ceria (i.e., Sm0.05Nd0.05Ce0.90O2-δ) lies between that of Sm0.10Ce0.90O2-δ and 

Nd0.10Ce0.90O2-δ for all the temperatures. 
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Figure 5-11.  Grain ionic conductivity comparison of different doped ceria materials (with 
10 mol% dopant content).  All the materials were synthesized using solid 
oxide route. 
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A recent study by Kamiya et al. on Nd-doped ceria system has shown that 

Nd0.23Ce0.77O2-δ exhibits higher oxygen diffusion coefficient than Y0.20Ce0.80O2-δ.104  Also, 

the obtained oxygen diffusion coefficient value for Nd0.23Ce0.77O2-δ is close to that of 

Gd0.31Ce0.69O2-δ and Y0.40Ce0.60O2-δ.  It is well known that the ionic conductivity is directly 

proportional to the oxygen diffusion coefficient, which depends upon the concentration 

of mobile charge carriers. Based on the oxygen diffusion coefficient of Nd0.23Ce0.77O2-δ 

and Gd0.31Ce0.69O2-δ, it can be said that there is less association of point defects in Nd-

doped ceria system.104  Further, the activation energy for oxygen ion diffusion in these 

cubic fluorite structure oxides is inversely proportional to the lattice spacing in the unit 

cell.  As doping with Nd3+ leads to a higher lattice parameter compared to Gd3+ and Y3+ 

in doped ceria, the activation energy in Nd-doped CeO2 is lower than that of Y-doped 

CeO2 and Gd-doped CeO2.9  These results indicate that doping with Nd3+ is much more 

effective compared to Gd3+ and Y3+. 

The ionic conductivity as a function of dopant concentration in Smx/2Ndx/2Ce1-xO2-δ 

system is already discussed in Chapter 4.  Figure 5-12 shows the 3-dimensional graph 

between the grain ionic conductivity, dopant concentration and temperature.  For all the 

temperatures, the ionic conductivity initially increases with the increase in dopant 

content.  It reaches maximum at certain dopant concentration, and then degrades.  The 

decrease in the ionic conductivity at higher dopant concentration can be attributed to the 

increase in the concentration of local defect structures.  These stable defect structures 

hinder the flow of oxygen vacancies, and thus lower the mobile oxygen vacancy 

concentration. 
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Figure 5-12.  Grain ionic conductivity as a function of dopant concentration and 
temperature. 

Figure 5-13 shows the 3-dimensional graph between the normalized grain ionic 

conductivity, dopant concentration, and temperature.  The ionic conductivity of all the 

compositions at a given temperature is normalized by the maximum ionic conductivity 

obtained at that temperature.  The graph shows that with the increase in temperature, 

the ionic conductivity maximum shifts toward higher dopant concentration.  This 

behavior indicates the dissociation of complex defect structures (present mainly at 

higher dopant concentration) at higher temperatures to give mobile oxygen vacancies.  

Since the ionic conductivity depends mainly on the mobile oxygen vacancy 

concentration, with increase in temperature, ionic conductivity maximum shift toward 

higher dopant concentrations.  
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Figure 5-13.  Normalized grain ionic conductivity as a function of dopant concentration 

and temperature. 

5.3.1 Activation Energy  

As discussed in Chapter 4, the activation energy for oxygen vacancy diffusion 

inside the crystal lattice, is the sum of migration enthalpy (ΔHMigration) of oxygen vacancy 

and association enthalpy (ΔHAssociation) of local defect structures.  The ΔHMigration is 

defined as the amount of energy required for the oxygen vacancy to jump from one 

oxygen ion site to another oxygen ion site, assuming there are no interactions offered 

from the point defects residing next to oxygen vacancy site.  At lower temperatures, 

point defects (oxygen vacancies and dopant cations) usually interact with each other to 

form stable local defect structures.  Thus, an additional amount of energy is required to 

dissociate oxygen vacancies from these local defect structures at these temperatures.  

This additional energy is termed as association enthalpy or ΔHAssociation.  In this 
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temperature range, activation energy is the sum of ΔHMigration and ΔHAssociation.  

According to Steele13, above 400oC, most of the oxygen vacancies overcome the 

dopant cations interaction barrier, and are free to diffuse inside the crystal lattice.  Thus, 

activation energy for oxygen vacancy diffusion above this temperature can be 

considered to be equal to ΔHMigration.  However, experimentally there is no such set 

temperature at which this transition takes place.  Typically, the Arrhenius conductivity 

plots of these oxide materials exhibit a gradual, rather than a sharp, change in slope 

with temperature.  Therefore, using Arrhenius conductivity plot, it is difficult to separate 

ΔHAssociation from the total activation energy.  In the present work, activation energy is 

determined from the Arrhenius plot of the ionic conductivity data measured from 250oC 

to 700oC for D0.10Ce0.90O2-δ systems.  It was assumed that the change in slope is 

negligible in the Arrhenius plots.   

Figure 5-14 shows the activation energy for oxygen vacancy diffusion in different 

doped ceria systems with 10 mol% dopant concentration.  For comparison, activation 

energy in co-doped ceria systems of Gd0.056Y0.044Ce0.90O2-δ and Sm0.05Nd0.05Ce0.90O2-δ is 

also shown.  The weighed average ionic radius of the dopant cations (i.e., Gd3+ and Y3+, 

and Sm3+ and Nd3+  ) was taken as an effective ionic radius of Gd3+/Y3+ (i.e., 1.038 Å) 

and Sm3+/Nd3+ (i.e., 1.094 Å), respectively, while plotting this graph.  The error bar 

associated with the activation energy value in Figure 5-14 was determined by 

measuring activation energy values in three different test samples of similar 

composition.  Initially, with the increase in dopant ionic radius, activation energy 

decreases.  It reaches minimum at Sm0.10Ce0.90O2-δ (0.662 ± 0.002 eV), and then 

increases.  Nd0.10Ce0.90O2-δ (0.672 ± 0.004 eV) exhibits higher activation energy than 
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Sm0.10Ce0.90O2-δ system but lower activation energy than Sm0.05Nd0.05Ce0.90O2-δ (0.676 ± 

0.004 eV) and Gd0.10Ce0.90O2-δ (0.678 ± 0.003 eV) systems.  Interestingly, for co-doped 

ceria i.e., Gd0.056Y0.044Ce0.90O2-δ (0.719 ± 0.003 eV), activation energy is in between that 

of Y0.10Ce0.90O2-δ (0.764 ± 0.002 eV) and Gd0.10Ce0.90O2-δ.  As mentioned earlier, in 

order to design higher ionically conductive materials, activation energy for oxygen 

vacancy diffusion needs to be minimized.  From Figure 5-14, it is clear that the trivalent 

dopant with ionic radius within the range of 1.05 Å to 1.11 Å exhibits lower activation 

energy, and consequently, higher ionic conductivity.   
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Figure 5-14.  Activation energy for oxygen vacancy diffusion determined from the 
Arrhenius plot of the ionic conductivity data measured from 250oC to 700oC in 
doped ceria systems with 10 mol% dopant. 
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Figure 5-15.  Migration and Association enthalpies for oxygen vacancy diffusion 
determined from the Arrhenius plot of doped ceria systems. 

While describing the activation energy for oxygen diffusion in Smx/2Ndx/2Ce1-xO2-δ 

system in Chapter 4, the Meyer-Neldel rule was discussed.  According to this rule, the 

Arrhenius plots for the grain ionic conductivity of all the compositions (> 5 mol % dopant 

concentration) converges to a common transition temperature point (To).  Around this 

temperature, conductivity becomes independent of dopant concentration.  According to 

Nowick et al., To can be seen as a transition temperature between the stage where 

most of the carriers are bound at various traps and the stage where all the carriers are 

free.87  This suggests that above To, almost all the oxygen vacancies are free to migrate 

for any dopant concentration.  Since the Arrhenius plot for the grain ionic conductivity 

exhibits a gradual decrease in the slope at higher intermediate temperatures, it is 



 

132 

difficult to confirm this hypothesis.  However, in order to distinguish between migration 

and association enthalpies, it was assumed that the association - dissociation transition 

occurs at To.  For Smx/2Ndx/2Ce1-xO2-δ system, To is found to be around 475oC.  In the 

present study, it was further assumed that the transition temperature for all the doped 

ceria systems is around 475oC.  Using a least-squares algorithm, the high and low 

temperature region of Arrhenius plot was linearly fitted.  The fit of the data was generally 

quite good, with correlation coefficients for linear least-squares fit between 0.9997 and 

0.9999.  Activation energy values for the ionic conduction in these materials were 

calculated from the high and low temperature gradients of the fitted Arrhenius plots. 

Figure 5-15 shows the activation energy for the grain ionic conductivity of 

D0.10Ce0.90O2-δ systems, measured below 475oC and above 475oC, as a function of 

dopant cation ionic radius.  The activation energy measured in the range of 475 oC - 

250oC is a sum of ΔHassociation and ΔHmigration, while the activation energy measured 

above 475oC is equal to ΔHmigration.  It can be seen that both the curves show similar 

behavior.  The migration enthalpy decreases with the increase in dopant ionic radius 

and reaches a minimum at Sm0.10Ce0.90O2-δ (0.645 ± 0.009 eV), and then increases.  

According to Nowick et al., ΔHmigration should be independent of dopant cations physical 

properties and most importantly dopant concentration.  Using this argument, Nowick et 

al. measured the ionic conductivity of highly pure CeO2, and separately estimated the 

migration enthalpy to be 0.67 eV.105  Wang et al.103 studied the dielectric and anelastic 

loss originating in the ( )•••− OCe VY / defect pair.  The activation energy for the relaxation 

process was estimated to be 0.64 eV.  Similarly, Kilner et al. and Hohnke reported the 

migration enthalpy to be 0.6 eV and 0.61 eV, respectively, for doped ceria systems.88,106 
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The literature results are not in agreement with the migration enthalpy data presented in 

this work.  The data presented in Figure 5-15 indicates that there might be some 

additional energy term involved in the total activation energy. 

The activation energy for oxygen diffusion as a function of dopant concentration in 

Smx/2Ndx/2Ce1-xO2-δ system is already discussed in Chapter 4.  The migration enthalpy 

in Smx/2Ndx/2Ce1-xO2-δ system exhibits dependency on dopant content which is again not 

in agreement with the above mentioned literature. 

5.3.2 Pre-Exponential Coefficient 

The pre-exponential term in the Arrhenius relationship for the ionic conductivity of 

these oxide materials is described in Chapter 2.  The pre-exponential factor (σo) is a 

complex function of different variables, and can be written as, 

⎟
⎠

⎞
⎜
⎝

⎛ Δ
ν=σ ••

k
SaNVq m

ooOV exp][ 22
0                                         (5-13) 

where qv is the charge of an oxygen vacancy, ][ ••
OV  is the fraction of mobile oxygen 

vacancies, No is the number of oxygen ion sites per unit volume, a is the ion jump 

distance, oν  is an appropriate lattice vibration, and ΔSm is the entropy change during 

oxygen ion diffusion.  In order to develop higher ionically conductive materials, it is 

essential to select dopant cations which show a high pre-exponential coefficient.  In the 

present work, the pre-exponential coefficient in the Arrhenius ionic conductivity plot in 

doped ceria systems is compared.  Figure 5-16 shows the pre-exponential factor of 

D0.10Ce0.90O2-δ systems.  It is important to note that the reported pre-exponential 

coefficient is determined from the intercept of the Arrhenius plot, assuming there is no 

change in the slope at higher temperatures, due to the release of oxygen vacancies 
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from local defect structures.  It can be seen that the pre-exponential coefficient shows a 

similar trend when compared with activation energy in doped ceria systems shown in 

Figure 5-14.  It decreases with the increase in dopant ionic radius.  Sm0.10Ce0.90O2-δ 

exhibits the lowest while Lu0.10Ce0.90O2-δ shows the highest pre-exponential coefficient 

value. 
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Figure 5-16.  Pre-exponential coefficient in the Arrhenius ionic conductivity plot of 
D0.10Ce0.90O2-δ systems.  

The higher pre-exponential coefficient of Lu0.10Ce0.90O2-δ may be attributed to the 

higher lattice vibration ( oν ) in this system.  As shown in Figure 5-8, among all the doped 

ceria systems, Lu0.10Ce0.90O2-δ shows the lowest lattice parameter.  It is expected that 

ions in this system, are comparatively closer to each other, and exhibit stronger bond 

strength.  The two ions (with unlike charges) inside the crystal lattice can be seen as a 
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harmonic oscillator where two blocks (of similar mass) are attached with the spring.  

The vibration frequency ( oν ) of the spring is given by, 

m
k

o π
=ν

2
1                                                         (5-14) 

where m is the mass of the block and k is the spring constant.  The k depends upon the 

stiffness of the spring, which in turn determines the force required to stretch the spring.  

Similarly, ions with stronger bond strength will show higher stiffness, and consequently, 

higher vibration frequency. 

After reaching the minimum at Sm3+, the pre-exponential coefficient again 

increases with the increase in the ionic radius of the dopant.  Nd0.10Ce0.90O2-δ shows a 

higher pre-exponential coefficient than that of Sm0.10Ce0.90O2-δ.  This may be due to the 

increase in the lattice spacing of Sm0.10Ce0.90O2-δ, which results in the increase in the 

jump distance (a) of the oxygen vacancy.  From the present work, it is known that the 

activation energy of Nd0.10Ce0.90O2-δ is higher than that of Sm0.10Ce0.90O2-δ.  Although, 

the ionic conductivity depends upon both the activation energy and the pre-exponential 

coefficient, it is the latter that is contributing more towards ionic conductivity in this 

dopant ionic radius range.  Since, the pre-exponential coefficient value of 

Nd0.10Ce0.90O2-δ is higher than that of Sm0.10Ce0.90O2-δ, Nd0.10Ce0.90O2-δ exhibits higher 

ionic conductivity. 

As discussed in Chapter 4, co-doping in ceria can lead to the increase in 

configurational entropy of the system, which consequently enhances the pre-

exponential coefficient value.  For Sm0.05Nd0.05Ce0.90O2-δ system, the pre-exponential 

coefficient was higher than that of Nd0.10Ce0.90O2-δ and Sm0.10Ce0.90O2-δ.  However, 
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Gd0.056Y0.044Ce0.90O2-δ exhibits a pre-exponential coefficient value between that of 

Gd0.10Ce0.90O2-δ and Y0.10Ce0.90O2-δ ceramics.   

Experimentally, it is difficult to separate out the contribution from different variables 

on the pre-exponential coefficient value.  Thus, a computational approach, like density 

functional theory, may be extremely helpful to investigate the effect of each variable 

independently.  This work will allow better understanding of the pre-exponential factor 

for different type of acceptor dopants shown in Figure 5-16.  This will allow selecting 

next generation co-dopants, which not only show higher pre-exponential coefficient 

values, but also lower activation energies for oxygen vacancy diffusion.  

5.4 Revisiting Critical Dopant Ionic Radius 

In the introduction of this chapter, it was mentioned that fluorite structured oxides 

exhibit maximum ionic conductivity when doped with an trivalent cation that causes very 

little expansion or contraction of the lattice.  To support this argument, it has been said 

that doped ZrO2 exhibits lower ionic conductivity than that of doped CeO2, because 

most of the trivalent dopant cations show ionic radius that closely lie to that of Ce4+ than 

Zr4+.  Thus, the ionic radius mismatch between host and dopant cations will be smaller 

in doped ceria systems compared to doped ZrO2.  This leads to more elastic strain in 

doped ZrO2 system, and consequently, lower ionic conductivity.  However, among 

doped ceria systems, Lu3+ cation shows the lowest ionic conductivity even though the 

ionic radius of Lu3+ is very close to that of Ce4+.  The addition of acceptor dopant cations 

creates oxygen vacancies (to achieve electrical neutrality), which also leads to the 

contraction of the lattice.  In the literature, different approaches were taken to estimate 

the effect of dopant cations inside the fluorite oxide lattice.  Using multiple regression 

analysis, Kim proposed the empirical relationship between the ionic radius of the dopant 
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cation dissolved in ceria (and other fluorite structure oxides).  A critical ionic radius (rc) 

for the dopant cation is defined which on substituting for host cation does not change 

the lattice parameter.  Based on lattice strain – ionic conductivity relationship, cation 

with ionic radius rc, is the ideal dopant for ceria to exhibit the highest ionic conductivity.  

The rc value obtained from Kim’s22 proposed model for the trivalent dopant cations in 

ceria was estimated to be 1.038 Å.  In the same line, Hong et al.74 derived rc value to be 

1.024 Å, using a model in which radius was assigned to oxygen vacancy.  In principle, 

the rc value can be derived from the plot of lattice parameter versus dopant ionic radius 

for a number of different oxide solutions of the same concentration.  Eguchi et al. 

published such a plot using eight lanthanide oxides with 20 mol% dopant 

concentration.10  The rc value obtained from the graph is 1.010 Å.  Mogensen et al. 

reported different rc values derived from the past literature, ranging from 1.010 Å to 

1.038 Å.73   

It is widely accepted that Gd3+ dopant cation exhibits the highest ionic conductivity 

among doped ceria materials.13  According to Kim, Gd3+ shows the highest ionic 

conductivity because the ionic radius of Gd3+ (1.053 Å) lies very close to the rc value 

(1.038 Å).48  In Chapter 4, co-doping strategy was discussed in which co-dopants were 

added such that the weighed average dopant ionic radius matches to the rc value.  The 

ionic conductivity obtained from the co-doped ceria was lower than that of Gd-doped 

ceria with the same total dopant concentration.  The rc value reported in all the past 

work is obtained from the plot of dopant cation ionic radius and lattice expansion 

measured at room temperature.  The ionic conductivity (which is measured at high 

temperatures) results indicate that there might be an increase in rc value toward Nd3+ 



 

138 

ionic radius value, at higher temperatures.  To test this hypothesis, in the present work, 

lattice expansion as a function of dopant cation ionic radius is measured at higher 

temperatures.  The rc value is obtained, where the lattice parameter mismatch between 

doped ceria and pure ceria becomes zero.  This work will not only provide the rc value at 

higher temperatures, but also verify Kilner et al.’s hypothesis, that maximum ionic 

conductivity is achieved in the system when the dopant cation substitute for host cation 

without any change in lattice. 

Table 5-7.  Critical dopant ionic radius for trivalent acceptor dopant cation for host ceria, 
for different temperatures. 

Temperature (oC) 
Critical dopant ionic radius (rc) value 

(Å) 

25oC 1.0311 Å 

100oC 1.0293 Å 

200oC 1.0291 Å 

300oC 1.0278 Å 

400oC 1.0274 Å 

500oC 1.0252 Å 

 

The relationship between the lattice parameter of D0.10Ce0.90O2-δ as a function of 

dopant cation ionic radius, at higher temperatures is shown earlier in this chapter in 

Table 5-5.  The lattice parameter of doped ceria depends linearly upon dopant cation 

ionic radius, even at higher temperatures.  The lattice parameter of pure CeO2 as a 

function of temperature was also determined using the same experimental procedure 

(given in Chapter 3).  The lattice parameter of pure ceria was estimated to be 5.4099 Å, 

at room temperature.  The Joint Committee on Powder Diffraction Standards card 34-

0394 for ceria shows the lattice parameter value of 5.41134 Å.47  The difference in the 
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estimated and standard value (0.00144 Å) was adjusted in all the lattice parameter 

values that were determined using this procedure.  Table 5-7 shows the rc value 

determined at different temperatures.  At room temperature, the rc value was estimated 

to be 1.0311 Å which is in between the values reported by Kim et al. (1.038 Å) and 

Hong et al. (1.024 Å).  With the increase in temperature, the rc value decreases.   
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Figure 5-17.  Lattice parameter mismatch between D0.10Ce0.90O2-δ and pure ceria, as a 
function of dopant cation ionic radius at 500oC.  The grain ionic conductivity of 
D0.10Ce0.90O2-δ at 500oC is also shown. 

Figure 5-17 shows the lattice parameter mismatch between D0.10Ce0.90O2-δ (a) and 

pure ceria, as a function of dopant cation ionic radius, at 500oC.  It can be seen that for 

dopant cations with ionic radius less than 1.025 Å, the mismatch is negative, while 

dopant cations which show higher ionic radius than 1.025 Å, the mismatch is positive.  
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At 1.025 Å, there is no mismatch between doped ceria system and pure ceria.  Figure 5-

17 also compares the grain ionic conductivity of different doped ceria systems as a 

function of dopant cation ionic radius, at 500oC.  Assuming Kilner et al.21’s hypothesis is 

correct, Dy3+ should exhibits the highest ionic conductivity, as its ionic radius (1.027 Å) 

is very close to the rc value.  However, it can be seen that the grain ionic conductivity 

continue to increase even for the dopant cations which show ionic radius higher than 

the rc value.  The Nd0.10Ce0.90O2-δ cation exhibits the highest ionic conductivity among all 

the other doped ceria materials, with lattice parameter difference with pure ceria 

~0.0196 Å at 500oC.  This clearly indicates that the Kilner et al.21’s structure-ionic 

conductivity relationship is not applicable in doped ceria materials. 

In Chapter 4, DFT work performed by Andersson et al.83 on the total interaction 

energy for different trivalent dopant cations was shown.  Since the oxygen vacancy site 

preference in Pm3+ to reside in nearest neighbor site or next to neighbor site of dopant 

cation is almost the same, therefore it was predicted that Pm3+ is the ideal dopant cation 

for ceria.  However, DFT calculations were performed at 0 K.  As Nd3+ lies next to Pm3+ 

in the lanthanide series, therefore there is a possibility that the cross-over of the total 

interaction energies shown in Figure 4-6 shifts toward Nd3+ at higher temperatures.  

Thus, for Nd-doped ceria system, the number of equi-interaction energy sites is 

comparatively higher compared to other doped ceria materials.  Future work is required 

to further investigate this possibility in detail. 

5.5 Summary and Conclusions 

To design higher ionically conductive doped ceria materials, it is imperative to 

relate the crystal structure with ionic conductivity at higher temperatures.  In this work, 

crystal structure of different doped ceria systems were characterized at higher 
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temperature using XRD.  All the compositions exhibit cubic fluorite structure similar to 

that of pure ceria.  Both thermal and chemical elastic strains in the different systems of 

doped ceria were determined by estimating the lattice parameter at higher 

temperatures.  The thermal expansion coefficient increases with the increase in dopant 

ionic radius and dopant concentration.  The lattice parameter shows linear behavior with 

dopant ionic radius, from room temperature to 500oC.  Also, the Smx/2Ndx/2Ce1-xO2-δ 

system obeys Vegard’s law, even at high temperatures. 

As ionic conductivity depends upon the processing conditions, a wide range of 

ionic conductivity values is reported for any given doped ceria system.  Thus, it was 

difficult to compare the ionic conductivity data from the literature.  In order to understand 

the ionic conductivity trend among different trivalent acceptor doped ceria materials, 

processing variables in the synthesis of these materials were kept constant.  A 

consistent set of ionic conductivity data (at higher temperatures) was prepared for the 

different doped ceria materials (D0.10Ce0.90O2-δ) synthesized under similar experimental 

conditions.  Dopant concentration in these compositions is fixed to understand the 

separate effect of dopant ionic radius.  Among trivalent acceptor dopant cations, Nd3+ 

cation exhibits the highest ionic conductivity in ceria.  To study the effect of dopant 

content, different compositions of Smx/2Ndx/2Ce1-xO2-δ ceramics were also synthesized.  

Initially, with the increase in the dopant concentration, the ionic conductivity increases.  

It reaches maximum at certain dopant concentration, and then degrades.  Among all the 

tested doped ceria systems, Sm0.075Nd0.075Ce0.85O2-δ exhibits the highest ionic 

conductivity, at 500oC in air. 



 

142 

According to Kilner et al., for a fluorite structure oxides maximum ionic 

conductivity is achieved by alloying it with dopant cations which show minimum elastic 

strain in the host lattice.  Following this hypothesis, Kim introduced the critical dopant 

ionic radius (rc) concept for doped ceria materials.  The rc was defined as the ionic 

radius of the dopant cation that causes no elastic strain in the host lattice.  Thus, dopant 

with ionic radius with rc value should exhibit the highest ionic conductivity in ceria.  On 

comparing the ionic conductivity of all the doped ceria materials synthesized under 

similar experimental conditions, it was observed that Nd3+ exhibits the highest ionic 

conductivity.  However, ionic radius of Nd3+ is far away from the rc value.  It is important 

to note that in the structure (rc) – property (ionic conductivity) relationship proposed by 

Kim22, both the parameters were measured in different conditions (temperatures).  In 

order to verify the rc concept, rc values were determined at temperatures where the ionic 

conductivity is measured.  The graph between the elastic strain and the dopant cation 

ionic radius was plotted at higher temperatures, to derive rc values.  The rc value 

decreases with the increase in temperature.  At 500oC, rc value was estimated to be 

1.0252 Å for trivalent dopant cations in host ceria.  The rc value obtained at 500oC lies 

close to the ionic radius of Dy3+.  However, it is Nd3+ that exhibits the highest ionic 

conductivity.  This clearly indicates that the Kilner et al.’s hypothesis is not applicable for 

doped ceria materials.   
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CHAPTER 6 
PROCESSING EFFECTS ON THE IONIC CONDUCTIVITY  

6.1 Introduction 

In Chapter 4, a comparison between the ionic conductivity data for singly doped 

ceria systems taken from literature was shown.  A wide range of grain ionic conductivity 

values have been reported for a material with similar composition.7  A careful survey of 

the experimental procedures from literature, it indicates that processing variables show 

an effect on the ionic conductivity of the material.  Typically, powder synthesized using 

wet chemical route exhibit higher ionic conductivity compared to conventional solid state 

route.58  The soft chemical route is capable of producing relatively higher purity, 

homogeneous, and ultrafine powder at low temperatures.58,63,64  For the polycrystalline 

ceramic electrolyte materials, the presence of even slight concentration of impurities is 

deleterious to both the grain and the grain boundary conductivities.107,108  Typically in all 

the ceramic processing techniques, SiO2 is a ubiquitous background impurity.109  It is 

difficult to avoid it presence even when using a relatively pure sample.  Zhang et al.107 

studied the influence of SiO2 content on the grain and the grain boundary ionic 

conductivity in GdxCe1-xO2-δ system.  It was shown that with the increase in SiO2 

content, the grain ionic conductivity consistently decreases.  Similar results have been 

reported by Martin et al.110 in SiO2 doped ZrO2 system.  With the increase in SiO2 

content from 1 wt % to 10 wt%, grain conductivity of 8 mol% yttrium stabilized zirconia 

at 400oC deceases by approximately 25 %.  According to Zhang et al.107, this decrease 

in the conductivity can be explained by the dissolution of SiO2 in GdxCe1-xO2-δ 

crystallites.  At higher temperatures, small amount of SiO2 dissolve inside the doped 
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ceria lattice, either at substitutional (shown in equation 6-1) or interstitial sites (shown in 

equation 6-2). 

×× +⎯⎯ →⎯ OCe
CeO OSiSiO 22

2                                                    (6-1) 

×•••••• +⎯⎯ →⎯+ Oi
CeO

O OSiVSiO 22 2
2                                             (6-2) 

The Si4+ cation entering the lattice as a substitution for Ce4+ does not create any 

charge carriers inside the lattice, however due to the difference in the ionic radius 

between the Si4+ (r4+
Si,VIII= 0.4 Å) and Ce4+ (r4+

Ce,VIII= 0.97 Å) results in the elastic strain 

which not only hinders the mobility of oxygen vacancies but also increases the 

association activation energy of local defect structures (discussed in Chapter 2).  

According to the Hume-Rothery rules, for the substitutional dissolution, the ionic radius 

mismatch between the host and dopant cations of less than 15 % is required.  The ionic 

radius mismatch between the Si4+ and Ce4+ case is quite large for Si4+ to substitute for 

Ce4+.  Thus, there is a higher probability that Si4+ cations reside on the interstitial sites.  

It can be seen from equation (6-2), interstitial point defects results in the consumption of 

oxygen vacancies which are the charge carrier in these oxide materials.  This type of 

dissolution mechanism also results in the degradation of ionic conductivity. 

In polycrystalline ceramic samples grain boundaries also have a significant role to 

the overall ionic conductivity.  The deleterious effect of impurities on the grain boundary 

conductivity has been recognized in doped ceria ceramic for over 10 years.62,111  The 

impurities incorporated during the powder processing tend to segregate near the grain 

boundaries during sintering and grain growth.  Figure 6-1 shows high resolution images 

of doped ceria systems from our work.  Figure 6-1 A) shows continuous layer of an 

segregated phase present in the grain boundary of Gd0.10Ce0.90O2-δ.  The layer is 
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around 2 nm in thickness.  Figure 6-1 B) shows the glassy amorphous phase formed on 

the three-grain junction in the sintered Sm0.05Nd0.05Ce0.90O2-δ ceramic sample.  Both the 

samples were synthesized using solid state reaction.  The partial or complete blocking 

of charge carriers by these segregated impurities leads to higher grain boundaries 

resistivity. 

 

                          A 

 

                    B 

Figure 6-1.  A) Continuous layer of an siliceous phase in the grain boundary of 
Gd0.10Ce0.90O2-δ B) Glassy phase formed at the three-grain junction in 
Sm0.05Nd0.05Ce0.90O2-δ. 

Using transmission electron microscopy, Gerhardt et al.112 studied the grain 

boundaries in doped ceria systems.  The presence of Si in the form of a continuous 

glassy phase is responsible for the large decrease in the effective ionic conductivity in 

these materials.  Even a few hundred ppm of a siliceous impurity can increase the 

grain-boundary resistivity of Gd0.10Ce0.90O2-δ by up to 100 times.112,113  According to 

Steele13, for a highly pure Gd0.10Ce0.90O2-δ sample, the grain boundary impedance 

cannot be detected above 500oC.  However, for an impure Gd0.10Ce0.90O2-δ sample, the 
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total ionic conductivity is mainly dominated by grain boundary conductivity, upto 

1000oC.  This clearly suggests the need for highly pure materials for the electrolyte 

application in SOFCs. 

In addition to the impurities, the processing of the final microstructure from the 

starting powder also affects the ionic conductivity.  Recent work by Eposito et al.114, 

have shown that the sharp grains and the unrelaxed grain boundary interfaces lead to 

higher grain boundary conductivity in doped ceria systems.  Such microstructure 

possesses grain boundaries that are considered to be highly defective and segregation-

free.  In order to obtain such grain boundary structure, fast firing was performed to 

promote lattice diffusion of the material (from the grain boundary source) which results 

in the densification (rather than the grain growth and coarsening) in the polycrystalline 

green ceramic.   

Also, it is well known that the acceptor dopant cations in ceria materials have 

tendency to segregate near the grain boundaries.115  This results in the formation of 

Schottky barrier for oxygen vacancy diffusion which significantly degrades the ionic 

conductivity in polycrystalline ionic materials.  Dopant segregation can be attributed to 

the ionic radius mismatch between the dopant and host cations.  In addition, the positive 

potential of the grain boundary core act as a driving force in segregating dopant cations 

near the grain boundary.116  Also, at high sintering temperatures, acceptor cations are 

sufficiently mobile to segregate to the grain boundary core, and accumulate in the 

space-charge layer as a result of elastic strain and electrostatic interactions with the 

positively charged grain boundary core.  Thus, it is essential to lower the sintering 

temperature and time of the green ceramic material, such that the sintering process 
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does not provide enough thermal drive for the acceptor dopant cation to segregate near 

the grain boundary.  One of the approach, as pointed out by Herring117, to lower the 

sintering temperature is to reduce the particle size of the starting powder.  The 

densification can be enhanced by using nano-size powder which exhibits higher surface 

energy to drive mass diffusion transport.118  Other approach to synthesize dense ceria 

samples at lower temperatures is by using transition metal oxides sintering additives 

which promote densification.119,120  However, following this methodology may have a 

detrimental effects on the electrical properties of the material.121,122 

In recent years, microwave heating have gained lot of interest especially in the 

fabrication of ceramic materials with controlled microstructure.123  In comparison to the 

conventional direct heating, microwave heating of ceramics offers lot of advantages.  It 

not only promotes the material densification in a considerably reduced processing time 

and temperature, but also provides uniform heat treatment (via volumetric heating) and 

rapid heating rate which improve the material properties and microstructure.  It has 

been reported for alumina that the microstructure evolution in the microwave and 

conventional sintering are not the same, and that the microwave sintering produces 

finer- grained alumina.124  Recently, Rambabu et al.125 reported 92 % relative theoretical 

density of the ceramic samples of CeO2 synthesized using microwave sintering at 

1200oC for 60 min.  In the present work, microwave sintering was used as a fast firing 

technique to obtain dense polycrystalline ceramics with sharp grains and unrelaxed 

grain boundary interfaces. 

In Chapter 4, a novel co-doped ceria system was designed that exhibits higher 

ionic conductivity than Gd-doped ceria.  After identifying the co-dopants for the host 
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ceria, optimization of the dopant concentration was performed.  This leads to the 

development of Sm0.075Nd0.075Ce0.85O2-δ material that exhibits 30 % higher ionic 

conductivity than Gd0.10Ce0.90O2-δ, at 550oC in air.  In the previous work, co-doped 

samples were synthesized using solid state reaction.  As mentioned earlier, this ceramic 

processing technique may contain impurities which degrade the ionic conductivity of the 

materials.  To capture the full potential of Sm0.075Nd0.075Ce0.85O2-δ material, powder was 

synthesized using co-precipitation technique. This will not only improve the grain ionic 

conductivity but also promotes transport of charge carriers across the grain boundaries. 

Further, microwave sintering was used as a fast firing technique to obtain unrelaxed 

grain boundary interfaces that can further enhance the grain boundary conductivity of 

the material.  

6.2 Experimental Procedures 

The experimental details for the processing of phase pure powder of 

Sm0.075Nd0.075Ce0.85O2-δ using co-precipitation technique, and the microwave sintering of 

the green ceramic sample are given in Chapter 3.  Figure 6-2 compares the 

temperature - time profile in the conventional sintering, and the microwave sintering.  

The conventional sintering of the Sm0.075Nd0.075Ce0.85O2-δ sample was performed at 

1550oC for 10 h while the microwave sintering was done at 1450oC for 1 h.  The area 

under the curve shown in Figure 6-2 is proportional to the thermal energy given to the 

ceramic sample during each sintering process. 

The particle size distribution in Sm0.075Nd0.075Ce0.85O2-δ powder obtained using co-

precipitation technique was mono-disperse with most of the particles were below 0.2 μm 

in size.  The mean particle size was around 0.095 μm.  Similarly, powder synthesized 

using conventional solid oxide route exhibits mono-disperse particle size distribution.  
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However, the average particle size obtained through this process was 0.84 μm.  

Microwave sintering was performed on the green ceramic sample using the powder 

synthesized with co-precipitation technique; while the conventional solid state sintering 

was performed on the sample with the powder synthesized using the solid oxide route.  

The density of the ceramic sample obtained using microwave sintering was around 94 

% of theoretical density, while in the case of conventional sintering it was above 98 % of 

theoretical density.  For convenience, in the text abbreviations are used for both the 

samples (shown in Table 6-1).   
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Figure 6-2.  Comparison of the temperature – time profile in conventional solid state 
sintering and microwave sintering. 
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Table 6-1.  Abbreviation of samples synthesized using different techniques. 
Sample Abbreviation 

Conventional Sintering + Solid Oxide Route SamCoSo 

Microwave Sintering + Co-precipitation Route SamMiCo 

 

The microstructural analysis was performed using both scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM).  Electron dispersive X-

rays spectroscopy (EDXS) was used for chemical compositional analysis in the 

material.  Details for the sample preparation for both the characterizations are described 

in Chapter 3.  The ionic conductivity measurements were performed using two-point 

probe impedance spectroscopy (discussed in Chapter 2) from 250oC to 700oC, in air. 

6.3 Results and Discussion 

6.3.1 Microstructure 

Figure 6-3 shows the SEM images of SamCoSo and SamMiCo.  Due to the large 

particle size of the starting powder, and the higher sintering temperature and time, the 

grain size in SamCoSo is much larger compared to SamCoMi.  The grain size in the sample 

synthesized through solid state reaction method is in the range of 4 – 7 μm.  The arrows 

in the microstructure image of the SamCoSo sample show the curved nature of the grain 

boundaries.  According to Eposito et al.114, this type of grain boundaries are relaxed and 

in equilibrium state.  The fast firing in the SamMiCo sample, results in the finer grained 

microstructure.  The grain size using microwave sintering is in the range of 0.5 - 1 μm.  

In order to study the grain boundary in SamMiCo sample, TEM was performed on 

SamMiCo sample.  
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A 

 

B

Figure 6-3.  SEM images of A) Conventional sintering + Solid oxide route B) Microwave 
sintering + Co-precipitation technique. 

 

A 

 

B

Figure 6-4.  TEM images of the microwave sintered Sm0.075Nd0.075Ce0.85O2-δ sample. 

Figure 6-4 shows the microstructure of the SamMiCo sample.  It can be seen that 

the grains are finer with sharp grain boundaries.  Clearly, uniform and rapid heating of 

the ceramic sample does not provide enough time for grain growth. Thus, there is no 

grain boundary interface relaxation in the SamMiCo sample.  Figure 6-5 compares the 

5 μm 5 μm 
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typical grain boundary observed in both the samples.  Typically, the width of the grain 

boundary in the pure polycrystalline ceramic sample is in the range 1 - 2 nm.126  As 

discussed in the introduction, in order to reduce the grain boundary surface energy most 

of the siliceous impurities segregate near the grain boundaries.  Therefore, depending 

upon the segregation of the dopant and impurities, the grain boundary thickness can 

increase to above 2 nm.115  In the sample synthesized using co-precipitation and 

microwave sintering, it can be seen that the width of the grain boundary is quite small 

(<1 nm).  This clearly suggests that the segregation near the grain boundaries is 

minimal in the sample, and the impurities present in the material are very low.  In 

contrast to SamMiCo sample, the grain boundary width in SamCoSo is quite large (~2 nm).  

This may be due to the segregation of acceptor dopant cations or due to the presence 

of impurities near the grain boundary.   

 

A 

 

B

Figure 6-5.  Grain boundary in the polycrystalline ceramic synthesized using A) 
microwave sintering and B) conventional solid state sintering.



 

153 

EDXS was performed for chemical compositional analysis in the grain boundary of 

SamCoSo sample.  Figure 6-6 shows the EDX spectrum at the grain boundary for the 

sample synthesized using solid oxide route and solid state sintering.  The extent of 

dopant segregation profile across the grain boundary cannot be determined using line 

scan EDXS, as it is difficult to resolve the peaks of Ce, Sm and Nd in the EDX 

spectrum.  However, in the EDXS result shown in Figure 6-6, Si peak was detected.  

This suggests the presence of Si near the grain boundaries. This is consistent with 

literature, which states that solid oxide processing route to process powder usually 

contains higher impurity content.  
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Figure 6-6.  EDX spectrum of SamCoSo sample. 
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6.3.2 Ionic Conductivity 

Figure 6-7 shows the normalized impedance spectra of an electroded 

polycrystalline ceramic samples of Sm0.075Nd0.075Ce0.85O2-δ synthesized using different 

processing routes, taken at 350oC in air.   
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Figure 6-7.  Impedance spectrum of SamMiCo and SamCoSo samples at 350oC, in air. 

On comparing different Sm0.075Nd0.075Ce0.85O2-δ ceramic samples at 350oC, it can 

be seen that the intra-grain polarization semicircle in SamMiCo sample looks smaller 

when compared with SamCoSo.  This may be attributed to the siliceous impurities present 

in the SamCoSo sample which dissolve inside the crystal lattice (using interstitial 

mechanism), and consume the oxygen vacancies which are the charge carriers in these 

oxide materials.  Similarly, the impedance of the grain boundary polarization semi-circle 

for the SamCoMi sample is smaller than that of SamCoSo, which is consistent with the 
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microstructural features observed in the previous section.  The sharp and un-relaxed 

grain boundary interfaces formed in the fast firing results in the lower grain boundary 

impedance in SamMiCo sample.  Further, the rapid and homogeneous heating during the 

microwave sintering does not provide sufficient time for the acceptor dopant cations to 

segregate near the grain boundaries.  Also, due to the higher purity powder 

(synthesized using co-precipitation technique), extrinsic siliceous impurities are almost 

absent in the SamMiCo sample. 

As reported in Chapter 4, at 550oC, the grain ionic conductivity of 

Sm0.075Nd0.075Ce0.85O2-δ synthesized using conventional solid oxide route is 14 × 10-3 

S·cm-1.  The conductivity value is 30% higher than that of Gd0.10Ce0.90O2-δ synthesized 

using the same experimental conditions.  Figure 6-8 shows the Arrhenius plot for the 

grain and the total ionic conductivity in SamMiCo and SamCoSo samples.  In addition, the 

Arrhenius plot for the grain and the total ionic conductivity of Gd0.10Ce0.90O2-δ 

synthesized using solid oxide route is also shown. The sample synthesized using 

microwave sintering and co-precipitation technique, shows higher grain ionic 

conductivity than that of SamCoSo.  At 550oC, the grain ionic conductivity of 

Sm0.075Nd0.075Ce0.85O2-δ of SamMiCo sample is 15 × 10-3 S.cm-1, which is around 45 % 

higher than that of Gd0.10Ce0.90O2-δ (~10.7 × 10-3 S.cm-1). 

Table 6-2 shows the grain ionic conductivity value of Sm0.075Nd0.075Ce0.85O2-δ at 

600oC, synthesized using different processing techniques.  For comparison, the grain 

ionic conductivity value of Gd0.10Ce0.90O2-δ taken after Steele13 is also shown.  It is 

important to note that the grain ionic conductivity reported by Steele is the highest ever 

reported for Gd0.10Ce0.90O2-δ.  It can be seen from the Table 6-2 that 
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Sm0.075Nd0.075Ce0.85O2-δ synthesized using microwave sintering and co-precipitation 

technique exhibits higher grain ionic conductivity than that of Gd0.10Ce0.90O2-δ reported 

by Steele.  This result shows the potential of Sm0.075Nd0.075Ce0.85O2-δ as an electrolyte 

material for solid oxide fuel cells. 
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Figure 6-8.  Arrhenius plot for the ionic conductivity of Sm0.075Nd0.075Ce0.85O2-δ and 
Gd0.10Ce0.90O2-δ materials. 
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Table 6-2.  Comparison of the grain ionic conductivity of Sm0.075Nd0.075Ce0.85O2-δ and 
Gd0.10Ce0.90O2-δ at 600oC. 

 SamCoMi SamCoSo 
Gd0.10Ce0.90O2-δ  

(taken after Steele) 
Grain Ionic Conductivity 

(S.cm-1) 2.74 × 10-2 2.37 × 10-2 2.50 × 10-2 

 

The total ionic conductivity of both Gd0.10Ce0.90O2-δ and Sm0.075Nd0.075Ce0.85O2-δ 

samples is lower than their corresponding grain ionic conductivity.  This is basically due 

to the lower grain boundary conductivity contribution towards the total ionic conductivity.  

Typically, the grain boundary ionic conductivity of acceptor doped ceria is two orders of 

magnitude lower than the corresponding grain ionic conductivity values, depending 

upon the dopant concentration and temperature.115  Thus, the lower grain boundary 

conductivity results in lower total ionic conductivity.  Further, the total ionic conductivity 

of SamCoMi sample is higher than that of SamCoSo.  This is consistent with the 

microstructural results discussed earlier.  Since SamCoMi sample exhibits higher purity 

compared with SamCoSo sample, therefore, the grain boundary impurity phase blocking 

is comparatively lower in SamCoMi sample.  In addition, the fast firing in the microwave 

sintering does not provide sufficient time for dopant cations or impurities to segregate 

the near the grain boundaries in the material.  Further work need to be performed to 

separate out the individual effect of the powder synthesis, and the microwave sintering 

on the total ionic conductivity. 

Further, from Figure 6-8, it can be seen that the Sm0.075Nd0.075Ce0.85O2-δ 

synthesized using solid stat sintering route exhibits higher total ionic conductivity than 

Gd0.10Ce0.90O2-δ.  This can be attributed to the comparatively higher grain and grain 

boundary resistivity of Gd0.10Ce0.90O2-δ.  It is already shown in previous chapter that 
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Sm0.075Nd0.075Ce0.85O2-δ exhibits higher grain ionic conductivity than that of 

Gd0.10Ce0.90O2-δ. However, the main contribution to the total resistivity of Gd0.10Ce0.90O2-δ 

is from the grain boundary resistivity.  The lower grain boundary conductivity of 

Gd0.10Ce0.90O2-δ may be associated with the Gd3+ segregation near the positively 

charged grain boundaries.  The segregation of dopant blocks the oxygen vacancy 

diffusion across the grain boundaries.  Future work is required to investigate the 

chemical compositional analysis near the grain boundaries and to study the extent of 

dopant segregation in these two materials.   

6.4 Summary and Conclusions 

In recent years, ionic conductivity of doped ceria electrolyte materials has been 

extensively studied.  In literature a wide range of ionic conductivity data for Gd-doped 

ceria (which is commonly used for electrolyte application) are given.  After inspecting 

the experimental procedures followed in the work, it was observed that powder 

synthesized using wet chemical route usually shows higher ionic conductivity when 

compared with powder synthesized using solid state reaction.  Further, from literature it 

is known that the higher sintering time and temperature leads to lower grain boundary 

conductivity due to the segregation of acceptor dopant cations (or impurities) near the 

grain boundaries.  In order to prevent any segregation, fast firing technique to sinter 

ceramics is usually preferred over conventional sintering.  This will promote lattice 

diffusion of material during sintering process, which results in sharp grains with un-

relaxed grain boundaries.  In the work presented in the previous chapter, co-doping in 

ceria leads to the development of Sm0.075Nd0.075Ce0.85O2-δ electrolyte, which exhibits 

30% higher grain ionic conductivity than Gd0.10Ce0.90O2-δ.  However, 

Sm0.075Nd0.075Ce0.85O2-δ was synthesized using solid state reaction method.  In the 
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present chapter, Sm0.075Nd0.075Ce0.85O2-δ powder was synthesized using co-precipitation 

technique.  This results in ultrafine particle size powder with lower impurity content.  

Sintering of the compacted green ceramic sample was carried out using microwave 

heating, at 1450oC for 1 h.  Microstructure of the microwave sintered ceramic sample 

shows the sharp grains with clean grain boundaries.  Ionic conductivity was measured 

using two-point probe ac impedance spectroscopy technique.  Both the grain and the 

total conductivity was higher in the sample synthesized using co-precipitation technique 

and microwave sintered, when compared with the sample synthesized using 

conventional solid state reaction method.  At 550oC, the obtained grain ionic 

conductivity was around 45 % higher than that of Gd0.10Ce0.90O2-δ.  On comparing with 

Steele’s Gd0.10Ce0.90O2-δ (which is the best ever reported grain ionic conductivity data 

for Gd0.10Ce0.90O2-δ), the grain ionic conductivity of Sm0.075Nd0.075Ce0.85O2-δ sample 

synthesized using co-precipitation technique and microwave sintering, was 10 % higher 

at 600oC in air.  The blocking effect of grain boundaries is higher in the solid state 

reaction sample compared to the sample synthesized using co-precipitation technique 

and microwave sintering.  This can be attributed to the higher dopant cation and 

impurities segregation near the grain boundaries in the sample synthesized using 

conventional solid state reaction.  These results indicate the combined effect of the 

powder synthesis route and the sintering technique on the ionic conductivity in doped 

ceria materials.  Higher purity ceramic processing route, and the low temperature and 

time sintering technique are essential to obtain better conductivity in these materials. 

However, further work needs to be done to separate out the individual effect of powder 

synthesis technique and microwave sintering on the grain boundary ionic conductivity.  
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CHAPTER 7 
BUTTON CELL PERFORMANCE TESTING 

7.1 Introduction 

Lowering the operating temperature of solid oxide fuel cells (SOFCs) requires 

development of novel materials that exhibit improved properties at intermediate 

temperatures.  In the present work, focus is on designing higher ionically conductive 

materials for the electrolyte application in SOFCs.  Using co-doping strategy, it has 

been shown in Chapter 4, that Sm0.075Nd0.075Ce0.85O2-δ exhibits 30 % higher ionic 

conductivity than the commercially employed Gd0.10Ce0.90O2-δ (GDC) electrolyte at 

550oC, in air.  In the present chapter, the potential of Sm0.075Nd0.075Ce0.85O2-δ as an 

alternative electrolyte to GDC will be further investigated by testing the performance of 

SOFC device with flat-plate design.  It is the most common cell design which offers 

simple cell geometry and multiple fabrication options.  Further information about the cell 

design is discussed elsewhere.6  The performance of the SOFC device at intermediate 

temperatures will be discussed in this chapter. 

The fabrication of the anode-supported prototype SOFC devices was assisted by 

Jin-Soo Ahn, graduate student in Materials Science & Engineering Department at 

University of Florida. 

7.2 Experimental Procedure 

An anode-supported prototype SOFC is fabricated, with Sm0.075Nd0.075Ce0.85O2-δ 

electrolyte deposited on NiO-GDC composite anode using the conventional colloidal 

process.  The La0.6Sr0.4Co0.2Fe0.8O3-δ - GDC composite is used as a cathode. Figure 7-1 

shows the schematic of an anode-supported flat-plate design of SOFC.   
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Figure 7-1.  Schematic of anode-supported prototype solid oxide fuel cell. 

The NiO - GDC anode supports were synthesized by tape casting a mixture of NiO 

(Alfa Aesar, 99% purity, CAS 1313) and GDC (Rhodia, LOT H-050708) powders.  The 

powder mixture contains 65 weight % of NiO.  Both the raw oxide powders were 

accordingly weighed (to obtain 150 g batch of powder mixture), and are mixed to the 

organic mixture of toluene (23.5 cm3) and ethanol (21.5 cm3), with 1.5 g of solsperse 

(Air Products and Chemicals) which act as a dispersant in the slurry.  The role of 

dispersant is to keep the dispersed ceramic particles in suspension in the dispersing 

medium.  Further, a mixture of di-n butyl Phthalate (Alfa Aesar) (6.13 cm3 in volume), 

and polyethylene glycol (Fisher scientific) (1.2 g in weight) was added as a plasticizer, 

while polyvinyl butyral (Acros organic) (6.1 cm3 in volume) was added as a binder to this 

slurry.  Mixing was performed using ball milling for 24 h.  After ball milling, the resulting 

slurry was transferred to a vacuum chamber, for de-airing.  This process prevents any 

formation of pinhole defects or cracking (during tape casting), due to the air bubbles 

trapped inside the slurry.  During the de-airing process, the slurry was constantly stirred 

with magnetic stirrer to avoid solidification of the slurry surface.  The slurry was then 

tape-casted using tape-cast (Procast from DHI, Inc.). The NiO - GDC tape was 

subsequently dried for 2 h at 100 °C.  Circular green tapes with 32 mm diameter were 
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then punched out from the tape.  Figure 7-2 shows the green tape and the circular 

punched tape of NiO-GDC.  The circular anode tapes were partially sintered at 900 °C 

for 2 h.  

 

A 

 

B

Figure 7-2.  Green tape of NiO-GDC. A) and the circular punched tape B). 

The co-precipitation technique was used to synthesize phase pure powder of 

Sm0.075Nd0.075Ce0.85O2-δ.  One of the main objectives of using wet chemical route is to 

obtain fine particle size powder, which as a result enhances the sintering kinetic of the 

ceramic powder.  Thus, highly dense ceramic electrolyte can be synthesized using 

lower sintering temperature and time.  The details about the powder synthesis using co-

precipitation technique are provided in Chapter 3.  The particle size distribution in 

Sm0.075Nd0.075Ce0.85O2-δ powder obtained using co-precipitation technique was mono-

disperse with most of the particles were below 0.2 μm in size.  The mean particle size 

was around 0.095 μm.  For the deposition of electrolyte on anode support, the 

Sm0.075Nd0.075Ce0.85O2-δ powder synthesized using co-precipitation technique was ball 

milled for 24 h, in ethanol medium with solsperse as a dispersing agent.  After 24 h of 

ball milling, appropriate amount of polyvinyl butyral and di-n butyl phthalate were added 
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into the slurry.  The ceramic slurry was again ball-milled for another 24 h.  Before the 

deposition, ceramic slurry was sonicated for 10 minutes.  The ceramic slurry of 

Sm0.075Nd0.075Ce0.85O2-δ was then deposited twice onto the anode (NiO-GDC) surface 

using pipette.  The electrolyte deposited anode samples were subsequently, heat-

treated at 120 °C for 5 h.  The bi-layered structure of the electrolyte and anode was then 

co-sintered at 1550 °C for 4 h using a 3 °C/minute ramp rate in air. 

Cathode ink was prepared by mixing La0.6Sr0.4Co0.2Fe0.8O3-δ (Praxair Specialty 

Ceramics, 99.9% purity) and the GDC (Rhodia) powders in a 1:1 weight ratio, using 

mortar and pestle. The alpha-terpiniol and ethanol were added as a solvent, and 

polyvinyl butyral and di-n butyl phthalate were used as a binder and plasticizer, 

respectively.  After mixing and grinding the cathode ink in mortar and pestle for 1 h, the 

ink was brush-painted evenly onto the Sm0.075Nd0.075Ce0.85O2-δ electrolyte (deposited on 

NiO/GDC tape).  The first layer of cathode ink was dried in an oven at 120°C for 1 h.  

The second layer of the same cathode ink was then evenly brush painted on top of the 

first layer.  After applying the cathode on top of the electrolyte, samples were then fired 

at 1100 °C for 1 h.  Pt paste (CL11- 5349, Heraeus), as a current collector, was brush-

painted onto both electrodes along with Pt mesh, and Au connecting wires.  Samples 

with current collectors and connecting wires were then finally heat-treated at 900°C for 1 

h.  Figure 7-3 shows the flow chart for the complete experimental procedure for the 

fabrication of the prototype of solid oxide fuel cell sample.  After the heat treatment, 

button cells were mounted on the ZrO2 reactor for testing the power density in the 

intermediate temperature range. 
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Figure 7-3.  Flow chart for the fabrication of anode-supported prototype SOFC. 
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Figure 7-4.  Experimental setup for the I-V characteristics measurement of the test 
SOFC sample. 

Figure 7-4 shows the experimental setup for the current-voltage characteristics 

measurements of the SOFC sample at different temperatures.  The fuel cell samples 

were sealed (anode side) to a zirconia tube in a custom-made testing apparatus using 

two-part ceramabond sealant (a mixture of 517-powder and 517-liquid from Aremco).  

The setup was then placed into a furnace, cured, and taken up to testing temperature. 

Dry air and H2/H2O gas mixtures were used as the oxidant and fuel gases, respectively. 

Flow rates were maintained using mass flow controllers.  The 90 cm3/minute of dry air 

and wet hydrogen (3 volume % H2O) were supplied to the cathode and anode side, 

respectively. The cell open circuit potential (OCP) was monitored using a Solartron 
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1287 potentiostat until a stable value was reached, and the current-voltage (I-V) 

measurements were taken with the same instrument.  The impedance measurement 

was carried out at open circuit conditions using two-point probes ac impedance 

spectroscopy technique. A Par-stat 2273 (Princeton Applied Research) frequency 

response analyzer was used for impedance measurement.  Impedance spectra were 

measured from 10 kHz to 0.01 Hz, at different temperatures.  From the high frequency 

intercept of the impedance spectrum with the real axis, the ohmic ASR value was 

calculated (after normalizing the resistance according to cathode area).  Electrode ASR 

value was determined from the difference between the low and high frequency 

intercepts (after normalizing the resistance according to cathode area).   

Field emission scanning electron microscope (FE-SEM) was used to visualize the 

microstructure of the fuel cell sample.  In order to view the cross-section of all the three 

layers (anode, electrolyte, and cathode) of the cell, the test sample was fractured 

through the electrodes.  The fractured sample was embedded in epoxy-resin, and was 

mechanically polished. 

7.3 Results and Discussion 

7.3.1 Particle Size 

 Figure 7-5 shows the number particle size distribution of the 

Sm0.075Nd0.075Ce0.85O2-δ and the commercially obtained La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) 

powders.  The particle size distribution of the phase pure Sm0.075Nd0.075Ce0.85O2-δ 

powder synthesized using co-precipitation technique was measured using Beckman 

Coulter LS13320.  The particle size distribution of LSCF powder is provided by the 

company.  In order to achieve high density ceramic electrolyte, it is desired that the 

particle size should be less than 1 μm with particle size distribution to be narrow and 
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monodisperse.  It can be seen that the Sm0.075Nd0.075Ce0.85O2-δ particles exhibit size 

less than 1 μm, with the mean size of 0.095 μm.  Further, the particle size distribution is 

also monodisperse which is desired for good sintering in reasonable time.   
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Figure 7-5.  Particle size distribution of Sm0.075Nd0.075Ce0.85O2-δ synthesized using co-
precipitation technique and La0.6Sr0.4Co0.2Fe0.8O3-δ (obtained from Praxair 
Specialty Ceramics). 

The GDC powder obtained from Rhodia comprised of very fine particles of size 

less than 100 nm.127  These particles form aggregates due to their high surface area.  

On the other hand, the NiO particles are mostly micron-sized.127  The performance of 

the SOFC also depends upon the electrode reactions which primarily take place at triple 

phase boundaries (TPB) of electrolyte, electrode and air.  Increasing the TPB length, 

increases the electrode reaction sites which consequently enhances the performance of 

SOFCs.  The electrodes consist of smaller particles result in larger TPB lengths.  Thus, 

the lower particle size is typically required to increase the surface reactivity, and reduce 

the activation polarization.  However, lowering the particle size enhances the 

densification of the electrode.  The dry air and oxygen gas can easily pass through the 
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dense cathode; however, it is difficult for a dense anode to provide fuel rapidly to the 

reaction sites, and to remove water molecules efficiently.  This results in the increase in 

the concentration polarization.  To avoid this issue, the micron-sized NiO powder was 

used in the fabrication of anode tape.  The LSCF powder used for the cathode exhibit 

the number particle size distribution which is bi-modal, with most of the particles around 

1 μm in size (shown in Figure 7-5). 

7.3.2 Microstructural Analysis 

Figure 7-6 shows the microstructure view of the cross-section of the fuel cell, and 

the surface of Sm0.075Nd0.075Ce0.85O2-δ electrolyte.  It can be seen both in the cross-

sectional and surface micrographs, that the electrolyte is densely sintered except for a 

few isolated residual pores.  From the SEM image, the thickness of the 

Sm0.075Nd0.075Ce0.85O2-δ electrolyte is estimated to be ~ 5 μm.  This suggests that the 

Sm0.075Nd0.075Ce0.85O2-δ electrolyte can be easily deposited with conventional ceramic 

routes such as colloidal deposition.  As expected, the nickel (reduced form of NiO) 

particles in the anode are exceptionally larger compared to LSCF particles in the 

cathode.  This is mainly due to the large particle size of the starting powder i.e., NiO.  

Although, the hydrogen oxidation in the anode side is kinetically more favorable than 

oxygen reduction in the cathode side, the significantly large particle size of the Ni near 

the electrolyte and anode interface can cause high anodic polarization, at low 

temperatures. 
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Figure 7-6.  FE-SEM images of A) cross-section view of electrodes and electrolyte, and 
B) surface of the electrolyte. 

7.3.3 Impedance Analysis 

Figure 7-7 shows the impedance spectrum of the test SOFC sample at 650, 600, 

550 and 500°C.  Using impedance spectroscopy, it is possible to separate out the 

electrode and the ohmic contributions to the total area specific resistance (ASR) value 

at each temperature.  
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Figure 7-7.  Impedance spectrum of the SOFC cell measured at different temperatures. 
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Figure 7-8.  Area specific resistance at different temperatures. 

Figure 7-8 shows the electrode and the ohmic ASR values separated from the 

total ASR at different temperatures. The rapid increase in the total ASR value with the 

decrease in temperature is mainly due to the significant increase in the electrode 

polarization.  On the other hand, ohmic ASR value stays relatively low even at lower 

temperatures.  

The total ASR values were also calculated from the gradient of the linearly fitted I-

V curves.  Table 7-1 shows the comparison between the total ASR values obtained from 

the impedance measurements and I-V characteristics.  Impedance measurements were 

done under open circuit condition, therefore while fitting the I-V curve, the region near 

zero current was taken into account.  Both ASR values from the I-V characteristics and 
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the impedance measurement are comparable in all temperatures except 500°C. The 

ohmic contribution towards the total ASR at each temperature is tabulated in  

Table 7-1.  Comparison between the total ASR obtained from I-V characteristic and 
impedance measurement. The ohmic contribution towards the total ASR is 
also shown. 

Temperature 

(oC) 

ASRI-V 

(Ohms-cm2) 

ASRImpedance 

(Ohms-cm2) 
% Ohmic 

650 0.083 0.087 30.78 % 

600 0.244 0.235 21.74 % 

550 0.507 0.536 17.54 % 

500 1.189 1.487 12.03 % 

 

As shown in Table 7-1, at 650°C the ohmic contribution toward the total ASR is 

30%.  However, with the decreasing temperature ohmic ASR % contribution becomes 

smaller.  At 500°C, the ohmic contribution to the total ASR value is only 12.03%. This 

can be explained by two aspects. First, the high activation energy of the oxygen 

reduction reaction results in higher resistance from the cathode at low temperatures. 

Secondly, without the anode functional layer, large particles of NiO at the anode-

electrolyte interface lowers the hydrogen oxidation reaction kinetics which results in 

additional resistance. At this point, due to the limitation of two point impedance 

measurement, we cannot decide which electrode ASR is dominant. 

7.3.4 Power Density 

Figure 7-9 shows the I-V characteristics of the prototype of SOFC with 

Sm0.075Nd0.075Ce0.85O2-δ electrolyte at various temperatures, ranging from 500°C to 

650°C.  The flow rate of 90 cm3/minute of dry air and wet hydrogen was maintained in 

cathode and anode side, respectively.  The open circuit potential (OCP) values obtained 
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from this test cell were 0.72, 0.79, 0.77 and 0.84 V at 650°C, 600°C, 550°C and 500°C, 

respectively.  The obtained OCP values were close to the typical OCP values achieved 

in the cell with GDC as an electrolyte, using similar experimental setup.127  The open 

circuit potential value of the tested cell is also dependent upon the properties of sealant 

used in the device.  The gas sealant should be highly dense with minimal porosity, and 

also match the thermal expansion coefficient of Sm0.075Nd0.075Ce0.85O2-δ electrolyte.  

Future work need to be performed to identify materials to be used as sealant for SOFCs 

based on Sm0.075Nd0.075Ce0.85O2-δ electrolyte. 
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Figure 7-9.  The I-V characteristics of the prototype SOFC sample with 
Sm0.075Nd0.075Ce0.85O2-δ electrolyte at various temperatures ranging from 500 
to 650°C in 90 cm3/minute of both dry air and wet hydrogen. 

Figure 7-9 also shows the power density as a function of current.  The maximum 

power densities achieved in the test cell were 1.38, 0.71, 0.34 and 0.17 W/cm2 at 650, 

600, 550, and 500°C, respectively.  Considering the lower OCP values in the test cell, 

the obtained power densities are exceptionally high.  This can be contributed to the high 
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ionic conductivity of Sm0.075Nd0.075Ce0.85O2-δ electrolyte.  Also, it is important to note that 

the I-V characteristics and the maximum power density of the SOFC is a function of 

numerous processing and material variables.  For this reason, the potential of 

Sm0.075Nd0.075Ce0.85O2-δ electrolyte cannot be directly compared with that of GDC using 

I-V characteristics.  Comparison between the ionic conductivity of 

Sm0.075Nd0.075Ce0.85O2-δ and GDC electrolyte was investigated in detail in Chapter 4.53,67  

However, the performance testing results clearly suggest that the 

Sm0.075Nd0.075Ce0.85O2-δ electrolyte material can successfully generate high power 

density in SOFCs operating in the intermediate temperature range.   

Further, it is well known that the ionic phase in the electrode composite also have 

an effect on the SOFC efficiency.128,129  Higher ionic conductive material in the 

electrodes significantly enhances the power density of the SOFC.  As 

Sm0.075Nd0.075Ce0.85O2-δ exhibit higher ionic conductivity than GDC, it is expected this 

will further improve the performance of SOFCs.  The optimization of the processing 

parameters involved while replacing GDC with Sm0.075Nd0.075Ce0.85O2-δ material in the 

electrode composites is left as a future work.   

7.4 Summary and Conclusion 

The performance testing of the novel co-doped ceria material as an electrolyte 

was performed by fabricating anode – supported prototype of SOFC.  The electrolyte 

was deposited on top of the porous NiO-GDC anode tape using conventional colloidal 

technique.  The microstructure results show that the deposited layer of 

Sm0.075Nd0.075Ce0.85O2-δ ceramic is highly dense with very few residual pores present.  

The LSCF-GDC composite was used as a cathode, which was brushed on top of the 

dense sintered electrolyte layer.  The current-voltage characteristics were measured at 
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different temperatures, using 90 cm3/minute of dry air and wet hydrogen in cathode and 

anode sides, respectively.  The exceptionally high power density of 1.38 W/cm2 was 

obtained at 650oC.  The power density of the tested cell shows that the 

Sm0.075Nd0.075Ce0.85O2-δ ceramic can successfully generate higher performance in 

SOFCs working in intermediate temperature range.  The ASR values obtained from 

impedance measurements matches very closely with that measured using I-V 

characteristics.  On lowering the temperature, the ohmic contribution towards the total 

ASR decreases.  This implies that the electrode contribution to the total ASR value is 

significantly higher at lower temperatures.  By replacing the ionic phase in the electrode 

composite from GDC to Sm0.075Nd0.075Ce0.85O2-δ can further improve the performance of 

SOFCs operating in the intermediate temperature range.   
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CHAPTER 8 
SUMMARY AND FUTURE WORK 

8.1 Summary 

Solid oxide fuel cell (SOFC) is a promising technology for the future electrical 

power generation, as its shows high efficiency, low emissions and fuel flexibility.  In 

order to promote the development of SOFCs for a variety of energy needs, it is essential 

to lower the operating temperature to the intermediate temperature range (400 – 

700oC).  This will not only lower the fabrication and maintenance cost, but also improves 

the reliability of SOFCs.  However, with current SOFC materials lowering the operating 

temperature increases the ohmic losses, and degrades the performance and efficiency 

of the system.  Thus, it is required to develop materials for all the components of SOFC 

that exhibit improved properties in the intermediate temperatures.  This work focused on 

the development of higher ionic conductive materials for electrolyte applications in the 

intermediate temperature range.   

In recent years, doped ceria materials have received significant attention for 

electrolyte application, due to their high ionic conductivity and good thermodynamic 

stability in intermediate temperatures.  Until this work, among doped ceria materials, 

Gd0.10Ce0.90O2-δ exhibited the highest ionic conductivity at intermediate temperatures.  

The main goal of this work was to further enhance the ionic conductivity in doped ceria 

systems.  Two different doping strategies were used on ceria such that the interactions 

between point defects formed by the substitution of acceptor dopant cations for host 

Ce4+ cations, become minimal.  Also, it is essential to maximize the pre-exponential 

coefficient (in the Arrhenius relationship) which is the function of configurational entropy.  

Co-dopants were used to suppress the oxygen vacancy ordering, and increase the 
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configurational entropy of the system.  The co-dopants pairs were selected based on 

the individual dopant ionic radius, to test two different doping strategies i.e., critical ionic 

radius concept, and the results from density functional theory (DFT).   

According to the critical dopant ionic radius concept, it was suggested that the 

ideal dopants for ceria to exhibit higher ionic conductivity, should possess ionic radius 

closer to the critical dopant ionic radius (rc) value.  The rc is the ionic radius of the 

dopant that on addition to the host fluorite structure of ceria causes no lattice elastic 

strain.  In order to test this hypothesis, co-dopant pairs were selected and added in host 

ceria such that the weighed average ionic radius of co-dopants matches rc value.  On 

comparing the ionic conductivity of the novel ceramic materials with that of 

Gd0.10Ce0.90O2-δ synthesized under similar experimental conditions, it was observed that 

the electrolyte based on the critical dopant ionic radius concept (i.e., LuxNdyCe1-x-yO2-δ 

and Gd0.056Y0.044Ce0.90O2-δ) exhibit lower grain ionic conductivity than that of 

Gd0.10Ce0.90O2-δ material.  

Another novel doping strategy based on recent DFT results was tested which 

suggests using co-dopant with an average effective atomic number of Pm (Z = 61).  By 

doing so, the increase in the number of equi-interaction energy sites of oxygen vacancy 

was expected, which as a result, facilitates oxygen diffusion.  This in turn increased the 

ionic conductivity of the material.  Therefore, a co-doping scheme using Sm3+ and Nd3+ 

provided the experimental scenario to test this hypothesis.  It was found that the lattice 

parameter as a function composition obeys Vegard’s law which indicates short range 

oxygen ordering in Smx/2Ndx/2Ce1-xO2-δ system is not as pronounced as in other singly 

doped ceria system.  The grain ionic conductivity of Sm0.05Nd 0.05Ce0.90O2-δ was found to 
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be higher than that of Gd0.10Ce0.90O2-δ.  Among all the compositions (x) of 

Smx/2Ndx/2Ce1-xO2-δ, Sm0.09Nd0.09Ce0.82O2-δ exhibits the highest grain ionic conductivity 

above 600oC (3.47 × 10-2 S·cm-1 at 650oC). The grain ionic conductivity of 

Sm0.09Nd0.09Ce0.82O2-δ was found to be 35% higher than that of Gd0.10Ce0.90O2-δ at 

650oC.  Below 600oC, Sm0.075Nd0.075Ce0.85O2-δ is the highest ionically conductive 

material in doped ceria material.  At 550oC, the grain ionic conductivity of 

Sm0.075Nd0.075Ce0.85O2-δ was found to be 30% higher than that of Gd0.10Ce0.90O2-δ.  Thus, 

it was shown that the co-doping based on Pm atomic number results in enhanced ionic 

conductivity.  In addition, at higher dopant concentrations, Smx/2Ndx/2Ce1-xO2-δ system 

follows Meyer-Neldel rule.  Taking the common transition point of Arrhenius plots as 

association-dissociation temperature of oxygen vacancies, migration enthalpy in 

Smx/2Ndx/2Ce1-xO2-δ system was calculated.  It was shown that the migration enthalpy 

does depend on dopant concentration in the dilute regime.  Furthermore, shift in the 

grain ionic conductivity maxima toward higher dopant concentration with the increase in 

temperature, was observed in Smx/2Ndx/2Ce1-xO2-δ system.  

Ionic conductivity also depends upon the processing conditions.  There are a wide 

range of ionic conductivity values for Gd0.10Ce0.90O2-δ reported in literature.  In order to 

understand the ionic conductivity trend among different trivalent acceptor doped ceria 

materials, processing variables in the synthesis of these materials were kept constant.  

Thus, in the present work, a consistent ionic conductivity data set was prepared for 

different doped ceria materials (D0.10Ce0.90O2-δ) synthesized using similar experimental 

conditions.  Dopant concentration in these compositions is fixed to understand the effect 

of dopant ionic radius.  Among trivalent acceptor dopant cations, Nd3+ exhibits the 
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highest ionic conductivity in the host ceria.  To study the effect of dopant content, 

different compositions of Smx/2Ndx/2Ce1-xO2-δ ceramics were also synthesized.  Initially, 

with the increase in the dopant concentration, the ionic conductivity increases.  It 

reaches maximum at certain dopant concentration, and then significantly decreases.  

Among all the tested doped ceria systems, Sm0.075Nd0.075Ce0.85O2-δ exhibited the 

highest ionic conductivity, at 500oC in air. 

Among all the trivalent acceptor dopants, Nd3+ exhibited the highest ionic 

conductivity in ceria.  However, the ionic radius of Nd3+ is far away from the rc value.  It 

is important to note that in the structure (rc) – property (ionic conductivity) relationship 

proposed by Kim22, both the parameters were measured in different conditions 

(temperatures).  In order to verify the rc concept, rc values were determined at 

temperatures where the ionic conductivity is measured.  The graph between the elastic 

strain and the dopant cation ionic radius was plotted at higher temperatures, to derive rc 

values.  The rc value decreased with the increase in temperature.  At 500oC, the rc value 

was estimated to be 1.0252 Å for trivalent dopant cations in host ceria.  The rc value 

obtained at 500oC lies closest to Dy3+ ionic radius.  However, it is Nd3+ that exhibits the 

highest ionic conductivity.  This clearly indicated that the rc concept is not applicable for 

doped ceria materials. 

In order to investigate the effect of processing on the ionic conductivity, different 

processing routes were used to synthesize material.  From literature, it is reported that 

the powder synthesized using wet chemical route usually shows higher ionic 

conductivity than conventional solid oxide route.  Further, it is also known that higher 

sintering times and temperatures lead to lower grain boundary conductivity due to the 
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segregation of acceptor dopant cations (and impurities) near the grain boundaries.  In 

order to prevent any segregation, fast firing technique to sinter ceramics is usually 

preferred over conventional sintering.  As Sm0.075Nd0.075Ce0.85O2-δ exhibited the highest 

ionic conductivity among the tested doped ceria materials, therefore in the present work, 

Sm0.075Nd0.075Ce0.85O2-δ powder was synthesized using co-precipitation technique.  

Sintering of the compacted green ceramic sample was done using microwave heating, 

at 1450oC for 1 h.  Microstructure of the microwave sintered ceramic sample shows 

sharp grains with clean grain boundaries.  Both the grain and the total ionic conductivity 

were higher in the sample synthesized using co-precipitation technique and microwave 

sintering, when compared with the sample synthesized using conventional solid state 

reaction method.  At 550oC, the obtained grain ionic conductivity was around 45 % 

higher than that of Gd0.10Ce0.90O2-δ.  Comparison with Steele13’s Gd0.10Ce0.90O2-δ (which 

is the best ever reported grain ionic conductivity data for Gd0.10Ce0.90O2-δ), the grain 

ionic conductivity of Sm0.075Nd0.075Ce0.85O2-δ sample synthesized using co-precipitation  

technique and microwave sintering, was 10 % higher at 600oC in air.  The blocking 

effect of the grain boundaries is higher in the solid state reaction sample compared with 

the sample synthesized using co-precipitation technique and microwave sintering.  This 

can be attributed to the segregation of dopant cations and impurities near the grain 

boundaries in the sample synthesized using conventional solid state reaction.  These 

results indicated the combined effect of the powder synthesis route and the sintering 

technique on the ionic conductivity in doped ceria materials.  

After developing the higher ionically conductive material, performance testing of an 

anode – supported prototype of SOFC based on Sm0.075Nd0.075Ce0.85O2-δ electrolyte was 
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performed.  The electrolyte was deposited on top of the porous NiO- Gd0.10Ce0.90O2-δ 

anode tape using conventional colloidal technique.  The microstructure showed that the 

deposited layer of Sm0.075Nd0.075Ce0.85O2-δ ceramic is highly dense with very few 

residual pores present.  The La0.6Sr0.4Co0.2Fe0.8O3-δ- Gd0.10Ce0.90O2-δ composite was 

used as a cathode, which was brushed on top of the dense sintered electrolyte layer.  

The current - voltage characteristics were measured at different temperatures, using 90 

cm3/minute of dry air and wet hydrogen in cathode and anode sides, respectively.  The 

exceptionally high power density of 1.38 W/cm2 was obtained at 650oC.  The power 

density of the tested cell shows that the Sm0.075Nd0.075Ce0.85O2-δ ceramic can 

successfully generate higher performance in SOFCs working in intermediate 

temperature range.  

8.2 Future Work 

8.2.1 Doping Strategy 

As mentioned in Chapter 1, the main scientific approach to achieve the goal of 

developing higher ionic conductive materials is to identify the doping strategy.  It was 

shown in Chapter 4 that Pm is the ideal dopant to exhibit the highest ionic conductivity.  

Since Pm is a radioactive element, and cannot be used for this application, therefore 

co-dopant strategy based on Sm3+ and Nd3+ was used on ceria.  This leads to the 

development of highly ionically conductive Sm0.075Nd0.075Ce0.85O2-δ material.  Future 

work is needed to further test this strategy using Gd3+ and Nd3+ as co-dopant pair. 

Using multiple trivalent dopants suppresses the oxygen vacancy ordering, and 

increases the configurational entropy of the system.67  This, in turn, enhances the ionic 

conductivity of the material.  In addition, from Chapter 5, it is clear that the dopant 

cations exhibiting the ionic radius in the range of 1.05 Å to 1.11 Å show low activation 
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energy for oxygen diffusion.  Since dopant ionic radius of Gd3+, Sm3+ and Nd3+ cations 

lie in this range, it would be interesting to study the ionic conductivity of 

Gdx/3Smx/3Ndx/3Ce1-xO2-δ system in detail. 

Also, in Chapter 5, it is shown that Nd3+ dopant cation exhibits the highest ionic 

conductivity among all the other trivalent dopant cations.  However, the ionic 

conductivity result does not follow the host and dopant cations ionic radius mismatch 

concept.  Therefore, work is required to study in detail the crystal structure and the grain 

ionic conductivity in NdxCe1-xO2-δ system.  As grain boundary is the integral part of the 

polycrystalline ceramic material, the study of the grain boundary ionic conductivity for 

different compositions in NdxCe1-xO2-δ system need to be performed.  Finally, work is 

required for the optimization of dopant content in NdxCe1-xO2-δ system to obtain higher 

ionic conductivity. 

8.2.2 Ionic Conductivity 

Among all the tested doped ceria compositions, Sm0.075Nd0.075Ce0.85O2-δ exhibits 

the highest grain ionic conductivity in the intermediate temperature range, in air.  

However, under real operation, the solid oxide electrolyte is also exposed to reducing 

environment at the anode side.  Thus, it is important to measure the ionic conductivity of 

Sm0.075Nd0.075Ce0.85O2-δ as a function of partial pressure of oxygen.  Further, in reducing 

conditions (~10-20 atmosphere) and at high temperatures (~1000oC), CeO2 is prone to 

change its valence state from Ce4+ to Ce3+, which promotes electronic conduction in the 

material.  This not only degrades the associated cell efficiency, but also expands the 

material (due to the formation of additional oxygen vacancies) which has a deleterious 

effect on the mechanical properties.73  Thus, for Sm0.075Nd0.075Ce0.85O2-δ electrolyte, it is 
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required to measure the transference number of Sm0.075Nd0.075Ce0.85O2-δ in reducing 

atmospheres. 

In Chapter 5, a trend for the pre-exponential factor (in Arrhenius relationship) was 

shown as a function of the trivalent dopant ionic radius.  Since pre-exponential factor 

depends upon numerous variables (shown in Appendix B), it is difficult to de-convolute 

the contribution from different variables toward the pre-exponential factor. Thus, a 

computational approach, like density functional theory, may be extremely helpful to 

investigate the effect of each variable independently.  This work will allow better 

understanding of the pre-exponential factor for different type of acceptor dopants.  

Using this knowledge, novel doping strategy can be designed (to develop higher 

ionically conductive materials) for ceria and related fluorite based oxides. 

8.2.3 Processing 

In Chapter 6, it has been shown that the ionic conductivity depends on processing 

conditions.  Samples synthesized using co-precipitation technique and microwave 

sintering exhibit higher grain and total ionic conductivity, than the samples prepared 

through solid state reaction method.  As described in chapter 6, microwave sintering is a 

fast firing technique in which the microstructure with fine grain size is obtained.  Thus, it 

is important to study the effect of the microwave sintering over the microstructure of 

doped ceria material.  Further, the amount of impurities segregation (near the grain 

boundary core) is also dependent upon the orientation of the grains forming the grain 

boundary.  The high angle grain boundaries can accommodate more impurities when 

compared with low angle grain boundaries.  Future work is required to study in detail the 

grain boundary configuration in the microwave sintered samples.  Furthermore, ionic 

conductivity measurements need to be performed on the conventional sintered ceramic 
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samples formed using the powder synthesized from co-precipitation technique.  This will 

separate out the effect of the powder synthesis route on the ionic conductivity of the 

material. 

8.2.4 Performance Testing 

In Chapter 7, it was shown that the Sm0.075Nd0.075Ce0.85O2-δ electrolyte material 

can successfully generate high power density in SOFCs operating in the intermediate 

temperature range.  At 650oC, exceptionally high power density of 1.38 W/cm2 was 

obtained using 90 cm3/minute of dry air and wet hydrogen in cathode and anode sides.  

However, with the decrease in temperature, the power density of the tested cell 

degrades significantly.  This is basically due to the rapid increase in the electrode area 

specific resistance (ASR) with the decrease in temperature.  This electrode ASR can be 

lowered by replacing the ionic phase in the electrode composite.  It is well known that 

the ionic phase in the electrode composite also have an effect on the SOFC efficiency.  

Higher ionic conductive material in the electrodes significantly enhances the power 

density of the SOFC.  As Sm0.075Nd0.075Ce0.85O2-δ exhibit higher ionic conductivity than 

GDC, it is expected this will further improve the performance of SOFCs.128,129  The 

optimization of the processing parameters involved while replacing GDC with 

Sm0.075Nd0.075Ce0.85O2-δ material in the electrode composites is left as a future work.   

In addition, without the anode functional layer, large particles of NiO at the 

anode-electrolyte interface lowers the hydrogen oxidation reaction kinetics which results 

in additional resistance.127  Thus, using anode functional layer in the interface of anode 

and electrolyte can substantially improve the performance of SOFCs operating in the 

intermediate temperature range.  Further, the open circuit potential value of the tested 

cell is also dependent upon the properties of sealant used in the device.  The gas 
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sealant should be highly dense with minimal porosity, and also match the thermal 

expansion coefficient of Sm0.075Nd0.075Ce0.85O2-δ electrolyte.  Future work need to be 

done to identify materials to be used as sealant for SOFCs based on 

Sm0.075Nd0.075Ce0.85O2-δ electrolyte. 
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APPENDIX A 
DEFECT CHEMISTRY AND THERMODYNAMIC IN POINT DEFECTS 

Diffusion in oxide solids can only take place due to the presence of imperfections 

(point defects) in the lattice.  For example, Schottky defect in MgO results in the 

formation of a pair of Mg+ and O2- vacancies in the bulk crystal.  The ••
OV defects play the 

role of charge carriers and enable O2 gas to diffuse through the solid material.  

//
MgO VVNull +→ ••                                              (A-1) 

 Even though introduction of defects involve breaking of bonds, there is a finite 

concentration of defects always present in the crystal structure at all the temperature 

above 0 K.  This is attributed to the entropy increase due to the presence of these 

defects.  The total entropy of a collection of atoms can be written as a sum of 

configurational entropy (ΔSconfig) and vibrational entropy (or thermal entropy) (ΔSvibra).   

vibraconfig SSS Δ+Δ=Δ                                       (A-2) 

Thus, if x mole fraction of certain type of point defect, then the entropy change (ΔS) due 

to the formation of these defects is, 

( ) ( ) ( )[ ]
ν
ν

+−−+−=Δ
/

ln1ln1ln xkxxxxkS                           (A-3) 

where k, ν , and /ν are Bolzmann’s constant, the vibrational frequency of atoms far 

away from oxygen vacancy, and the vibrational frequency of atoms in close proximity to 

oxygen vacancy, respectively. 

If the energy needed to form these defect is ΔHfor Joules per mole then the 

increase in enthalpy (ΔH) is, 

forHxH Δ×=Δ ...............      ..         .............(A-4) 
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The total change in Gibb’s free energy (ΔG) is  

STHG Δ−Δ=Δ                                                   (A-5) 

From (A-3) and (A-4), 

( ) ( ) ( )[ ]
ν
ν

+−−++Δ=Δ⇒
/

ln1ln1ln xkTxxxxkTHxG for                (A-6) 

The concentration of defect at which the minimum in ΔG occurs (i.e.,
( )

x
G

∂
Δ∂

 ), is 

the equilibrium concentration (xeq) of defect for a particular temperature, 

⎟
⎠

⎞
⎜
⎝

⎛ Δ−Δ
−=

RT
STH

x vibfor
eq exp                                  (A-7) 

Thus, the final expression does not contain the configuration entropy term but only 

depends upon the change in Gibb’s energy by the formation of a single defect. 
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APPENDIX B 
IONIC CONDUCTIVITY AND DEFECT COMPLEXES 

B.1 Oxygen Ion Conductivity 

Oxygen ion conductivity (σi) in a solid oxide electrolyte obeys Arrhenius 

relationship, 

⎟
⎠

⎞
⎜
⎝

⎛ Δ
−σ=σ

kT
Hm

oi exp                                                  (B-1) 

where σo, ΔHm, k, and  T pre-exponential coefficient, migration enthalpy, and Boltzmann 

constant.  Oxygen vacancy conductivity can be expressed in terms of oxygen vacancy 

mobility as, 

VVoOV qNV μ=σ •• ][                                                   (B-2) 

where No is the number of oxygen sites per unit volume (cm-3), ][ ••
OV  is the fraction of 

mobile oxygen vacancy present in the anion sublattice, and qv and µv are the charge 

and mobility of oxygen vacancies, respectively.  According to the Nernst – Einstein 

relationship, oxygen vacancy mobility can be described with the corresponding 

diffusivity (Dv). 

kT
Dq VV

V =μ                                                        (B-3) 

The oxygen vacancy diffusivity can be written as, 

⎟
⎠

⎞
⎜
⎝

⎛ Δ
−⎟

⎠

⎞
⎜
⎝

⎛ Δ
ν=

kT
H

k
SaD mm

oV expexp2                                    (B-4) 

where a is the ion jump distance, oν  is an appropriate lattice vibration, and ΔSm is the 

entropy change during oxygen ion diffusion.  Oxygen ion diffusivity can be describe in 

terms of oxygen vacancy diffusivity as, 
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VOi DVD ][ ••=                                                        (B-5) 

From (B-4) and (B-5), 
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The oxygen ion mobility (µi) can be written as, 
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Using (B-7) and (B-2), oxygen ion conductivity can be written as 
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                               (B-8) 

where Co is the mole fraction of oxygen ions present in the material, 
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                              (B-9) 

For smaller values of ][ ••
OV  equation (B-9) can be approximated as, 
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                                  (B-10) 

B.2 Defect Complexes 

In equation (B-10), it is assumed that there are no interactions between dopant 

cations and oxygen vacancies sites.  However, the presence of elastic and electrostatic 

interactions between these two point defects result in the formation of local defect 

structures such as ( )//
AOA DVD −− ••  and ( )•••− OA VD / .  At lower dopant concentration, it 

can be assume that only dimers (i.e., ( )•••− OA VD / ) are present in the material.  However, 

with the increase in dopant concentration, the probability that oxygen vacancy has more 

than one dopant cation in the neighboring position rapidly increases.  Thus, at higher 
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dopant concentration, the presence of trimers (i.e., ( )//
AOA DVD −− •• ) is more likely.  In the 

following section, equation (B-10) is modified taken into consideration both dimers and 

trimers. 

B.2.1 Dimers 

In this section, equation (B-10) is modified assuming that only dimers are present.  

( ) ••••• +→− OCeOCe VDVD //                                         (B-11) 

Applying the law of mass-action, 
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])[(
][][
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Dimers VD
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K                                            (B-12) 

where Kdimers is the equilibrium constant.  From charge neutrality relationship, 

][][2])[( //
CeOOCe DVVD =+− •••••                                        (B-13) 

For full association of defects, 

][])[( / ••••• >>− OOCe VVD                                           (B-14) 

dopCeOCe cDVD ==− ••• ][])[( //                                      (B-15) 

where cdop is the concentration of dopant cations.  Thus, equation [12] becomes, 

][ ••= ODimers VK                                               (B-16) 

Now, equilibrium constant KDimers is a function of temperature (T) and can be written as, 
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where A, ΔGDimers, ΔHDimers, and ΔSDimers are the pre-exponential constant for the 

reaction, Gibb’s free energy, enthalpy, and entropy of association, respectively.  Using 

(B-16) and (B-17),  

⎟
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Inputting the equation (B-19) into (B-10), 
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Equation (B-21) is the modified equation (B-10) assuming only dimers as a local defect 

structure present. 

B.2.2 Trimers 

In this section, it is assumed that only trimers local defect structures are present 

while modifying equation (B-10). 

••×•• +→−− OCeCeOCe VDDVD /// 2)(                                            (B-22) 

Applying the law of mass-action, 
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where KTrimers is the equilibrium constant.  From charge neutrality relationship, 

][][2 /
CeO DV =••                                                  (B-24) 

Using equation (B-23) and (B-24), 
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For full association of defects, 

][])2[( / ••×•• >>− OOCe VVD                                           (B-26) 

dopOCe cVD =− ×•• ])2[( /                                            (B-27) 

where cdop is the total dopant concentration expressed as a site fraction of the cation 

site.  Similar to dimers case, equilibrium constant KTrimers is a function of temperature (T) 

and can be written as, 
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where A, ΔGTrimers, ΔHTrimers, and ΔSTrimers are the pre-exponential constant for the 

reaction, Gibb’s free energy, enthalpy, and entropy of association, respectively.  Using 

equation (B-25), (B-27), and (B-29), 
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Inputting the equation (B-30) into (B-10), 
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Equation (B-31) is the modified equation (B-10) assuming only trimers as a local 

defect structure present.  The conductivity should follow above trends at higher dopant 

concentration, when the probability of the presence of trimers is higher. 
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APPENDIX C 
HIGH TEMPERATURE XRD PATTERNS OF CERIA COMPOUNDS 

In this section, XRD profiles of doped ceria systems at high temperatures are 

shown. 
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Figure C-1.  XRD profiles of pure ceria collected at high temperatures. 
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Figure C-2. XRD profiles of Yb0.10Ce0.90O2-δ collected at high temperatures. 
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Figure C-3.  XRD profiles of Y0.10Ce0.90O2-δ collected at high temperatures. 
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Figure C-4.  XRD profiles of Dy0.10Ce0.90O2-δ collected at high temperatures. 
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Figure C-5.  XRD profiles of Gd0.10Ce0.90O2-δ collected at high temperatures. 
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Figure C-6.  XRD profiles of Sm0.10Ce0.90O2-δ collected at high temperatures.  
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APPENDIX D 
EXTRAPOLATION METHOD TO CALCULATE LATTICE PARAMETER 

The curved position sensitive (CPS) diffractometer (INEL, France) was used to 

collect X-ray diffraction profiles of doped ceria materials using Cu Kα radiation.  

Monochromator crystal was used to separate out Cu Kα1 from the incident X-ray beam.  

Peak positions in the XRD pattern were determined by fitting each individual peak with a 

symmetric Pearson VII profiles to model Cu Kα1 using a commercially available software 

(i.e., Solver add-in within Microsoft Excel spreadsheet package).  Extrapolation method 

was used to estimate the lattice parameter of doped ceria materials.  This method can 

be used to correct for vertical sample displacements within certain limits.  Thus, it is not 

essential to use internal standard to obtain the experimental offset in 2θ position.  

Information regarding this technique can be found elsewhere.66  For a given XRD 

profile, lattice parameter (a) was determined for each individual peak using the following 

relationship, 

222

2
lkh

sin
a ++

θ
λ

=                                          (D-1) 

The measured lattice parameters were then plotted as a function of cos2θ. The 

scattered data was then linearly fitted using least-square algorithm.  The fitted line is in 

the form of the following relationship, 

θ+= 2coskaa o                                                 (D-2) 

 where ao is the true estimation of the lattice parameter, and a is the apparent lattice 

parameter calculated from the angular position of a particular peak and k is the constant 

depending upon the sample vertical displacement.  The implication of equation (D-2) is 

that the best estimate of lattice parameter, ao, can be obtained by plotting a with respect 
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to cos2θ, and extrapolating it to cos2θ = 0.  Figure D-1 shows apparent lattice parameter 

and cos2θ plots for pure ceria material taken at different temperatures.  It can be seen 

that with the increase in temperature the intercept is also increasing which indicates the 

thermal lattice expansion of ceria. 
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Figure D-1.  Plot of calculated lattice parameter, a with respect to cos2θ for pure ceria at 
different temperatures. 
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