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Abstract 
In this research work different methodologies were used to synthesize nano-compsite 

electrolyte material for new device of LTSOFC on the basis of nano-composite 

approach to investigate, which is most promising material candidate for low 

temperature solid oxide fuel cells (LTSOFCs). In the present study samarium doped 

ceria (SDC) and yttrium barium oxide (YB) are prepared by using three methods (1) 

co-precipitation (2) sol-gel and (3) ball milling to solid-state reaction. Morphology 

and structure of nano-composite material was examined by X-Ray diffraction (XRD). 

Fuel cells were constructed by using these prepared materials as the electrolyte and 

tested at temperature range of 400-700 OC. The material conductivity is measured by 

DC 4-probe method. Brunauer Emmett Teller (BET), Thermal Gravitational Analysis 

(TGA), and Scanning Electron Microscope (SEM) were used for characterizations of 

particle size of the material, thermal behavior and microstructure analysis 

respectively. Natural gas was used as fuel during the fuel cell operation. Among three 

samples using different techniques and among them Sample No.1 which was prepared 

by co-precipitation method gives 0.1 S/cm conductivity and shows maximum power 

density of 0.2W/cm2. Key Words: Nano-composite, electrolyte and natural gas. 
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Scope of the thesis 
	  
Fuel cell is the clean energy technology but it faces many challenges. For example, 

Solid Oxide Fuel cells have to move to lower the operating temperature but the good 

ionic conductivity is a barrier. The scope of this project is to synthesis such nano-

composite material, which have good ionic and proton conductivity electrolyte 

material that can be used for low temperature Solid oxide fuel cells (LTSOFCs). 

Three methods, co-precipitation, sol-gel and ball milling to solid-state reaction were 

used for the preparation of the nano-composite material. Overall material 

characterizations on structure, microstructure and electrical properties as well as 

applications for fuel cells have been performed on the prepared materials. Objectives 

of this master thesis are: 

1- Synthesis of nano-composite electrolyte material for Solid Oxide Fuel Cells 

2- Characterization of nano-composite material (XRD, TGA, BET) 

3- Electrochemical characterization (conductivity, fuel cell performance) 

4- Reducing cost, increasing stability 
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Introduction 
	  
Fuel cells are used for the conversion of chemical energy into electrical energy. A 

typical fuel cell consists of electrodes and electrolyte. One of the electrodes use for 

the supply of gaseous fuel and acts as a negative electrode and the other electrode is a 

host for oxygen reduction fed from air. A fuel cell is very similar to the battery in its 

components and characteristics. In battery maximum energy is already stored and 

used during a chemical reaction. When fuel is consumed, battery stops functioning, 

while the Fuel Cell can continuously work as long as fuel is supplied (Revanker, 

Majumdar 2014; EG, Parsons 2004; EG 2004; Raza 2011). 

There are many sustainable technologies in the engineering field and fuel cell is one 

of the newly emerging technologies, which now become more commercially these 

days.  There are some reasons, which show that, why fuel cell is better and why it is 

necessary to study it. Fuel cell provides direct energy without any combustion, as in 

fuel cell there is no moving part like other plants for the conversion of energy. Fuel 

cells are very quiet, fuel flexible (more than one fuel can be used), size flexible, and 

determined that it is easily available for low operating things (fuel cells). Fuel cells 

use for sitting ability, give good performance, during isolation, reliability of lower 

temperature units and have very good market entry cost. Fuel cell is a good source of 

energy as fossil fuels are eliminating day by day and there is a need of alternating 

source that combat with the new challenges of energy provider.   

These features make fuel cell an ideal candidate for a diverse amount of applications, 

especially in combine heat and power (Revanker, Majumdar 2014; EG, 2004; 

Hoogers 2002). 
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Figure 1 Working principle of Fuel Cell (Raza 2011) 

Kinds and Categories of Fuel Cells 

Many different fuel cells have been created and they are usually classified and 

categorized by the type of electrolyte used, type of ions transferred and range of 

temperature level. The table given below shows a list of commonly used fuel cells 

along with their types of electrolyte used, migrated ions, operational temperature 

(Revanker, Majumdar 2014; EG, 2004; Hoogers 2002). 

As electrolyte material describes the operating principles, characteristics of a fuel cell 

and a fuel cell is named on the base of electrolyte that used in the fuel cell. For 

example, an alkaline fuel cell (AFC) uses an alkaline solution such as potassium 

hydroxide (KOH) in water; while phosphoric acid is usually used as an electrolyte in 

the PAFCs. In a PEMFC proton-conducting solid polymer electrolyte membrane were 

used. In MCFC lithium in molten form or potassium carbonate in solid state as 

electrolyte and SOFCs uses solid electrolytes of different materials (Revanker, 

Majumdar 2014; EG, 2004; Hoogers 2002). 

1-Polymer electrolyte membrane (PEM) Fuel cell 

In PEM fuel cell special polymer membrane is used which is an effectively proton 

conductor and used as an electrolyte (G Services, 2000). This fuel cell is also called as 

SPEFCs (solid polymer electrolyte Fuel Cells). It can be operated at low temperature 

between 85 to 105OC (Carrette, 2001). Due to low operating temperature and low 

corrosion problem this fuel cell is used to provide the water as a byproduct for the 

astronautsand it consider the first fuel cell that used in space. The Gemini program 

used 1 KW fuel cell stack for the production of power. A breakthrough in the field of 
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the polymer electrolyte fuel cell (PEMFC) is produced with the use of Nafion 

membranes by the DuPont. This new technology provides the higher conductivity and 

higher acidity and it is more stable than the previous membrane. Ballard in 1987 used 

a different membrane that gives four times higher current density at the same voltage 

than Nafion (Revanker, Majumdar 2014; EG, 2004; Hoogers 2002).  

2-Alkaline Fuel cells (AFCs) 

AFCs can provide the highest electrical efficiency but it works only with pure gases. 

The electrolyte used here is KOH (potassium hydro oxide) and its concentration is 

usually 30-45wt.-%. AFC operates at the temperature of 200-230OC. As it works with 

only gas and it is difficult to handle the gas, which is a major restriction in its 

application. This is one of the Fuel cells, which used in Apollo mission, the 

spaceshuttle program and it was planned to use in the European Hermes. In the 

Apollo mission fuel cell provides the energy for cooling of shuttle compartments and 

produces portable water for the astronaut (Revanker, Majumdar 2014; EG, 2004; 

Hoogers 2002).  

3-Phosphoric Acid Fuel cells (PAFCs) 

It is type of fuel cells in whichliquid acid of phosphorous is used. (G Services, 2000). 

At the beginning, diluted phosphoric acid used in the cell. With the improvement of 

the material, PAFCs with 100% pure phosphoric acid are used and this happened with 

the matrix based on SiC components. Pure acid in the fuel cell makes the conductivity 

better and reduce the carbon support. Operating temperature for the PAFCs is 150-

200OC. It is the most advance system that can be used regarding commercial 

development. PAFCs can be used in the stationary power plant for the dispersion of 

the power from the range of 5-20 MW. PAFCs are used for the supply of power in the 

shopping malls, supplying towns/cities and hospitals. The main advantage of the 

PAFCs is its easy construction and stable with the heat and chemicals. (Revanker, 

Majumdar 2014; EG, 2004; Hoogers 2002). 

4-Molten Carbonate Fuel Cells (MCFCs) 

In MCFCs electrolyte is molten carbonated salt suspended in a porous ceramic 

alkaline mixture. MCFC provides the internal reforming due to the high operation 
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temperature between 600-700OC. At this temperature alkaline carbonates become 

more conductive.  MCFCs developed during the 20th century. Molten carbonate Fuel 

Cell system provides efficiency up to 50-70% if it is operated with other power 

generators. Molten fuel cell is very flexible (can be operated at different temperature) 

with different kind of fuels. In the stationary power generation system MCFCgives a 

remarkable performance as compare to the power conversion units (Revanker, 

Majumdar 2014; EG, 2004; Hoogers 2002). 

5-Intermediate Temperature Solid oxide Fuel Cells (ITSOFCs) 

The construction and material used for the manufacturing of the TSOFC and ITSOFC 

is same. Intermediate temperature SOFCs operate at very low temperature between 

600-800OC and thin film technology is developed on this basis and promotes the ionic 

conduction as well as different electrolyte materials are tested for it (Revanker, 

Majumdar 2014; EG, 2004; Hoogers 2002). 

6-Tubular Solid Oxide Fuel Cells (TSOFCs) 

To construct a solid nonporous metal oxide material used, usually Y2O3 alleviated 

ZrO2. SOFC is more stable than MCFC as there is no leakage of electrode. In SOFCs 

electrolyte is solid, compact, nonporous metal oxide. The operating temperature is 

1000 OC.  At higher temperature ionic conductivity is occurs by the oxygen ions. 

PEFC, AFC and PAFCs all are operated at low temperature. These cells have proton 

and hydroxyl as a charge carriers while in highly temperature operated fuel cells such 

as MCFC, ITSOFC and TSOFCs have oxygen and carbon ions as a charge carrier 

(Revanker, Majumdar 2014; EG, 2004; Hoogers 2002). 

7-Micro Fuel Cells 
Micro fuel cell is a compact reduced size, which ranges between few square 

millimeters to 1000 mm2. Micro fuel cells are majorly used in portable things that 

included personal computer, laptops, digital assistants etc. They can be used in 

portable devices such as cell phones, laptop computers, personal digital assistants and 

other portable low power electronics devices. Power densities of these miniatures 

ranges from few tens of microwatts per square centimeter up to several hundred of 

mili watts per square centimeter (Revanker, Majumdar 2014).  
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8-Biological Fuel Cells 
	  
Biological fuel cells have various aspects from conventional electrochemical fuel cell. 

They use biocatalyst to drive redox (reduction and oxidation) reactions. The function 

of biocatalyst is to generate fuel substrates through metabolic process and bio 

catalytic transformations, or also there is electron transfer existing between the fuel 

substrate and the electrodes surfaces. They can be operated at ambient temperature, 

atmospheric pressure and neutral PH (Revanker, Majumdar 2014).  
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Table 1 Fuel Cells Comparison (Raza 2011, EG, 2004) 

	  

 

 

 

 

 

 

 

 

 

 

 

Type Fuels/Eff. Applications Advantages Disadvantages

PEM
Nafion (H+)

80 °C

H2
CH3OH
35-40%

Transp.
Port. Elec.

Home

Fast start
Simple
system

High cost
Low efficiency

Lifetime

AFC
KOH (OH–)
90–200 °C

H2 Space Highest
power
density

CO2 instability

PAFC
H3PO4 (H+)

200 °C

H2 (CH4) UPS
Stationary

Multi-fuel
Most

developed

Start-up time
Low energy

density

MCFC
K2CO3
(CO3

2–)
650 °C

H2
CH4

Stationary High effic.
Internally
reforming

Complex
system

SOFC
YSZ, CeO2

(O2–)
800 °C

H2
CH4

(HCs?)
60-80%

Stationary
Specialty

High effic.
Internal

reforming

Complex
system
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Composition of Solid Oxide fuel Cell (SOFC) 

Basically SOFC is consisting of cathode, anode and electrolyte. Each part of the fuel 

cell executes its own functions. Cathode where oxygen is received and reduced to 

oxygen ions, Anode-where hydrogen/fuel is received while reduced oxygen ions 

move through from electrolyte to meet hydrogen and form water. In parallel of water, 

electricity, by-production of heat is also an important factor.  Whole reaction 

procedure is shown in the figure below. Kröger-Vink Notation explains the half-cell 

reaction at cathode and anode, where V is the oxygen ion vacancy O is the oxygen ion 

in the electrolyte (Ma.Y 2012;Revanker, Majumdar 2014; EG, 2004; Hoogers 2002). 

Highly temperature operated SOFC gives good efficiency conversion to power, 

internal reforming and heat as a by products. The most important thing of SOFC is 

fuel flexibility, means it can be operated with different fuels such as gas (Hydrogen 

etc), liquid (Bio-ethanol etc), solid (coal etc) and some time there is no need of 

reforming in the external fuels and can be directly used. Secondly SOFC like other 

fuel cells such as PEMFC does not rely on noble metal catalysts. These qualities make 

very attractive for the stationary power generations (Ma.Y 2012; Revanker, 

Majumdar 2014; EG, 2004; Hoogers 2002). 

 

 

	  
Figure 2 Internal Structure of SOFC (Ma.Y 2012) 
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Figure 3 Temperature variation of Different electrolyte (Ma.Y 2012) 

Electrodes of SOFCs 

The electrodes of the SOFC has a good electronic conductivity, have sufficient 

porosity for the transportation of oxidant and fuel through the electrode layer and 

There is a gradual decrease in ionic conductivity crossing the contact between 

electrode and electrolyte. 

It is divided into two parts as described above 

1) Anode    2) Cathode 

Anode 
 

The anode is the component of the fuel cell where selected fuel is provided.  Main 

role of anode in SOFC is electro-oxidation of fuel. It must be high electrical and ionic 

ally conductive, thermally expansion, well matched and permeability also be stable 

and work in a stiff atmospheres. Thermal expansion coefficient matches with the 

electrolyte materials and have high catalytic activity.  Many researches like to have 

nickel metal because of its large quantity and abundantly easy availability in the 
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market. A Ni-YSZ composite is a good combination to assemble all these difficulties. 

Other choices are also under investigation; Cu-cerium oxide anode is considering 

another alternative. Different porous materials like thermosetting resins, carbon and 

starch are used to maintain its porosity. During the process, porous material burns by 

leaving pores. These prosperities and rise in temperature reduce the choice of anode 

material to nickel and noble metals. Preference of nickel metal increases because of 

low cost but the use of hydrocarbon fuels to the conventional nickel based anodes 

makes catalysis cracking at the operating temperature and deposition of carbon on the 

anode leads to the decrease in cell performance. Another material copper that does not 

catalyze the cracking process replaces the nickel(Ma.Y 2012; Revanker, Majumdar 

2014; EG, 2004; Hoogers 2002).   

Cathode 
	  
Cathode does many jobs in the process of fuel cell reaction that covers, reduce the 

molecule of oxygen, facilitate the charge to reach the middle of the cell (electrolyte). 

Therefore cathode should have the following requirements.  

It should be Porous so that oxygen molecules can easily reach the 

electrode/electrolyte interface. Cathodes have major portion of the cell so it is 

associated with weight and structurally support.  In many of the common materials 

that used for the cathode, lanthanum manganese is more common. It is a perovskite of 

p-type and associated with earth elements and strontium to increase the conductivity.  

In these perovskites, the electrons carry out conductivity and it never supports ionic 

conductivity.  A good characteristic of the material is required which these materials 

significantly have as for the electrons move in the open circuit flow and move back 

from cell to decrease the concentration of the oxygen ions via electrolyte. Thermal 

expansion coefficients should be comparable to that material that use for the 

electrolyte material for SOFC(Ma.Y 2012; Revanker, Majumdar 2014; EG, 2004; 

Hoogers 2002).  

 

Perovskite Materials 

 General formula of perovskites is ABX. Where A and B are cat-ions of different 

sizes and X is an-ion. Crystalline structure of an oxide is quite similar to the mineral 



	   10	  

(CaTiO3), which normally has an expression of ABO3. Ideal structure of perovskite 

composed of cat-ions B located in the center of the cubic units with an-ion O while 

cat-ions A surrounded them in a precise manner (EG, 2004; Hoogers 2002). 

Electrolyte  

Electrolyte is the heart or main part of any cell. To have good performance by the 

electrolyte, it must have some good features e.g. extreme ionic and small electrical 

conduciveness, chemically and thermally strength to protect the nature and have good 

bind nature with electrodes, tightly compressed construction of the material for the 

conductivity and minimize the crossing and decrease the cost as well as 

environmentally friendly, fully matched of thermal expansion coefficient with 

electrodes. More over a focus on mechanical strength and chemical compatibility 

need further development (Ma.Y 2012; EG 2004; Hoogers 2002).  

In the long run, electrolyte need more characteristics, it must hold a high ionic 

conductivity and act as a barrier for electrical conductance. This is compressed 

completely to avoid any kind of leakage of the gas. Moreover, electrolyte layer be in a 

very balance that resistance is quite accommodated. When it couples with other 

materials its structure, chemical composition and thermally should be compatible with 

variation of temperature. Yttrium Stabilized Zirconia (YSZ), Doped Ceria Oxide 

(DCO) and Doped Bismuth Oxide (DBO) are several applicant materials for the 

electrolyte; the first two are very effective and good materials. The materials (bismuth 

oxide) show very good ionic conductivity at lower operating temperature and lose 

crystalline stability at higher temperature. YSZ is considered as the most appropriate 

electrolyte material. Yttrium gives double job; one is merging of zirconia into the 

cube structure at higher temperature or secondly it provides oxygen deficiency as the 

replacement of the moles of the dopant. A classic dopant equal is 10-mol% yttrium. 

Electrochemical vapor deposition is good technique to apply a thin layer and thick-

coating of electrolyte on the cathode substrate, with the help of this technique, a film 

apply on the spongy substance by crossing oxygen in the inner side of the cathode 

part zirconium chloride and yttrium passes outer sides. The reaction done on the 

surface of the tube and makes YSZ, but it closes the pores.  Another method is of 

coated it with the help of spray or dipped it to get a smoothly performance. In this 

method colloidal suspension of YSZ is functional as a thin layer of minimum 20 
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microns, using nano-size (5-10nm) elements to get low porosity, it can be considered 

as the replacement of electrochemical deposition. Ceria oxide is considering the 2nd 

possible applicable electrolyte. It has highly ionic conductivity in air and operated at 

low temperature less than 700oC (Ma.Y 2012; EG, 2004; Hoogers 2002).  

Designing of SOFC 

According to the solid-state character, there is no limit on the cell construction. It is 

necessary that the designing of the fuel cell should be according to the new criteria or 

it also depends on the applications. 

Shapes of SOFCs 

SOFC (Solid oxide fuel cell) is one of the most promising technologies; it can be 

adapted in different forms but most commonly used are of two shapes. 

a) Tubular  

b) Flat plate 

By one of the approach, the fuel cell shape has tubular and the other is flat. The 

tubular shape is according to the Siemens Westinghouse developed applies at a user 

site to facilitate the operation of the power unit normally 100KW. 

Ideally, the Samsung Company has adopted flat shape solid oxide fuel cell to operate 

(EG, 2004; Hoogers 2002). 

	  
Figure 4 Tubular and Flat plate SOFC (EG 2004) 
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Electrochemical Reactions 

The electrochemical reaction in the SOFCs using hydrogen gas as a fuel and oxygen 

gas for oxidation of ions depend on the following equations. 

 H2 + O-2 → H2O + 2e-   at anode 
1/2O2 + 2e- → O-2                           at cathode 

 
The complete cell reaction 

H2 + 1/2O2→ H2O + Power 
 

	  
Figure 5 Internal Schematic diagram of FC (EG 2004). 

 

SOFC (Solid oxide fuel cell) has a unique characteristic of verity of fuels; these fuels 

may be hydrogen, carbon monoxide, methane, methanol, ethanol and other different 

hydrocarbon (EG, 2004; Hoogers 2002). 

State of the Art 

The given table shows material used in the various part of the cell components for the 

development of the tubular SOFC and there are some that consider earlier 

manufacture of cell.  Fuel cell (SOFC) operated at very high temperature. The 

material used in the cell cannot be constant in the oxidizing and droppingatmosphere. 

This kind of restrictions drag the investigation of the developing cell, into a new 

direction that oxide and material composition activate at the transitional temperature 

of 600-800OC(EG, 2004; Hoogers 2002). 
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Table 2 Development of Fuel Cell (EG 2004) 

Component Ca. 1965 Ca. 1975 Current Status 

Anode Porous pt. Ni/ZrO2 cermet  Ø Ni/ZrO2 cermet 
Ø Deposit slurry, EVD fixed 
Ø 12.5 x 10-6 cm/cm oC CTE 
Ø ̴ 150 µm thickness 
Ø 20-40 % porosity 

Cathode Porous pt. Stabilized ZrO2 

impregnated with 

praseodymium oxide and 

covered with SnO doped 

In2O3 

Ø Doped Ianthanum manganite 
Ø Extrusion, sintering 
Ø ̴ 2 mm thickness 
Ø 11 x 10-6 cm/cm oC expansion 

from room temperature to 
1000oC 

Ø 30-40% porosity 

Electrolyte Yttria stabilized 

ZrO2  

0.5-mm 

thickness  

Yttria stabilized ZrO2 Ø Yttria stabilized ZrO2 (8mol% 
Y2O3) 

Ø EVD 
Ø 10.5 x 10-6 cm/cm oC 

expansion from room 
temperature to 1000oC 

Ø 30-40-µm thickness 
Cell 

Interconnect 

Pt  Mn doped cobalt chromite Ø Doped manganite 
Ø Plasma spray  
Ø 10 x 10-6 cm/cm oC CTE 
Ø ̴ 100 µm thickness 

 

 

The concept about the thin film is new approach in the SOFC in which film of 

electrolyte; electrode and the connected material set down together and sintered them 

for the making of cell. The manufacture style is different for the different cell 

arrangement and assembly. “Electrochemical Vapor Deposition “(EVD) technique is 

an example used for the development of the squeaky films of refractory appropriate 

oxide for anode, electrolyte and interconnected in the tubular design of the fuel cell. 

But in 1998 the EVD was used for only electrolyte accumulation. With the help of 

such kind of method, metallic chlorine is presented in vapor phase from one part of 

tube side and O2/H2O on second part of Cell. Gaseous behavior on two margins of the 

cell presents like a galvanic couples as expressed in these equations. 
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MeCly +1/2yO-2→ MeOy/2 + ½ yCl2 + ye- 

 
1/2O2 + 2e-→ O-2 

 

H2O + 2e- → H2+ O-2 

 

The resulted metal oxide material is uniform and dense upon which deposition of 

ionic charge and rate of electronic charge carrier is controlled with the help of 

diffusion process. All of this above-mentioned procedure is for the manufacturing of 

solid electrolyte Yttria Stabilized Zirconia (YSZ) (EG, 2004; Hoogers 2002).  

The anodic part of cell consists of Ni metal and aY2O3 stabilize with ZrO2 structure. 

The anodic part is fabricated with a porous structure, which facilitates 20-40 % of 

bulk passage of reactant and resultant production of gases. Cathode part of cell is 

lanthanum manganese and mostly used in a doped form. Similar to anode and cathode 

both are used as a porous structure for the free movement of reactant and product 

gases. Chemically stability of interconnected material between anode and cathode 

must bear O2 partial pressure of 1 to10-18 atmosphere at 1000OC.  

The fabrication of electrolyte should be in such a way that its porosity permits the 

gaseous positive ions to cross from one edge of electrolyte to the other edge of the 

electrolyte. This electrolyte layer should be too thin up to such degree that it 

minimizes the ohmic loss. Furthermore, for the configuration of the electrolyte the 

transport number for oxygen ions close to 1 and for the electron transportation 

minimize as close to zero. The electrolyte made of Zirconia material executes the 

anion under a wide range of atmosphere up to 10 and appropriate weight of oxygen. 

And remaining part conducts only electron. The electronic conductivity has no effect, 

if the ions penetrate at higher temperature into the electrolyte. The important thing is 

the stability of the cell structure in gaseous environment at elevated temperature of the 

cell. The above table shows some materials that have the ability to meet the required 

criteria. Thermal stability is requirement of successful operation on Fuel Cell and 
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second thing is thermal expansion of materials used in the fabrication of fuel cell 

should be closer (EG, 2004; Hoogers 2002).  

Theoretical Approach of SOFCs Potential 

The figure below just describes the input and output value of the SOFC (Solid oxide 

fuel cell). Chemical energy of the SOFC (Solid oxide fuel cell) easily calculated by 

the help of laws of thermodynamics, according to the first law of thermodynamics, 

energy of the system remain stable which can be expressed by the equation 

                                    Q−H= ΔW                

	  
Figure 6 Block diagram of Fuel Cell  (https://eochemistry.wikispaces.com/Fuel+Cells+-

+Jesse+%26+Brendan) 

Where the hydrogen energy and oxygen are the inputs and electricity, heat and water 

are the outputs, however, the chemical energy of the reaction cannot be defined by the 

simple formulae, we have to use different terms such as, Gibbs Free Energy (GFE), 

Enthalpy, Helmholtz function. A new term exergy is also using in chemical reactions 

and calorific value important factor for the calculation (EG,	   2004;	  Hoogers	   2002). 

The Gibbs free energy is the energy, which used in the external circuit and neglects 

any other work done in changing pressure as well as volume in the fuel cell.  

Electrical work changes in Gibbs free energy and equation relate to electrical work 

and Gibbs free energy is given below in the equation. 
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ΔG = -W electrical 

Electrical energy, which is available in the external circuit in their maximum range, is 

express as 

W electrical =nFE 

 

Where  

 1-“W(electrical) is valuable output electrical effort in the form of work. 
2-“n” Express the electrons number. 

 3-“F” denotes the Faraday’s constant. 

 4-“E” is the reversible cell potential.  

Gibbs free energy is acting as dynamic power for the reaction in the fuel cell. If we 

combine both the equations, then we get a new equation that represents the maximum 

out put electrical control of fuel cells with new expression of Gibbs free energy.  

 

ΔG = −nFE 

In general gas equation and reaction in which reactant A and B react and give 

product in the shape of C and D 

 

aA   +  bB → cC + dD 

Change in energy of the reactants and products can be related with standard 

Gibbs energy and can be expressed in the form of  

 

                   ΔG = ΔGo +RTln   Pc
C Pd

D 

                                                  Pa
APb

B 
 

 

  In form of ideal standard potential (Eo) and Ideal potential (E) equation will 

be 

-nFE = -nFEo+ RTln Pc
C Pd

D 

                  Pa
APb

B 
The notation “P” of the gaseous phase reactant expresses partial pressure and products 

and final equation has the shape given below.  

 



	   17	  

                            E = Eo+ RTln Pc
C Pd

D 

                                          nFPa
APb

B 
 

Which is the Nernst equation, from which the thermodynamic reversible 

potential E can be calculated with the help of temperature, pressure and standard cell 

voltage Eo (EG, 2004; Hoogers 2002).  
Table 3 Electrochemical Reaction in the fuel cells (EG 2004) 

Fuel Cell Anode Reaction Cathode Reaction 

Polymer Electrolyte and 

phosphoric Acid 

H2 → 2H+ + 2e- ½ O2 + 2H+ + 2e- 

Alkaline H2 + 2(OH)- → 2 H2O+ 2e- ½ O2 + H2O +2e- → 2(OH)-
 

Molten Carbonate H2 +CO3→ H2O +CO2 +2e- 

CO + CO3 → 2CO2 + 2e- 

½ O2 + CO2 +2e- → CO3 

Solid Oxide H2 +O=→ H2O +2e- 

CO + O= → CO2 + 2 e- 

CH4 + 4O=→2H2O + CO2 + 8e- 

½ O2 + 2e- → O= 

 

CO → carbon monoxide e- → electron  H2O → water 
CO2 → carbon dioxide H+→ hydrogen ion O2    → oxygen 
CO3 → carbonate ion  H2 → hydrogen OH- → hydroxyl ion 
 

Table 4 Fuel Cell Reactions and corresponding Nernst Equations (EG 2004) 

Cell Reactions Nernst Equation 

H2 + ½ O2→ H2O  E = Eo + (RT/2F) ln [PH2/PH2O] + (RT/2F) ln [PO2] 

H2 + ½ O2→ CO2
(c) → 

H2O +CO2
(a) 

E = Eo + (RT/2F) ln [PH2/PH2O (PCO2)(a)] + (RT/2F) ln [PO2 

(PCO2)(c)] 

CO+ ½ O2→ CO2 E = Eo + (RT/2F) ln [PCO/PCO2] + (RT/2F) ln [P1/2O2] 

CH4 + 2O2→ 2H2O + 

CO2 

E = Eo + (RT/8F) ln [PCH4/P2H2 PCO2 ] + (RT/2F) ln [PO2] 

 

a →  anode   P → gas pressure 
b → cathode  R → universal gas constant 
E → equilibrium potential T → temperature (absolute) 
F → Faraday’s constant 
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Fuel Cell Applications 
	  
	  
	  

	  
Figure 7 Fuel Cell Application Chart (http://neesc.org/education/) 

 

By knowing that fuel cell has an inherently flexibility in theirs sizes, they can be used 

to in different kind of applications which not only has shorter as well as has longer 

range.  Due to distinctive characteristics, it can be used from the few watts to 

megawatt (EG, 2004; Hoogers 2002; T.Magrez 2004).  The figure given above gives 

different fuel cells and their application ranges. The figure given below gives 

efficiency of different fuel cells.  
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Figure 8 Power of Different Fuel cells 

 (https://fuelcellsworks.com/archives/2009/12/15/ational-institute-of-advanced-industrial-science-
and-technology-aist-develops-micro-tubular-solid-oxide-fuel-cell-integrated-compact-modules-

operable-at-low-temperatures/) 

 

The application area of the fuel cell divided into majorly two categories mobile and 

stationary. The mobile application includes transportation system and portable 

electronic equipment and stationary application focuses on combine heat and power 

system for both residential and commercial needs (B.Jamet 2007; EG, 2004; Hoogers 

2002). Here we discuss about both applications in different sectors.  

Transportation 

In the transport sector, fuel cell is the most challenge to the internal combustion 

engine. They are electrochemical rather than thermal engine that is why they are more 

efficient. They help in the reduction of primary energy and the emission of carbon 

dioxide. Due to the zero and low emission of carbon dioxide, the fuel cells are more 

effective and attractive for transport section (B.Jamet 2007; EG, 2004; Hoogers 2002) 

Cars 
Between 1980 and 1990, many inspired automobile companies and different fuel cell 

generators start to create a fuel cell car. After a tough struggle and strong research, it 

was seen in Canada, that a fuel cell car runs on roads no matter the power of the 

vehicle not approaches to the actual internal combustion engine (B.Jamet 2007; EG, 

2004; Hoogers 2002). 
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Different car manufactured firms like Ford, Toyota chosen the methanol as energy for 

their cars but many different companies select pure hydrogen. In 1994, Daimler-Benz 

was a first car, which was fueled by the pure hydrogen with the collaboration of 

Ballard, and later on in 1997, they manufacture a methanol feeder car and it was plan 

to commercialize it in 2004.  

Busses 
	  
In the buses Ballard Power System has renewable name because they introduced in 

1993, a bus with 120 kW, 10 meter light-duty transit bus and in 1995, a 12 meter 

heavy-duty bus with 200 kW. These buses operate with compressed hydrogen gas. 

After two years in 1997, Ballard introduced a 205kW PEMFC unit for full size transit 

bus in different cities of the world (B.Jamet 2007; EG, 2004; Hoogers 2002).  

Portable Electronic Equipment 
	  
The fuel cells in mobile phone, camcorder, laptops etc. are the smaller power 

applications and the requirements of the portable application are smaller size and 

weight as well as temperature (B.Jamet 2007; EG, 2004; Hoogers 2002). The power 

telecommunications, satellites and solar panels can replace even the fuel cell. Fuel 

cell can also provide the power to the computer chip, smallest power to the biological 

applications like investigation aid and peacemaker. In the whole sense, fuel cells are 

committing the batteries in the small instruments to produce the electricity for them 

(B.Jamet 2007; EG, 2004; Hoogers 2002). 
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Preparation of Electrolyte 

Sample No. 1 (Co-precipitation method) 

In the preparation of electrolyte, we used Nano-composite based Nano-structured on 

samarium-doped ceria and an additional phase of different carbonated (Na2CO3, 

Li2CO3, K2CO3) but for this experiment, we used Sodium carbonate. 

First sample was prepared by the co-precipitation method while both products SDC 

and YB were made at same time to mix them to same time to get more precise 

electrolyte. 

The complete procedure consisted of a solution of 0.05M of Ce(NO3)3.6H2O mix with 

Sm(NO3)3.6H2O (the ratio between the Samarium and Ceria is 1:4). Prepared another 

solution of Na2CO3 of 0.1M and pored it in the SDC (samarium and ceria) solution 

drop by drop according to the our required ratio 1:2:: SDC:Na2CO3 in the form of 

drops. Stirrers sample for 1h at 90OC and, then filter the solution with the help of 

suction filter method. The left precipitate was dried over the night in the hot plate at 

80OC. The dried material sintered about for 4 h at 600OC at a hot furnace and after 

cooling down the dried material crushed in a mortar with pestle (Raza, Zhu 

2010;Ma.Y 2012; Zhu, Sun 2003).   

Meanwhile, Y(NO3)3.6H2O in 20ml of ethanol and Ba(NO3)3 in 10 ml of ethanol were 

dissolved separately and stirrer them until they homogenous properly. Molar ratio 

between Y(NO3)3.6H2O and Ba(NO3)3  is 0.02:0.08 and combine them in a single 

unit. Then Citric acid (20ml) is added drop wise in the final solution with continuous 

stirring for 1 h. After the mixing heated the solution at 150OCuntil a final solid 

product is received.  

Both products SDC and YB were sintered separately for 4 h at 600OC. Same ratio of 

both products SDC:YB::1:1 were taken in separate crucible for heating and auto-

combustion for 6 h at 900OC. Final material grinded in powder form for the 

electrolyte (Raza, Zhu 2010; Ma.Y 2012; Zhu, Sun 2003). 

Sample No. 2 (Sol-gel Method) 

Sol-gel Method was used for the preparation for second sample. Two solutions were 

prepared, one is composed of Ce(NO3)3.6H2O  and Sm(NO3)3.6H2O  second is consist 

of  Y(NO3)3.6H2O and Ba(NO3)3  using the same ratio as in the Sample No.1 but now 
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added them in two separate beakers that contain 50ml distilled water and 50ml 

ethanol and stirrer for 30 minutes in a magnetic stirrer. After that added both solutions 

in a single beaker and then 20% citric acid (C6H8O7) of the total weight of the 

material was added. Citric acid (C6H8O7) is acts as gelatin agent in the solution. 

Continuous stirring for 3 h at 150OC and finally mixture dried in an oven for 7 h. The 

dried material was ground well and sintered at 900OC for 5 h (T, Magrez 2004; Raza, 

Zhu 2010;Ma.Y 2012; Zhu, Sun 2003). 

Sample No.3 (Ball milling method) 

Ball milling method is used for the preparation of third sample. In this process the 

same procedure is used for the production of SDC and YB powders as did in the 

sample No.1. The ratio between SDC (Ce(NO3)3.6H2O  and Sm(NO3)3.6H2O) and YB 

(Y(NO3)3.6H2O and Ba(NO3)3) is 1:1. Then SDC and YB were added in the mixture 

of 10 ml of ethanol and 5 ml of distilled water. The mixture was positioned in the tube 

drive/ball mill and agitated for 40 minutes. Then dried the mixture in the dry oven for 

2 h. Place it in the furnace for 6 h and grinded the mixture into fine powder for the 

characterization.  

Preparation of Electrolyte by ball milling 

We used four chemicals for electrode material preparation.  

Nickel Carbonate, Lithium Carbonize, Cupric-Carbonate 3, Zinc Nitrate Hydrate. 

Finally using Ball Milling technology completes preparation of the electrode material. 

Molar ratio between these raw materials was 

Li2(CO3):Ni2(CO3):CH2Cu2O5:Zn(NO3)2.6H2O=1.5:7:1.5:7. These raw materials were 

engaged in Ball Mill and 30-40ml Ethanol added. Mixed all these chemicals for 4-6 

hours, after some time, added 2 g of polyvinyl alcohol solution with 10ml water. 
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Polyvinyl solution is used to avoid grinding. After 4-6 h a solid material was 

generated in Ball Mill. Final solid material was sintered for 4 h at 800°C. Grind that 

mixture for final product (Raza, Zhu 2010;Ma.Y 2012; Zhu, Sun 2003). 

Characterization Techniques 

To know the performance and characterization or synthesize samples, we have 

different techniques to come up with results. Before using prepared materials in 

application, characterization is most important part. Most common characterization 

techniques are XRD, TGA, BET, conductivity, fuel cell performance, SEM etc. these 

techniques are explained below. 

X-Rays Diffraction (XRD) 

X-rays Diffraction technique is used to determine the orientation of crystals, measure 

the shape, size. It helps us to know the crystal structure of unknown material and to 

measure the average spacing between layers. When X-rays strike the material, some 

part of material absorbs the X-rays, other portion reflects it. When a beam of X-rays 

interact the material and diffracted, we use Bragg’s law to find the D-spacing or 

distance between the planes of atoms. Bragg’s law is    

      2dsinΘ = nλ 

Where “λ” expressed the wavelength of X-rays,Θ is the angle between confrontation 

beam of X-ray and plane atom, d is inter space between systematic planes and “n” 

expressed order of diffraction. The crystal size of prepared nano-material is measured 

by using Dedye-Scherre formula. 

                                            D =kλ 

                                                 βcosΘ 
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D= Crystallite size, K= dimensionless constant, ƛ= wavelength, β= FWHM (full 

width at half maximum), Θ= diffraction angle.We used Cu-Kα radiation for XRD 

(Raza, Zhu 2010; Ma.Y 2012; Zhu, Sun 2003). 

Brunauer Emmett Teller (BET) 

BET technique is very important in Physical characterization of Nano-composite 

material. BET tells us about the surface area of Nano-material. This technique is used 

to find the porosity and surface area of various materials by absorption of gas 

(Zielinsk. J, Kettle. L, 2013). 

Thermo Gravimetric Analysis (TGA) 

TGA is a technique, which records modification in mass from dehydration, oxidation 

and decomposition of a sample with time and temperature. It uses heat for physical 

changes in materials. TGA provides measure of mass modification in materials 

related to transition and thermal degradation. Thermo gravimetric curves are given for 

a sample at different temperatures. It measures the percentage weight loss of sample 

when heated at different temperatures. From the curves of TGA, we are able to know 

different chemical reactions in sample or the performance of material with respect to 

time (stock.cullity 2001). 

Conductivity Measurement Techniques 

Conductivity Measurement Techniques is very important to know the conduction of 

oxygen and protons. Conductivity is measured in S/cm.  There are two ways to 

measure the electrical conductivity of pure pellets of prepared samples. One is DC 

methodology and other is AC methodology. Furthermore DC method is divided into 

2-probe and 4-probe method. In 2-probe method, voltage or current is given to pallets 
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and the results of voltage/current are measured respectively after 30 min when 

process reaches at steady condition. In 4-probe method, 3 terminals are used to 

measure voltage and current. Voltage is measured from 2 terminals and current is 

given to other 2 terminals. A constant current is given to outer 2 terminals and voltage 

is measured from inner two terminals. Furnace is used to heat the pallets so that we 

study the behavior of pallets with increase in temperatures.  

Fuel cell Performance 

For Fuel cell performance, pallets are used for testing. Pallet of sample acts as anode, 

cathode, and electrolyte at same time. For testing, pallets are placed in sample holder 

after coating with silver paste. Sample holder was put in a chamber/furnace that was 

hot with power provide. Methane gas as fuel was given at one side and oxygen was 

given to other side with the help of air pump.  

Both gases flow provided to pallets. We measured the voltage and current after 

maximum 45 min when the apparatus is in steady condition. Temperature was 

changed during each measurement. The electrochemical performance of samples was 

measured at 300-700°C. With the help of each result, we measured power density at 

different temperatures. The characteristics curves were plotted between current and 

voltages for Nano-composite materials (Raza, Zhu 2010;Ma.Y 2012; Zhu, Sun 2003). 
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Figure 9 Pallets holder and Fuel cell testing (Guerra 2009) 

	  

SEM (Scanning Electron Microscope) 

SEM (Scanning Electron Microscope) is used to know the morphology ormagnitude 

of samples and electron beam is used for this purpose. Electron beam strikes on 

sample and image is formed due to many scattered electrons, X-rays etc. Scattered 

electrons and secondary electrons are focused on special photographic film to study 

the three-dimensional image of samples. 

Cell Fabrication 

Dry power press technique is used for the cell pellet preparation with 13 mm diameter 

and the active area was 64 cm2. The fuel cell made in this method consisted of anode 

(composite with electrolyte)-electrolyte-cathode (composite with electrolyte). The 

thickness of the cells were about 1 mm for testing, where the anode thickness was 

about 0.5 mm, the electrolyte was about 0.3 mm and cathode also 0.3 mm. Pressure of 

25 MP is required for the preparation of the cell. The sizes of the anode, electrolyte 

and cathode are mentioned in the figure below. Then pellets sintered in a tubular 

furnace for 1h at 600OC. Cell is painted with silver glue on both sides of the cell to 

improve the electrical contact. 
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Figure 10 Schematic representation of dry press pellet (Guerra 2009) 

 

Results and Discussion 
 

This project was started with the objective  

• To synthesize new electrolytes which is good proton or ionic conductor 

• Investigate new nano-composite electrolytes, which are able to operate at 

lowering temperature from 300 to 700°C  

XRD (Comparative result of three Samples) 

X-ray diffractions (XRD) patterns of all the samples in the powder forms were carried 

out on a Philips X´pert pro super Diffractometer with Cu Kα radiations (λ=1.5418 Å). 

Figure 4.1 demonstrates that all samples execute crystalline perovskite structure 

having crystalline size about 60-80 nm.  The crystallite size, D, can be evaluated from 

the peak broadening of the different pattern, based on the following Debye-

Scherrer´equation. 

2 2
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Where D is crystalline structure, β is the pure diffraction line width, full width at half 
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maximum, expressed in radians in terms of 2θ at angle θ, and λ is the X-ray 

wavelength.  

 Graph shows that Sample No. 1 has two-phase-constructions; one is YB-oxide and 

second is doped ceria. Sample No. 1 has cubic fluorite structure in which ceria is 

doped at phases. Small number of peaks in the Sample No. 1 of XRD demonstrates 

that it has less impurity. 

	  

Figure 11 XRD pattern of three samples 

TGA (Comparative results of three samples) 

Thermo gravimetric analysis tells material relation with temperature, it tells whether 

the material weight increases or decreases or remains the same.  Thermo gravimetric 

analysis of three samples was done between temperatures 25°C-1000°C. TGA graph 

helps us to know the thermal stability of materials. TGA graph also shows the 

decomposition of impurities or materials. The graph of sample No. 1 shows less 

decomposition. So, we are able to say that sample No.1 (SDC+YB) prepared by co-

precipitation method is suitable to operate at 1000°C temperature. Weight percentage 

(%) loss is less for sample No. 1. 
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Figure 12 TGA of three samples 

BET (Comparative results of three samples) 

Using model SDTQ-600 held BET of samples. The temperature at which BET done 

was 1000°C. Surface areas of synthesize samples were measured using BET method. 

Sample 1 gives best result of XRD and TGA, so surface area of sample 1 shows 3.6 

m2/g.  

SEM (Comparative results of three samples) 

Scanning electron Microscope (SEM) was used to find morphology of the samples. 

The image of SEM (scanning electron microscope) is shown in figure 4.3(a) and 

4.3(b). These two figures illustrate the range of particle magnitude (Size) and it is 

between 10-100nm. SEM (Scanning electron microscope) confirms that prepared 

material belongs to nanostructure.  
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Figure 13 SEM of sample No.1 

 

	  

Figure 14 SEM of sample No. 2 
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Conductivity (Comparative results of three samples) 

At the temperature of range between 300-600°C with the help of 4-probe technique 

the conductivities of all the manufactured samples were measured.  To fulfill this 

measurement natural gas was used and hydraulic press was used for the manufactured 

of pellets. A good pellet has the diameter of 1.3 cm and area of 0.64 cm2 and then 

sintered them for 2 minutes at the temperature of 600OC.  The Sample No. 1 has 

greater conductivity as compared to the other two samples that was clearly showed by 

the graph. Graph shows that greater number of protons move through the electrolyte. 

To measure the conductivity these formulae are used.  

R=V/I          𝑅   = 𝑝𝑙/𝐴𝜎 = 1/𝑝 

	  

Figure 15 Conductivity of three samples 
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Fuel Cell Performance (Comparative Results of three Samples)  

The fuel cell performance was measured by providing the natural gas as fuel at anode 

and oxygen at cathode. Under each resistance load, the open circuit voltage (OCV) 

and current data were recorded over the temperature range 300-650°C and I-V curves 

were drawn. From these results, the power density also was calculated and current 

versus power densities (I-P curves) were also drawn.  

 

 

Conclusion 
	  
In this thesis work three samples were made with the help of three different methods, 

to get the nano-composite approach for the development of electrolyte and electrodes 

of SOFC. Three methods ball milling, co-precipitation and sol-gel were used for the 



	   33	  

preparation of the three samples. All samples were synthesized by simple and cost 

effective way.  

Secondly, these three synthesize materials for characterization by XRD; BET, TGA 

and SEM. XRD results show that the materials have nano-structure where as sample 1 

shows less impurity. Sample 1 shows the dual phase with the help of XRD graph. The 

average crystalline size of all the samples was lied between 60-80nm.  

The microstructure of all samples was seen using scanning electron microscope. SEM 

results showed that all materials have nano-structure. TGA results show that sample 1 

which was prepared by co-precipitation method is most stable as compared to other 

two samples. The conductivity and fuel cell performance were measured by using 4-

probe method in which natural gas was used as fuel at anode and oxygen gas at 

cathode. Conductivity graph shows that sample 1 have better conductivity as 

compared to other samples. These results are reported first time using natural gas with 

these composite electrolytes. 
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