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زد ش ر  تا ه  انام آ   ن

  ای 
ها و  ي قرار دادي كه در ميان انبوه سوالوان نعمتت را سپاس گفت آنگاه كه ما را همقدم كاروان مشتاقانت چگونه مي

گردند و آتش اشتياق به دانستن و سوز نياز به شناختن تو را با اشك  چراها به دنبال نيم نگاهي از كمال كبريايي تو مي
  .نشانند قلم فرو مي

و   و 
ني و ما حيرت ك  ميگيرد، نظر يماي ناچيز به سوي تو جهت  آنقدر بزرگي كه بر هر بضاعت اندك كه از وجود بنده

ايم كه آرزو داريم در هر منزلش حجم حضورت را  هايمان، قدم در راهي نهاده زده عظمت و شرمسار كوچكي گام
  .نمايد تر مي يافتني چرا كه تو آن غايت بينهايتي كه از رگ گردن نزديكتر است و هر زمان دست. احساس كنيم

دیک  ِ   ھا
ن كه نظر لطف آن عزيزي كه گيتي، قائم به وجود اوست، بدرقه راهمان باشد و حركت ما را بپذير و آنچنان ك

 زدني آموزيم با تاييد آسمانيش متبرك نگردد، پرسه كاويم و مي همراهي مركبش، نقطه اوج سفرمان؛ كه اگر آنچه مي
  .حاصلي و بيهودگي بريم از بي حاصل و ما به تو پناه مي است بي
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Royal Institute of Technology (KTH)  

ABSTRACT 

Synthesis and Characterization of Nanostructured Cathode Material 

(BSCF) for Solid Oxide Fuel Cells (SOFCs) 
 

by Mahdi Darab 

 
This thesis focuses on developing an appropriate cathode material through 

nanotechnology as a key component for a promising alternative of renewable energy 

generating systems, Intermediate Temperature Solid Oxide Fuel Cells (IT-SOFC). 

Aiming at a working cathode material for IT-SOFC, a recently reported capable oxide 

perovskite material has been synthesized through two different chemical methods. 

BaxSr1-xCoyFe1-yO3−δ (BSCF) with y =0.8 and x =0.2 was fabricated in nanocrystalline 

form by a novel chemical alloying approach, co-precipitation- as well as conventional 

sol-gel method to produce oxide perovskites. The thermal properties, phase constituents, 

microstructure and elemental analysis of the samples were characterized by TG-DSC, 

XRD, SEM and EDS techniques respectively. Thermodynamic modeling has been 

performed using a KTH-developed software (Medusa) and Spark Plasma Sintering (SPS) 

has been used to obtain pellets of BSCF, preserving the nanostructure and generating 

quite dense pellets for electrical conductivity measurements. 

The results show that the powders synthesized by solution co-precipitation have cubic 

perovskite-type structure with a high homogeneity and uniform distribution and mean 

particle size of 50-90 nm range, while sol-gel powders are not easy to form a pure phase 

and mostly the process ends up with large particle containing two or three phases. 

Finer resultant powder compared to sol-gel technique and earlier research works on 

BSCF has been achieved in this project using oxalate co-precipitation method. To 

preserve nanoscaled features of BSCF powder which possess a significant increase of 

electrical conductivity due to decrease the electrical resistivity of grain boundaries, for 

the sample synthesized through co-precipitation, ~92% dense pellet sintered by SPS at 



 V

1080 °C and under 50 MPa pressure and its electrical conductivity has been measured 

from room temperature to 900 °C. 

Specific conductivity values were precisely measured and the maximum of 63 S.cm-1 at 

430 °C in air and 25 S.cm-1 at 375°C in N2 correspondingly are two times higher than 

conventional BSCF implying a high pledge for nano-BSCF as a strong candidate as 

cathode material in IT-SOFC. 

Keywords: Solid Oxide Fuel Cell, Nanostructure, BSCF, Co-precipitation, Sol-gel, 

Nanocrystalline Perovskites 
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Introduction 
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1. Introduction 

1.1. Nanotechnology and Renewable Energy 

Nanotechnology has become one of the most imperative and exciting forefront fields in 

Physics, Chemistry, Engineering and Biology. This interdisciplinary novel field of 

research shows great promise for providing scientists in the near future with many 

breakthroughs. These will change the direction of technological advances in a wide 

spectrum of applications from biosciences and life systems to energy generating systems 

and hopefully can overcome immense troubles in today’s life [1]. 

One of these problems is energy crisis in terms of limitation of energy resources 

worldwide and its relevant environmental considerations. This issue seems to be proper 

to facilitate the timely widespread utilization of nanotechnology to the renewable energy 

systems, which will solve the problem of producing a clean -environmental friendly- and 

efficient source of energy. Applying renewable energy systems including solar cells, fuel 

cells, new generation, and hypothermal energy cells to produce electricity will portend 

radical changes in the paradigm of supplying energy over coming decades. 

Among all renewable energy generating systems fuel cells attracted a significant attention 

nowadays as a result of their efficient direct path of converting chemical energy to 

electricity as well as their environmental friendly nature which made them extraordinary 

attractive for energy engineers. 

It is proved that development of fuel cell as an energy generator will dramatically help 

slow down the greenhouse effect [2], on the other hand human beings can rely on such a 

clean energy generating system as fuel cell to achieve “green” electricity which will be 

potentially an appropriate solution to energy crisis dilemma. 

Nanotechnology is based on the recognition that particles around or less than the size of 

100 nanometers (a nanometer is a billionth of a meter) impart to nanostructures, that 

exhibit new properties and behavior. This happens because particles which are smaller 

than the characteristic lengths associated with particular phenomena often display new 
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chemistry and physics, leading to new behavior which depends on the size [1]. So the 

main task of nanotechnology for improvement of a conventional system – including 

renewable energy conversion systems - is to understand the size dependence of any 

designated property and its ultimate effect on the system’s efficient performance. 

Nanotechnology offers different possibilities to enhance fuel cells, in particular; within 

the ranges of catalysts, membranes and hydrogen storage, which in many cases is critical 

for the employment of fuel cell technology to be economically realistic. Among all 

nanoscience and technology’s potentials for enhancement of fuel cell technology, using 

nanocomposite for electrodes – especially for Solid Oxide Fuel Cell - is a very bold field 

of research nowadays while the current project belongs to this category, it can be 

considered as a hot topic in the interface of nanotechnology and fuel cell technology. 

Solid Oxide Fuel Cell is one of the most developed types of fuel cell with the highest 

achieved efficiency and sounds to be truly promising for electricity generation in the 

future. The only impediment to hinder its commercialization is its high temperature 

operation. The traditional SOFCs operate at high temperature up to 1000°C accordingly 

need costly materials and cause some technical difficulties, such as internal unwanted 

reaction between the cell’s constituents despite of the troublesome procedure for the 

fabrication and scaling-up the cell [3]. Therefore, a common trend is to develop reduced 

temperature SOFC systems which can be operated at lower temperature, typically below 

750 oC. Applying nanocomposite based porous materials for cathode and anode 

electrodes in fuel cell; one can have a more efficient conversion of chemical energy into 

electricity. Conversely, nanocomposite offers a feasibility to decrease the operating 

temperature for Solid Oxide Fuel Cell and make them Intermediate Temperature SOFCs, 

which is imperative key to reduce the cost of the materials for the stack and eventually to 

make them as close as possible to commercialization. Intermediate-temperature solid 

oxide fuel cells (IT-SOFC) have attracted much attention in recent years [4,5]. 

Nanotechnology offers excellent nanomaterials with improved performance at 

intermediate temperature for SOFC in comparison to the traditional high temperature 

working materials; both in electrodes and electrolyte [6]. A nanostructured multi metal 
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oxide called BSCF has been chosen as the candidate from nanomaterials category to 

serve as cathode in SOFC in the present project.    

Nanostructured BSFC (BaxSr1-xCoyFe1-yO3−δ) material has been synthesised in this work 

through two different chemical techniques in order to optimize the synthesis route and to 

obtain the desired nanostructured materials to be discussed in details later on in this 

thesis. 

1.2. Objectives and significance of work 

The objectives of this project have been the synthesis and characterization of BaxSr1-

xCoyFe1-yO3−δ perovskite material for cathode of SOFCs through both sol-gel technique 

and solution co-precipitation method, and to compare the resultant materials in terms of 

the dependency of the materials microstructures to their physical and chemical properties 

in the designated application. 

 
Figure 1.1: Flowchart describing the significance of this work  

As it is discussed earlier, utilizing fuel cell is a proper option from renewable energy 

systems family to overcome energy crisis. Since these generation systems are clean and 

efficient they can suffice environmental concerns and become a perfect source of 
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producing electricity. One of the most applicable kinds of fuel cells is Solid Oxide Fuel 

Cell with the only impediment of its commercialization being its high operating 

temperature. This project applying Nanotechnology to produce BSCF offers an 

appropriate cathode material to be working at intermediate temperature and it can be 

considered as a long step to achieve economic SOFC. 

1.3 Overview of Fuel Cell 

A fuel cell is an electrochemical conversion device to convert chemical energy directly to 

electricity. It produces electricity from various external quantities of fuel on the anode 

side and an oxidant on the cathode side. These react in the presence of an electrolyte. 

Generally, the reactants flow in and reaction products flow out while the electrolyte 

remains in the cell. Fuel cells can operate virtually continuously as long as the necessary 

flows are maintained. 

Fuel cells are different from batteries in that they consume reactant, which must be 

replenished, whereas batteries store electrical energy chemically in a closed system. 

Additionally, while the electrodes within a battery react and change as a battery is 

charged or discharged, a fuel cell's electrodes are catalytic and relatively stable [7]. 

  

 Figure 1.2: Schematic of electrochemical process in fuel cell [7] 
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Many combinations of fuel and oxidant are possible for a typical fuel cell. A hydrogen 

cell uses hydrogen as fuel and oxygen as oxidant. Other fuels include hydrocarbons and 

alcohols. Other oxidants include air, chlorine and chlorine dioxide. As a general rule, the 

higher operating temperature of the fuel cell, the more flexibility one can expect for fuel, 

so Solid Oxide Fuel Cell with operating temperature more than 600 oC becomes the most 

flexible fuel cell in case of inlet fuel and gets a huge attention because of the possibility 

for different source of fuel ranging from hydrogen to semi-heavy hydrocarbons. Figure 

1.2 shows the electrochemical process inside fuel cell schematically and table 1.1 

indicates to the basis of chemical reaction for each type of fuel cell. 

 

Table 1.1: Chemical reaction in anode and cathode in different types of fuel cell [7] 

Fuel cell 

type 
Anode reaction 

Mobile 

ion 
Cathode reaction 

PEMFC −+ +→ eHH 222  +H  OHeHO 22 22
2
1

→++ −+  

DMFC 223 66 COeHOHOHCH ++→+ −+ +H  OHeHO 22 366
2
3

→++ −+  

PAFC −+ +→ eHH 222  +H  OHeHO 22 22
2
1

→++ −+  

MCFC −− ++→+ eCOOHCOOH 222
2

32  2
3
−CO  2

322 2
2
1 −− →++ COeCOO  

SOFC −− +→+ eOHOH 22
2

2  −2O  −− →+ 2
2 2

2
1 OeO  

 

1.3.1 Fuel cell types 

As it is shown in table 1.1 there are five major types of fuel cell with different reactions 

and operating conditions in which there are advantages and disadvantages associated with 

each type. Proton Exchange Membrane (PEM), Direct Methanol Fuel Cell (DMFC) 

Phosphoric Acid Fuel Cell (PAFC) Molten Carbonate Fuel Cell (PAFC) and Solid Oxide 

Fuel Cell (SOFC) have their own anode and cathode reactions as summarized in table 

1.1. 
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Figure 1.3: Fuel cell types and their operating temperature [7] 

Proton Exchange Membrane Fuel Cells (PEMFC) or Polymer Electrolyte Fuel Cells 

(PEFC) are based on a solid polymer electrolyte. Fast startup times, low temperature 

operation and high power densities make them an easy to use technology especially for 

portable or transport applications. CO poisons the catalyst and the hydrogen fuel has to 

be very pure. Because the polymer membrane has to be kept well humidified for good 

proton conduction, water management is one of the critical aspects of successfully 

running a PEMFC [8].  

Direct Methanol Fuel Cells (DMFC) are similar in construction to PEM fuel cells. Since 

liquid methanol can be used as a fuel, no external fuel processing is required and high 

energy storage densities can be achieved. Unfortunately, the polymer membrane is not 

impermeable to liquid methanol and the resulting fuel crossover reduces overall system 

efficiency [8]. 
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Phosphoric Acid Fuel Cells (PAFC) are based on a liquid acid electrolyte. Due to their 

higher operating temperature, they are less sensitive to CO impurities in the fuel and 

water management is less of an issue. Additionally, they exhibit excellent long term 

stability. Their relatively long start-up times and low power densities limit their 

application to stationary power or co-generation plants [8]. 

Molten Carbonate Fuel Cells (MCFC) are based on a liquid molten carbonate electrolyte 

and generally exhibit very high conversion efficiencies. A high operating temperature 

allows direct use of non noble catalysts along with direct internal processing of fuels such 

as natural gas. Relatively long start-up times and low power densities again limit their 

application to stationary power or co-generation plants [8]. 

And finally Solid Oxide Fuel Cells (SOFC) which this project is a part of the vast attempt 

to develop it, are based on a solid oxide electrolyte conducting oxygen O2– ions. As with 

the MCFC, the high operating temperature translates into non-noble catalysts, direct 

internal hydrocarbon fuel processing and high quality waste heat that can be utilized in 

combined-cycle power plants. Additionally, high power densities along with high 

efficiencies can be attained. Slow start-up times dictate their primary use as stationary 

power or co-generation plants [8]. 

1.4 Solid Oxide Fuel Cell (SOFC) 

High-temperature fuel cells e.g. SOFCs have mainly been considered for large-scale 

stationary power generation. In these systems, the electrolytes consist of anionic transport 

materials, as O2– and the charge carriers.  

These fuel cells have two major advantages over low-temperature types. First, they can 

achieve high electric efficiencies; prototypes have achieved over 45%, with over 60% 

currently targeted. This makes them particularly attractive for fuel-efficient stationary 

power generation. 

Second, the high operating temperatures allow direct internal processing of fuels such as 

natural gas. This reduces the system complexity compared with low-temperature power 
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plants, which require hydrogen generation in an additional process step. The fact that 

high temperature fuel cells cannot easily be turned off is acceptable in the stationary 

sector, but most likely only there, so we can not expect other potential applications of 

other low temperature working fuel cells like portable energy systems from SOFC, 

however according to the main attractions of SOFC over other fuel cells which is their 

ability to handle more convenient hydrocarbon fuels - other types of fuel cell have to rely 

on a clean supply of hydrogen for their operation there are many research projects on 

progress to get them commercialized. 

Because SOFCs operate at high temperature there is the opportunity to reform 

hydrocarbons within the system either indirectly in a discrete reformer or directly on the 

anode of the cell, but the disadvantage of high operating temperature is the cost of 

desirable resistive materials to such an elevated temperature conditions. Reducing the 

operating temperature makes internal reforming more difficult and less efficient, and can 

mean that more active (and inevitably more expensive) reforming catalysts are required. 

Then it will be a trade off between losing the electrochemical reactivity and reducing the 

cost of stack, and in this project the intention is to access to an appropriate material for 

electrodes which can make cell efficiently function at intermediate temperature and 

eventually to find the optimal point of the trade off by offering a new method to produce 

the needed materials [9]. 

1.4.1 SOFC working operation and advantages 

In a typical SOFC the following reactions take place at electrodes: 

Anode: −− +→+ eOHOH 22
2

2     Cathode: −− →+ 2
2 2

2
1 OeO  

Figure 1.4 schematically illustrates a set of electrochemical reactions in a Solid Oxide 

Fuel Cell. Hydrogen which is fed to anode mainly comes from a hydrocarbon source and 

will be oxidized by oxygen ions migrating through electrolyte from cathode and produce 

water and electricity that is redirected via an external circuit to be used for the designated 

purposes. SOFC conventionally operates at temperatures of 850-1000 °C which seems to 

be taught to handle comparing to the other sorts of fuel cell; however the use of a solid 
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electrolyte reduces corrosion in comparison to Molten Carbonate Fuel Cells (MCFC) and 

eliminates water management problems in comparison to Proton Exchange Membrane 

Fuel Cells (PEMFC). The electrolyte is an ionic conductor, which transports the oxide 

ions formed at the cathode to the anode where they react with hydrogen (H2) or carbon 

monoxide (CO) to form water and carbon dioxide (CO2) [10]. 

 

Figure 1.4: Schematic SOFC [9] 

Hydrogen which is fed to anode mainly comes from a hydrocarbon source and will be 

oxidized by oxygen ions migrating through electrolyte from cathode and produce water 

and electricity that is redirected via an external circuit to be used for the designated 

purposes. SOFC conventionally operates at temperatures of 850-1000 °C which seems to 

be taught to handle comparing to the other sorts of fuel cell; however the use of a solid 

electrolyte reduces corrosion in comparison to Molten Carbonate Fuel Cells (MCFC) and 

eliminates water management problems in comparison to Proton Exchange Membrane 
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Fuel Cells (PEMFC). The electrolyte is an ionic conductor, which transports the oxide 

ions formed at the cathode to the anode where they react with hydrogen (H2) or carbon 

monoxide (CO) to form water and carbon dioxide (CO2) [10]. 

As all components are solids, SOFCs can be fabricated in very thin layers and cell 

components can be configured into unique shapes not practicable in fuel cell systems 

possessing a liquid electrolyte. This combination of a solid electrolyte with high 

operating temperatures offers numerous advantages: 

• Use of non-precious metal electrode catalysts. 

• Higher fuel flexibility: H2 and CO are both fuels for an SOFC enabling the ready 

use of today’s carbon based fuels. 

• Possibility of direct internal reforming of hydrocarbon fuels: no need for pre-

reformer. 

• High energy conversion efficiency of hydrocarbon fuels.  

• Rapid electrode kinetics. 

• Two phase gas solid systems: eliminates problems associated with liquid 

electrolytes. 

• Not poisoned by CO. 

• Availability of high-grade waste heat for co-generation purposes. 

These advantages result in a fuel-flexible, low emissions power generation technology 

with efficiencies of up to 70% available in combination with a gas turbine, or 50-60% in 

stand-alone mode [10], although there are many attempts on progress to reduce the 

operating temperature of SOFC in order to make them perfect for many applications 

which will be discussed in the next part. 

1.4.2 Intermediate Temperature SOFC 

1.4.2.1 Advantages and Applications 

The cost of the materials used in an SOFC is still high since high temperature alloys and 

expensive ceramics have to be used. By dropping the operating temperature to below 800 
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oC, the use of inexpensive materials such as stainless steel for manifold, piping, heat 

exchangers, blowers, etc., can be achieved and the system is less prone to thermal 

degradation. For example, the use of stainless steel interconnects would bring the cost of 

this component down to around 7 $ kW-1 [11]. 

Nevertheless, intermediate temperatures are not ideal for all applications; For SOFC-

combined cycle and hybrid systems the system efficiency is higher when operated at high 

temperatures (850-1000 oC). However, it was recognized in the 1990’s that if smaller 

units were to be built, it would be advantageous to reduce the operating temperature to 

600-800oC, or even lower, to reduce cost and improve start-up times. The terms 

“medium temperature” and “low temperature” SOFC are sometimes found in the 

literature to describe what is called in this thesis: “intermediate temperature” Solid Oxide 

Fuel Cell (IT-SOFC). 

In summary the advantages of reducing the operating temperature are: 

• Faster start-up and operating response. Developers are aiming at a start-up time of 

less than 10 minutes for some applications. 

• A wider and cheaper range of materials can be used to construct the device. 

• Increased material durability. 

• Increased product robustness. 

• And importantly, reduced overall cost. 

Table 1.2: Potential areas of application for high and intermediate temperature SOFC 

High temperature SOFC Intermediate temperature SOFC 

Centralized power generation (multi MW) Domestic CHP (up to 10kW) 

Leisure (1 to 5 kW) 
Distributed power generation (up to 1 MW) 

Military and aerospace (5 to 50 kW) 

CHP plants (100 kW to 1 MW) Transport (up to 50kW) 
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The reduced cost, higher robustness and faster start-up of intermediate temperature 

SOFCs should make them well-suited to applications such as remote power generation 

and domestic Combined Heat and Power plants (CHP) as indicated in table 2 [10]. 

Concerning all advantages of IT-SOFCs, this project aims to pose a smooth method to 

produce capable material to be used in cathode of such an IT-SOFC device in order to 

overcome technical difficulties associated with the high temperature operation of SOFC. 

1.4.2.2 Cathode in ITSOFC 

Solid oxide fuel cell like other types of fuel cell is made up of three major components; 

Anode, Cathode and Electrolyte. A single cell consisting of some layers (usually 

ceramics) stacked together is typically only a few millimeters thick. Hundreds of these 

cells are then connected in series to form what fuel cell experts refer to as a “SOFC 

stack.” The ceramics used in SOFCs 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 900 oC to 1200 oC, so to have an intermediate temperature 

SOFC one has to decrease the operating temperature below 800 oC and simultaneously 

preserve electrical and ionic performance at a reasonable extent. 

The main electrolyte material which is commercialized nowadays is Yttrium Stabilized 

Zirconium (YSZ) which is a reference for other components of fuel cell to be compatible 

with its properties, especially in case of thermo mechanical characteristics. 

As a key constituent of SOFC a variety of cathode materials have been extensively 

investigated so far [12, 13].  

As a brief list cathode materials in intermediate temperature solid oxide fuel cell must 

have the following characteristics: 

• Decent electrochemical performance for reduction of O2 

• Proper porosity 

• High electrical (to conduct electrons) and ionic (to direct oxygen ions) 

conductivity 
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• High stability at high temperature 

Perovskites based on alkaline-earth and/or rare-earth containing cobaltite that exhibit 

high electrical and ionic conductivities can serve as cathodes for SOFCs at lower 

temperatures; For instance, both La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF) and Sm0.5Sr0.5CoO3−δ 

(SSC) reveal satisfactory electrochemical performances [14,15]. 

The complexity associated with Co-based materials for IT-SOFC application is that they 

are not thermomechanically compatible with other cell components – electrolyte as the 

major part- owing to their rather high thermal expansion coefficients (TEC) [16] Another 

challenge for conventional cathode materials is the difficulty regarding scaling up and 

shaping for mass production and eventually, previous alternatives for cathode materials 

are quite expensive which is led to new research for a better option. 

1.4.3 The perovskites 

Perovskites are a rather large group of compounds with closely related crystal structures, 

which has taken name from the natural mineral CaTiO3. The general formula of the 

perovskites is ABX3, in which A and B is cations, and X is oxygen or fluorine [16]. The 

oxide perovskites (from now on called the perovskites, omitting the fluorides) have 

widely varying electrical and magnetic properties, which make them interesting for 

several applications. Areas of applications where the perovskites are of interest are 

reformers of natural gas, solid oxide fuel cells (SOFC), oxygen permeable membranes 

(OPM), oxidation catalysts, oxygen sensors and others. 

Many ternary oxides crystallize in the perovskite structure. In the general formula for a 

perovskite ABO3, A is a large cation usually an alkali metal, an alkaline earth metal or a 

rare earth metal while B is a smaller cation, often a transition metal. Several different 

combinations of oxidation states of the cations are possible, such as AIBVO3, AIIBIVO3 

and AIIIBIIIO3.  

The ideal perovskite structure can be described as consisting of corner-sharing BO6 

octahedra with the large A cation occupying the body centred, 12 –coordinated position. 
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The cubic perovskite structure is illustrated in Fig. 2. In this work the effort has been 

dedicated to a promising perovskite material for cathode of solid oxide fuel cell, BaxSr1-

xCoyFe1-yO3−δ. 

 

 
 

Figure 1.5: Schematic drawing of the ideal cubic perovskite structure. [34] 

 

1.4.3.1 BSCF for IT-SOFC 

Current project is focused on BaxSr1-xCoyFe1-yO3−δ (BSCF) as a perfect candidate for 

cathode material in the nest intermediate temperature SOFCs. It is proved that BSCF has 

a promising nature for IT-SOFC applications since its thermo mechanical properties is at 

the acceptable agreement with the common materials for other constituents of SOFC 

while its electrical and ionic conductivity sound extraordinary at intermediate 

temperatures and at the same time it has a superior potential for electrochemical 

reduction of oxygen [17]. 
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Unlike conventional cathodes, such as LSCF and SSC as described in the previous part, 

the A-site cations of BSCF are two alkaline-earth species rather than rare-earth and 

alkaline-earth elements. BSCF was first developed as a high temperature (800 °C) 

oxygen permeation membrane material, whose permeation behaviors and stability have 

been investigated [18, 19]. BSCF is an electron-ion mixed conductor, and both of the 

ionic and electronic conductions are also desired for the cathode of SOFCs. A SOFC 

single cell using this material as the cathode exhibited the remarkable output of 1010 and 

402 mW.cm−2 at 600 oC and 500 °C, respectively and it has shown the complete 

fulfillment of necessary criteria for a cathode material in IT-SOFC. Besides, it was also 

advantageous for single-chamber fuel cell operation due to low fuel catalytic activity 

[19], nevertheless that it is not considered as an expensive composite. 

BSCF has a Pm3m cubic perovskite structure which exhibits a high oxygen permeability 

and relative stability under working temperature up to 800 °C, as well as high electrical  

 

 

 

 

 

 

 

Figure 1.6: Schematic of molecular structure of BSCF material 

   : Oxygen,  :  Ba, Sr and  : Co, Fe. [10] 

conductivity as a result of special arrangement of Oxygen, Barium and Cobalt atoms in 

the crystalline configuration. 
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According to several research works since 2005 it is well known that the optimum 

composition for BaxSr1-xCoyFe1-yO3−δ for cathode material to be used in IT-SOFC are 

when x = 0.5 and y = 0.2 and 0.8. In this project both Ba0.5Sr0.5Co0.2Fe0.8O3−δ and 

Ba0.5Sr0.5Co0.8Fe0.2O3−δ were synthesized and characterized, among which the second 

composition has shown to be promising in terms of physical properties. In the coming 

parts of the report the experimental routes and selection of the chemical procedure to 

synthesis and characterize BSCF materials. 

1.5 Outline of the Thesis 

Chapter 1 introduces the reader to the context of fuel cell technology and then 

summarizes the motivation of the present work along with a literature survey and a 

presentation of importance of cathode in particular and offered improvements by 

nanotechnology in general for intermediate temperature solid oxide fuel cells.  

Chapter 2 describes how the candidate chemical process is selected in the concept of this 

thesis work. The first section introduces sol-gel route to synthesize BSCF material. 

Chemical procedures and set up as well as detailed experiments are explained in chapter 

2. While sol-gel technique has been used to synthesize the BSCF perovskite since three 

years back, a novel technique – solution co-precipitation - for synthesizing the precursors 

to be formed as BSCF at room temperature is introduced and presented for the first time. 

The resultant material shows an extraordinary capacity for cathode material in IT-SOFC 

which concerning the neatness of the new route can be considered as a breakthrough in 

SOFC relevant fields of research. Similar to first section of this chapter, chemical 

procedures and experimental set up as well as experimental steps are described in detail. 

Chapter 3 focuses on the characterization methods and instrumentation used for the 

evaluation of the synthesized nanostructured cathode materials. Details of the following 

techniques are presented: Thermal gravimetric Analysis (TGA), Scanning Electron 

Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDS), High Resolution X-

Ray Diffraction (HR-XRD), Spark Plasma Sintering (SPS) and 4-point probe electrical 

conductivity measurements. 
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Chapter 4 concentrates on the results and poses relevant discussions about the outcomes 

of both sol-gel and co-precipitation method. Results of all characterization attempts are 

given in this section. It is followed by chapter 5 which is dedicated to conclusions and 

thereafter future works are presented. 



 19

Experimental 
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2. Experimental 

In order to o select the optimum route to obtain BSCF materials with high purity and 

better performance, two various chemical technique have been examined which are 

namely i) sol-gel technique and ii) solution co-precipitation. 

Sol-gel technique is very well known for the synthesis of BSCF and it has been around 

since 2004 in relevant research for making perovskite structure metal oxides, however, 

there is no record of applying solution co-precipitation method to synthesize BSCF 

before this thesis. 

Figure 2.1: (A) Sol-gel sample as prepared at 200, before sintering, (B) As prepared Co-precipitation 

sample after filtration and drying, before sintering. 

2.1 Sol gel technique 

2.1.1 Materials and chemicals 

The sol-gel process is a wet-chemical technique for the fabrication of materials (typically 

a metal oxide) starting from a chemical solution that reacts to produce colloidal particles 

(sol). Typical precursors are metal alkoxides, metal chlorides and metal nitrates, which 

undergo hydrolysis and poly condensation reactions to form a colloid, a system 

composed of solid particles (size ranging from 1 nm to 1 µm) dispersed in a solvent. The 

sol evolves then towards the formation of an inorganic continuous network containing a 

liquid phase (gel). Formation of a metal oxide involves connecting the metal centers with 

oxo (M-O-M) or hydroxo (M-OH-M) bridges, therefore generating metal-oxo or metal-
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hydroxo polymers in solution. The drying process serves to remove Solutions were 

prepared with the ultra pure distilled water.  

The liquid phase from the gel thus forming a porous material, and then a thermal 

treatment (firing) may be performed in order to favor further poly condensation and 

enhance mechanical properties or to achieve the designated pure crystalline phase which 

is the case in this project. Sol-gel technique has been used to produce BSCF as the first 

method in this project and the respected results are reported. Table 2.1 shows the 

chemicals used for sol-gel technique. 

Table 2.1: Chemicals used for sol-gel method 

No. Name of chemicals Chemical Formula Provider Purity 

1 Barium nitrate Ba(NO3)2 
Baker 

Analyzed US 
>99.5% 

2 
Strontium nitrate 

anhydrous 
Sr(NO3)2 

Heraeus 

Germany 
>99% 

3 
Iron (III) Nitrate 

nonahydrate 
Fe(NO3)3.9H2O 

MERCK 

Germany 
>99% 

4 
Cobalt (II) nitrate 

hexahydrate 
Co(NO3)2.6H2O 

Aldrich 

chemical US 
>98 

5 EDTA C10H16N2O8 
MERCK 

Germany 
>99.4 

6 
Citric acid monohydrate 

(crystal form) 
HOC(COOH)(CH2COOH)2.H2O 

Baker 

Analyzed US 
>99 

7 Hydrochloric acid HCl 
Sigma Aldrich 

US 
>99% 

8 Ammonia NH3 
Sigma Aldrich 

US 
>99% 

2.1.2 Synthesis 

The compound powders were synthesized using an EDTA Pechini method [20] and the 

Ethylene-diamine-tetra-acetic acid-gel has been used to produce precursors. Steps of the 

procedure are summarized in figure 2.2: 
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Figure 2.2: Flowchart procedure for preparation of the BSCF powder using Sol-gel technique 

10 grams of BSCF material was chosen as the target. According to the molar ratio of the 

materials and their molecular weight necessary amounts of each component were taken. 

Barium Nitrate has a relatively low solubility in water; this problem can often be 

mitigated by dissolving at higher temperature than RT with stirring, so Barium nitrate has 

been dissolved in distilled water first, while stirring at 300 rpm and heating at 80 º C and 

then other metal nitrates have been added to the solution. Meantime, EDTA- Ammonia 

solution has been prepared and all mixed together. 

EDTA was 0.3 molar and all other compound’s concentrations were taken according to 

its molarity. Addition of ammonia was performed until the EDTA solution got totally 

transparent as a sign of having an ideal solution. 
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Citric Acid, which is subject to play the role of gelation agent, has been then introduced. 

It was dissolved in the minimal amount of distilled water. 

Figure 2.3: Sol-gel method resultant materials in Nanomaterials synthesis laboratory at FNM - KTH 

At this step pH of the solution was around 2.6 due to the presence of significant amount 

of EDTA acid and it has been tried to adjust pH between 6 and 7 by adding few drops of 

diluted ammonia. Another reason to adjust the pH at this range is to prevent the 

occurrence of precipitation. It took 14 hours to evaporate extra water and to attain the 

dark purple gel. The mole ratio of EDTA acid: citric acid: total metal ions was controlled 

to be around 1:1.5:1 during the experiment. Then the resultant gel was kept at about 200 

°C for several hours to remove organics. This temperature was deduced from the TGA 

analysis results to be discussed later on in the characterization part. A mushroom-like 

bulk of the precursors formed after heating at 200 °C due to releasing the organics inside 

the sample and then the dried gel has been precisely ground. 

In the end, after grinding and homogenization, the initial powders were sintered at 500, 

600, 800 and 1000 °C for 5 h in air to obtain the final composition and the desired pure 

phase perovskite. The categorization shown in figure 2.5 was also helpful to investigate 

the effect of sintering temperature on the powder’s structure and composition which was 

roughly predicted by thermo gravimetric studies. 
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Figure 2.4: Schematic of Set up for Sol-Gel technique 

 

 

Figure 2.5: Categorization of sample to study the effect of sintering temperature on crystal structure 

BaxSr1-xCoyFe1-yO3 with x = 0.8 and y = 0.2 has been made through sol-gel technique and 

characterized which is reported in results and discussion part. 
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2.2 Solution co-precipitation method 

2.2.1 Materials and Chemical  

Simultaneous precipitation of more than one substance or Co-precipitation (CPT) 

technique was the second chemical alternative to have precipitation of all desired 

components of BSCF materials. To get this method work out one has to adjust all 

conditions of the chemical reaction accurately in the certain range such as temperature 

and pH [23]. 

In this work the purpose is to synthesize a highly homogenous and nanosized precursors 

for BSCF material that will be thermally processed towards the formation of the desired 

pure perovskite phase. Oxalate ion was selected as the precipitating agent due to its 

suitable compatibility with the metals mixture. 

Process chemistry of solution route for the whole process can be summarized as below: 

1- Dissolution (of oxides in acid) MOn (s) + 2n H+ → M2n+ + n H2O 

2- Precipitation (of oxalate compounds) M2n+ + n C2O4
2- → M (C2O4)n(s) 

3- Calcination (decomposition of oxalates): 

M (C2O4)n (s) + 0.5n O2 (g) → MOn(s) + 2n CO2(g) 

Steps 1 and 2 are carried out at ambient temperature and step 3 at elevated temperature. 

This is advantageous that one doesn’t need to work at higher temperature than room 

temperature to get precursors in co-precipitation technique. Table 2.2 shows the 

chemicals used for solution co-precipitation method. 
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Table 2.2: Chemicals used for solution co-precipitation method 

No. Name of chemicals Chemical Formula Provider Purity 

1 Barium nitrate Ba(NO3)2 
Sigma Aldrich 

US 
>99% 

2 
Strontium nitrate 

anhydrous 
Sr(NO3)2 

Heraeus 

Germany 
>99% 

3 
Iron (II)chloride  

tetrahydrate 
FeCl2.4H2O 

MERCK 

Germany 
>98% 

4 
Cobalt(II) nitrate 

hexahydrate 
Co(NO3)2.6H2O Aldrich US >98 

6 Hydrochloric acid HCl 
Sigma Aldrich 

US 
>99% 

7 Ammonia NH3 
Sigma Aldrich 

US 
>99% 

8 Ammonium Oxalate (NH4)2C2O4 . H2O 
MERCK 

Germany 
>98% 

 

2.2.2 Synthesis 

15 grams of BSCF was targeted to be made by co-precipitation method. The designated 

ion for precipitating was Fe2+ coming from iron chloride and ammonium oxalate was 

used as the precipitating agent. 

2.2.2.1 Thermodynamic modeling 

Thermodynamic modeling for to predict the reaction’s circumstances was made using 

local developed software called MEDUSA. It is showing the feasibility of solution co-

precipitation designated processes at room temperature as well as critical conditions 

including pH range for the precipitation to occur. Furthermore by thermodynamically 

studying the solution system one could recognize the solubility of each compound, then 

the number of moles for each reactant would calculate through the following relationship 

arisen from MEDUSA equilibrium diagrams and concerning their molecular weight: 
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n Oxalate = n Sr + n Ba + 1.176 n Fe + n Co 

MEDUSA software has shown (figure 2.6) that the solution co-precipitation is feasible to 

achieve BSFC precursors using a proper precipitation agent which is ammonium oxalate 

used in this study. The thermodynamic model shows that pH 2.8 is the best region where 

all materials have overlapping precipitation. 
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Figure 2.6: Thermodynamics modeling of the co-precipitation system including each metal and 

Oxalate ion; fraction of precipitated materials versus solution pH for (1): Strontium, (2) Cobalt, (3): 

Iron and (4) Barium ions respectively. 
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Then the necessary volumes of metal ions mixture and ammonium oxalate have been 

calculated. All metal ions were dissolved in the minimum amount of distilled water. Then 

ammonium oxalate was gradually introduced. Reaction takes place at room temperature 

which as mentioned before is one of the boldest advantages of solution co-precipitation 

method. Schematic of set up for Co-precipitation method is shown in figure 2.7. 

 
 

Figure 2.7: Schematic of Set up for solution co-precipitation method 

Stirring rate was 300 rpm. According to the thermodynamic modeling pH was adjusted at 

2.8 by adjusting the amount of acid and base in the environment by adding ammonia or 

HCl solutions. After half an hour stirring while pH was fixed, the pinkish precipitation is 

formed at the bottom of the beaker. Resultant precipitation was left over for some hours 

at room temperature and then filtered by a vacuum filtration system thus the precipitate 

was collected.  

Precipitate was covered by paper and kept in an oven for 2 hours at 110 ºC for drying. 

Then a thermogravimetric analysis has been done to design the route of sintering. 
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According to TGA the whole sample was heated from room temperature to 1000 º C with 

a ramp of 15 º C per minute and then it was let to be cooled down. Then for sintering step 

sample divided to 5 parts and annealed at 300, 400, 550, 875 and 1000 ºC for 9 hours. 

These temperatures were elected due to edges of significant falling downs in TGA results 

which will be discussed later on in the report. Figure 2.8 illustrates the chemical 

procedure for BSCF synthesis by solution co-precipitation method. 

 

Figure 2.8: Flowchart procedure for preparation of the BSCF powder in solution co-precipitation 

method 

Similar to the procedure in sol-gel technique, categorization of sample as sintered at 

different temperature has been performed to study the effect of annealing temperature on 

the composition and crystalline structure of resultant material. Figure 2.9 demonstrates 

the categorization of samples from co-precipitation technique.  
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Figure 2.9: Categorization of co-precipitation sample to study annealing temperature on the crystal 

structure 

The procedure has been repeated many times and it has been recognized that for the 

annealing step, 9 hours sintering at 1000°C will provide the optimum results and the 

highest purity crystalline phase of Ba0.5Sr0.5Co0.8Fe0.2O3. The reproducibility of the 

synthesis via co-precipitation method has been entirely proved due to attaining the same 

materials in terms of composition and micro structure through different experiments. 
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Characterization 
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3. Characterization 

3.1 Thermogravimetric analysis (TGA) 

TGA is a testing method that is performed on to determine changes in weight in relation 

to change in temperature. Such analysis relies on a high degree of precision in three 

measurements: weight, temperature, and temperature change. Figure 3.1 schematically 

shows the TGA system and its main constituents. 

 

 

 
Figure 3.1: Schematic demonstration of TGA system [20] 

 

In this work TGA has been performed on each precursor to design the temperature 

programmed calcination and sintering and to make sure about the decomposition of each 

component at certain temperatures. The precursor samples are placed on the platinum pan 

that is suspended from the analytical balance located outside the furnace chamber of the 

instrument TGA Q500 V6. The balance is zeroed, and the sample cup is heated up from 

room temperature to 1000 ˚C in Nitrogen atmosphere. 10 °C per minutes Ramp and High 
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resolution Dynamic modes are selected for the process. The weight loss percentage is 

calculated from the graph to explain the mechanism of decomposition. 

3.2 Scanning Electron Microscopy (SEM) 

In a scanning electron microscopy (SEM) a focused electron beam strikes the sample. 

The electrons hit the surface and interact with sample electrons. The first microscope set 

up was first demonstrated by Knoll and Ruska in 1932. This microscope was equipped 

with a magnetic filed to focus the electron beam generated from a cold cathode. In order 

to obtain higher resolution the electron beam probe size should be reduced.  Today it is 

possible to achieve the resolution down to 3nm. 

In order to achieve the best lateral resolution secondary electrons should be detected. 

Secondary electrons are the electrons excited from a shallow region approximately 3 to 

10 nm deep on the surface (figure 3.2).  

 

    
 

Figure 3.2: Interaction between incident electron beam and specimen. [21] 
 

The beam scans the surface and detectors collect the scattered electrons form the surface. 

By plotting the two dimensional single intensity distribution the results rendered to 

visible images.     

Figure 3.3 shows a schematic of the SmartSEM V5.99 system which has been used in 

this work [22].   
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Figure 3.3: Outline of the electron microscope set up [22] 
 
 

3.3 X-ray energy dispersive spectroscopy (EDS) 

A standard method to identify elements and quantify element composition in a sample is 

EDS. Referring to figure 3.3; after an electron beam hits the surface of a sample an x-ray 

is generated. Materials are often identified by using the generated x-ray that is analyzed 

using EDS. In the current study the EDS detector was included in the SEM apparatus 

(SmartSEM V5.99) [22]. 

3.4 X-Ray Diffraction (XRD) 

The sample is mainly fed into Röntgen Diffractometer system (Xpert PRO, model 

PW3040/60) and the analysis is done in a continuous scan mode with a start angle of 

2θ=15° and an end angle of 80°. The detected signal is processed electronically using 

Xpert data collector (software) that matches the detected signal with its own built-in 

elemental map to display the composition of the material. 

In this study, a Philips X’pert system has been used for x-ray measurement. A continuous 

spectrum is generated by a copper target with a biased tungsten filament at 45 kV. 

Figure 3.4 shows a schematic view of HRXRD system; ω and 2 θ are the incident and 

diffracted beam angles.  
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Figure 3.4: Schematic view of the HRXRD system [23]  

 

3.5 Spark Plasma Sintering (SPS) 

In order to perform electrical measurements on BSCF materials it was needed to have 

some dense tablets samples however since the expected nanostructure based properties of 

the perovskite were supposed to preserve, pressing process was very critical. Spark 

Plasma Sintering is a very fitting method to make dense pellet of power material without 

growing the grain boundaries and particle size. The main characteristic of the Spark 

Plasma Sintering (SPS) is that the pulsed DC current directly passes through the graphite 

die, as well as the powder compact, in case of conductive samples. Therefore, the heat is 

generated internally, in contrast to the conventional hot pressing, where the heat is 

provided by external heating elements. This facilitates a very high heating or cooling rate  
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Figure 3.5: simple demonstration of SPS system components 1) pulse generator 2) pressing tool with 
sample 3) upper press stamp 4) lower press stamp 5) water-cooled vacuum chamber 

 

(up to 1000 K/min), hence the sintering process generally is very fast. This method has 

been utilized in the present study. SPS of BSCF powders was carried out at Department 

of Physical, Inorganic and Structural Chemistry, Arrhenius Laboratory, Stockholm 

University. Sintered samples are 20 mm in diameter and 3–8 mm in height and the 

condition for sintering process were 1080 ˚C temperature and 50 MPa pressure 

performing within a few minutes. 

3.6 Four-point probe electrical conductivity measurement 

Four-point probe is used to measure the resistivity of conductor and semiconductor 

materials. It can measure electrical resistivity for either bulk or thin film specimen. The 

4-point probe setup used in this study consists of four equally spaced tungsten metal tips 

with finite radius. Each tip is supported by springs on the other end to minimize sample 

damage during probing. The four metal tips are parts of an auto-mechanical stage which 

travels up and down during measurements [24].  

A high impedance current source is used to supply current through the outer two probes; 

a voltmeter measures the voltage across the inner two probes in order to determine the 

sample resistivity as it can be barely seen in figure 3.6. Typical probe spacing is ~1 mm. 
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Magne-Tron Instruments made 4-point probe device (model M800) was used for this 

study. 

 

 
 

Figure 3.6: a) The experimental set-up for the high temperature conductivity measurements, b) The 
orientation of the sample and a visual guide to where the electrodes are attached [25]. 
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Results and Discussions 
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4. Results and Discussions 

4.1 Sol-Gel Technique 

The first method for synthesis of BSCF powder was Sol-Gel technique as details are 

explained in chapter 2. In this chapter first the results of Sol-gel and then Solution Co-

precipitation are presented. 

Table 4.1 shows the preparation steps for Sol-Gel technique utilizing the categorization 

showed in figure 2.5. The samples here have been categorized in fact based on 

thermogravimetric analysis given in part 4-1-1. 

Table 4.1: Samples prepared by sol-gel technique with different sintering temperature 

Calcination and sintering Sintering Sample 
name 

Reaction 
temperature (C) 

Initial calcination 
temperature (C) T (C) Duration (hr) T (C) Duration (hr) 

SG 1 80 200 - - 900 3.5 
SG 2 80 200 - - 800 4.5 
SG 3 80 200 - - 900 4 
SG 4 80 200 - - 900 4 
SG 5 80 200 800 4 1000 2 
SG 6 80 200 1000 4 1200 4 
SG 7 80 200 1000 4 1200 2 
 

4.1.1 Thermogravimetric Analysis 

TGA analysis of a Sol-gel process precursor is shown in figure 4.1. Three separate 

decomposition realms have been observed corresponding to crystalline water 

decompositions and individual nitrites. More than 72 percent weight loss (that has been 

measured as far as 900˚ C) sounds not proper to have a high-quantity yield of metal oxide 

powders at the end of Sol-gel process, having said that theoretical weight loss for this 

method concerning the water content and organic matters is 68 percent. In the next step 

according to the TGA diagram, the route for calcination and sintering stages have been 

designed details of which are given in table 4.1. 
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Figure 4.1: TGA thermogram of sample prepared by sol-gel technique. 
 

4.1.2 X-Ray diffraction 

X-ray diffraction has been performed to study the crystalline structure of the powder. 

Phase evolution at different processing temperatures can be seen in XRD patterns of 7 

Sol-gel samples presented in figure 4.2 which are grouped according to table 4.1. 

As sintering temperature increases, materials start forming a new phase; however, the 

process finally failed to transform into a highly pure perovskite phase. Figure 4.3 shows 

that the best resultant powder of Sol-gel technique is a combination of two different 

phases (perovskite BSCF and BaCoO2) which is not fulfilling the criteria of this work. 
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Figure 4.2: X-ray powder diffraction patterns of BSCF sample by Sol-gel method at various processing 
stages according to table 4.1. XRD patterns for samples SG1 (sintered at 900 for 3,5 hr), SG2 (sintered at 
800 C for 4.5 hr), SG3 (sintered at 900 C for 4 hr), SG4 (sintered at 900 C for 4 hr), SG5 (sintered at 1200 
C for 2 hr), SG6 (sintered at 1200 C for 4 hr), SG7 (sintered at 1200 C for 2 hr) are shown in patterns 1-7 

respectively. 
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Figure 4.3: X-ray powder diffraction pattern for samples SG 7. Two dominant phases are shown with their 

representative peaks. 
 
 

4.1.3 SEM 

The technique to investigate the microstructure of the samples was Scanning Electron 

Microscopy in this work. Using a high resolution SEM instrument (details described in 

chapter 3) it was possible to study the structural properties of the synthesized powders 

and to relate them with physical behaviors of the particles as a cathode material. 

Figure 4.3- 4.5 show high resolution SEM image of sample SG5- SG7 (according to table 

4.1) at different magnifications.  

As it is visible in figure 4.4, 800 oC was not adequate to convert precursors into the well 

defined crystalline structure of BSCF and even 2 hr sintering the material at 1000 oC did 

not work out to build a perovskite system. 
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Figure 4.4: High resolution SEM micrographs of sample SG5 at different magnifications. 
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SEM images in figure 4.4 indicate that the processing temperature should have been 

increased in order to force all metals into crystal network of BSCF perovskite, therefore 

the processing temperatures for samples SG6 and SG7 have been increased up to 1200 oC 

aiming at the formation of perovskite systems. 

Figure 4.5 shows high resolution SEM micrographs of sample SG6 at different 

magnifications. Here, very high sintering temperature helps the material to transform 

from a purely amorphous system to a weakly crystalline structure; however the 

microstructure does not appear to be a perfect perovskite network due to some impurities 

in the system. It is believed that the very high sintering temperature (around 1200 oC) was 

a cause to speed up side reactions which dramatically distracted the procedure for the 

formation of BSCF perovskite systems.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 Figure 4.5: High resolution SEM micrographs of sample SG6 at different magnifications. 
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As it can be seen in figure 4.5, the particle size was in micrometer range, meaning that 

the high temperature led to grain growth and therefore loss of nanoscale features of the 

material which is in fact one of the difficulties associated with Sol-Gel technique. 

Since lower temperatures have already been examined to run the reaction for sample SG1 

to SG5 and they did not obtain any acceptable outputs, it has been decided not to 

decrease the temperature again, but to decrease the duration of sintering process. So for 

sample SG7, first calcination step remained the same as SG6, i.e. at 1000 oC for 4 hr, and 

the duration for secondary sintering was decreased to 2 hr. 

Figure 4.6 shows the SEM images for sample SG7. As it is visible at higher 

magnifications, the crystallinity seems to get more established rather than previous 

samples. Particle size is again in the micrometer ranges; however grain size is 

significantly less than sample SG6 as a result of optimizing the sintering duration. 

Although there is a fewer contribution of impurities in the structures which is proven 

using EDX in the coming characterizations -probably due to optimum sintering duration- 

but still the resultant powder is far away from BSCF perovskite structure as it is obvious 

from the x-ray diffraction pattern. Highly pure phase has not been achieved via Sol-Gel 

and this makes the current technique desperately unproductive for the synthesis of BSCF 

material. In XRD diffraction patterns it will be shown that the best result was consisting 

of two different dominant phases which is not an ideal state for a cathode electrode 

candidate material. 
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Figure 4.6: High resolution SEM micrographs of sample SG7 at different magnifications. 
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4.1.4 EDX  

To ensure about the uniform distribution through the sample, Energy-dispersive X-ray 

spectroscopy has been performed and the results are illustrated in Figure 4.7. EDX 

analysis of the sample at various regions reveals that an appropriate compositional 

homogeneity via Sol-gel technique has not been achieved. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.7: SEM micrograph and EDX Spectrum for three marked regions/spots of sample SG7. 
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4.2 Solution Co precipitation 

4.2.1 TGA 

In the second method to synthesize BSCF nanopowders as details described in chapter 2, 

the targeted material was fabricated via a multistep thermal processing of a 

nanostructured precursor known as Solution Co-precipitation. The composition of the 

precursor was predicted previously by the thermodynamic modeling as expressed in 

details in chapter 2. TGA analysis was performed to understand the mechanism of 

decompositions and the formation of the final desired BSCF phase. The thermogram is 

presented in figure 4.8. Besides the decomposition of crystalline water ~200 °C, four 

major decomposition regions were observed. These correspond to the decomposition of 

individual oxalate precursors. In order to assess the crystallographic phases present the 

precursor was calcined at each decomposition step (300 °C, 400 °C, 500 °C, and 875 °C 

as in chapter 2, figure 2.10: Categorization of co-precipitation sample to study annealing 

temperature on the crystal structure).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 4.8: TGA thermogram of BSCF precursor co-precipitated in the form of oxalates. 
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4.2.2 XRD 

The resultant samples were analyzed by X-ray powder diffraction method similarly to 

Sol-gel technique. Decomposition process ends close to 1000 °C at which the final oxide 

powder in perovskite phase should be formed. 

 
Figure 4.9: X-ray powder diffraction patterns of BSCF sample by co-precipitation at various processing 

stages; a) sintered at 300°C for 0.5 hr, b) sintered at 400°C for 0.5, c) sintered at 500°C for 0.5, d) sintered 
at 875°C for 0.5 and e) sintered at 1000°C for 9 hr which indexed pattern shows a perfect agreement with 

perovskite system of Pm3m space group. 
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X-ray diffraction pattern of the resultant powders are presented in figure 4.9 at different 

processing temperature and XRD pattern of the best result has been shown indexed in 

figure 4.10. All the observed peaks for the sample sintered at 1000˚C for 9 hours were 

indexed to perovskite system with a space group of Pm3m (221). By applying Scherrer 

Equation: 

θβ
λ

cos
kLhkl =  

(4.1)

where: 

β is the width of the peak at half maximum intensity of a specific phase (hkl) in radians; 

K is a constant that varies with the method of taking the breadth (0.89<K<1), 

λ is the wavelength of incident x-rays, 

θ is the center angle of the peak, 

and L is the crystallite length. 

The average crystallite size was calculated to be around 90 nm. 

4.2.3 SEM and SPS 

Scanning Electron Microscopy has also been conducted to investigate the structural 

characteristics of the BSCF materials. SEM micrographs of BSCF with different 

magnifications are presented in figure 4.10 for various processing stages showing the 

effect of increased temperature on structure evolution and eventually forming the BSCF 

perovskite system at 1000 °C. The SEM images of the best resultant powder, sintered at 

1000 ˚C for 9 hr, are given in figure 4.11 at different magnifications. Nanoscale features 

in the order of 50-100 nm were observed on larger layer like particles. 
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Figure 4.10: SEM images of BSCF powder calcined at different temperatures showing the structural 
evolution of the sample: a) @300 ˚C b) @550 ˚C c) @875 ˚C d) @1000 ˚C. 

 
 

In order to have an appropriate evaluation of the transport properties it was required to 

prepare a quite dense sample of BCSF powder, on the other hand, it was critical to 

preserve the nanoscaled features of the perovskite as well. To achieve those purposes 

simultaneously Spark Plasma Sintering was utilized for the powder densification into 

tablet forms and to avoid growing grain boundaries and therefore particle size. BSCF 

nanopowder has been sintered by SPS at 1080 °C under 50 MPa pressure for 2 minutes. 

Scanning Electron Microscopy images after SPS processing (figure 4.12) show that it has 

been fully managed to conserve the particle size in nanoscale range so that the electrical 

properties have not been affected by the undesired grain grown. 
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Figure 4.11: High resolution SEM micrographs of BSCF as sintered at 1000 °C for 9 hr at different 
magnifications. 

 
Figure 4.12: High resolution SEM micrographs of BSCF sintered at 1000 °C for 9 hr and afterwards 

sintered by SPS at 1080 °C under 50 MPa pressure for 2 minutes. 
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4.2.4 EDX 

Energy-dispersive X-ray spectroscopy analysis of the sample shows that compositional 

homogeneity has been achieved beside the structural uniformity. Figure 4.13 illustrates 

four different spots of the micrometric cut of the sample which are having very similar 

chemical composition to each other to boost the idea that co-precipitation technique is 

perfect to homogenity-oriented synthesis of perovskite materials. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.13: SEM micrograph and EDX Spectra of BSCF material at three different regions synthesized by 

co-precipitation technique, sintered at 1000 C for 9 hr. 
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4.2.5 Four-point probe electrical conductivity measurements 

As a cathode material for solid oxide fuel cell, our synthesized BSCF material should 

have relatively high electrical conductivity at intermediate temperature range which this 

parameter has been examined by a four point probe technique as described in chapter 3. 

The results of electrical measurements are summarized in figure 4.14 and table 4.2. These 

measurements can be taken into account as check points of the properties of synthesized 

perovskite material to be applied into cathode of solid oxide fuel cell. 

The behavior of lattice oxygen notably affects the BSCF’s electrical conduction property. 

The results measured in air and N2 are plotted in relation to log σ vs. 1000/T in figure 

4.14 where σ is electrical conductivity and T is is absolute temperature. 

 

 

 

 

 

 

 

 

 

Figure 4.14: Temperature dependant electrical conductivity of final BSCF material in air and N2 

Since perovskite BSCF is a mixed conductor, the overall conductivity involves both 

electrical and ionic conductivity term, due to the presence of electrical holes and oxygen 

vacancies. However, the ionic conductivity is about two orders of magnitude lower than 

electrical conductivity. Consequently, it is reasonable to assume that the measured values 

refer to the latter one alone [5]. As it can be seen in figure 4.14, both relationships of 
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logσ vs 1/T are linear until 400°C. Then, the slope of the curves dramatically changes, 

and they tend to show dissimilar behaviours above 450°C. 

For the curve in air, it begins to decrease slowly, while for that in N2, the curve keeps on 

increasing with a gentle slope. It should be noted that both curves tend to be steeper at 

about 700°C. This can be attributed to the reduction of trivalent state of Co3+ to Co2+ [27] 

expressed by: 

 

↑++′↔+ 22
1**22 OVoCOCo OCo

x
O

x
Co

(4.2) 

Such reduction seems to occur earlier in N2 because of the lower oxygen partial pressure, 

which is not clearly observed from the TG curves. As proved by thermopower 

measurement, the conductivity mechanism can be attributed to the hopping of p-type 

small polarons, which are associated with the behaviours of tetravalent state of cobalt and 

iron cations. The charge transfer is thermally activated, with the temperature dependence 

given by the following equation [28]: 

 

)exp(
kT
Ea

T
A

−=σ  
(4.3)

 

where Ea is the activation energy for hopping. The activation energy is calculated from 

the slope of the curves.  

The Ea value, calculated from the linear part between 100 °C and 400 °C, is 10.64 

kJ.mol−1 and 10.90 kJ.mol−1 in air and N2, respectively. Specific conductivity values at 

various temperature points are listed in Table 1. It can be observed that the conductivity 

in air reaches a summit above 63.51 S cm−1 at about 500 °C, while the value in N2 keeps 

on increasing with a maximum value of 17.3 S cm−1 at 900 °C. Although the conductivity 

values measured are completely sufficient to fulfil cathode criteria. The magnitudes 

measured in N2 are lower than those received in air, indicating that the electrical 

conductivity is extremly sensitive to pO2. Table 4.2 shows the summary of electrical 
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conductivity measurements and comparision of the specific conductivity of the 

nanostructured synthesized BSCF with conventional BSCF materials. 

 
Table 4.2: Comparison of Specific Conductivity values at various temperature points for conventional and 

nanostructured BSFC: a) in air, b) in N2 
a) 

Specific conductivity values in air σ (S cm−1) 
sample 50 

°C 
100 
°C 

200 
°C 

300 
°C 

400 
°C 

500 
°C 

600 
°C 

700 
°C 

800  
°C 

900 
°C 

Conventional 
BSCF† * * * 12.2 25.7 28.1 25.9 25.0 25.4 26.1 

Nanostructured 
BSCF 

0.6
1 2.38 13.36 34.07 54.30 63.51 63.47 63.46 64.46 57.69 

b) 

Specific conductivity values in N2 σ (S cm−1) 
sample 50 

°C 
100 
°C 

200 
°C 

300 
°C 

400 
°C 

500 
°C 

600 
°C 

700 
°C 

800  
°C 

900 
°C 

Conventional 
BSCF† * * * 3.6 8.6 11.0 11.8 13.2 14.8 17.3 

Nanostructured 
BSCF 

0.4
7 1.76 9.05 

@ 
367 

24.86 
23.71 15.44 13.52 15.57 17.51 * 

† [16] 
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Conclusions and future work 
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5- Conclusions and future work 

Among the two techniques used for the synthesis of SOFC materials co-precipitation 

method is much easier to prepare the desired composition with a high purity than the sol-

gel method. Synthesis of BSCF via Sol-gel method is more difficult to handle and has 

lower phase purity and yield than solution Co-Precipitation (CP). 

Solution Co-Precipitation method needs relatively low processing temperature (~1000 
oC) and results in smaller particle size than the conventional chemical techniques. The 

process is called chemical grinding as the decomposition of the precursor will form the 

desired perovskite phase. Decomposition reduces the size of initially formed precursor 

nanoparticles. Very uniform particle size distribution and compositional homogeneity are 

achieved by CP method for the particles with the mean size of 90 nm. 

As the purity of the material obtained from CP method was higher, compact by spark 

plasma sintering was prepared for this sample and electrical conductivity measurements 

performed show a high promise for nanostructured BSCF materials to be used as cathode 

for intermediate temperature SOFC.  

Overcoming cathode polarization problems and cathodes with relatively high surface area 

and enough thermal stability enables to improve the oxygen exchange rate and therefore 

the overall SOFC performance utilizing perovskite-type structure nanosized powder. 

And for future works as the continuation of this master thesis, the following items can be 

considered: 

1- Performing a comprehensive study on the structural characteristics of the BSCF 

material and their effects on its performance as a cathode, specially the 

relationship between microstructure and electrical properties and conducting AC 

electrical conductivity measurements to find out the exact mechanism of the 

transport phenomena in BSCF materials. 

 

B 
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2- Study on the thermal expansion coefficient of synthesized BCFS to see if it is 

within the agreement with the ones used for other parts of SOFC. 

 

3- Scaling up the synthesis of BCFS to the extent possible for making a complete 

arrangement of a single cell, including electrodes and electrolyte. 

 

4- Performing electrochemical testing on the solid oxide fuel cell equipped by 

nanostructured BSCF cathode material and investigation of its electrochemical 

performance. 
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