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April, 2019 

Chair: Tan Yen Ping, PhD 
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Bismuth oxide systems exhibit high oxide ion conductivity and have been proposed as 
good electrolyte materials. However, due to their instability under conditions of low 
oxygen partial pressures there has been difficulty in developing these materials and 
thus, strontium is introduced in order to overcome this problem. The bismuth strontium 
oxide (Bi2-2xSrxO3-2x) where 0.1 ≤ x≤ 0.8 is synthesized via conventional solid state 
method at 800°C for 24-48 hours. X-ray diffraction studies revealed that the single 
phase hexagonal structure with space group of R-3m and lattice parameter of a=b≠c is 
attained in composition of 0.1 ≤ x≤ 0.4. Mixed phases were obtained for the 
composition of 0.5 ≤ x≤ 0.8 and therefore, it can be concluded that the solid solution
limit for this material is in the composition of 0.1 ≤ x≤ 0.4.  The electrical properties 
were studied using AC impedance in the frequency range of 0.1 Hz – 1 MHz at 
temperature of 25-800°C. At temperature 200-400°C, Bi2-2xSrxO3-2x solid solutions 
were having an oxide ionic conduction with conductivity ~10-6 -10-1 Scm-1 while the 
activation energies, Ea were in the range of 0.76-1.12 eV.  

Chemical doping using divalent cations were carried out on the Sr2+ site with selected 
dopants i.e. manesium oxide (MgO), calcium oxide (CaO), barium oxide (BaO) and 
nickel oxide (NiO) in order to modify and enhance the electrical properties of the 
material and all dopants were introduced into Bi1.2Sr0.4O2.2. The divalent dopants are 
introduced at Sr2+ site because of its comparable ionic radius to Sr2+. The single phase 
pure of these samples were determine by using the X-ray diffraction method (XRD). 
The solid solution limit for Mg-doped (Bi1.2Sr0.4-xMgxO2.2) is 0.00 ≤ x≤ 0.10 
meanwhile, solid solution limit for Ca-doped (Bi1.2Sr0.4-xCaxO2.2) is 0.00 ≤ x≤ 0.08. The 
solid solution limit for Ba-doped (Bi1.2Sr0.4-xBaxO2.2) is in the range of 0.00 ≤ x ≤ 0.06 
and as for the Ni-doped (Bi1.2Sr0.4-xNixO2.2) the solid solution limit is 0.00 ≤ x ≤ 0.10. 
All of these doped materials are in hexagonal structure with space group of R-3m.  
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At temperature of 200-400°C the ionic conductivity for Bi1.2Sr0.4-xMgxO2.2 solid 
solutions are 10-6-10-1 Scm-1 with activation energy in the range of 0.93-0.97 eV. The 
Bi1.2Sr0.3Mg0.1O2.2 has the highest conductivity of 1.23x10-1 Scm-1 at 400°C. An 
increase in conductivity was observed as the composition of Ca-doped increased; at 
temperature of 200-400°C is in the range of 10-6-10-2 Scm-1 with activation energy in 
the range of 0.96-1.14 eV. The Bi1.2Sr0.32Ca0.08O2.2 has the highest conductivity at 
400°C which is 5.62x10-2 Scm-1and Ea is 1.14 eV. The conductivity decreased as the 
amount of Ba2+ increases. The ionic conductivity at temperature of 200-400°C is 10-6-
10-2 Scm-1 and Ea is 0.89-1.10 eV. The Bi1.2Sr0.36Ba0.04O2.2 is having high conductivity 
of 5.33 x 10-2 Scm-1 at 400°C as compared to the Bi1.2Sr0.4O2.2. The ionic conductivity 
of Ni-doped at temperature of 200-400°C is 10-6-10-2 Scm-1 with the activation energy 
of 0.69-1.07 eV. The Bi1.2Sr0.38Ni0.02O2.2 has the highest conductivity of 2.88 x 10-2

Scm-1 at 400°C.  

The atomic percent of elements present in all samples were confirmed by using the 
energy dispersive X-ray spectroscopy (EDX). Surface morphology of these samples 
was viewed using the scanning electron microscopy (SEM). 
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Abstrak tesis yang dikemukakan kepada Senat Universiti Putra Malaysia sebagai 
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SIFAT FIZIKAL DAN ELEKTRIK BAGI BISMUTH STRONTIUM OKSIDA -
BERASASKAN LARUTAN PEPEJAL

Oleh

ROHAYU BINTI MOHD NOOR

April 2019
  

Pengerusi: Tan Yen Ping, PhD 
Fakulti: Sains 

Sistem oksida Bismuth menunjukkan kekonduksian ion oksida yang tinggi dan telah 
dicadangkan sebagai bahan elektrolit yang baik. Walau bagaimanapun, disebabkan oleh 
ketidakstabilan mereka dalam keadaan tekanan separa oksigen yang rendah, terdapat 
kesukaran untuk membangunkan bahan-bahan ini dan dengan demikian, strontium 
diperkenalkan untuk mengatasi masalah ini. Strontium oksida bismut (Bi2-2xSrxO3-2x) di 
mana 0.1 ≤ x ≤ 0.8 disintesis melalui kaedah keadaan pepejal konvensional pada 800 
°C selama 24-48 jam. Kajian difraksi sinar-X mendedahkan bahawa fasa tunggal 
struktur heksagon dengan kumpulan ruang R-3m dan parameter kekisi a = b ≠ c dicapai 
dalam komposisi 0.1 ≤ x ≤ 0.4. Fasa campuran diperolehi untuk komposisi 0.5 ≤ x ≤ 
0.8 dan oleh itu, dapat disimpulkan bahawa had larutan pepejal untuk bahan ini adalah 
dalam komposisi 0.1 ≤ x ≤ 0.4. Ciri-ciri elektrik telah dikaji menggunakan impedans 
AC dalam julat kekerapan 0.1 Hz - 1 MHz pada suhu 25-800°C. Pada suhu 200-400°C, 
penyelesaian pepejal Bi2-2xSrxO3-2x mempunyai pengaliran ionik oksida dengan 
kekonduksian ~10-6-10-1 Scm-1 manakala tenaga pengaktifan, Ea berada dalam 
lingkungan 0.76-1.12 eV. 

Doping kimia menggunakan kation divalen dilakukan di tapak Sr2+ dengan dopan 
terpilih iaitu magnesium oksida (MgO), kalsium oksida (CaO), barium oksida (BaO) 
dan nikel oksida (NiO) untuk mengubahsuai dan meningkatkan sifat-sifat elektrik 
bahan dan semua dopan diperkenalkan ke dalam Bi1.2Sr0.4O2.2. Dopan divalen 
diperkenalkan di tapak Sr2+ kerana radius ionik setanding kepada Sr2+. Fasa tunggal 
murni sampel ini ditentukan dengan menggunakan kaedah difraksi sinar-X (XRD). Had 
larutan pepejal untuk Mg-doped (Bi1.2Sr0.4-xMgxO2.2) ialah 0.00 ≤ x ≤ 0.10 sementara 
itu, had larutan pepejal untuk Ca-doped (Bi1.2Sr0.4-xCaxO2.2) ialah 0.00 ≤ x ≤ 0.08. Had 
larutan pepejal untuk Ba-doped (Bi1.2Sr0.4-xBaxO2.2) berada dalam lingkungan 0.00 ≤ x 
≤ 0.06 dan bagi Ni-doped (Bi1.2Sr0.4-xNixO2.2) penyelesaian pepejal had ialah 0.00 ≤ x ≤ 
0.10. Semua bahan doped ini berada dalam struktur heksagon dengan kumpulan ruang 
R-3m. 
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Pada suhu 200-400°C, kekonduksian ionik untuk penyelesaian pepejal Bi1.2Sr0.4-

xMgxO2.2 adalah 10-6-10-1 Scm-1 dengan tenaga pengaktifan dalam julat 0.93-0.97 eV. 
Bi1.2Sr0.3Mg0.1O2.2 mempunyai kekonduksian tertinggi 1.23 x 10-1 Scm-1 pada 400°C. 
Peningkatan kekonduksian diperhatikan kerana komposisi Ca-doped meningkat; pada 
suhu 200-400°C adalah dalam lingkungan 10-6-10-2 Scm-1 dengan tenaga pengaktifan 
dalam julat 0.96-1.14 eV. Bi1.2Sr0.32Ca0.08O2.2 mempunyai kekonduksian tertinggi pada 
400°C iaitu 5.62 x 10-2 Scm-1 dan Ea adalah 1.14 eV. Konduktiviti menurun apabila 
jumlah peningkatan Ba2+ meningkat. Kekonduksian ionik pada suhu 200-400 °C ialah 
10-6-10-2 Scm-1 dan Ea adalah 0.89-1.10 eV. Bi1.2Sr0.36Ba0.04O2.2 mempunyai 
kekonduksian tinggi 5.33 x 10-2 Scm-1 pada 400°C berbanding dengan Bi1.2Sr0.4O2.2.
Kekonduksian ionik Ni-doped pada suhu 200-400°C adalah 10-6-10-2 Scm-1 dengan 
tenaga pengaktifan 0.69-1.07 eV. Bi1.2Sr0.38Ni0.02O2.2 mempunyai kekonduksian 
tertinggi pada 2.88 x 10-2 Scm-1 pada 400°C. 

Persentase atom unsur dalam semua sampel telah disahkan menggunakan spektroskopi 
X-ray dispersif tenaga (EDX). Morfologi permukaan sampel ini dilihat menggunakan 
mikroskop elektron imbasan (SEM). 
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CHAPTER 1

INTRODUCTION 

1.1 Overview 

In recent years, the rapid growth of modern communication technologies and electronic 
device has drawn much research interest in high performance functional materials. 
Oxides with diverse electrical properties are greatly demanded for various uses. The 
interest in oxide-ion conductor increases and pace of research on oxide-ion conductors 
has been rapid ever since their discovery by Faraday over 200 years ago. This is 
because of their potential applications in various important technological devices such 
as solid oxide fuel cells (SOFC’s). Such device converts the chemical energy of fuel 
cells directly into electricity and heat by electrochemically combining the fuel and 
oxidant gas via an ion conducting electrolyte (Tan et al., 2012). The advantages of 
SOFC’s include high efficiency, long-term stability, fuel flexibility, low emissions and 
relatively low cost. 

Ceramics oxides, such as yttria-stabilized zirconia (YSZ), have been used as 
electrolytes together with composite powder mixtures, e.g. nickel oxide (NiO) as anode 
materials in SOFC’s. The YSZ is widely used because of its sufficient ionic 
conductivity, chemical stability and mechanical strength. This material is having 
conductivity about 0.1 Scm-1 at temperature of 1273K and thus need to be operated at
high temperature. Therefore, heat evolved in the fuel cells can be used in the reforming 
process when operate at high temperature. However, several issues were detected as a 
drawback to this high operating temperature. One of the most important issues is the 
thermal stress caused from the thermal expansion coefficient mismatch and the 
temperature distribution developed inside the cells. Scandium, Sc was discovered to 
replace the yttrium, Y in YSZ and scandia-doped zirconia was found to have higher 
conductivity than YSZ. However, higher cost of scandium and detrimental ageing 
effects in scandia-doped ZrO2 make it less attractive in commercializing SOFC’s 
(Singhal, 2007). Meanwhile, alternative anode materials, typically containing transition 
metals such as Co, Fe and/or Ni were develop and optimized for better performance. In 
general, these materials offer higher oxide ion diffusion rates and exhibit faster oxygen 
reduction kinetics. However, the thermal expansion coefficient of cobaltites is much 
higher than that of YSZ electrolyte, and the electrical conductivities of ferrites and 
nickelites are low. These materials are found to have a decrease in conductivities 
during cell lifetime as a result of chemical or microstructure instability. New materials 
with higher oxide ion conduction and better stability are required for SOFC’s and most 
other oxide ion conductor related devices in order to overcome these disadvantages and 
enhance device efficiency.  
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1.2 Solid Electrolytes 

Solid electrolytes are materials that conduct electricity by the motion of ions of rapid 
diffusion and exhibit negligible electronic transport. One component of the structure 
either cationic or anionic is not confined to specific lattice sites in solid electrolytes. 
However, it is essentially free to move throughout the structure but restricted only for 
one species mobile. Such materials are often having rather special crystal structure with 
open tunnels or layers through which the mobile ions may move around (West, 1999). 
Therefore, solid electrolytes must have the characteristics of large number of mobile 
cation and anions, which requires a large number of empty sites, either the vacancies or 
accessible interstitial sites. The empty and occupied sites have similar potential 
energies with low activation energy barrier for jumping between neighboring sites as 
the high activation energy will decrease the carrier mobility, very stable sites lead to 
carrier localization. Other than that, the migration of the lattice should be in “molten”, 
as the other ions of the solid framework (like 3D with permeated open channel) must 
prevent the entire material from being melted. The framework ions are required to be 
highly polarizable in order to stabilize the transition state of geometries of the 
migrating ions through the covalent interactions (West, 1984).  

Solid electrolyte is known as an intermediate between normal crystalline solids and 
liquid as could be seen in Figure 1.1. It possesses properties of normal crystalline solid 
with regular three-dimensional structures and liquid electrolyte with irregular structure 
but with mobile ions. Their conductivity values are comparable to strong liquid 
electrolytes. The uses of solid electrolytes have more advantages than the liquid 
electrolytes. This is because solid electrolytes have longer lifetime, high energy 
density, and low possibility of leaking compared to liquid electrolytes. Thus, there is 
great interest in studying the properties of solid electrolytes and their usage in solid 
state electrochemical devices.  

Figure 1.1: Solid electrolytes as an intermediate between normal crystalline solids 
and liquids (West, 1999) 
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1.3 Oxide Ion Conductors  

Oxide ion conducting solid electrolytes play an important role in electrochemical cells 
for measuring oxygen activities and thermodynamic data of solid, liquid, and gaseous 
phases. Oxide ion conductivity generally occurs through oxygen vacancy which could 
be introduced by doping aliovalent cation. No ion can diffuse except for interstitial 
position for the case of perfect crystals which means no defects but vacancy can 
diffuse. The typical theory for ion diffusion is treated with random theory, in which 
diffusion of vacancy is strongly related with the jump frequency and the number of 
jump site. Thus, the diffusivity of oxygen vacancy is strongly related to the crystal 
structure and dopants.  

1.4 Ionic Conductivity 

The ionic conductivity is strongly temperature dependent, but at high temperature can 
approach value close to 1 Scm-1 (log σ axis) comparable to the levels of ionic 
conductivity found in liquid electrolytes as could be seen in Figure 1.2. The 
BICUVOX.10 shows the highest conductivity as compared to others and as 
temperature increases to 800°C, the conductivity is approximately 1 Scm-1. Therefore, 
support the idea that the conductivity is strongly temperature dependent. The 
requirements for the ionic conduction to occur are the crystal must contain unoccupied 
sites equivalent to those occupied by the lattice oxygen ions. Secondly, the energy 
involved in the process of migration from one site to the unoccupied equivalent site 
must be small, certainly less than about 1 eV. 

Ionic conductivity is closely related to the presence of defects or disordered structure 
which indicates a multiplicity of positions in the crystal structure that can be replaced 
by certain type of ion. The structure itself must have a character which tolerates ion 
diffusion. Substances with high ionic conductivity can be categorized into four groups, 
as substance with thermally induced defects, impurity-induced defects, crystal structure 
disorder and amorphous character (Koller, 1994). Two types of defects are important 
for the ion mobility in crystals which are “Schottky” and “Frenkel” defects. Schottky 
defect is the crystal imperfection in which pairs of ions, one cation and the other an 
anion disappears leaving their position vacant. Meanwhile, Frenkel defect is a single 
ion missing from its regular position and wandering in the interstitial sites. Both 
Frankel and Schottky defects form a vacant site in the crystal and any ion in the 
intermediate vicinity can jump to one of the vacant site. Therefore, previous site of the 
ion vacant could be host by another ion, hence leading to transport of the ions across 
the solid and give rise in conductivity. Figure 1.3 shows the illustration for the Shottky 
and Frenkel defects. 
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Figure 1.2: The ionic conductivity of some of the most promising oxide ion 
conductors as a function of the inverse temperature (Stephen and Kilner, 2003) 

The density of defects, which is the number of defects per unit volume in a crystal, 
depends on various factors such as the structure, temperature, the presence of impurity 
ion, and the nature of chemical bonding between the constituent ions. The ionic solids 
can be classified based on the type of defect or disorder responsible for ionic 
conduction. Roth and Rice classified the crystalline ionic conductors based on: 

Type I: Ionic solids with low concentration of defects ~1018 cm-3 at room temperature.  
These are generally poor ionic conductors such as NaCl and KCl. 

Type II: Ionic solids with high concentration of defects ~1020 cm-3 at room 
temperature. These are good ionic conductors at room temperature and fast ion 
conductors at high temperature. For examples are the ZrO2 and CaF2.

Type III: Solids have a “molten” sub-lattice or “liquid-like” structure of the mobile 
ions with the concentration of ~1022 cm-3. The RbAg4I5 and Na-β-alumina are 
examples. 
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(a) Schottky Defects   (b) Frenkel Defects 

Figure 1.3: The Schottky and Frenkel defects 

1.5 Application of Ionic Conduction 

Studies of fast ionic conductors are important due to the use in the construction of 
technologically useful devices. One of the applications is that the construction of the 
electrochemical cell which used for the energy conversion or energy storage likes the 
primary and secondary batteries. The other applications are the oxygen monitors, which 
used to provide efficient control of combustion, and the high temperature of fuel cell, 
which used to convert chemical to electrical energy in the solid oxide fuel cells 
(SOFC).  

For example, the stabilized zirconia discovered to be the oxygen ion conductors and 
remain as one of the best conductors.  Large concentration of oxide ion vacancies, Vo 
can be obtained in the crystal lattice of ZrO2 if lower valent metal ions are substituted 
for Zr4+ in ZrO2. 

ZrO2 xMZr” + OO
X + xVo                                                                 (1.1)                               

where MZr” is a M2+ -ion in a Zr4+ lattice site and OO
X is an O2- -ion on a regular lattice 

site.  

1.5.1 Solid Oxide Fuel Cells (SOFC’s)

An SOFC essentially consists of two porous electrodes separated by a dense, oxide ion 
conducting electrolyte. Oxygen supplied at the cathode (air electrode) reacts with 
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incoming electrons from the external circuit to form oxide ions, which migrate to the 
anode (fuel electrode) through the oxide ion conducting electrolyte. At the anode, oxide 
ions combine with H2 (and/or CO) in the fuel to form H2O (and/or CO2), liberating 
electrons. Electrons (electricity) flow from the anode through the external circuit to the 
cathode. The materials for the cell components are selected based on suitable electrical 
conducting properties required of these components to perform their intended cell 
functions; adequate chemical and structural stability at high temperatures encountered 
during cell operation as well as during cell fabrication; minimal reactivity and inter-
diffusion among different components; and matching thermal expansion among 
different components (Subhash, 2007) as shown in Figure 1.4. The SOFC΄s normally 
operate at high temperature of 800°C-1000°C.  

Figure 1.4: Operating principle of Solid Oxide Fuel Cells (Subhash, 2007) 

Solid oxide fuel cells (SOFC) are the environmentally friendly energy conversion 
systems to produce the electrical energy with minimal environmental damage. The 
other advantages are high power density, high energy-conversion efficiency, and lower 
emission of CO2, CO, NOX, SO2, and fuel flexibility. Most of the electrochemical 
reactions occur at three-phase boundaries (TPB), which are defined as the sites where 
the ionic, electronic conductor and the gas phase are in contact i.e. where the electrode, 
the electrolyte and the gas phase are in contact. TPB characteristics have a large 
influence on the electrochemical performance of cell.  The electrochemical reactions 
that fuel cells use to produce electricity occur in the presence of these three phases, so 
the triple phase boundaries can be thought of as the active areas of the cell. The oxygen 
reduction reaction that occurs at a solid oxide fuel cell's cathode, can be written as 
follows:  

O2(gas) + 4e−(electrode) → 2O2−(electrolyte)  
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Different mechanisms bring these reactants to a TPB to carry out this reaction. The 
kinetics of this reaction is one of the limiting factors in cell performance, so increasing 
the TPB density will increase the reaction rate, and thus increase cell performance.  

The electrochemical reduction of oxygen occurs at the cathode SOFC electrode. The 
cathode must have adequate porosity to allow oxygen diffusion, chemical compatibility 
with the other contacting components under operating conditions, a thermal expansion 
coefficient (TEC) matching those of another components, chemical and microstructure 
stability under an oxidizing atmosphere during fabrication and operation, low cost and 
relatively simple fabrication procedure, high catalytic activity for the oxygen reduction 
reaction, large TPB,  adhesion to electrolyte surface and high electronic and ionic 
conductivity.  

While, the characteristics needed for the anode are: (1) the high electrical conductivity, 
(2) a thermal expansion coefficient, TEC that matches those of the adjoining 
components, (3) the capacity to avoid coke deposition, (4) fine particle size, (5) 
chemical compatibility with another cell components under reducing atmosphere at the 
operating temperature, (6) large TPB, (7) high electrochemical or catalytic activity for 
the oxidation of the selected fuel gas, (8) high porosity for the fuel supply and reaction 
product removal, (9) good electronic and ionic conductive phases. The Ni/YSZ is a 
common anode used for the SOFC.  

The electrolyte needs to have characteristic of oxide-ion conductivity greater than 10-2

Scm-1 at the operating temperature, negligible electronic conduction, high density to 
promote the gas impermeability, thermodynamically stable, TEC compatible, suitable 
mechanical properties and negligible chemical interaction with electrode materials 
under operation and fabrication conditions. Most of the high temperature fuel cells 
operate via oxygen ion (O2-) conduction from the air electrode to the fuel electrode. 
This conduction occurs because of the presence of oxygen ions vacancies, so the 
crystallites forming the electrolyte must have unoccupied anionic sites. The energy 
required for the oxide ion migration from one site to the neighboring unoccupied 
equivalent site must be small (Faro et al., 2009). 

1.6 Problem Statements 

Yttria stabilized zirconia (YSZ) which is used as the electrolyte in SOFC operates at 
high temperature around 1000°C. Thus, high operating temperatures will result in high 
fabrication costs and also affect the material stability and compatibility and the thermal 
degradation of the electrolyte itself. Therefore, there is a continuing effort to search for 
oxide ion conductors that can operate at lower temperature in order to reduce costs.  
The sintered oxides which consisted of Bi2O3 and SrO was found to have high oxide 
ion conductivity even at relatively lower temperature. The Bi2O3-SrO system forms 
rhombohedral solid solutions in the composition range between 20 and 45 mole% SrO 
which contains 2.5 ~ 5.4 of oxide ion vacancies per 18 lattice sites of oxide ion in the 
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unit cell. However, the investigation on the electrical conduction on this material is yet 
limited.  

In this thesis, more focus on structure and electrical properties of the bismuth strontium 
which has been systematically studied due to less well understood and analysis of this 
material. The strontium ion is used as it has high polarizability that is expected to 
enhance the electrical properties (conductivity). The divalent dopants (Mg, Ca, Ba and 
Ni) were choosen to replace some of the strontium site. The criteria considered in 
selecting the suitable dopant is the comparable ionic radii of the replacing and 
replacable cations or else lead to high internal strain or structural disorder (Mat Dasin, 
2017). 

1.7 Objectives

The objectives of this study are: 

1. To prepare the solid solution of bismuth strontium oxide, Bi2-2xSrxO3+2x and its doped 
materials using solid state method. 

2. To characterize bismuth strontium based solid solutions using the X-ray diffraction 
analysis (XRD), energy dispersive X-ray (EDX), and Scanning Electron Microscopy 
(SEM). 

3. To evaluate the electrical properties of single phase materials using AC impedance 
spectroscopy. 
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