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Doped with Pr and La ions at the A site and Mg, Ni, Zn, and Cu ions at the 

B site, Bao.5Sro.5Coo.sFeo.203..o (BSCF5582) perovskites were synthesized by the 

modified citrate method. As the results, characterized by XRD and SEM, the Pr, La, 

Zn, and Cu specimens showed homogeneous and single phase with cubic perovskite 

structure, except Cu-doped BSCF5582 by replacing 0.1 mol Fe. Or TPD results 

demonstrated that the oxygen vacancies can be improved by doping A site and/or B 

site with metal ions. The electrical conductivity of BSCF5582 doped with metal ions 

at A site gradually increased with the amount of the metal ions (Pr and La). However, 

metal doping at the B site ions decreased the electrical conductivity. Also, the oxygen 

vacancies and electrical conductivity of BSCF5582 doped with metals at both A and 
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CHAPTER I 

 

INTRODUCTION 
  

In the present, there are many advanced technologies for life facilitation 

especially transportation. The amount of fuel in the world has limited and its price 

is increasing everyday. Moreover, it makes a polluted problem in the world. 

Hence, most researchers have tried to find a new energy resource which is fuel 

cell. 

 

1.1 Fuel cell 

The fuel cell is a device that generates electricity by a chemical reaction. 

There are several kinds of fuel cells which are shown in Table 1 [1] 

 Table 1.1   Types of fuel cells 

Fuel Cell Name Electrolyte Qualified 
Power (W) 

Working 
Temperature 

(°C) 

Electrical 
efficiency 

Alkaline fuel cell Aqueous alkaline solution 
(e.g.,potassium hydroxide) 

10 kW to 
100 kW under 80 Cell: 60–70% 

(AFC)       System: 62% 

Direct methanol fuel cell Polymer membrane 
(ionomer) 

100 kW to 
1MW 90–120 Cell: 20–30% 

(DMFC)       System:  
10–20% 

Proton exchange 
membrane fuel cell 

Polymer membrane 
(ionomer) (e.g., Nafion® or 
Polybenzimidazole fiber) 

100W to 
500 kW 

(Nafion) 
70–120 Cell: 50–70% 

(PEMFC)     (PBI)125–220 System:  
30–50% 

Phosphoric acid fuel cell Molten phosphoric acid 
(H3PO4) 

up to 10MW 150-200 Cell: 55% 

(PAFC)     System: 40% 

       Co-Gen: 90% 

Molten carbonate fuel cell 
Molten alkaline carbonate 
(e.g., sodium bicarbonate 
NaHCO3) 

100MW 600-650 Cell: 55% 

(MCFC)       System: 47% 

Solid oxide fuel cell O2--conducting ceramic oxide  up to 
100MW 700–1000 Cell: 60–70% 

(SOFC) (e.g., zirconium dioxide, 
ZrO2) 

    System: 
 55–60% 
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Every fuel cell has two electrodes, one positive and one negative, named 

cathode and anode, respectively. The redox reactions that produce electricity take 

place at the electrodes. 

 

1.2 Solid oxide fuel cell  

A solid oxide fuel cell (SOFC) is a fuel cell which generates electricity 

directly from a chemical reaction, yet, unlike other fuel cells, an SOFC is 

composed entirely of solid-state materials, typically ceramics. Their composition 

also allows SOFC to operate at much higher temperatures than conventional fuel 

cells. SOFCs are intended mainly for stationary applications with an output from 1 

kW to 2 MW. They work at very high temperatures, typically between 700 and 

1,000ºC. Their off-gases can be used to fire a secondary gas turbine to improve 

electrical efficiency. Efficiency could reach as much as 70% in these hybrid 

systems, called combined heat and power (CHP) device. In these cells, oxygen ions 

are transferred through a solid oxide electrolyte material at high temperature to 

react with hydrogen molecule on the anode side. 

Due to the high operating temperature of SOFC, they have no need for 

expensive catalyst, which is the case of proton-exchange fuel cells (platinum). This 

means that SOFC do not get poisoned by carbon monoxide and this makes them 

highly fuel-flexible. SOFCs have so far been operated on methane, propane, 

butane, fermentation gas, gasified biomass, and paint fumes. However, sulfur 

components present in the fuel must be removed before entering the cell, but this 

can easily be done by an activated carbon bed or a zinc absorbent. Thermal 

expansion demands a uniform and slow heating process at startup. Typically, 8 

hours or more are to be expected. Micro-tubular geometries promise much faster 

start up times, typically 13 minutes. Unlike most other types of fuel cells, SOFC 

can have multiple geometries. The planar geometry is the typical sandwich type 

geometry employed by most types of fuel cells, where the electrolyte is 

sandwiched in between the electrodes. SOFC can also be made in tubular 

geometries where either air or fuel is passed through the inside of the tube and the 

other gas is passed along the outside of the tube. The tubular design is 

advantageous because it is much easier to seal and separate the fuel from the air 

compared to the planar design. However, the performance of the planar design is 
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currently better than the performance of the tubular design because the planar 

design has a lower resistance. 

Planar SOFC is made up of four layers, three of which are ceramics (Figure 

1.1). A single cell consisting of these four layers stacked together is typically only 

a few millimeters thick. Hundreds of these cells are then stacked together in series 

to form what most people refer to as a “solid oxide fuel cell.” The ceramics used in 

SOFC do not become electrically and ionically active until they reach very high 

temperature and as a consequence the stacks have to run at temperatures ranging 

from 700 to 1,200 °C. 

 

 

 

 

 

Figure 1.1 Configuration for a planar design SOFC 

1.2.1 Cathode 

 
The ceramic cathode layer must be porous, so that it allows air flow 

through it and into the electrolyte. There are various types of ceramic materials 

used for the cathode, but all of them must be electrically conductive. The cathode 

is the positive side of the cell towards which electrons flow. It is the side that is 

exposed to air and its purpose is to use electrons to reduce the oxygen molecules in 

the air to oxygen ions. 

1.2.2 Electrolyte 

The electrolyte is the dense, gas-tight layer of each cell that acts as a 

membrane separating the air on the cathode side from the fuel on the anode side. 
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There are many ceramic materials that are being studied for use as an electrolyte, 

but the most common are zirconium oxide based. Besides being air-tight, the 

electrolyte must also be electrically insulating so that the electrons resulting from 

the oxidation reaction on the anode side are forced to travel through an external 

circuit before reaching the cathode side. The most important requirement of the 

electrolyte, however is that it must be able to conduct oxygen ions from the 

cathode to the anode. For this reason, the suitability of an electrolyte material is 

typically measured in ionic conductivity. 

1.2.3 Anode 

The ceramic anode layer must be very porous to allow the fuel to flow to 

the electrolyte. Like the cathode, it must conduct electricity. The most common 

material used is a cermet made up of nickel mixed with the ceramic material that is 

used for the electrolyte in that particular cell. The anode is commonly the thickest 

and strongest layer in each individual cell, and is often the layer that provides the 

mechanical support. Electrochemically speaking, the anode’s job is to use the 

oxygen ions that diffuse through the electrolyte to oxidize the hydrogen fuel. The 

oxidation reaction between the oxygen ions and the hydrogen molecule produces 

both water and electricity. 

1.2.4 Interconnect 

Interconnect can be either a metallic or ceramic layer that sits between each 

individual cell. Its purpose is to connect each cell in series, so that the electricity 

each cell generates can be combined. Because interconnect is exposed to both the 

oxidizing and reducing side of the cell at high temperatures, it must be extremely 

stable. For this reason, ceramics have been more successful in the long term than 

metals as interconnect materials. However, these ceramic interconnect materials 

are extremely expensive. Fortunately, inexpensive metallic materials are becoming 

more promising as lower temperature (600-800°C) SOFCs are developed.  

1.2.5 Operation of SOFC 
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Figure 1.2 Operating concept of a SOFC  

 

Figure 1.2 shows schematically how a SOFC works. The cell is constructed 

with two porous electrodes that sandwich an electrolyte. Air flows along the 

cathode (which is therefore also called the "air electrode"). When an oxygen 

molecule contacts the cathode/electrolyte interface, it catalytically acquires four 

electrons from the cathode and splits into two oxygen ions. The oxygen ions 

diffuse into the electrolyte material and migrate to the other side of the cell where 

they encounter the anode (also called the "fuel electrode"). The oxygen ions 

encounter the fuel at the anode/electrolyte interface and react catalytically, giving 

off water, carbon dioxide, heat, and most importantly electrons. The electrons 

transport through the anode to the external circuit and back to the cathode, 

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

Over the past years, there has been a continuous interest of investigating 

perovskite-type (ABO3) complex oxides because of their superior mixed 

electronic-ionic conducting properties, making them promising candidate materials 

for many technical applications, including cathodes for SOFC.  

 
1.3 Perovskite [2] 

 
 Perovskite is an inorganic compound that the ideal structure is primitive 

cube. Perovskite (calcium titanium oxide, CaTiO3) was discovered in the Ural 

mountains of Russia by G. Rose in 1839 and named for Russian mineralogist, L. 

A. Perovski (1792-1856). Under the high pressure conditions of the mantle, the 
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pyroxene enstatite, MgSiO3, is a perovskite polymorph and may be the most 

common mineral in the Earth. Perovskite is also the name of a more general group 

of crystals which take the same structure. There are many kinds of perovskites 

such as oxides, some carbides, nitrides, halides, and hydrides also crystallize in this 

structure. However, the most interesting perovskite are oxides because they have 

ionic and electronic conducting properties. 

 

1.3.1 Structure of perovskite oxide [3] 

 

1.3.1.1 Crystal structure 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 ABO3 ideal perovskite structure showing oxygen octahedron containing 

the B ion linked through corners to form a three-dimensional cubic lattice. 

 

The crystal structure of perovskite oxide ABO3 is primitive cube. In the 

unit formula of ABO3, A is the larger cation and B is the smaller cation. In this 

structure, the B cation is 6-fold coordinated and the A cation is 12-fold coordinated 

with the oxygen anions. Figure 1.3 depicts the corner sharing octahedra that form 

the skeleton of the structure, in which the center position is occupied by the A 

cation. Alternatively, this structure can be viewed with the B cation placed in the 

center of the octahedron and the A cation is in the center of the cube. 

In the ideal perovskite structure, the size and coordination preferences of 

three or more ions need to be satisfied simultaneously by the structure; it is, 

however, rarely possible that all these choice can be accommodated perfectly. This 
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can be illustrated for the perovskite structure by deriving a relationship between 

the radii of the various ions. Figure 1.4 shows the relationship between ionic radii 

in the perovskite structure.  

 

 

 

 

 

 

 

 

Figure 1.4  The relationship of ionic radii in perovskite structure. 

 

        (1.1) 

and 

        (1.2) 

hence, 

        (1.3) 

  

where the atoms are touching one another, the B-O distance is equal to a/2    

(a is the cubic unit cell parameter) while the A-O distance is (a/√2) and the 

following relationship between the ionic radius (r) holds shown in Equation 1.3.  In 

general, the perovskite structure is formed if the tolerance factor, t. 

 

               (1.4) 

 

The ideal perovskite is the cubic structure with the tolerance factor close to 

1.0 at high temperature.  The perovskite structure is stable in the range 0.75< t 

<1.0, and is cubic in the range t > 0.95. Deviations from the ideal structure are well 

known as orthorhombic, rhombohedral, tetragonal, monoclinic, and triclinic 

symmetry. The distorted structure may exist at room temperature but it transforms 

to the cubic structure at ambient temperature. 
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1.3.1.2 Oxygen nonstoichiometry  

 
 Oxygen excess nonstoichiometry in perovskite oxides is not as common as 

anion-deficient nonstoichiometry probably because introduction of interstitial 

oxygen in perovskite structure is thermodynamically unfavorable. A few systems 

display apparent oxygen excess, including LaMnO3+λ, Ba1-λLaλTiO3+λ/2 and 

EuTiO3+λ. There are two reasons occur of oxygen excess nonstoichiometry. First, 

because the trivalent cation vacancies cause a large electronic imbalance and local 

lattice distortion, it does not stay close to each other. Second, with the formation of 

cation vacancies, a nonbonding O2p level is formed by the oxide ions around the 

vacancies. This nonbonding O2p level serves as the hole-trap. 

 Many oxygen-deficient perovskites can be described on the basis of 

complex perovskite-related superstructures of general formula AnBnO3n-1, in which 

the stacking manner depends on the size, electronic configurations, and 

coordination numbers of A and B cations. Oxygen vacancies are accomplished by 

substituting ions of similar size but different valence. For example, some of the 

La3+ ions in LaBO3 are replaced by Sr2+ to form La1-xSrxBO3-δ, and therefore, 

oxygen vacancies are formed in the structure. 

 

1.3.2 Physical properties of perovskite 

  
 The ABO3 perovskites display several interesting physical properties such 

as ferroelectricity (BaTiO3), ferromagnetism (SrRuO3), weak ferromagnetism 

(LaFeO3), superconductivity (YBa2Cu3O7), large thermal conductivity due to 

excitation transport (LaCoO3), insulator-to-metallic transitions of interest for 

thermistor applications (LaCoO3), a fluorescence compatible with laser action 

(LaAlO3: Nd), and transport properties of interest for high temperature 

thermoelectric power (La2CuO4). 

 

  1.3.2.1 Magnetic Properties 

 

 In the ideal cubic perovskite structure, each oxygen is shared by two B3+ 

ions, forming a B-O-B angle of 180°. Such a configuration is favorable for 
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superexchange interactions between magnetic B3+ cations. This exchange usually 

results in antiparallel coupling of nearest-neighbor magnetic moments. When the 

B3+ ions are in two sublattices (A2BB′O6), other spin arrangements are possible. If 

B′ is a diamagnetic ion, the B3+ ions are aligned antiferromagnetically, and the 

most important exchange mechanism is believed to be a longer range 

superexchange interaction through two oxygens of the B-O-B′-O-B type. The B-B 

separation is now considerably longer than the 0.4 nm separation found in the ideal 

perovskite. The LnFeO3 (Ln = lanthanide) perovskites are those that have attracted 

the most attention because of their possible applications as technological magnetic 

materials. These compounds show a weak spontaneous magnetic moment, which is 

attributed to a slight canting of the iron moments, which are otherwise 

antiferromagnetically aligned. The iron moments align in such a way that the 

direction of easy magnetization is along the a or c axis of the orthorhombic cell. 

The weak ferromagnetic moment of 0.03-0.07 µB/mol led to the materials being 

considered for memory devices. Similarly, LnMnO3 shows very interesting 

magnetic properties. These manganites containing mostly Mn3+ or Mn4+ ions show 

antiferromagnetic behavior. However, ferromagnetic behavior is observed in the 

range from 25 to 35% Mn4+. A weak magnetic interaction was found between 

Mn3+ ions, together with a negative interaction between Mn4+ ions and a strong 

positive interaction between Mn3+ and Mn4+. A similar kind of behavior was found 

for the combination of Co3+ and Co4+, but the Cr and Fe compounds were found to 

be antiferromagnetic.  

 

1.3.2.2 Electrical Properties 

 

 The electrical conductivity of perovskites also shows wide variations. 

Several compounds have been used for their dielectric properties, while others 

show metallic conductivity, although most are semiconductors. As for other 

compounds, the electrical behavior in perovskites depends on the outermost 

electrons, which may be localized at specific atomic sites or may be collective. 

Since localized electrons may carry a spontaneous moment, there is a strong 

correlation between the electrical and magnetic properties of perovskites. Rare-

earth perovskites containing transition ions show widely differing electrical 



 
10 

properties. For example, LaNiO3, which contains nickel in the low-spin state NiIII, 

and LaTiO3, which exhibit collective d-electron behavior, showing a metallic 

conductivity and Pauli paramagnetism. In the LnCrO3 (Ln = lanthanide) perovskite 

series, LaCrO3 is a semiconductor. For the heavier chromites, there seem to be two 

regions of conductivity. In the low-temperature region, the activation energy 

increases along the lanthanide series (from 0.27 eV for Dy to 0.37 eV for Yb), 

while the high-temperature region is characterized by a value of about 0.23 eV. 

The mechanism of conduction is attributed to the presence of high mobility Cr4+ 

ions giving rise to p-type extrinsic conduction. The decrease in conductivity in the 

heavier chromites may be related to a decrease in the covalence of the Cr-O bond 

and an increased covalence of the Ln-O bond. LaMnO3 perovskite exhibited an 

abrupt change in conductivity as well as in magnetic susceptibility as a function of 

temperature close to 447°C. This behavior was explained on the basis that the 

charge carriers would be holes hopping among localized levels. LaCoO3 displays 

an even more complex behavior. It is a semiconductor up to about 127°C, after 

which conductivity increases much more rapidly up to 550°C; in the region from 

550 to 927°C it passes through a broad, flat maximum, and, finally, above 927°C it 

shows a metal-like behavior. At low temperatures, the Co ions are mainly in the 

low-spin CoIII state, and this coexists with the high-spin paramagnetic Co3+ state at 

higher temperatures. As the temperature is further increased, the Co3+ and Co3+ ion 

pairs transform to Co2+ and Co4+ pairs. Thus, the fraction of Co3+ disappears 

around 927°C when only long-range order is present, resulting in a first-order 

transition. Along with the spin behavior, the outer electrons also show a transition 

from the localized to a collective behavior. Conductivity can be enhanced 

considerably by partial substitution of the lanthanide by a divalent ion. Thus, for 

SrxLa1-xMnO3 the Mn ions are Mn3+ for x = 0. However, an increase in x results in 

the creation of Mn4+ holes, thereby increasing conductivity. For substitutions 0.2 < 

x < 0.4 the system becomes ferromagnetic and shows a metal-semiconductor 

transformation. A similar type of behavior was observed in Sr-substituted obaltites. 

The electrical properties of perovskites have aroused special interest since the 

discovery in 1986 of superconductivity at 40 K in cuprates. These cuprates are hole 

superconductors, exhibiting a mixed valence of copper CuII-CuIII. Among these, 

the exception is Ce doped Nd2CuO4, with Tc close to –248°C which belongs to a 
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different structural type and is an electron superconductor. All these compounds 

have a common feature, the bidimensional character of the structure, which has 

been shown to be an important factor for the existence of superconductivity at high 

temperature. 

 

1.3.2.3 Mixed ionic-electronic conductors 

 

Perovskite oxides show both ionic and electronic conductivity for example 

La1-xSrxBO3-δ.   When the B ions can take a mixed-valence state, charge neutrality 

is maintained by both the formations of oxygen vacancies and a change in the 

valence state of the B ions. The oxides may show both high oxygen ion 

conductivity due to the high oxygen vacancy concentration, and a high electronic 

conductivity due to the mixed-valence state [4]. The concentration of oxygen 

vacancies can also be increased by mild B-site ion substitution, such as Cu and Ni 

ions, which naturally take the divalent oxidation state [5]. If the valence state of the 

B ions is fixed, neutrality is maintained only by the formation of oxygen vacancies. 

The oxides may be predominantly ionic conductors, in this case. 

 

1.3.3 Perovskite synthesis [2] 

 

There are three steps for preparing perovskite membrane 

1. Powder synthesis 

2. Shaping 

3. Sintering 

Powder synthesis is the first step to play a critical role in determining the 

particle size of the powder, and consequently has an effect on the microstructure of 

the membrane. There are many routes to synthesize powders, such as a 

conventional solid-state reaction method and a wet chemical process that includes 

thermal decomposition of cyanide, metal–EDTA, chemical co-precipitation and the 

sol–gel process. Cui and Liu [6] reported in their study that powders synthesized by 

different methods had different temperatures of crystal transformation and the 

surface defect of powders dried by a supercritical method improved the formation 

of the crystal structure. 
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The synthesis of perovskite powder has been achieved by many methods, 

including a conventional solid-state reaction method and a solution reaction that 

includes thermal decomposition of cyanide, metal-EDTA, chemical co-

precipitation and the sol-gel process etc. 

 

1.3.3.1 Solid-state reaction 

 

The solid state reaction is a method to synthesize perovskite oxides because 

it is a very convenient method. However, the impurities are introduced from raw 

materials, milling media, and the calcination container. Because of the high 

temperature required for the complete reaction. Conventional processing of the 

perovskite-related materials uses solid-state reactions between metal-carbonates, 

hydroxides, and oxides. LSCF represents a typical case. Raw materials La2O3, 

SrCO3, CoO3, and Fe2O3 were mixed and ball-milled. After drying, then the mixed 

powders were calcined at 1,000°C to remove impurities and to achieve single-

phase perovskite powder. 

 

1.3.3.2 Gas phase reaction 

 

The deposition of perovskite films with a specific thickness and 

composition generally requires gas phase reaction or transport. Many physical 

techniques have been developed for gas phase deposition such laser ablation, 

molecular beam epitaxy, dc sputtering, magnetron sputtering, electron beam 

evaporation and thermal evaporation. In general, they can be divided into two 

categories based on the target they use. The first type uses separate targets where a 

different speed of deposition for each element has to be determined. The second 

method uses the performed perovskite material itself as target and the 

stoichiometric phase is transported to the substrate by sputtering or ablation 

techniques. Gas depositions can be divided further into three categories: (1) 

 

thermal decomposition of cyanide, metal-EDTA, chemical co-precipitation and the
sol-gel process. Cui and  Liu [6] reported in thir study that powders synthesized by
different  methods  had  different  temperatures  of  crystal transformation  and  the
surface  defect of  powders dried by a supercritical method improved the formation
of the crytal structure 
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1.3.3.3 Solution reaction  

 

Solution reactions have been developed from solid-state synthesis to 

produce the required properties of raw perovskite powders, such as spray-

pyrolysis, freeze drying, precipitation, sol-gel and liquid mix process, etc.  Because 

of the conventional solid-state synthesis promotes the crystal growth and resulting 

in a hard agglomeration. The perovskite powders made from solution chemical 

methods are very fine, and can not be agglomerated, which facilitates the 

densification process. This method using sintering temperature which can be lower 

than those made from conventional solid-state synthesis methods. 

The initial process was pioneered by Pechini and is referred to either as 

Pechini process [7].  This method includes first dissolving hydrous oxides or 

alkoxides of the elements in a polyhydroxy alcohol such as ethylene glycol, with a 

chelating agent, such as citric acid. Then polyhydroxy alcohol such as ethylene 

glycol is added and the liquid is heated to 150 to 250°C to allow the chelates to 

undergo polyesterification. Heating is continued to remove excess water, resulting 

in solid polymeric resin. The temperature is increased to about 400°C to char or 

decompose the resin. The temperature is further increased to 500 to 900°C to form 

crystallites of the mixed oxide composition.  The crystallites are typically 20 to 50 

nm and clustered into agglomerates. An advantage of the Pechini method is that 

the viscosity and polymer molecular weight of the solution can be tailored by 

varying the citric acid/ethylene glycol ratio and the solution synthesis temperature.  

The modifications of Pichini process have been developed. One was 

called amorphous citrate process that involves producing precursor from citric acid 

and metal nitrate before thermal decomposition. Baythoun and Sale investigated 

the production of Sr-substituted LaMnO3 perovskite powder by the amorphous 

citrate process, the manganese citrate-nitrate precursor may be revealed as in 

equation (1.5). 

 

 

deposition at low substrate temperature followed by a post-annealing at elevated 

temperatures, (2) deposition at intermediate temperature of 600 to 900°C, and (3) 

deposition at crystallization temperature under an appropriate atmosphere. 

 



 
14 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the complex the lanthanum is triply charged and replaces in one case the 

hydrogen of three –COOH groups (as in normal citrate formation) and in another 

case it replaces the hydrogen of one –OH group and two –COOH groups. 

Manganese in the divalent state replaces the hydrogen in two –COOH groups 

while NO2 replaces the hydrogen of one –OH group 

The amounts of metal and citric acid should not less than equimolar. In all 

cases the minimum amount of citric acid used was that necessary to bond the 

metals if all the NO3
− ions were replaced. If the high amount of citric acid was 

used, Mn2O3 was presented from the complex as shown in equation (1.6): 

 

(1.5) 
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 In this case, structure would allow some citric acid, water, and nitrate ions 

to be lost during the preparation of gel. Every three molecules of citric originally 

present one remains uncombined and may be removed from the mixture by either 

evaporation or decomposition to yield acetone, carbon dioxide and water during 

the precursor preparation in the vacuum oven. 

Suresh et al. [8] synthesized La1-xSrxFeO3 where x = 0.0-1.0 by the solution 

combustion method using corresponding metal nitrates, oxalyl dihydrazide (ODH) 

or tetraformal trisazine (TFTA). Theoretical equation for the formation of ferrite 

(LaSr)FeO3 assuming complete combustion of the redox mixtures can be written as 

equation 1.7 : 

 

(1-X)La(NO3)3 + XSr(NO3)2 + Fe(NO3)3 + 3(CON2H3)2 ; X = 0-1.0 

 

La1-XSrXFeO + 6CO2 (g) + 9H2O (g) + 9N2 (g)

     

(24 mol of gases /mol of LaSrFeO3) 

 

The powder densities and surface area of TFTA derived ferrites were found 

to be higher than those of ODH derived ferrites. The average agglomerate size 

distribution is narrower for ODH derived ferrites than the TFTA ferrites and the 

average agglomerate sizes are 0.89 µm and 4.8 µm respectively. 

(1.6) 

(1.7) 
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The perovskite powders made by wet chemical methods are very fine, and 

can be no agglomerated, which facilitates the densification process. The sintering 

temperature can be several hundred degrees Celsius lower for the powders made 

by wet chemical methods than for those made by conventional solid-state synthesis 

methods. When comparing several techniques in wet chemical methods, liquid mix 

process is distinguished in the case of less energy consumption, simplest 

technology, and potential to get fine particles and a single-phase powder. Both 

adding several acids such as citric, malic acid, or etc. and adjusting the pH of 

aqueous solution are used to provide the fine homogeneous perovskite with the 

high surface area.   
 

1.3.4 Powder sizing 

 

Powder particles are influenced on compacting and sintering.  In most cases 

the objective of the pressing step is to achieve maximum particle packing and 

uniformity, so that minimum shrinkage and retained porosity will result during 

densification. A single particle size does not produce good packing. Optimum 

packing for particles all the same size results in over 30% void space. Adding 

particles of a size equivalent to the largest voids reduces the void pore volume to 

23%. Therefore, to achieve maximum particle packing, a range of particle sizes is 

required. 

Hard and dense agglomerates in ceramic powders usually result in large 

interagglomerate pores after sintering. Therefore, small particle size is important 

because it facilitates the high strength of green disc and the sintering process. The 

primary driving force for densification of a compact powder at high temperature is 

the change in surface free energy. Very small particles have high surface areas. 

The high surface free energy and very strong thermodynamic driving force 

decrease their surface by bonding them together. The particle with approximate 

sizes of 1 µm or less can be compacted into a porous shape and sintered at a high 

temperature to near-theoretical density [9]. Typically, the finer the powder, the 

greater its surface area, and the lower the temperature and shorter time for 

densification. Long time of the sintering temperature causes of the increasing in 

grain growth and lowering strength.  
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Calcined powder is not usually available with the optimum particle size 

distribution. The ball milling and screening are the common techniques to achieve 

the desire particle size of powder. 

 

1.3.5 Powder compacting by uniaxial pressing [9] 

 

Uniaxial pressing is accomplished by placing the powder in to a rigid die 

and applying pressure along a single axial direction through a rigid plunger, or 

piston to achieve compacting. Pressing results in the direct contact of particles, 

reduces the average distance between particles, and changes the shape of particles. 

The apparent density of a compact was controlled by mixing of the proper various 

particles size fractions.  

To enhance the compacting, before pressing, the powder should be 

disaggregated by mixing the powder with solvent such as isopropanol in the 

ultrasonic bath or added a couple drops of acetone to reduce the surface tension. 

 

1.3.6 Sintering [10] 

 

 Sintering is a process that is the thermal treatment of a powder or compact 

at a temperature below the melting point of the main constituent, for the purpose of 

increasing its strength by bonding together of the particles. The driving force for 

sintering is the decrease in surface free energy that occurs as the surface area of the 

polycrystalline aggregate is reduced. This process can be achieved by solid-state 

reaction or alternatively in the presence of a liquid phase.  When a powder 

aggregate is sintered, necks form between the particles, and the aggregate may 

increase in density. The growth of the neck is due to the transport of matter or of 

the counter-flow of vacancies between the particles and the pores.  In crystalline 

powder, its transport occurs by diffusion (bulk, surface, or grain boundary 

diffusion), whereas in amorphous materials, it occurs by viscous flow. Kuczynski 

has defined the neck growth as in equation (1.8). 

 

Xn/rm   = kt                           (1.8) 
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Where X and r are defined in Figure 1.5, t is the time, k is the temperature 

dependent constant, n and m are constants dependent on the mechanisms of 

growth, viscous or bulk diffusion, surface diffusion, or evaporation and 

condensation. Three stages of sintering can be distinguished. The early stage or 

initial stages during which the necks form at points of particle contact and the 

particles usually center approach each other. At this stage the individual particles 

are still distinguishable. The intermediate stage during that the necks become large, 

resulting in the formation of an interconnected pore structure. The third or the final 

stages during, the pores become isolated. Elimination of the interconnectivity of 

pores eliminates surface and vapor transport. 

Closed pores isolated from grain boundaries shrink very slowly because 

grain boundary diffusion is far away from the pores. The growth of grains, 

therefore, hinders the attainment of theoretical density, since the pore’s growth is 

also enhanced.   It is essential, therefore, to retard grain growth so that 

densification of the compact can continue to the theoretical limit. This is 

particularly important with the present trend of using ultrafine particles as starting 

materials for the fabrication of technical ceramics. Surface diffusion becomes 

important in the case of very fine particles.   Grain boundary diffusion and volume 

diffusion are the main mechanisms causing shrinkage of the neck, whereas surface 

diffusion does not contribute to any shrinkage.   The most important diffusion 

paths during the sintering of two spheres with a grain boundary are surface 

diffusion, grain boundary diffusion, volume diffusion from the grain boundary to 

the neck surface, and volume diffusion from the sphere surface to the neck surface. 

The sintering rate also affected by the crystallization and growth processes, which 

occur concurrently. The sintering rate is reduced when there is intensive grain 

growth because when diffusion forms the pores occurs toward the boundaries of 

individual grains, the distance over which diffusion occurs with a reduction in 

pores is determined by the size of the crystals. 
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Figure 1.5 Mechanism of sintering; X is the internal radius of the neck; r is the 

particle radius. 

 

1.4 Electrical measurement 

 1.4.1 Two-Point Measurements 

    
I
VR =     (1.9) 

 Ohm’s law is used in order to determine a resistance. A known current is 

sourced and flows through the unknown resistance while the voltage developed 

across the resistance is measured. Dividing the measured voltage by the sourced 

current, the resistance can be obtained. A problem that occurs when using a 2-wire 

setup is that the voltage is measured not only across the resistance in question, but 

also the resistance of the electrode and contacts. When using an ohmmeter to 

measure resistances above a few ohms, the added resistance is usually 2-point 

measurement. However, when measuring low resistances or using contact 

resistance, obtaining accurate results with a 2–wire measurement could be a 

problem. 

No Shrinkage 

Shrinkage 

r 
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 1.4.2 Four-Point Measurements 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6  4-DC probe measurement 

 

 A solution to the problem of 2-point measurement in which the lead and 

contact resistance is measured along with that of the device under test is the 4-wire 

or “Kelvin” measurement. Because a second set of probes is used for sensing and 

negligible current flows in these probes, only the voltage drop across the device 

under test is measured. As a result, resistance measurement or I-V curve generation 

is more accurate.  

 The measurement method then includes a forced current I through the outer 

wires 1 and 4 and a measurement of the voltage drop over wire 2 and 3, using a 

very high ohmic measurement device, so that the current flowing through wire 2 

and 3 is nearly zero. In that case the individual, additional contact resistance does 

not play a role as it cancels out of the equation. To study the behavior of the 

structure an I/V curve is generated, typically in the µA to the mA range. If the 

graph shows a straight line, the structure behaves as an Ohmic resistor. If R 

represent the resistance of a structure, the following applies: 

                                                          
A
LR ρ

=     (1.10) 

With  L = the length of the structure (m) 

 A = the area (width × thickness) of the cross section (m2) 

 ρ = the specific resistivity (Ω.m) 
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1.5 Literature review 

 

 In 1989, Tereoka et al. investigated the catalytic activities of the  

Lal-xSrxCol-yFeyO3-δ perovskite-type oxides for the combustion of n-butane and 

methane as well as H2O2 decomposition in an alkaline solution. The amount of 

oxygen desorbed increased with increasing Sr content at a fixed B-site 

composition, for which an increase in the number of oxide ion vacancies with x 

was responsible. On the other hand, the total amount of oxygen desorbed was 

hardly affected by B-site composition, but partial substitution of Fe for Co 

enhanced desorption and sorption of oxygen particularly in the low-temperature 

region. Substitution of Sr for La as well as of Fe for Co was found to promote 

catalytic activity, though the activity changed with oxide composition in a manner 

dependent on the kind of reactant [11]. 

 Ba0.5Sr0.5Co0.8Fe0.2O3−δ oxides prepared by different methods under the 

same sintering profile were examined in terms of microstructure and oxygen 

permeation performance. The oxide powders were synthesized by solid-state 

reaction, modified citrate and citrate–EDTA complexing method. The membrane 

synthesized by the solid-state reaction method showed the highest oxygen 

permeability [12]. 

In 2005, Wang et al. characterized the high temperature phase structures of 

the perovskite-type oxide Ba0.5Sr0.5Co0.8Fe0.2O3−δ in situ by high temperature X-ray 

diffraction. BSCF exhibits a good phase reversibility and structure stability in air 

from room temperature to 1000°C. The thermal expansion coefficient of BSCF 

was determined to be 11.5×10−6 °C−1, which is smaller than that of SrCo0.8Fe0.2O3−δ 

(17.9×10−6 °C−1). The oxygen permeation flux increased considerably with the 

increase of the grain size of the membrane [13]. 

 In 2006, Hae et al. prepared Ba0.5Sr0.5Co0.8Fe0.2O3−δ and 

La0.6Ba0.4Co0.2Fe0.8O3−δ (LBCF) by the combined citrate-EDTA method. The 

cathode performances of the BSCF and LBCF electrodes were sensitive to the 

conditions of powder preparation. The BSCF electrode prepared from the precursor 

solution with a pH value of 8 showed low polarization resistance and its area 

specific resistances (ASR) were 1.1, 0.15 and 0.035 cm2 at 500, 600, and 700 ◦C, 
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respectively. On the other hand, the cathode polarization resistances of the LBCF 

electrode were slightly higher than those of the BSCF electrode [14]. 

Yang et al. synthesized Ba0.5Sr0.5Co0.8Fe0.1M0.1O3-δ (M = Cr, Mn, Zr) by 

solid-state reaction method. These materials possess purely cubic perovskite 

structure with the exception of Ba0.5Sr0.5Co0.8Fe0.1M0.1O3-δ (M = Mn, Zr), in which 

minor impurities exist. The oxygen permeation fluxes of the 

Ba0.5Sr0.5Co0.8Fe0.1M0.1O3-δ (M = Fe, Cr, Mn, Zr) membranes increased in the 

following order: Fe > Cr > Zr > Mn. The X-ray diffraction (XRD) and differential 

thermal analysis (DTA) experiments showed that the structural stability of BSCF 

could be significantly improved by partially substitution of Cr, Mn or Zr ion at Fe 

site of BSCF [15]. 

Cheng et al. investigated chemical compatibility of the 

Ba0.5Sr0.5Co0.8Fe0.2O3−δ with the yttria-stabilized zirconia (YSZ) electrolyte or Gd-

doped ceria electrolyte (GDC). The BSCF cathode was adopted for anode-

supported YSZ electrolyte cells with and without the application of a 1 µm thick 

GDC buffering layer between the cathode and the YSZ electrolyte. The interfacial 

reactions of the BSCF with the YSZ electrolyte surface and the GDC coated YSZ 

surfaces were investigated. The results depicted a great improvement in cell 

performance and a significant decrease in polarization resistance after adding the 

GDC buffer layer. The optimum firing temperature of the GDC film onto the YSZ 

film was around 1250°C, which led to the maximum power density of 1.56 Wcm−2 

at 800°C using air as oxidant and hydrogen as fuel [16]. 

In 2006, Li et al. revealed (Ba0.5Sr0.5)1−xSmxCo0.8Fe0.2O3−δ (BSSCF; x = 

0.05–0.15) compounds synthesized with EDTA-Pechini method. According to the 

XRD results, the main phase of the material belongs to the cubic perovskite-type, 

and the lattice contracting with the increasing contents of Sm3+. The TEC of the 

compounds is 19.1–20.3x10−6 °C−1 from 30 to 800 °C, which close to the values of 

Ba0.5Sr0.5Co0.8Fe0.2O3−δ. In addition, the conductivity of BSSCF is higher than that 

of BSCF; e.g., about 212% higher at 500 ◦C for the x = 0.15 compound. 

Electrochemical impedance spectra at intermediate temperature showed the better 

electrochemical performance of BSSCF than BSCF; e.g., the total resistance values 

of BSSCF electrode is 2.98 Ωcm2 at 500 ◦C, nearly 50% lower than that of BSCF. 

Furthermore, they studied thermal properties of the materials by thermogravimetric 
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analysis (TGA). TGA results presented the loss of lattice oxygen during heating up 

and indicated that the diffusion coefficient D decreased with the increasing content 

of Sm in the sample. [17] In 2007, they demonstrated the cell performance 

measurements conducted on a Ni-SDC anode supported single cell using a SDC 

thin film as electrolyte, and (Ba0.5Sr0.5)0.9Sm0.1Co0.8Fe0.2O3−δ layer as cathode. The 

maximum power densities were 681mWcm−2 at 600°C and 820 mWcm−2 at 650 °C 

[18]. 

Wang et al. investigated that a composite cathode of BSCF containing 30 

wt.% CGO (20 mol% Gd2O3-doped CeO2) and a small quantity of Ag was 

prepared and studied, which shows the lowest area specific resistance (<0.1Ωcm2 

at temperatures higher than 700°C). The average TEC of pure BSCF in the 

temperature range of 30–850°C was 18.53x10−6 °C−1 (much higher than that of 

CGO), which could be reduced to 16.11K°C−1 by introduction of 30 wt.% CGO. 

The electrical conductivity of BSCF was all the same level (~43 S cm−1) from 500 

°C to 900 °C [19]. 

 Peña-Martínez et al. tested an intermediate temperature solid oxide fuel cell 

containing of La0.9Sr0.1Ga0.8Mg0.2O2.85 (LSGM) as electrolyte, 

Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) as cathode and La0.75Sr0.25Cr0.5Mn0.5O3−δ (LSCM) 

as anode material. The maximum power density value of the BSCF/LSGM/LSCM 

cell with 1.5 mm thick electrolyte was 160 mWcm−2 at 1073 K, using moistened H2 

diluted with N2 as fuel and air as oxidant [20].  

 Meng et al. showed a nickel-based anode-supported SOFC assembled with 

a 10 µm thick Ce0.8Sm0.2O2−δ (SDC) electrolyte and a Ba0.5Sr0.5Co0.8Fe0.2O3−δ 

cathode. The cell performance was investigated with hydrogen and ammonia gas 

evaporated from liquefied ammonia as fuel. Fueled by hydrogen, the maximum 

power densities were 1872, 1357, and 748 mWcm−2 at 650, 600, and 550 °C, 

respectively. With ammonia as fuel, the cell showed the maximum power densities 

of 1190, 434, and 167 mWcm−2, respectively. The results demonstrated that the 

ammonia was a right convenient liquid fuel for SOFCs as long as it was keeping 

the decomposition completion of ammonia in the cell or before entering the cell 

[21]. 

 In 2007, Mohammadi et al. reported Ba0.5Sr0.5Co0.8Fe0.2O3−δ oxides 

prepared at different shaping and sintering parameters under the same powder 
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synthesis method. The oxide powders were synthesized using citrate–EDTA 

complexing method. The result showed that the best sintering dwell time is about 

8–9 hours and after that time there is no change in membrane characteristics. 

Moreover, the best sintering temperature and the best pressure for pressing  of the 

samples was  1,100°C and 2,000-2,500 bar, respectively [22]. 

Subramania et al. successfully synthesized Nano-crystalline 

Ba0.5Sr0.5Co0.8Fe0.2O3−δ powder by a novel sol–gel thermolysis method using a 

unique combination of PVA and urea. X-ray diffraction patterns showed a cubic 

perovskite Ba0.5Sr0.5Co0.8Fe0.2O3−δ formed by calcining the precursor at 450 ◦C for 

5 h. But the well-crystalline cubic perovskite Ba0.5Sr0.5Co0.8Fe0.2O3−δ can be 

obtained by calcining the precursor at 650 °C for 5 h. Thermogravimetric (TG) 

result showed the lattice oxygen loss of the product was about ~2% in its original 

weight in the temperature range 40–900 °C. In addition, the maximum electrical 

conductivity of 32 S cm−1 was obtained in air at 500 °C, which is higher than the 

reported value [23]. 

Bosˇkovic´ et al. showed the nanopowders of Ba0.5Sr0.5Co0.8Fe0.2O3−δ with 

perovskite type crystal structure synthesized by modified glycine nitrate procedure. 

Modification of the procedure was performed by partial replacement of nitrates by 

acetates, in order to control the burn-up reaction. The obtained nanopowders, 

according to XRD results are single phase, independent of number of dopants [24].

 Shao et al. also investigated the influence of iron doping level in 

Ba0.5Sr0.5Co1−yFeyO3−δ (y = 0.0–1.0) oxides on their phase structure, oxygen 

nonstoichiometry, electrical conductivity, performance as symmetrical cell 

electrode and oxygen permeating membranes. A cubic perovskite structure was 

observed for all the compositions with the presence of iron. The increase of iron 

doping level resulted in the decrease of the lattice constant, room-temperature 

oxygen nonstoichiometry, total electrical conductivity, and the increase of area 

specific resistance (ASR) as cathode with samaria doped ceria electrolyte. 

However, promising cathode performance with an ASR as low as 0.613 Ωcm2 was 

still obtained at 600 ◦C for Ba0.5Sr0.5FeO3−δ (BSF). Moreover, the increase of iron 

doping level resulted in the decrease of oxygen permeation flux from JO2 = 2.28 

µmol cm−2 s−1 (STP) for Ba0.5Sr0.5Co0.8Fe0.2O3−δ to ~0.45 µmol cm−2 s−1 (STP) at 

900 ◦C for BSF (y = 1.0) [25]. 
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 Kammer reported the iron–cobalt based perovskite cathodes with different 

A-site cations ((Ln0.6Sr0.4)0.99Fe0.8Co0.2O3−δ, where Ln is La, Pr, Sm or Gd). The 

La-containing perovskite was hexagonal but the Pr and Sm perovskites were 

orthorhombic. The gadolinium-based perovskite was a two phase system 

consisting of an orthorhombic and a cubic perovskite phase. The thermal 

expansion coefficient (TEC) increased systematically with a decrease in the size of 

the A-site cation until the gadolinium-containing perovskite where the TEC 

decreases abruptly. The total electrical conductivity was the highest for the La-

based perovskite and the lowest for the Gd-based perovskite [26]. 

  

 Recently, many researchers are looking for new cathode materials for IT-

SOFC. Ba0.5Sr0.5Co0.8Fe0.2O3−δ is  a good candidate for cathode material for IT-

SOFC because of its mixed conductivity but it is not as good as the other cathodes 

(e.g. La0.6Sr0.4Co0.2Fe0.8O3−δ) Moreover, the high operating temperature makes the 

application of SOFC be limited. In this case, a decrease in operation temperature is 

needed. Cathode is an important component of SOFC, so developing a new 

cathode material with well performance at intermediate temperature is the key to 

decrease the operating temperature [5]. Therefore, this research is focused to 

improve electrical conductivity by doping Ba0.5Sr0.5Co0.8Fe0.2O3−δ with various 

metals at both A and B sites. 

 

1.6 The objectives of the thesis 

1. To synthesize Ba0.5Sr0.5Co0.8Fe0.2-xMxO3-δ, Ba0.5Sr0.5Co0.8-xFe0.2MxO3-δ, 

(Ba0.5Sr0.5)1-xPxCo0.8Fe0.2O3-δ, (Ba0.5Sr0.5)1-xPxCo0.8-yFe0.2 MyO3-δ, and 

(Ba0.5Sr0.5)1-xPxCo0.8Fe0.2-yMyO3-δ  (x = 0.05,0.1) ; (y = 0.05,0.1) ;  

(M = Mg,Ni,Zn,Cu) ; and (P = La,Pr) 

2.  To characterize and measure electrical conductivity of doped 

Ba0.5Sr0.5Co0.8Fe0.2O3−δ perovskites 

 

1.7 The scope of the thesis 

1. Synthesize and characterize the single-phase perovskite oxides  

2. Study the effects of doping metal ions on Ba0.5Sr0.5Co0.8Fe0.2O3−δ, such as 

the change of lattice parameter and oxygen deficiency 
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3. Determine electrical conductivity by four DC probe technique and oxygen 

permeation by O2-TPD 



CHAPTER II 

 

EXPERIMENTAL 

 
The synthesis and characterization procedure of perovskite oxide are described 

as below: 

  

2.1 Chemicals 

 

The chemicals listed in Table 2.1, were used without further purification. 

 

Table 2.1  Reagents for synthesis of perovskites 

Reagents 
Formula 

Weight 
Purity% Company 

Ba(NO3)2 261.53 99.0 Fluka 

Sr(NO3)2 211.63 99.0 Fluka 

Fe(NO3)3×9H2O 404.00 98.0 Riedel-deHaën 

Co(NO3)2×6H2O 291.03 98.0 Fluka 

Mg(NO3)2.6H2O 256.41 99.0 Fluka 

Ni(NO3)2.6H2O 290.79 98.0 Wako 

Zn(NO3)2.6H2O 297.48 99.0 Fluka 

Cu(NO3)2.6H2O 241.60 99.0 Fluka 

Pr(NO3)3.6H2O 435.01 99.9 Mitsuwas 

La(NO3)3.6H2O 433.01 99.0 Fluka 

C6H8O7 192.13 99.5 Riedel-deHaën 

HNO3 63.01 65 Merck 

NH3H2O 35.05 25 Merck 

C2H5OH 46.07 30 Merck 
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2.2 Synthesis of perovskite powder by modified citrate method 

All components in Table 2.2 were synthesized in basic solution. 

Table 2.2 The components of all samples 

Doped Replaced components Abbreviation 

- - Ba0.5Sr0.5Co0.8Fe0.2O3-δ BSCF 

Ba0.5Sr0.5Co0.8Fe0.15Mg0.05O3-δ FeMg 0.05 

Ba0.5Sr0.5Co0.8Fe0.15Ni0.05O3-δ FeNi 0.05 

Ba0.5Sr0.5Co0.8Fe0.15Zn0.05O3-δ FeZn 0.05 
Fe 

Ba0.5Sr0.5Co0.8Fe0.15Cu0.05O3-δ FeCu 0.05 

Ba0.5Sr0.5Co0.75Fe0.2Mg0.05O3-δ CoMg 0.05 

Ba0.5Sr0.5Co0.75Fe0.2Ni0.05O3-δ CoNi 0.05 

Ba0.5Sr0.5Co0.75Fe0.2Zn0.05O3-δ CoZn 0.05 

0.05mole 

in 

B site 

 Co 

Ba0.5Sr0.5Co0.75Fe0.2Cu0.05O3-δ CoCu 0.05 

(Ba0.5Sr0.5)0.95Pr0.05Co0.8Fe0.2O3-δ Pr 0.05 0.05 mole in 

A site 
Ba and Sr 

(Ba0.5Sr0.5)0.95La0.05Co0.8Fe0.2O3-δ La 0.05 

Ba0.5Sr0.5Co0.8Fe0.1Mg0.1O3-δ FeMg 0.1 

Ba0.5Sr0.5Co0.8Fe0.1Ni0.1O3-δ FeNi 0.1 

Ba0.5Sr0.5Co0.8Fe0.1Zn0.1O3-δ FeZn 0.1 
Fe 

Ba0.5Sr0.5Co0.8Fe0.1Cu0.1O3-δ FeCu 0.1 

Ba0.5Sr0.5Co0.7Fe0.2Mg0.1O3-δ CoMg 0.1 

Ba0.5Sr0.5Co0.7Fe0.2Ni0.1O3-δ CoNi 0.1 

Ba0.5Sr0.5Co0.7Fe0.2Zn0.1O3-δ CoZn 0.1 

0.1 mole 

in 

B site 

 Co 

Ba0.5Sr0.5Co0.7Fe0.2Cu0.1O3-δ CoCu 0.1 

(Ba0.5Sr0.5)0.9Pr0.1Co0.8Fe0.2O3-δ Pr 0.1 0.1 mole in 

A site 
Ba and Sr 

(Ba0.5Sr0.5)0.9La0.1Co0.8Fe0.2O3-δ La 0.1 

(Ba0.5Sr0.5)0.85Pr0.15Co0.8Fe0.2O3-δ Pr 0.15 0.15 mole in 

A site 
Ba and Sr 

(Ba0.5Sr0.5)0.85La0.15Co0.8Fe0.2O3-δ La 0.15 

(Ba0.5Sr0.5)0.8Pr02Co0.8Fe0.2O3-δ Pr 0.2 0.2 mole 

in A site 
Ba and Sr 

(Ba0.5Sr0.5)0.8La0.2Co0.8Fe0.2O3-δ La 0.2 

(Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.15Cu0.05O3-δ Pr0.2FeCu0.05 A & B site  
(Ba0.5Sr0.5)0.8La0.2Co0.8Fe0.15Cu0.05O3-δ La0.2FeCu0.05 
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The perovskite oxide powder was synthesized by modified citrate method. 

The salts of Ba(NO3)2, Sr(NO3)2, Co(NO3)2.6 H2O, Fe(NO3)3.9H2O, Mg(NO3)2.6H2O, 

Ni(NO3)2.6H2O, Zn(NO3)2.6H2O, Cu(NO3)2.3H2O, Pr(NO3)3.6H2O, and 

La(NO3)3.6H2O  at the desired molar ratio (based on perovskite powder 0.02 mol) 

were dissolved in 10 mL of ultra pure nitric acid (70%) and stirred for 6 hours. The 

amount of citric acid was added with two times of total metal ions. After stirred for 24 

hours, the pH of the mixture was adjusted to 8-9 by ammonia solution (25%) to obtain 

brown solution and heated to 200-250°C. The spontaneous combustion occurred and 

the brown-black powder appeared. The powder was calcined at 900-1000°C for 5 

hours, depending on the composition. The condition of calcination was shown in 

scheme 2.1. 

 

 

 

 

 

 

 

 

 

 

 

 Then, the calcined powder was milled in ethanol by mortar, pressed with 1-3 

ton and sintered at 1000-1100°C depending on the composition to obtain perovskite 

disk. The condition of sintering of perovskite disk was exhibited in scheme 2.2. 

 

 

 

 

 

 

 

 

Room temperature 

Rate 6.5°C/min 

900-1000°C for 5 hours 

Scheme 2.1 The condition of calcination for perovskite oxide. 

Room temperature 

Rate 6.5°C/min 

1100°C for 10 hours 

Scheme 2.2 The condition of sintering process for perovskite oxide. 
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2.3  Characterization of the perovskite oxides 

 

2.3.1 X-ray diffractrometry (XRD) 

 

The crystal structure of perovskite oxides was determined by using Rigaku, 

DMAX 2002 Ultima Plus X-Ray powder diffractometer equipped with a 

monochromator and a Cu-target X-ray tube (40 kV, 30 mA) and angles of 2θ ranged 

from 20-70 degree (step time 0.5 s., scan step 0.020o) at Department of Chemistry, 

Faculty of Science, Chulalongkorn University. Perovskite were characterized after the 

calcination steps by XRD. 

 

2.3.2 Scanning electron microscopy (SEM) 

 

The morphology of the disks was carried out using a JEOL JSM-5800LV 

scanning electron microscopy, Oxford Instrument (Link ISIS series 300) at Faculty of 

Science, Chulalongkorn University.  This instrument uses X-rays or electrons 

scattered back from the surface “illuminated” by a restored electron beam to generate 

an image with remarkable three-dimensional qualities.   

 

2.3.3  Temperature-programmed desorption (TPD) 

 

The perovskite capabilities of adsorbing O2 were measured using temperature-

programmed desorption (TPD, model Thermo Finnigan/TPDRO 1100), at Department 

of Chemistry, Faculty of Science, Chulalongkorn University. 

  The perovskite powder was first pretreated in He atmosphere (30 ml/min) at 

500°C for 0.5 hours, then cooled to 100°C, after which adsorption of gas was 

performed in a flow of O2 (5.29% balanced by He) for 40 min.    The  powder  was 

maintained at 100°C in  He  flow for  another  0.5   hours  to  eliminate   physically 

adsorbed O2. Thereafter, the TPD was conducted by heating the sample to 800°C at a

 rate 20°C/min. The desorbed O2 was analyzed  using   gas  chromatograph   with   a

 thermal conductivity detector (TCD). 
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2.3.4 Electrical conductivity Measurement 

 

 The electrical conductivity of perovskite oxide was investigated by DC-4 

probe technique. All of disc samples (after sintered at 1100°C for 10 h) were cut to 

bar (about 12 mm in length, 5 mm in width and 1.5 mm in thickness). Four Pt wires 

were wrapped around each bar and bonded to the sample using Pt paste. The samples 

were heated to 950°C for 10 min with the heating rate of 5°C/min to sinter the 

conducting paste. The conductivity measurements were performed in a tube furnace 

with an alumina tube using Pt wires to connect the wires on the sample in the hot 

zone. These wires were then fed through the end cap of the tube. Four-point DC 

electrical conductivity measurements were performed by sending a current (0.1 to 200 

mA) through the wires at the ends of the sample and then measuring the voltage drop 

across and two middle wires. The electrical conductivity measurement from room 

temperature to 800°C were collected by potentiostat/galvanostat (Autolab PG100). 

 

2.3.5 Dilatometer 

 

 The disc samples (after sintered at 1100°C for 10 h) were cut to bar (about 12 

mm in length, 5 mm in width and 1.5 mm in thickness). The thermal expansion 

coefficients were measured from room temperature to 800°C in air with a heating rate 

of 10 K/min by dilatometer (NETZSCH DIL 402C) from Department of Materials 

Science, Faculty of Science, Chulalongkorn University.  



CHAPTER III 
 

RESULTS AND DISCUSSIONS 
 
 In this research, synthesized perovskite compounds (Ba0.5Sr0.5Co0.8Fe0.2O3-δ) 

were doped with different contents of metal ions in either A site (Ba, Sr) or B site 

(Co, Fe). Therefore, using abbreviation is convenient to describe the composition of 

these compounds. For example, Ba0.5Sr0.5Co0.8Fe0.2O3-δ is abbreviated to be BSCF. 

For B site, Ba0.5Sr0.5Co0.8Fe0.15Mg0.05O3-δ is abbreviated to be FeMg 0.05. It means Fe 

site in Ba0.5Sr0.5Co0.8Fe0.2O3-δ is partially substituted by Mg 0.05 mol. 

 

3.1 Synthesis of perovskite oxide by modified citrate method 

 

 The perovskite oxides were prepared by modified citrate method with the 

mole ratio of metal nitrate to citric acid, 1:2. The metal nitrates were dissolved in 70% 

nitric acid, which then reacted with citric acid to form metal-citrate-nitrate complexes. 

These metal-citrate complexes can undergo polymerization when ammonia solution 

was added.  Meanwhile, NH3
.H2O was added, the white fume of NH4NO3 was 

suddenly observed, which came from the free NO3
- reacting with NH3

.H2O and 

generated heat. The solution was the metal citrate-nitrate gel resulting from the 

polymerization of the metal citrate-nitrate complex when liquid NH3 was added. 

Then, the solution changed from clear red brown to clear deep brown solution (pH ≈ 

9).   

 The combustion of the metal citrate-nitrate gel solution was composed of three 

steps, evaporation, decomposition, and spontaneous combustion.  The excess solvent 

was firstly evaporated until a sticky gel was obtained.  During the final stage of 

evaporation, the mixture began to swell, and became viscous.  The generated gases 

can be observed from the large swelling viscous mass.  Finally, at around 250°C the 

spontaneous combustion was initiated to convert the mixture into the powder. A 

typical burning of 40 ml of gel solution was completed within 20-30 seconds. 

 The precursor powder obtained by combustion reaction was calcined at 

1,000°C for 5 hours in order to achieve pure phase and remove residual organic 
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compound. The calcined powder was ground and pressed to make a disc. Then, all 

sample discs were sintered in air at 1,100°C for 10 hours. The disc membranes have 

relative density higher than 90%. 

  

3.2 Effect of A and B–sites doping on formation of BSCF 

 

 3.2.1 Effect of B site doping on the structure and morphology of BSCF  

 The perovskite structure was known to be stable only for 0.75≤t≤1.1 and was 

cubic in the range t > 0.95. As shown in Table 3.1, the tolerance numbers of BSCF 

doping at B site was close to 1. It is confirmed that structures of the samples were 

cubic perovskite–type. The metals with different sizes (Mg, Ni, Zn, Cu) doped at Fe 

or Co site had no effect on the tolerance numbers. Even though the content of metals 

increased, the numbers were still in the range 1.05-1.06. 

 

Table 3.1 The tolerance numbers of B-site doping on BSCF 
 

Compounds Tolerance No. Compounds Tolerance No. 

BSCF 

FeMg 0.05 

FeMg 0.1 

CoMg 0.05 

CoMg 0.1 

FeNi 0.05 

FeNi 0.1 

CoNi 0.05 

CoNi 0.1 

1.07 

1.06 

1.06 

1.06 

1.06 

1.06 

1.06 

1.06 

1.06 

FeZn 0.05 

FeZn 0.1 

CoZn 0.05 

CoZn 0.1 

FeCu 0.05 

FeCu 0.1 

CoCu0.05 

CoCu 0.1 

1.06 

1.06 

1.06 

1.05 

1.06 

1.06 

1.06 

1.05 

 

  

 3.2.1.1 Mg–doped BSCF 

 

A) XRD results 
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The XRD pattern of BSCF showed the single phase of perovskite oxide and 

cubic structure with a space group P432 (Figure 3.1). From this Figure, the miller 

indexes were 100, 110, 111, 200, 210, 211 and 220 at 2θ = 22.3°, 31.8°, 39.2°, 45.6°, 

51.3°, 56.6°, 66.4°, respectively. In addition, the lattice parameter calculated by Jade 

software is 3.9848 A° 

 Figure 3.1 shows the XRD patterns of Ba0.5Sr0.5Co0.8Fe0.2-xMgxO3-δ and 

Ba0.5Sr0.5Co0.8-xFe0.2MgxO3-δ. The XRD results indicated that Fe and Co replaced by 

Mg 0.05 mol showed single phase and a cubic structure but doping Mg 0.1 mol at Fe 

and Co had the impurity phase. It was observed that XRD peaks of Mg–doped oxides 

did not shift as compared to undoped BSCF. From Table 3.2, the lattice parameters of 

Mg replaced Fe and Co slightly increased because the ionic radius of Mg2+ (0.86A°) 

was larger than Fe4+ (0.725A°) and Co4+ (0.67A°). However, the lattice parameter of 

doped BSCF did not increase significantly with the increasing content of Mg. It was 

suggested that 0.05 mol of Mg can replace partially into Co and Fe without any 

change of the BSCF structure and lattice parameters. Upon increasing the content of 

Mg, the secondary phase was observed in XRD. It can be explained that the addition 

of 0.1 mol of Mg to replace Co and Fe can cause the formation of MgO (JCPDS 4–

829) and unidentified impurity phases.  

FeMg 0.05 

FeMg 0.1 

BSCF 

CoMg 0.05 

CoMg 0.1 

Figure 3.1 The XRD patterns of Ba0.5Sr0.5Co0.8Fe0.2-xMgxO3-δ and  
Ba0.5Sr0.5Co0.8-xFe0.2MgxO3-δ (x = 0, 0.05 and 0.1) after calcined at 1000°C for  
5 hours  

20 30 40 50 60 70

2Theta

Unknown phase 

MgO 



 

 

35 
Table 3.2 The lattice parameters of Ba0.5Sr0.5Co0.8-xFe0.2MgxO3-δ  and  

Ba0.5Sr0.5Co0.8-xFe0.2MgxO3-δ (x = 0, 0.05 and 0.1) after calcined at 1000°C for 5 hours  
 

 

 

 

 

 

 

 

B) SEM images 

 

 

 

 

 

 

 

 

 

 

 

 

 

 SEM picture of BSCF shows the dense morphology without any impurity 

phase on the surface which is consistent with the XRD results. The grain size varied 

in the range 10 to 40 µm. 

Sample Lattice parameter 
(A°) 

BSCF 3.9848 
FeMg0.05 3.9939 
FeMg0.1 3.9986 

CoMg0.05 3.9890 
CoMg0.1 3.9950 

Figure 3.2 SEM micrograph of Ba0.5Sr0.5Co0.8Fe0.2O3-δ sintered at 1,100°C for 10 
hours. 
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Figure 3.3 shows the morphologies of samples doping with Mg at Fe and Co. 

The results showed a lot of white dots (impurity phase) scattered on the surface. XRD 

patterns of both FeMg0.05 and CoMg0.05 showed single phase which do not agree 

with SEM results. It is possible that the amount of impurity phase is small so it does 

not appear in XRD patterns. XRD and SEM results of FeMg0.1 and CoMg0.1 showed 

impurity phase. It is seen that the amount of impurity phase increased with the 

increasing in Mg contents. The grain size of Mg specimens varied in the range 3 to 12 

µm. Moreover, it was noticed that the microstructure of the high Co containing 

compositions (FeMg0.05 and FeMg0.1) had low porosity in comparison with the low 

Co containing compositions (CoMg0.05 and CoMg0.1). These results were consistent 

with previous research by Lv [27]. Mg ion can not fit in BSCF structure according to 

FeMg 0.05 FeMg0.1 

CoMg0.05 

Figure 3.3 SEM micrographs of Ba0.5Sr0.5Co0.8Fe0.2-xMgxO3-δ and Ba0.5Sr0.5Co0.8-xFe0.2MgxO3-δ 

(x = 0.05 and 0.1) after sintered at 1,100°C for 10 hours 

CoMg0.1 



 

 

37 
XRD and SEM results. It is suggested that the state of Mg (+2) was lower than Co 

and Fe (+3 or +4), then a lot of oxygen had to escaped from the crystal lattice to 

neutralize the charge. It will cause the structure of doped BSCF to collapse. 

Therefore, MgO and unidentified oxide were formed as secondary phase to maintain 

the stability of the compound.  

  

3.2.1.2 Ni–doped BSCF 

   

  A)  XRD results 

 
 

 Figure 3.4 shows the XRD patterns of Ba0.5Sr0.5Co0.8Fe0.2-xNixO3-δ and 

Ba0.5Sr0.5Co0.8-xFe0.2NixO3-δ with x = 0.05 and 0.1 mol. It demonstrated that all 

samples doping with Ni2+ in the B sites of Ba0.5Sr0.5Co0.8Fe0.2O3-δ have no any 

impurity phase and the structures are cubic. The XRD patterns of doped Ni2+ 

specimens are slightly shifted to the lower angle compared with BSCF. Although 

ionic radius of Ni2+ (0.83°A) is larger than Co4+ (0.67°A) and Fe4+ (0.725°A), the 

lattice parameters of doping Ni in the B site of BSCF are not different from BSCF.  

 

20 30 40 50 60 70

2Theta

FeNi 0.05 

FeNi 0.1 

BSCF 

CoNi 0.05 

CoNi 0.1 

Figure 3.4 The XRD patterns of Ba0.5Sr0.5Co0.8Fe0.2-xNixO3-δ and  
Ba0.5Sr0.5Co0.8-xFe0.2NixO3-δ (x = 0, 0.05 and 0.1) after calcined at 1000°C  
for 5 hours  
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Table 3.3 The lattice parameters of Ba0.5Sr0.5Co0.8Fe0.2-xNixO3-δ and  

Ba0.5Sr0.5Co0.8-xFe0.2NixO3-δ (x = 0, 0.05 and 0.1) after calcined at 1000°C for 5 hours  

 

 

 

 

 

 

 

B) SEM images 

 

 

 

 

 

 

Sample Lattice parameter 
(A°) 

BSCF 3.9848 
FeNi0.05 3.9828 
FeNi0.1 3.9968 

CoNi0.05 3.9817 
CoNi0.1 3.9811 

FeNi 0.1 FeNi0.05 

 CoNi 0.1 CoNi0.05 

Figure 3.5 SEM micrograph of Ba0.5Sr0.5Co0.8Fe0.2-xNixO3-δ and Ba0.5Sr0.5Co0.8-xFe0.2NixO3-δ  

(x = 0.05 and 0.1) after sintered at 1,100°C for 10 hours 
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The morphologies of BSCF doping with Ni at Fe and Co were presented in 

Figure 3.5. As the results, all of specimens had impurity on the surface and a lot of 

pore. The SEM micrographs of Ni doped BSCF were inconsistent with XRD patterns 

which showed single phase. SEM results showed that Ni2+ can not be doped in the 

structure of BSCF. The grain size of Ni2+ specimens varied in the range 3 to 12 µm.  

 It is expected that Ni can not be in the structure of BSCF. Moreover, it is 

confirmed by SEM results that there were a lot of impurity on the surface of the 

specimens disk. Generally, the impurity phase should appear in XRD patterns. 

 

3.2.1.3 Zn–doped BSCF 

 A)  XRD results 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 In Figure 3.6, the structures of perovskite doped by Zn at B sites of BSCF are 

single phase with cubic perovskite structure. In addition, the XRD peaks slightly 

shifted to the lower angle compared with BSCF. This shift is considered to be the 

result from the expansion of crystal lattice caused by the bigger ionic radius. From 

Table 3.4, the lattice parameters of BSCF doping with Zn at B were more than that of 

BSCF because ionic radius of Zn2+ (0.88A°) is larger than Fe4+ (0.75A°) and Co4+ 

(0.67A°). The oxidation state of Zn does not change but Zn can be placed in the 

perovskite structure.  

20 30 40 50 60 70

2Theta

FeZn 0.05 

FeZn 0.1 

BSCF 

CoZn 0.05 

CoZn 0.1 

Figure 3.6 The XRD patterns of Ba0.5Sr0.5Co0.8Fe0.2-xZnxO3-δ and  
Ba0.5Sr0.5Co0.8-xFe0.2ZnxO3-δ (x = 0, 0.05 and 0.1) after calcined at 1000°C  
for 5 hours  
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Table 3.4 The lattice parameters of Ba0.5Sr0.5Co0.8Fe0.2-xZnxO3-δ and  

Ba0.5Sr0.5Co0.8-xFe0.2ZnxO3-δ (x = 0, 0.05 and 0.1) after calcined at 1000°C for 5 hours  
 

 

 

 

 

 

 

 B) SEM images 

 

 

 

 

SEM pictures of Zn–doped BSCF show dense and homogeneous surface 

(Figure 3.7). It is shown that the porosity of FeZn0.05 and FeZn0.1 were less than that 

of CoZn0.05 and CoZn0.1. The grain size were in the range 26 to 40 µm. 

Sample Lattice parameter 
(A°) 

BSCF 3.9848 
FeZn0.05 3.9975 
FeZn0.1 4.0029 

CoZn0.05 3.9950 
CoZn0.1 3.9933 

FeZn0.05 FeZn0.1 

CoZn0.05 CoZn0.1 

Figure 3.7 SEM micrographs of Ba0.5Sr0.5Co0.8Fe0.2-xZnxO3-δ and Ba0.5Sr0.5Co0.8-xFe0.2ZnxO3-δ (x 
= 0.05 and 0.1) after sintered at 1,100°C  
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3.2.1.4 Cu–doped BSCF 

 

 A) XRD results 

 

 

 

 

 

 

 

 

 

 

 

  

 

 Figure 3.8 shows the XRD patterns of Cu 0.05 and 0.1 mol partially replaced 

Fe and Co in BSCF. It showed single phase and cubic phase of BSCF doping with Cu 

at B. The unknown phase was observed in the XRD pattern of Cu0.1 mol doped at Fe 

site. The peaks of XRD patterns of doped Cu–BSCF slightly shifted to the lower 

angle. From Table 3.5, although the ionic radius of Cu2+ (0.87A°) was larger than Fe4+ 

(0.725A°) and Co4+ (0.67A°), the lattice parameters of BSCF doping with Cu at Fe 

and Co sites were not different from that of BSCF.  

 

Table 3.5 The lattice parameters of Ba0.5Sr0.5Co0.8Fe0.2-xCuxO3-δ and  

Ba0.5Sr0.5Co0.8-xFe0.2CuxO3-δ (x = 0, 0.05 and 0.1)  
 

 

 

 

 

 

 

Sample Lattice parameter 
(A°) 

BSCF 3.9848 
FeCu0.05 3.9825 
FeCu0.1 3.9771 

CoCu0.05 3.9790 
CoCu0.1 3.9837 

20 30 40 50 60 70
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FeCu 0.1 
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CoCu 0.05 

CoCu 0.1 

Figure 3.8 The XRD patterns of Ba0.5Sr0.5Co0.8Fe0.2-xCuxO3-δ and  
Ba0.5Sr0.5Co0.8-xFe0.2CuxO3-δ (x = 0, 0.05 and 0.1) after calcined at 1000°C for 5 
hours. 
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 B) SEM images 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 show the morphologies of BSCF doped with Cu at Fe and Co sites. 

The results show that all of samples were homogeneous. It was noticed that FeCu0.05 

and FeCu0.1 were denser than CoCu0.05 and CoCu0.1. The surface of CoCu0.1 disc 

was melted at 1,100°C. The grain size of FeCu0.05 and FeCu0.1 were more than 

60µm but that of CoCu0.05 was in the range 2 to 10 µm. It is possible that doping 

with Cu can affect the melting point of these materials to decrease, so the grain sizes 

were larger than that of BSCF.  

 

3.2.2 Effect of A site doping on the structure and morphology of BSCF 

  

FeCu0.1 FeCu0.05 

Figure 3.9 SEM micrographs of Ba0.5Sr0.5Co0.8Fe0.2-xCuxO3-δ and Ba0.5Sr0.5Co0.8-xFe0.2CuxO3-δ  

(x = 0.05 and 0.1) after sintered at 1,100°C for 10 hours 

CoCu0.1 CoCu0.05 



 

 

43 
The structure stability of perovskite–type compound was determined by the 

tolerance factor. The calculated tolerance number of BSCF doping at A site was 

around 1 (Table 3.6). It revealed that the structures of the samples were stable cubic 

perovskite–type. The Pr and La doped at Ba and Sr site had small effect on the 

tolerance factors. With increasing content of Pr and La, the tolerance factors increased 

slightly. However, the numbers were still in the acceptable range 1.09–1.18. 

Table 3.6 The tolerance number of A site doping on BSCF 
 

Compounds Tolerance No. 

BSCF 

Pr 0.05 

Pr 0.1 

Pr 0.15 

Pr 0.2 

La 0.05 

La 0.1 

La 0.15 

La 0.2 

1.07 

1.09 

1.11 

1.14 

1.16 

1.09 

1.12 

1.15 

1.18 

   

 3.2.2.1 Pr–doped BSCF 

 

  A) XRD results 

 

 

   

  

 

 

 

 

 

 

 

Figure 3.10 The XRD patterns of (Ba0.5Sr0.5)1-xPrxCo0.8Fe0.2O3-δ (x = 0, 0.05, 0.1, 
0.15 and 0.2) after calcined at 1000°C for 5 hours. 
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Secondary phase 
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 The XRD patterns of (Ba0.5Sr0.5)1-xPrxCo0.8Fe0.2O3-δ with x = 0, 0.05, 0.1, 

0.15 and 0.2 mol are shown in Figure 3.10. It was confirmed that all oxide samples 

had cubic perovskite structure. Single phase of perovskite structure was observed for 

doped BSCF when x = 0.05 and 0.1. A small unidentified impurity phase appeared at 

2θ about 31° when x = 0.15 and 0.2. With the increasing of Pr, the XRD peaks shifted 

gradually to the higher angle corresponding to the lattice shrinkage as shown in Table 

3.7. It can be explained that partially substitution of smaller Pr3+ (1.319A°) cation for 

Ba2+ (1.75A°) and Sr2+ (1.58A°) caused the decreasing of lattice parameters. On the 

other hand, the conversion of Co4+ to Co3+ and Fe4+ to Fe3+  respectively, on the B site 

to compensate electroneutrality of the oxide with the formation of oxygen vacancies 

can also affect the crystal lattice. It is concluded that the size and the charge of Pr had 

the effect on the crystal structure of BSCF. 

 

Table 3.7 The lattice parameters of (Ba0.5Sr0.5)1-xPrxCo0.8Fe0.2O3-δ (x = 0, 0.05, 0.1, 

0.15 and 0.2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Lattice parameter 
(A°) 

BSCF 3.9848 
Pr0.05 3.9608 
Pr0.1 3.9410 
Pr0.15 3.9203 
Pr0.2 3.8964 
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 B) SEM images 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 As given in Figure 3.11, the morphologies of doping BSCF with Pr3+ 

specimens with x =0.05, 0.1, 0.15 and 0.2 were homogeneous and the porosity 

increased with increasing Pr3+ contents. Moreover, the grain size decreased with 

increasing the amount of Pr3+. It is seen that Pr0.05 was the largest grain size to be in 

range 5 to 30 µm. 

 

 

 

 

 

 

       Pr0.05          Pr0.1 

Figure 3.11 SEM micrograph of (Ba0.5Sr0.5)1-xPrxCo0.8Fe0.2O3-δ (x = 0.05, 0.1, 0.15 and 0.2) 
after sintered at 1,100°C for 10 hours. 
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 3.2.2.2 La–doped BSCF 

 

  A) XRD results 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

  

 

 

 The XRD patterns of (Ba0.5Sr0.5)1-xLaxCo0.8Fe0.2O3-δ with x = 0.05, 0.1, 0.15 

and 0.2 mol are shown in Figure 3.12. It exhibited that all BSCF doping with La in A 

sites of BSCF were single phase with cubic perovskite structure. The XRD peaks 

shifted clearly to the higher angle compared with BSCF. This shift increased with the 

increasing content of La3+. The lattice parameters of BSCF doping with La3+ in the A 

sites of BSCF were lower than that of BSCF and it decreased with increasing of the 

amount of La3+ as shown in Table 3.8. The reason was that doping smaller ion of La3+ 

(1.5A°) at Ba2+ (1.75A°) and Sr2+ (1.58A°) and the change of oxidation state of Co4+ 

and Fe4+ and the formation of oxygen vacancies caused the shrinkage of lattice 

structure. As compared to Pr–doped BSCF, the effect of La–doped was less than Pr–

doped perovskite oxide because La3+ is larger than Pr3+. The lattice parameter of 

doping with La3+ 0.2 mol specimen was smallest.  

20 30 40 50 60 70

2Theta

La 0.05 

La 0.1 

BSCF 

La 0.15 

La 0.2 

Figure 3.12 The XRD patterns of (Ba0.5Sr0.5)1-xLaxCo0.8Fe0.2O3-δ (x = 0, 0.05, 
0.1, 0.15 and 0.2) after calcined at 1000°C for 5 hours  
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Table 3.8 The lattice parameters of (Ba0.5Sr0.5)1-xLaxCo0.8Fe0.2O3-δ (x = 0.05, 0.1, 

0.15 and 0.2) 

 

 

 

 

 

 

 

B) SEM images 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

In Figure 3.13, the microstructures of all La3+ specimens were homogeneous. 

The microstructural feature of the specimens is generally similar except different 

Sample Lattice parameter 
(A°) 

BSCF 3.9848 
La0.05 3.9628 
La0.1 3.9459 

La0.15 3.9337 
La0.2 3.9129 

La0.1 La0.05 

Figure 3.13 SEM micrograph of (Ba0.5Sr0.5)1-xLaxCo0.8Fe0.2O3-δ (x = 0.05 and 0.1) after sintered 
at 1,100°C for 10 hours 

La0.15 La0.2 
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grain sizes and the porosity. The grain sizes of the lower La3+ Contents was larger 

than that of the higher La3+ contents which was similar to the Pr3+ results. 

Furthermore, the porosity of the lower La3+ specimens were less than that of the 

higher La3+ specimens. Therefore, La0.05 had the largest grain size which varied in 

range 8 to 12 µm and lowest of porosity. 

 

3.2.3 Effect of both A and B site doping on the structure and morphology 

of BSCF 

   

 The tolerance numbers of (Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.15Cu0.05O3-δ and 

(Ba0.5Sr0.5)0.8La0.2Co0.8Fe0.15Cu0.05O3-δ were 1.16 and 1.17, respectively. It showed that 

the structure of perovskites were cubic. 

 

 3.2.3.1 Pr and Cu–doped BSCF 

 

  A) XRD results 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 In Figure 3.14, the XRD pattern of (Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.15Cu0.05O3-δ 

showed cubic perovskite-type structure that was similar to BSCF and doped Pr 0.2 

20 30 40 50 60 70

2Theta

Figure 3.14 The XRD patterns of (Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.15Cu0.05O3-δ after 
calcined at 1000°C for 5 hours compared with Ba0.5Sr0.5Co0.8Fe0.2O3-δ and 
(Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.2O3-δ. 

Pr0.2 

Pr0.2FeCu0.05 

BSCF 
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mol specimen. The XRD peaks of (Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.15Cu0.05O3-δ shifted to 

the higher angle as compared with BSCF. It showed that Pr and Cu can be doped at A 

sites and B site simultaneously without distortion of the cubic structure. The lattice 

parameter of (Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.15Cu0.05O3-δ was less than that of BSCF but 

more than that of (Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.2O3-δ. It was expected that Pr and Cu 

partially replaced at A and B site caused the shrinkage of lattice structure (Table3.9). 

 

Table 3.9 The lattice parameters of (Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.15Cu0.05O3-δ compared 

with Ba0.5Sr0.5Co0.8Fe0.2O3-δ and (Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.2O3-δ. 

 

 

 

 

 

 

B) SEM images 

 

 

 

 

 

 

 

 

 

 

 

 

 The microstructure of Pr0.2FeCu0.05 as shown in Figure 3.15 was 

homogeneous. It was noticed that the surface of the disc of Pr0.2FeCu0.05 was denser 

than Pr0.2. Also, the grain size was larger than Pr0.2 and it varied in the range of 10 

to 32 µm.  

 

Sample Lattice parameter 
(A°) 

BSCF 3.9848 
Pr0.2 3.8964 

Pr0.2FeCu0.05 3.9104 

Pr0.2FeCu0.05 

Figure 3.15 SEM micrograph of (Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.15Cu0.05O3-δ after 
sintered at 1,100°C for 10 hours. 
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 3.2.3.2 La and Cu–doped BSCF 

 

  A) XRD results 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 The XRD pattern of (Ba0.5Sr0.5)0.8La0.2Co0.8Fe0.15Cu0.05O3-δ showed single 

phase and cubic structure (Figure 3.16) and XRD peaks of 

(Ba0.5Sr0.5)0.8La0.2Co0.8Fe0.15Cu0.05O3-δ shift to the higher angle as compared to BSCF 

and La0.2. It presented that La and Cu can be doped at A sites and B site 

simultaneously without distortion. The lattice parameter of 

(Ba0.5Sr0.5)0.8La0.2Co0.8Fe0.15Cu0.05O3-δ was less than that of BSCF but it was more 

than that of BSCF doping with La3+ 0.2 mol specimen because ionic radius of 

Cu2+(0.87A°)  was larger than that of Fe4+(0.725A°) (Table 3.10). 

 

Table 3.10 The lattice parameter of (Ba0.5Sr0.5)0.8La0.2Co0.8Fe0.15Cu0.05O3-δ compared 

with Ba0.5Sr0.5Co0.8Fe0.2O3-δ and (Ba0.5Sr0.5)0.8La0.2Co0.8Fe0.2O3-δ. 

 

 

 

 

 

Sample Lattice parameter 
(A°) 

BSCF 3.9848 
La0.2 3.9129 

La0.2FeCu0.05 3.9100 

Figure 3.16 The XRD patterns of (Ba0.5Sr0.5)0.8La0.2Co0.8Fe0.15Cu0.05O3-δ after 
calcined at 1000°C for 5 hours compared with Ba0.5Sr0.5Co0.8Fe0.2O3-δ and 
(Ba0.5Sr0.5)0.8La0.2Co0.8Fe0.2O3-δ. 
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 B) SEM images 

 

 

 

 

 

 

 

 

 

 

 

 

 The microstructure of La0.2FeCu0.05 was homogeneous as shown in Figure 

3.17. Also, the porosity of La0.2FeCu0.05 was lower and the grain size (9 to 20 µm) 

was larger than that of La0.2.  

 It can be concluded that doping with Cu at B site improved the density and 

increased the grain size because Cu decreased the melting point of the specimens. 

 From the characterization by XRD and SEM, it is concluded that Mg and Ni 

can not be doped at B site in BSCF. However, all of Zn and Cu can be doped at B site 

in BSCF except FeCu0.1. For A site, Pr and La can be doped in that structure. 

Moreover, doping with both A site and B site can also be doped in BSCF. Hence, the 

properties pure phase and homogeneous samples listed in Table 3.11 were 

investigated.  

 

 

 

 

 

 

 

 

 

La0.2FeCu0.05 

Figure 3.17 SEM micrograph of (Ba0.5Sr0.5)0.8La0.2Co0.8Fe0.15Cu0.05O3-δ after 
sintered at 1,100°C for 10 hours. 
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Table 3.11 Summary the results of XRD and SEM 

Sample XRD SEM Pure phase 

BSCF √ √ √ 

FeMg 0.05 √ × × 

FeNi 0.05 √ × × 

FeZn 0.05 √ √ √ 

FeCu 0.05 √ √ √ 

CoMg 0.05 √ × × 

CoNi 0.05 √ × × 

CoZn 0.05 √ √ √ 

CoCu 0.05 √ √ √ 

Pr 0.05 √ √ √ 

La 0.05 √ √ √ 

FeMg 0.1 × × × 

FeNi 0.1 √ × × 

FeZn 0.1 √ √ √ 

FeCu 0.1 × √ × 

CoMg 0.1 × × × 

CoNi 0.1 √ × × 

CoZn 0.1 √ √ √ 

CoCu 0.1 √ √ √ 

Pr 0.1 √ √ √ 

La 0.1 √ √ √ 

Pr 0.15 √ √ √ 

La 0.15 √ √ √ 

Pr 0.2 √ √ √ 

La 0.2 √ √ √ 

Pr0.2FeCu0.05 √ √ √ 

La0.2FeCu0.05 √ √ √ 

 

√  Pure phase          × Impure phase 
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3.3 Effect of A and B–sites doping on the oxygen vacancies of BSCF 

 

 One of characteristic features of  perovskites was the adsorption–desorption a 

large amount of oxygen from crystal lattice with keeping the fundamental crystal 

structure intact when heated. The desorption and uptake of oxygen from and into the 

crystal lattice involve not only the migration of oxide ions in the bulk but also the 

association and dissociation of oxygen on the surface. Actually, there is well 

correlation between the permeation flux and the amount of thermally desorbed 

oxygen [28]. The oxygen desorption property of synthesized perovskites are 

described.  

 In general, the desorption peaks plotted from the perovskite-like mixed oxides 

contain three kinds of oxygen species. The desorption peak appeared at T < 300 °C is 

ascribed to the oxygen chemically adsorbed on the surface (denoted as: α oxygen); 

the desorption peak appeared at 300 < T < 800 °C is ascribed to the oxygen 

chemically adsorbed on the oxygen vacancy (denoted as: β oxygen); and the 

desorption peak appeared at T > 800 °C is ascribed to the oxygen escaped from the 

lattice (denoted as: γ oxygen) [29]. With the programmed rise of the temperature, 

oxygen releases from the lattice, associating with the reduction of metal ions from 

high valence state to lower valence state and the creation of oxygen vacancies. For Co 

and/or Fe containing perovskites, the oxygen desorption peak appeared at 

intermediate temperatures (300–600°C) corresponding to the reduction of high 

valence state Co4+ and/or Fe4+ to tri–valence state Co3+ and/or Fe3+. On the other 

hand, the loss of lattice oxygen at elevated temperatures would lead to the expansion 

of lattice distance [30, 31, 32]. 

 

3.3.1 Effect of B site doping on the oxygen vacancies of BSCF 

   

  3.3.1.1 Zn–doped BSCF 

 

 Figure 3.18 show the oxygen desorption profiles of BSCF and Zn specimens. 

The amount of oxygen desorption is determined from the peak area illustrated in 

Table 3.12.  

  



 

 

54 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.12 The oxygen desorption of Ba0.5Sr0.5Co0.8Fe0.2-xZnxO3-δ and  

Ba0.5Sr0.5Co0.8-xFe0.2ZnxO3-δ (x = 0, 0.05 and 0.1) 
 

Sample α oxygen 
(mmol/g) 

β oxygen 
(mmol/g) 

γ oxygen 
(mmol/g) 

BSCF - 0.3222 0.1664 
FeZn0.05 0.0196 0.3550 0.1557 
FeZn0.1 0.021 0.3377 0.2406 

CoZn0.05 0.0252 0.3562 0.1545 
CoZn0.1 0.0316 0.3676 0.1731 

 

 The α oxygen desorption peaks (150-300°C) were observed in all Zn 

specimens except BSCF. For doping BSCF with Zn 0.05 mol, the amount of oxygen 

desorption of doping with Zn at Fe was similar to that of doping Zn at Co. The values 

were more than that of BSCF. It was found that the β oxygen desorbed at intermediate 

temperature zone increased with increasing of Zn2+ doped at Co site. On the contrary, 

the amount of β oxygen desorbed decrease with increasing Zn replaced in Fe site.  

However, the introduction of Zn in BSCF had little influence on the onset temperature 

of oxygen desorption. The γ oxygen desorption peaks were observed for most of the 

oxides except Ba0.5Sr0.5Co0.8Fe0.1Zn0.1O3-δ, which demonstrated one sharp peak at a 
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Figure 3.18 Oxygen temperature programmed desorption curves of  
Ba0.5Sr0.5Co0.8Fe0.2-xZnxO3-δ and Ba0.5Sr0.5Co0.8-xFe0.2ZnxO3-δ (x = 0, 
0.05 and 0.1) 
 



 

 

55 
temperature zone higher than 800°C which corresponds to the thermal reduction 

part of Co3+ to Co2+[33].  

 From the O2–TPD results, it is concluded that the introduction of Zn2+ in 

BSCF can suppress the oxidation of Fe3+ and Co3+ to Fe4+ and Co4+. The formation of 

oxygen vacancies in doped BSCF increased as compared to BSCF (see β oxygen 

desorption). It is suggested that doping with Zn increased oxygen vacancies (β 

oxygen) because valence state of Zn (+2) was lower than that of Co (+3 or +4) and Fe 

(+3 or +4). Therefore, the perovskite had to adjust the structure by releasing oxygen 

and oxygen vacancies were formed for balancing the charge [29].  

 At high temperature, Zn2+ 0.1 mol doped at Fe site had great influence on the 

reducibility of Co3+ to Co2+. It should be acknowledged that doping site is also 

important. The result indicated that γ oxygen desorbed from crystal lattice of 

Ba0.5Sr0.5Co0.8Fe0.1Zn0.1O3-δ (0.2406 mmol/g) was more than that of 

Ba0.5Sr0.5Co0.7Fe0.2Zn0.1O3-δ (0.1731 mmol/g). There are two reasons to explain the 

release of oxide ions from the lattice. Firstly, the radius change associated with the 

transformation of the amount of Co3+ to Co2+. Secondly, bond strength of Fe–O is 

greater than Co–O. Therefore, the amount of oxide ion in FeZn0.1 can be expelled 

more than CoZn0.1.  

 

  3.3.1.2 Cu–doped BSCF 

  

 The oxygen desorption curves of Cu specimens were shown in Figure 3.19 

and amount of oxygen desorption were presented in Table 3.13.  
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Table 3.13 The oxygen desorption of Ba0.5Sr0.5Co0.8Fe0.15Cu0.05O3-δ and  

Ba0.5Sr0.5Co0.8-xFe0.2CuxO3-δ (x = 0, 0.05 and 0.1) 
 

 

 

 

 

 

 

 

 For the O2–TPD results of Cu specimens, there are three oxygen desorption 

peaks in all Cu specimens. The amount of α oxygen of Cu specimens were less than 

that of Zn specimens. In addition, the amount of β oxygen of FeCu0.05 was higher 

than that of CoCu0.05 indicating more oxygen vacancies. For doping Cu at Co site, 

the amount of β and γ oxygen increased with increasing Cu contents. Moreover, the 

onset temperature of oxygen desorption of all Cu specimens were shifted to the higher 

temperature compared to BSCF. It indicated the substitution of Cu influence the 

bonding energy of metal ion–oxygen in the lattice resulting to release oxygen from 

Sample α oxygen 
(mmol/g) 

β oxygen 
(mmol/g) 

γ oxygen 
(mmol/g) 

BSCF - 0.3222 0.1664 
FeCu0.05 0.0149 0.3563 0.2067 
CoCu0.05 0.0135 0.3432 0.1560 
CoCu0.1 0.0133 0.3608 0.1873 

Figure 3.19 Oxygen temperature programmed desorption curves of  
Ba0.5Sr0.5Co0.8Fe0.15Cu0.05O3-δ and Ba0.5Sr0.5Co0.8-xFe0.2CuxO3-δ (x = 0, 
0.05 and 0.1) 
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the lattice. Furthermore, FeCu0.05 showed the highest γ oxygen contents. 

Corresponding to Zn results, it is confirmed that BSCF doping at Fe site were 

influence on reducibility of Co3+ to Co2+ more than that of Co site at high 

temperature.  

 

3.3.2 Effect of A site doping on the oxygen vacancies of BSCF 

 

  3.3.2.1 Pr–doped BSCF 

  

 The O2-TPD profiles of Pr specimens with varying Pr contents were shown in 

Figure 3.20 and Table 3.14. No α oxygen desorption peak was observed in all Pr 

specimens. At high temperature, it was found that the amount of oxygen desorption of 

β oxygen increased with increasing doping contents of Pr. Doping A site of BSCF 

with concentration  of Pr > 0.05 lowered the temperature for the onset temperature of 

oxygen desorption and the temperature for  the desorption maximum (see Figure 

3.20). It is expected that the introduction of Pr increased the amount of Co3+ and Fe3+, 

whose ability to oxygen astriction was lower than that of Co4+ and Fe4+. Thus the Pr 

doping promoted the oxygen diffusion, which was benefit to the reaction in equation 

(1) and (2).  

 

 

 

 

 

  
 CoCo

• = a cobalt ion sitting on a cobalt lattice site with singular positive 

charge. 

 CoCo
x  = a cobalt ion sitting on a cobalt lattice site with neutral charge. 

FeFe
• = an iron ion sitting on a iron lattice site with singular positive charge. 

FeFe
x = an iron ion sitting on a iron lattice site with neutral charge. 

OO
x = an oxide ion sitting on an oxide lattice site, with neutral charge. 

VO
•• = an oxygen vacancy with double positive charge. 

2CoCo
• + OO

x   2CoCo
x + VO

•• + 
2
1 O2   (1) 

2FeFe
• + OO

x    2FeFe
x + VO

•• + 
2
1 O2  (2) 
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 At high temperature, γ oxygen desorption decreased when x = 0.05 and 0.1 

and increased when x = 0.15 and 0.2 suggested that doping only small amount of Pr 

had no effect on the reduction of Co3+ to Co2+. It is suggested that the amount of 

released oxygen from the lattice increased with increasing Pr contents.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.14 The oxygen desorption of (Ba0.5Sr0.5)1-xPrxCo0.8Fe0.2O3-δ (x = 0, 0.05, 0.1, 

0.15 and 0.2) 

 

Sample α oxygen 
(mmol/g) 

β oxygen 
(mmol/g) 

γ oxygen 
(mmol/g) 

BSCF - 0.3222 0.1664 
Pr0.05 - 0.3133 0.0462 
Pr0.1 - 0.4361 0.1603 
Pr0.15 - 0.5090 0.2035 
Pr0.2 - 0.5118 0.1844 

 

Figure 3.20 Oxygen temperature programmed desorption curves of  
(Ba0.5Sr0.5)1-xPrxCo0.8Fe0.2O3-δ (x = 0, 0.05 and 0.1) 
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  3.3.2.2 La–doped BSCF 

 

 Two oxygen desorption peaks (β and γ oxygen) of La specimens are shown in 

Figure 3.21 and Table 3.15. It can be seen that the  β oxygen increased with 

increasing La contents similar to the result for doping Pr. Doping with La in BSCF 

induced the reduction of high valence state Co4+ and/or Fe4+ to tri–valence state Co3+ 

and/or Fe3+ for balancing the charge in the structure. In oxygen desorption at high 

temperature, the γ oxygen were lower than that of BSCF except La0.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.15 The oxygen desorption of (Ba0.5Sr0.5)1-xLaxCo0.8Fe0.2O3-δ (x = 0, 0.05 and 

0.1, 0.15 and 0.2) 

 

Sample α oxygen 
(mmol/g) 

β oxygen 
(mmol/g) 

γ oxygen 
(mmol/g) 

BSCF - 0.3222 0.1664 
La0.05 - 0.3848 0.1160 
La0.1 - 0.4360 0.1833 

La0.15 - 0.4510 0.1406 
La0.2 - 0.5261 0.1538 

 

Figure 3.21 Oxygen temperature programmed desorption curves of  
(Ba0.5Sr0.5)1-xLaxCo0.8Fe0.2O3-δ (x = 0, 0.05 and 0.1, 0.15, 0.2) 
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3.3.3 Effect of both A and B site doping on the oxygen vacancies of 

BSCF 

 

  3.3.3.1 Pr and Cu–doped BSCF 

 

 The O2 TPD profile of Pr0.2FeCu0.05 is shown in Figure 3.22 and Table 3.16. 

The amount of β oxygen of Pr0.2FeCu0.05 was more than that of BSCF but was less 

than that of Pr0.2. In addition, the oxygen from lattice (γ oxygen) were less than that 

of BSCF and Pr0.2. Therefore, the oxygen vacancies of doping at both A and B sites 

were less than that of doping with A site.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.22 Oxygen temperature programmed desorption curves of  
(Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.15Cu0.05O3-δ compared with 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ and (Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.2O3-δ 
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Table 3.16 The oxygen desorption of (Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.15Cu0.05O3-δ 

compared with Ba0.5Sr0.5Co0.8Fe0.2O3-δ and (Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.2O3-δ 

 

Sample α oxygen 
(mmol/g) 

β oxygen 
(mmol/g) 

γ oxygen 
(mmol/g) 

BSCF - 0.3222 0.1664 
Pr0.2 - 0.5118 0.1844 

Pr0.2FeCu0.05 - 0.4226 0.1601 
 

  

 3.3.3.2 La and Cu–doped BSCF 

 

 As given in Figure 3.23 and Table 3.17, there are two oxygen desorption 

peaks. The oxygen vacancies (β oxygen) of La0.2Fe0.05 were more than that of 

BSCF but less than that of La0.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.23 Oxygen temperature programmed desorption curves of  
(Ba0.5Sr0.5)0.8La0.2Co0.8Fe0.15Cu0.05O3-δ compared with 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ and (Ba0.5Sr0.5)0.8La0.2Co0.8Fe0.2O3-δ 
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Table 3.17 The oxygen desorption of (Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.15Cu0.05O3-δ 

compared with Ba0.5Sr0.5Co0.8Fe0.2O3-δ and (Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.2O3-δ 

 

Sample α oxygen 
(mmol/g) 

β oxygen 
(mmol/g) 

γ oxygen 
(mmol/g) 

BSCF - 0.3222 0.1664 
La0.2 - 0.5261 0.1538 

La0.2FeCu0.05 - 0.4567 0.1801 
 

 

3.4 Effect of A and B–sites doping on the electrical conductivity of BSCF 

 

Generally, there are two kinds of conductive mechanisms (electronic and ionic 

conductivity) in these perovskite oxides, owing to the co-presence of holes and 

oxygen vacancies. Since the ionic conductivity is about two orders of magnitude 

lower than the electronic conductivity [34], it can be reasonably assumed that the 

measured values mainly refer to the electronic conductivity. In this section, the 

conductivities of perovskite membranes were studied by DC-4 probe technique. 
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Figure 3.24 Variations of the electrical conductivity measured in air of 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ with temperature. 
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 As presented in Figure 3.24, the electrical conductivity of BSCF increased 

gradually with temperature and had the maximum electrical conductivity at 500°C. 

This was due to the behavior of lattice oxygen that became active at this temperature 

range [35]. It showed the maximum conductivity of 53.7 S/cm at 500°C and the 

activation energy calculated from the linear part of Figure 3.25 was 36.17 kJ/mol. The 

conductivity mechanism can be attributed to two factors. Firstly, the hopping of p–

type small polarons were associated with the behavior of triple and tetravalent states 

of Co and Fe cations. The electron transition between the triple and the tetravalent of 

Co and Fe caused the electronic conductivity. Secondly, along with the thermal 

induced lattice oxygen losses, more oxygen deficiency was formed, which thus 

caused the thermal reduction of Co and Fe cations to lower states, described in 

equations (1) and (2) [35]. 
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Figure 3.25 Arrhenius plot of Ba0.5Sr0.5Co0.8Fe0.2O3-δ  
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3.4.1 Effect of B site doping on the electrical conductivity of BSCF 

 

  3.4.1.1 Zn–doped BSCF 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In Figure 3.26 and Table 3.18, the electrical conductivity of Zn doped BSCF 

was measured in air as a function of temperature indicating a semi–conducting 

behavior at low temperatures (T ≤ 550°C). The electrical conductivity of each 

composition increased with temperature up to its a maximum value and then 

decreased. Compared among different composition, the conductivity decreased with 

increasing Zn contents. The reasons for the relatively low conductivity of Zn 

specimens can be mainly intercepted as follows. The first one was the high vacancy 

concentration in Zn specimen lattice. There is large concentration of oxygen vacancy, 

which will lead to the significantly decrease in charge carriers concentration. In 

addition, the vacancies can also act as the scattering centers, or as random traps for 

electrons, resulting in the decrease of the carrier mobility [36]. The second reason can 

be ascribed to the fact that Zn holds fixed bivalent state, which will not contribute to 

the conductivity. With Zn doping in B-sites, the conductivity will decrease due to the 

decrease of the total concentration at Co and Fe at B–sites that participated in the 

Figure 3.26 Variations of the electrical conductivity measured in air of 
Ba0.5Sr0.5Co0.8Fe0.2-xZnxO3-δ and Ba0.5Sr0.5Co0.8-xFe0.2ZnxO3-δ (x = 0, 0.05 and 0.1) 
with temperature  
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electronic transport processes. Moreover, it can be seen that electrical conductivities 

of BSCF doped with Zn by replacing Fe were more than those of BSCF doped with 

Zn by replacing Co. It showed that contribution of Co on electrical conductivity were 

more than that of Fe [37]. 

Table3.18 The specific conductivity of Ba0.5Sr0.5Co0.8Fe0.2-xZnxO3-δ and 

Ba0.5Sr0.5Co0.8-xFe0.2ZnxO3-δ (x = 0, 0.05 and 0.1) 

Specific conductivity, σ (S/cm) 
Sample 

300°C 400°C 500°C 600°C 700°C 800°C σmax (T,°C) 

BSCF 

FeZn0.05 

CoZn0.05 

FeZn0.10 

CoZn0.10 

14.7 

8.9 

6.4 

3.9 

2.2 

34.8 

21.5 

15.5 

9.4 

5.5 

53.7 

37.8 

27.7 

17.3 

9.6 

41.2 

33.6 

26.6 

21.1 

9.3 

41.4 

32.2 

25.7 

19.1 

10.4 

44.4 

33.9 

27.2 

21.0 

12.3 

53.7 (500) 

43.8 (550) 

31.7 (550) 

21.2 (550) 

12.3 (800) 

  

 The activation energy of Zn specimens calculated from the linear part of 

Figure 3.27 were shown in Table 3.19. The activation energies of Zn specimens were 

slightly different with that of BSCF.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

             Figure 3.27 Arrhenius plots of Ba0.5Sr0.5Co0.8Fe0.2-xZnxO3-δ and  
            Ba0.5Sr0.5Co0.8-xFe0.2ZnxO3-δ  (x = 0, 0.05 and 0.1) 
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Table 3.19 Activation energy of Ba0.5Sr0.5Co0.8Fe0.2-xZnxO3-δ and 

Ba0.5Sr0.5Co0.8-xFe0.2ZnxO3-δ  (x = 0, 0.05 and 0.1) 

  

Sample Ea (kJ/mol) 

BSCF 

FeZn0.05 

FeZn0.1 

CoZn0.05 

CoZn0.1 

36.17 

34.51 

32.40 

34.30 

33.14 

 

 

  3.4.1.2 Cu–doped BSCF 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 The electrical conductivity of BSCF doped with Cu indicated a semi–

conducting behavior at low temperature (T ≤ 550°C) of these materials. Shown in 

Figure 3.28 and Table 3.20, the electronic conductivity of Cu specimen was lower 

than that of BSCF. The decrease in conductivity with the partial replacement of Co by 

Figure 3.28 Variations of the electrical conductivity measured in air of 
Ba0.5Sr0.5Co0.8Fe0.2-xCuxO3-δ and Ba0.5Sr0.5Co0.8-xFe0.2CuxO3-δ (x = 0, 0.05 and 
0.1) 
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Cu in BSCF was due to an increase in the charge–transfer gap between the metal:3d 

and oxygen:2p bands and the decrease in the covalency of the metal–oxygen bonds 

[34]. Moreover, the electrical conductivity of FeCu specimen was more than that of 

CoCu, similar to the case of Zn specimens.  

 
Table3.20 The specific conductivity of Ba0.5Sr0.5Co0.8Fe0.15Cu0.05O3-δ and 

Ba0.5Sr0.5Co0.75Fe0.2Cu0.05O3-δ 

Specific conductivity, σ (S/cm) 
Sample 

300°C 400°C 500°C 600°C 700°C 800°C σmax (T,°C) 

BSCF 

FeCu0.05 

CoCu0.05 

14.7 

26.3 

7.0 

34.8 

44.1 

14.6 

53.7 

40.7 

23.0 

41.2 

37.9 

26.7 

41.4 

36.4 

25.4 

44.4 

35.1 

27.4 

53.7 (500) 

40.7 (500) 

27.5 (550) 

  

 Shown in Table 3.21, the activation energies of Cu specimens were calculated 

from the linear part of Figure 3.29. The activation energies of Cu specimens were 

slightly different from that of BSCF.  
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Figure 3.29 Arrhenius plots of Ba0.5Sr0.5Co0.8Fe0.2-xCuxO3-δ and  
Ba0.5Sr0.5Co0.8-xFe0.2CuxO3-δ (x = 0, 0.05 and 0.1) 
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Table 3.21 Activation energy of Ba0.5Sr0.5Co0.8Fe0.2-xCuxO3-δ and  

Ba0.5Sr0.5Co0.8-xFe0.2CuxO3-δ (x = 0, 0.05 and 0.1) 

 

Sample Ea (kJ/mol) 

BSCF 

FeCu0.05 

CoCu0.05 

36.17 

31.47 

30.93 

 

 

3.4.2 Effect of A site doping on the electrical conductivity of BSCF 

 

  3.4.2.1 Pr–doped BSCF  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 As can be seen in Figure 3.30 and Table 3.22, the electrical conductivity of all 

compounds increased gradually with temperature up to about 500–600 °C. It is noted 

that the electrical conductivity of Pr specimens increased with the amount of Pr. The 

Figure 3.30 Variations of the electrical conductivity measured in air of 
(Ba0.5Sr0.5)1-xPrxCo0.8Fe0.2O3-δ (x = 0, 0.05, 0.1, 0.15 and 0.2) with temperature 
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electrical conductivity of (Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.2O3-δ reached the maximum of 

272.4 S/cm at 600 °C and then decreased continuously. This is because the 

concentration of Co3+ and Fe3+ increased when bivalent Ba2+ and Sr2+ were substituted 

by trivalent Pr3+ for corresponding to the previous works of Li et al. [37]. Maintaining 

the electrical neutrality, the introduction of Pr3+, which enhanced the average valence 

of the A site, induced the reduction of Co4+ and Fe4+ in B site to maintain the 

electrical neutrality. Therefore, the average valence of Co and Fe decreased 

corresponding to the increase of Co3+ and Fe3+. Moreover, Co3+ and Fe3+ increased the 

concentration of electronic charge carriers and thus increased the electrical 

conductivity [39]. 

 

Table 3.22 The specific conductivity of (Ba0.5Sr0.5)1-xPrxCo0.8Fe0.2O3-δ  

(x = 0, 0.05, 0.1, 0.15 and 0.2) in various temperature 

 

Specific conductivity, σ (S/cm) 
Sample 

300°C 400°C 500°C 600°C 700°C 800°C σmax (T,°C) 

BSCF 

Pr0.05 

Pr0.10 

Pr0.15 

Pr0.20 

14.7 

20.0 

70.6 

152.1 

155.8 

34.8 

43.9 

118.9 

210.5 

220.0 

53.7 

72.0 

158.8 

247.5 

264.3 

41.2 

67.2 

134.3 

213.1 

272.4 

41.4 

60.2 

100.0 

136.4 

197.2 

44.4 

60.0 

89.1 

117.6 

175.1 

53.7 (500) 

84.1 (550) 

167.0 (550) 

255.9 (550) 

272.4 (600) 

 

 

 The activation energies of Pr specimens were calculated from the linear part of 

Arrhenius plots (Figure 3.31). Shown in Table 3.23, it can be clearly seen that the 

activation energy of Pr specimens decreased with the increase of the Pr contents as 

well as the electrical conductivity. 
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Table 3.23 Activation energy of Ba0.5Sr0.5Co0.8Fe0.2O3-δ and  

(Ba0.5Sr0.5)1-xPrxCo0.8Fe0.2O3-δ (x = 0, 0.05, 0.1, 0.15 and 0.2) 

 

Sample Ea (kJ/mol) 

BSCF 

Pr0.05 

Pr0.10 

Pr0.15 

Pr0.20 

36.17 

30.96 

28.03 

14.97 

14.77 

 

 

 

 

 

 

 

 

Figure 3.31 Arrhenius plots of  (Ba0.5Sr0.5)1-xPrxCo0.8Fe0.2O3-δ (x = 0, 0.05, 0.1, 0.15 and 
0.2) 
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  3.4.2.2 La–doped BSCF 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 The electrical conductivity of La and Pr specimens showed similar trend 

(Figure 3.32 and Table 3.24). However, the maximum conductivity of the La 

specimen (419.6 S/cm at 450°C) was more than that of the Pr specimen (272.4 S/cm 

at 600°C). This result was consistent with previous research that the electrical 

conducting properties decreased by reducing the size of the lanthanide cations [40]. 

The decrease in the average cationic radius of the A site induced tilting and rotation of 

the BO6 octahedron to accommodate the extra space that otherwise would be present 

around the A site. This occurrence reduced the B–O–B bond angle, which was 

unfavorable for the orbital overlap and consequently the B–O–B electrical transport. 

This hypothesis is believed to account for the degradation in electrical conducting 

properties with smaller lanthanide cation size [41, 42]. 

 

 

Figure 3.32 Variations of the electrical conductivity measured in air of 
(Ba0.5Sr0.5)1-xLaxCo0.8Fe0.2O3-δ (x = 0, 0.05, 0.1, 0.15 and 0.2) 
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Table 3.24 The specific conductivity of (Ba0.5Sr0.5)1-xLaxCo0.8Fe0.2O3-δ (x = 0, 0.05, 

0.1, 0.15 and 0.2) 

 

Specific conductivity, σ(S/cm) 
Sample 

300°C 400°C 500°C 600°C 700°C 800°C σmax (T,°C) 

BSCF 

La0.05 

La0.10 

La0.15 

La0.20 

14.7 

17.8 

96.7 

161.4 

376.8 

34.8 

39.2 

151.3 

222.9 

411.8 

53.7 

64.0 

189.7 

263.5 

412.4 

41.2 

75.5 

122.2 

226.9 

255.1 

41.4 

67.3 

99.1 

153.4 

189.8 

44.4 

63.4 

87.9 

127.1 

151.5 

53.7 (500) 

77.5 (550) 

189.7 (500) 

271.1 (550) 

419.6 (450) 

 

 

 In Table 3.25, the activation energies of La specimen were calculated from 

linear part of Arrhenius plots in Figure 3.33. Similar to Pr specimens, the activation 

energy decreased with increasing the amount of La. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.33 Arrhenius plots of (Ba0.5Sr0.5)1-xLaxCo0.8Fe0.2O3-δ (x = 0, 0.05, 0.1, 0.15 and 
0.2) 
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Table 3.25 Activation energy of (Ba0.5Sr0.5)1-xLaxCo0.8Fe0.2O3-δ (x = 0, 0.05, 0.1, 

0.15 and 0.2) 

 

Sample Ea (kJ/mol) 

BSCF 

La0.05 

La0.10 

La0.15 

La0.20 

36.17 

33.65 

19.37 

14.96 

8.44 

 

 

3.4.3 Effect of both A and B site doping on the electrical conductivity of 

BSCF 

 

 3.4.3.1 Pr–and Cu–doped BSCF 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

50

100

150

200

250

300

0 100 200 300 400 500 600 700 800

BSCF5582
Pr0.2 
Pr0.2FeCu0.05

Temperature (°C) 

Sp
ec

ifi
c 

co
nd

uc
tiv

ity
 (S

/c
m

) 

Figure 3.34 Variations of the electrical conductivity measured in air of 
(Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.15Cu0.05O3-δ, Ba0.5Sr0.5Co0.8Fe0.2O3-δ and 
(Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.2O3-δ with temperature  
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 As displayed in Figure 3.34 and Table 3.26, the maximum electrical 

conductivity of Pr0.2FeCu0.05 (260.1 S/cm at 550°C) was higher than that of BSCF 

(53.7 S/cm) but lower than Pr0.2 (272.4 S/cm at 600°C). Like the result observed 

BSCF, doping Cu in the structure of Pr–doped BSCF decreased its electronic 

conductivity.  

Table 3.26 The specific conductivity of (Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.15Cu0.05O3-δ, 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ and (Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.2O3-δ 

Specific conductivity, σ(S/cm) 
Sample 

300°C 400°C 500°C 600°C 700°C 800°C σmax (T,°C) 

BSCF 

Pr0.20 

Pr0.20FeCu0.05 

14.7 

155.8 

156.4 

34.8 

220.0 

211.5 

53.7 

264.3 

248.1 

41.2 

272.4 

236.4 

41.4 

197.2 

183.6 

44.4 

175.1 

156.7 

53.7 (500) 

272.4 (600) 

260.1 (550) 

 

 Obtained from Figure 3.35, the activation energy of Pr0.2FeCu0.05 is shown 

in Table 3.27. The activation energy of Pr0.2FeCu0.05 was lower than that of Pr0.2, 

but higher than BSCF. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3.35 Arrhenius plots of (Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.15Cu0.05O3-δ, 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ and (Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.2O3-δ 
 

1000/T(K-1) 

ln
σT

 (S
/c

m
) 

 

0

2

4

6

8

10

12

14

0.9 1.4 1.9 2.4 2.9 3.4

BSCF5582
Pr0.2
Pr0.2FeCu0.05



 

 

75 
Table 3.27 Activation energy of (Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.15Cu0.05O3-δ, 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ and (Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.2O3-δ 

 

Sample Ea(kJ/mol) 

BSCF 

Pr0.20 

Pr0.2FeCu0.05 

36.17 

14.77 

14.52 

 

  3.4.3.2 La and Cu–doped BSCF 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3.36 and Table 3.28 show the electrical conductivity of 

La0.2FeCu0.05, compared with those of BSCF and La–doped BSCF. The electrical 

conductivity result of La0.2FeCu0.05 was similar to that of Pr0.2FeCu0.05. The 

maximum electrical conductivity of La0.2FeCu0.05 (342.5 S/cm at 550°C) was less 

than that of La0.2 (419.6 S/cm), but more than that of Pr0.2FeCu0.05 (260.1 S/cm at 

550°C). It is confirmed that doping Cu at the B site of BSCF decreased the electrical 

conductivity. 

Figure 3.36 Variations of the electrical conductivity measured in air of 
(Ba0.5Sr0.5)0.8La0.2Co0.8Fe0.15Cu0.05O3-δ, Ba0.5Sr0.5Co0.8Fe0.2O3-δ and 
(Ba0.5Sr0.5)0.8La0.2Co0.8Fe0.2O3-δ with temperature  
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Table 3.28 The specific conductivity of (Ba0.5Sr0.5)0.8La0.2Co0.8Fe0.15Cu0.05O3-δ, 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ and (Ba0.5Sr0.5)0.8La0.2Co0.8Fe0.2O3-δ 
 

Specific conductivity, σ(S/cm) 
Sample 

300°C 400°C 500°C 600°C 700°C 800°C σmax (T,°C) 

BSCF 

La0.20 

La0.2FeCu0.05 

14.7 

376.8 

253.9 

34.8 

411.8 

305.9 

53.7 

412.4 

336.5 

41.2 

255.1 

309.4 

41.4 

189.8 

211.0 

44.4 

151.5 

168.0 

53.7 (500) 

419.6 (450) 

342.5 (550) 

 

 From Figure 3.37 and Table 3.29, the activation energy of La0.2FeCu0.05 was 

more than that of La0.2, but less than that of BSCF. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.37 Arrhenius plots of (Ba0.5Sr0.5)0.8La0.2Co0.8Fe0.15Cu0.05O3-δ, 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ and (Ba0.5Sr0.5)0.8La0.2Co0.8Fe0.2O3-δ 
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Table 3.29 Activation energy of (Ba0.5Sr0.5)0.8La0.2Co0.8Fe0.15Cu0.05O3-δ, 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ and (Ba0.5Sr0.5)0.8La0.2Co0.8Fe0.2O3-δ 

 

Sample Ea(kJ/mol) 

BSCF 

La0.20 

La0.2FeCu0.05 

36.17 

8.44 

11.26 

 

3.5 Effect of A and B–sites doping on thermal expansion of BSCF 

 

 From the conductivity part, it can be seen that doping with metal ions at A-site 

can improve the conductivity of BSCF. However, another important property for 

using as cathode material in solid oxide fuel cell is thermal expansion. The thermal 

expansion coefficients were measured by dilatometer. 

 

3.5.1 Effect of A site doping on thermal expansion of BSCF 

 

3.5.1.1 Pr–doped BSCF 

 

 Figure 3.38 illustrates the thermal expansion of (Ba0.5Sr0.5)1-xPrxCo0.8Fe0.2O3-δ 

(x = 0.05, 0.1, 0.15 and 0.2) in air in the temperature range from room temperature to 

800°C  
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 The perovskite oxides expanded almost linearly in the temperature range 100–

500°C but they became steeper at high temperature. The change of slope occurred 

about 490–560°C. The lattice expansion observed at high temperature may be 

attributed to the loss of oxygen and the formation of oxygen vacancies. There were 

two reasons for the lattice expansion concerned with the formation of oxygen 

vacancies. Firstly, the repulsion force arising between those mutually exposed cations 

when oxygen ions are extracted from the lattice. Secondly, the increase in cation size 

due to the reduction of Co and Fe ions from higher to lower valences, which must 

occur concurrently with formation of oxygen vacancies in order to maintain electrical 

neutrality, described in equation (1) and (2) [36, 38, 43]. 

 

 

 

 

 

 Thermal reduction of Co4+, Fe4+ to Co3+, Fe3+ was found to occur at about 

490–570°C. The thermal expansion curves occurred turning around this temperature 

suggested the reduction of Co4+ and Fe4+. Therefore, the formation of oxygen 

vacancies enhanced the thermal expansion coefficients. 
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Figure 3.38 The thermal expansion curves for (Ba0.5Sr0.5)1-xPrxCo0.8Fe0.2O3-δ  
(x = 0, 0.05, 0.1, 0.15 and 0.2) 
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 The thermal expansion coefficients of all samples are listed in Table 3.30 

 

Table 3.30 The TEC values of (Ba0.5Sr0.5)1-xPrxCo0.8Fe0.2O3-δ with(x = 0, 0.05, 0.1, 

0.15 and 0.2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 It can be seen that doping with Pr3+ at A site of BSCF increased the thermal 

expansion coefficient as compared with BSCF and it increased with increasing the Pr 

contents.  

 In Figure 3.39, the linear thermal expansion coefficients (TEC) are plotted 

versus Pr content at low and high temperature. 

 

 

 

 

 

 

 

 

 

 

 

Sample Temperature 
range TEC x10-6(°C-1) Turning 

Temperature(°C) 
BSCF 100-500 18.3415 561.8 

 650-800 25.6417  
    

Pr0.05 100-500 17.076 521.2 
 600-800 26.8498  
    

Pr0.1 100-500 17.2494 509.6 
 550-800 29.2793  
    

Pr0.15 100-500 17.7607 524.5 
 550-800 30.5176  
    

Pr0.2 100-500 18.2169 490.3 
 550-800 30.8474  
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 The linear TEC at low temperature actually corresponding to the whole 

temperature range from 100°C up to about 500°C, was lower for x = 0.05 but at 

higher x values it showed a gradually increase. At high temperature, TEC increased 

with the increasing of Pr content. Hence, it is expected that the introduction of Pr3+ 

increased the amount of Co3+ and Fe3+ [44]. 

      

3.5.1.2 La–doped BSCF 

 

 The thermal expansion curves are shown in Figure 3.40 and TEC of the oxides 

are listed in Table 3.31. The thermal expansion coefficient of La3+ samples increased 

with increasing the amount of La3+. They were similar to the results of Pr3+ but the 

TEC value of La3+ specimens were higher than those of Pr3+ and this results agree 

with the previous works of Kammer [26]. He reported that the TEC increased with 

increasing the size of the A-site cation.   
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Figure 3.39 The thermal expansion coefficient VS x of (Ba0.5Sr0.5)1-xPrxCo0.8Fe0.2O3-δ 
(x = 0.00, 0.05, 0.1, 0.15 and 0.2) as function of Pr content in air 
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Table 3.31 The TEC values of (Ba0.5Sr0.5)1-xLaxCo0.8Fe0.2O3-δ (x = 0, 0.05, 0.1, 0.15 

and 0.2) 

Sample Temperature 
range TEC x10-6(°C-1) Turning 

Temperature(°C) 
BSCF 100-500 18.3415 561.8 

 650-800 25.6417  
    

La0.05 100-500 16.9718 520.5 
 600-800 27.2986  
    

La0.1 100-450 16.1546 488.4 
 600-800 28.719  
    

La0.15 100-450 17.7158 474.0 
 600-800 30.5554  
    

La0.2 100-500 18.1225 485.7 
 550-800 32.6338  

 

 

 

Figure 3.40 The thermal expansion curves for (Ba0.5Sr0.5)1-xLaxCo0.8Fe0.2O3-δ 
(x = 0, 0.05, 0.1, 0.15 and 0.2) 
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 In Figure 3.41, the linear thermal expansion coefficients obtained from the 

slopes of the thermal expansion curves of Figure 3.40 are plotted against La content at 

low temperature and high temperature. At high temperature, TEC increase steadily as 

La content increased. At low temperature, TEC decreased in the range 0 ≤ x ≤ 0.1 

while for x > 0.1, it increased. This increase suggested the formation of oxygen 

vacancies. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5.2 Effect of A and B site doping on thermal expansion of BSCF 

 

 In Figure 3.42 and Table 3.32, it can be clearly seen that doping with Cu at B 

site (Pr0.2FeCu0.05 and La0.2FeCu0.05) slightly decreased the TEC compared with 

undoped Cu at B site (Pr0.2 and La0.2). However, they were still more than BSCF. 

The TEC is inversely proportional to bonding energy between ions in the lattice [45]. 

It is expected that bonding energy of Cu–O is stronger than that of Fe–O 

corresponding to the works of Lee et al. [34]. They reported the tendency to form 

oxide ion vacancies increases in the order Ti<Cr<Mn<Cu<Fe<Co, implying that M-O 
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Figure 3.41 The thermal expansion coefficient VS x of (Ba0.5Sr0.5)1-xLaxCo0.8Fe0.2O3-δ  
(x = 0.00, 0.05, 0.1, 0.15 and 0.2) in air 
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bond strength decreases on going from Ti to Co. Consequently, the TEC of doping 

with Cu at B site were lower than that of undoped Cu at B site. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.32 The TEC values of (Ba0.5Sr0.5)1-xLaxCo0.8Fe0.2O3-δ (x = 0, 0.05, 0.1, 0.15 

and 0.2) 

Sample Temperature 
range TEC x10-6(°C-1) Turning 

Temperature(°C) 
BSCF 100-500 18.3415 561.8 

 650-800 25.6417  
    

Pr0.2 100-500 18.2169 490.3 
 550-800 30.8474  
    

La0.2 100-500 18.1225 485.7 
 550-800 32.6338  
    

Pr0.2FeCu0.05 100-500 18.2563 500.7 
 600-800 29.082  
    

La0.2FeCu0.05 100-490 19.7499 490.4 
 550-800 32.1234  

 

 

Figure 3.42 The thermal expansion curves for (Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.15Cu0.05O3-δ 
and (Ba0.5Sr0.5)0.8La0.2Co0.8Fe0.15Cu0.05O3-δ compared with Ba0.5Sr0.5Co0.8Fe0.2O3-δ, 
(Ba0.5Sr0.5)0.8Pr0.2Co0.8Fe0.2O3-δ and (Ba0.5Sr0.5)0.8La0.2Co0.8Fe0.2O3-δ. 
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CHAPTER IV 
 

CONCLUSIONS 
 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ(BSCF) doped with Pr and La ions at A site and Mg, 

Ni, Zn, and Cu ions at B site were synthesized by modified citrate method. From 

XRD and SEM results, there are a lot of impurity phase in all BSCF doped with Mg 

and Ni at Co and Fe site. On the contrary, all of Zn– and Cu–doped BSCF showed 

single phase with cubic perovskite–type structure and homogeneous, except FeCu0.1. 

For A site, the structure of Pr and La specimens were cubic and pure phase. The 

lattice parameters estimated from the XRD analysis was varied, according to the size 

of ionic cation. The ionic radius of Mg2+, Ni2+, Zn2+, and Cu2+ were higher than that 

of Co and Fe, so the lattice parameters slightly increased for B site. On the other hand, 

the lattice parameters of Pr and La specimens gradually decreased with increasing the 

amount of metal ion contents (Pr and La) because the ionic radius of Pr3+ and La3+ 

were lower than that of Ba2+ and Sr2+ leading to shrinkage of the lattice. It showed 

that doping at A site affected on the lattice parameter more than doping at B site.  

From O2–TPD results, BSCF doped with metal ions at B site (Zn and Cu) had 

three oxygen desorption peaks. The amount of β and γ oxygen increased with 

increasing Zn and Cu content. In addition, those of Cu–doped BSCF were slightly 

higher than those of Zn–doped BSCF. Moreover, the replacement metal ions at Fe site 

had more influent on the release of oxygen lattice than Co site. It is suggested that Cu 

enhanced the oxygen vacancies more than Zn. For the results of doping at A site, the 

amount of β oxygen indicating oxygen vacancies increasing with the enhancement of 

Pr and La contents. La0.2 showed the highest β oxygen desorption (0.5261 mmol/g) 

indicating the highest oxygen vacancies. It can be concluded that doping at A site 

affected on oxygen vacancies more than doping at B site. 

The electrical conductivity decreased with increasing the amount of Zn and Cu 

(B site) but increased with increasing the amount of Pr and La (A site). It is due to 

doping at A site stabilized by enhanced the reduction of Co4+ and Fe4+ to Co3+ and 

Fe3+ (small polaron) but doping at B site mainly stabilized by the formation of oxygen 

vacancies. Therefore, the electrical conductivity of BSCF doped with metal ion both 

A and B site were less than that of only A site. La0.2 also showed the highest 
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electrical conductivity (419.6 S/cm at 450°C) which was about 8 times higher than 

that of BSCF (53.7 S/cm at 500°C).  It is concluded that the main factor for the 

electrical conductivity was small polaron. 

For the thermal expansion results, the TEC values of doping at A site (Pr and 

La) increased with increasing Pr and La content because of the expansion of lattice, 

due to the formation of oxygen vacancies. Furthermore, The TEC values of doping 

with both A and B site were lower than that of only A site. La0.2 showed the highest 

TEC values (32x10-6 °C-1) 

In conclusion, BSCF doped at A site (Pr and La) is good candidate for SOFC 

cathode material. 

 

Suggestion 

 From all results, the future work should be focused on the study of the 

performance of Pr–and La–doped BSCF specimens used as cathode on the single cell.  
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APPENDICES 
 

APPENDICE A 

Tolerance number 

 

Goldschmidt (1926) defined the tolerance limits of the size of ions through a 

tolerance factor, t as Equation (A.1) 

 

   t = (rA + rO)/ [√2 (rB + rO)]            (A.1) 

 

where rA, rB, and rO are the radii of respective ions.  For the substituted perovskite at 

A and B site, A1-xA'xB1-yB'yO3-δ, rA and rB were calcuated from the sum of each metal 

at A site and B site, respectively, time its compostition.  The atomic weight, ionic 

charge, coordination number, and ionic radius of all concerned metals were shown in 

Table A.1 

Table A.1 Atomic weight, ionic charge, coordination number, and ionic radius of 

concerned metals[46] 

 

Element Charge Ionic radius 

Ba 2+ 1.750 
Sr 2+ 1.580 
Co 2+ 0.890 
Co 3+ 0.750 
Co 4+ 0.670 
Fe 2+ 0.920 
Fe 3+ 0.785 
Fe 4+ 0.725 
Mg 2+ 0.860 
Ni 2+ 0.830 
Zn 2+ 0.880 
Cu 1+ 0.910 
Cu 2+ 0.870 
Cu 3+ 0.680 
Pr 3+ 1.319 
La 3+ 1.500 
O 2- 1.260 
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Therefore, as Equation A.1 the tolerance number of perovskite compounds such as 

LSGF 6428 was calculated as below. 

 tolerance number of LSCF8264 =       (1.36 x 0.8) + (1.44 x 0.2) + 1.40 

             √2 [(0.65 x 0.8) + (0.62*0.2)+1.40] 

                 = 1.43 

 

APPENDICE B 

 

σ = (A/T) e(-Ea/RT) 

   ln (σT) = ln A e(-Ea/RT) 

   ln (σT) =  ln e(-Ea/RT) + ln A 

   ln (σT) =  (-Ea/R) (1000/T)       +            ln A 

   

       y           slope     x                 intercept y axis 

                                       

     -Ea/K = Slope of the linear 

          Ea = -Slope*K 

σ = The specific conductivity (S/cm) 

Ea = The activation energy (kJ/mol) 

T = Temperature (K) 

R = The gas constant = 8.314472  J/K.mol  

 

For example 

 BSCF ; The linear equation is  

    y = -4.3499x + 16.493 

           Slope = -4.3499 = -Ea/R 

 Then,             Ea = -4.3499×8.314472 = 36.17 kJ/mol 
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