
Synthesis and Electrochemical Characterization 

of Low Cost Advanced Fuel Cell for 

Polygeneration Applications 

 

 

 

By 

Fida Hussain 

CIIT/FA15-PEE-005/ISB 

 

PhD Thesis 

In 

Electrical Engineering 

 

 

COMSATS University Islamabad, 

Islamabad-Pakistan 

Fall, 2019 



ii 
 

 

COMSATS University Islamabad 

 

Synthesis and Electrochemical Characterization of 

Low Cost Advanced Fuel Cell for Polygeneration 

Applications 

 

A Thesis Presented to 

 

COMSATS University, Islamabad 

 

In partial fulfillment 

of the requirement for the degree of 

 

PhD Electrical Engineering 

 

 

By 

Fida Hussain 

CIIT/FA15-PEE-005/ISB 

Fall, 2019 



iii 
 

Synthesis and Electrochemical Characterization of 

Low Cost Advanced Fuel Cell for Polygeneration 

Applications 

A Post Graduate Thesis submitted to the Department of Electrical and 

Computer Engineering as partial fulfillment of the requirement for the award of 

Degree of PhD (Electrical Engineering). 

     Name Registration Number 

Fida Hussain CIIT/FA15-PEE-005/ISB 

 

Supervisor: 

       
Dr. Raja Ali Riaz, 

Associate Professor, Department of Electrical and Computer Engineering, 

COMSATS University Islamabad, 

Islamabad Campus. 

 

 

Co-Supervisor: 

      
Dr. Ghazanfar Abbas, 

Assistant Professor, Department of Physics, 

COMSATS University Islamabad, 

Lahore Campus. 



iv 
 

 

 



v 
 

Author’s Declaration 

 

I Fida Hussain, Reg. No. CIIT/FA15-PEE-005/ISB, hereby state that my PhD thesis 

titled “Synthesis and Electrochemical Characterization of Low Cost Advanced Fuel 

Cell for Polygeneration Applications” is my own work and has not been submitted 

previously by me for taking any degree from this University i.e. COMSATS 

University Islamabad or anywhere else in the country/world.  

At any time if my statement is found to be incorrect even after I graduate the 

University has the right to withdraw my PhD degree. 

 

 

 

               
Date: 22/12/2020 

         Fida Hussain 

        CIIT/FA15-PEE-005/ISB 

 

 

 

 

 

         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 
 

Plagiarism Undertaking 
 

I solemnly declare that research work presented in this thesis titled, “Synthesis and 

Electrochemical Characterization of Low Cost Advanced Fuel Cell for Polygeneration 

Applications” is solely my research work with no significant contribution from any 

other person. Small contribution/ help wherever taken has been duly acknowledged 

and that complete thesis has been written by me. 

I understand the zero-tolerance policy of HEC and COMSATS University Islamabad 

towards plagiarism. Therefore, I as an author of the above titled thesis declare that no 

portion of my thesis has been plagiarized and any material used as reference is 

properly referred/cited. 

I undertake if I am found guilty of any formal plagiarism in the above titled thesis 

even after award of PhD degree, the University reserves the right to withdraw/ revoke 

my PhD degree and that HEC and the university has the right to publish my name on 

the HEC/ university website on which names of students are placed who submitted 

plagiarized thesis. 

 

 

 

 

Date: 22/12/2020                          

         Fida Hussain 

        CIIT/FA15-PEE-005/ISB 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 
 

 

 



viii 
 

 

 

 

 

 

DEDICATION 
 

 

 

 

 

To the parents who nurtured us, 

To the teachers who inspired us. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 
 

ACKNOWEDGMENTS 

All praise for Almighty Allah (SWT), the most Gracious and the most 

Compassionate, who is the Lord of the entire universe. I pray to our Holy Prophet 

Muhammad (PBUH), who spread goodness throughout the world. I always pay a lot 

of thanks to Allah (SWT), who has gifted me nice, honorable, intelligent and 

intellectual teachers and friends for my guidance to achieve knowledge and skill. I 

would like to express my profound gratitude and deep respect to the people who have 

helped, supported and contributed to the completion of my PhD. 

I would like to sincerely thank my supervisors, Dr. Raja Ali Riaz, Dr. Ghazanfar 

Abbas for their support, critical comments and valuable suggestions throughout my 

study. Whenever I desired to meet up with them, their door was always open. It has 

been a pleasure to work with them. 

I am very grateful to Dr. Rizwan Raza, Dr. M. Ashfaq Ahmad and Dr. M. Ajmal 

Khan Department of Physics, CUI, Lahore Campus for providing me research 

facilities in Clean Energy Research Lab (CERL) and their academic and 

experimental support. 

I express numerous appreciations to my CERL Colleagues Zohaib Ur Rehman, M. 

Akbar, Saleem Mumtaz, Faizah Altaf, and Rida Batool for learning experimental 

knowledge and 

techniques. 

Furthermore, I would like to express a deep sense of gratitude to the Higher 

Education Commission of Pakistan for their financial support and guidance. 

I express a lot of thanks to my foreign supervisor, Dr. Jung-Sik Kim, Loughborough 

University, UK, who has in fact facilitated me in his Fuel Cell Lab. My special 

thanks to the senior research group fellows Dr. Shumaila Babar, Dr. Vijay 

Venkatesan, Dr. Erdogan Guk, and Dr. Yunus Sayan for their precious support 

given me to perform my studies.  Special thanks to Dr. Amjad Saeed for his 

enormous efforts and timely help spurred me to complete the research work in UK.  

I would like to offer my deepest gratitude and an immeasurable amount of thanks to 

my family for their encouragement and support throughout my studies and for 

providing me with such a good education. 

 

  



x 
 

ABSTRACT 

Synthesis and Electrochemical Characterization of Low Cost 

Advanced Fuel Cell for Polygeneration Applications 

The current assets of the world in terms of fossil fuels are depleting quickly due to 

high consumption rate. The world’s challenge is to determine the most efficient, 

economical, and environment friendly energy sources to compete and replace the 

ongoing conventional energy resources. In the past era, lots of efforts have been made 

by researchers to find out alternative energy resources to accomplish the demand of 

the coming generations. Polygeneration has been considered as one of the most 

favorable technologies to fulfill the heating and electrical demand simultaneously 

from single source (fuel) more efficiently. Among different polygeneration 

technologies, fuel cell can be considered one of the best promising technologies for 

power applications and has great consequences in energy conversion sector. A fuel 

cell is an energy conversion entity converting the fuel (in gaseous form) into heat and 

electric power through electro-chemical combination of fuel in the presence of an 

oxidant (normally air). Solid Oxide Fuel Cell (SOFC) is one such technology that is 

the most efficient and environment-friendly technology for generation of electric 

power due to terrific tolerance to impurities, cheap components materials, and fuel 

flexibility.  

Conventional work on SOFC is at high-temperature of 800-1000
o
C, where yttria-

stabilized zirconia (YSZ) electrolyte is used to gain necessary high ionic conductivity. 

Because of this high operational temperature, SOFC faces hurdles in 

commercialization as it causes the thermal expansion mismatch, cell components 

degradation, and little choice of materials, etc. In order to use SOFC commercially, it 

is essential to decrease its operational temperature and its cost. 

The thesis main focus is to find out the solution and motivation towards minimizing 

operating temperature and lower the operating cost of fuels for SOFCs. In this 

research, modifying approach is used in materials to reduce working temperature and 

to develop multi-fuel (hydrogen, natural gas, ethanol, glucose, and sugar-cane) based 

SOFCs. Numerous electrode and electrolyte materials have been developed to get 

better results (conductivity and performance) by using hydrogen as well as 



xi 
 

hydrocarbon fuels in this study. The research work has been categorized into three 

parts; 

In first part of the thesis where electrolytes and electrodes are synthesized and 

electrochemically characterized through H2 fuel only, on behalf of the obtained 

electronic conductivity, OCV, and power density including nano-structuring 

technique, the Ag0.25Ti0.05Zn0.70 and GDC-AlZnCa materials can be considered one of 

the best alternative cheap anode and electrolyte for intermediate temperature SOFCs. 

In second part of the thesis where electrochemically characterization was carried out 

in presence of multi-fuels i.e. hydrogen, natural gas, ethanol, glucose and sugar-cane, 

and the current study reveals that proposed anode Ni0.6(Ba0.3Ce0.2Zn0.5)0.4 is promising 

multi-fuel anode material for low-temperature solid oxide fuel cell, and it does not 

need to reform hydrocarbon fuels in order to fully utilize the advantage of these cells. 

In third part of the thesis, the experimental results are validated through modeling and 

simulation with the help of COMSOL. 
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1.1. Motivation 

The world’s challenge is to find out clean and renewable energy production in order 

to way out from global warming related issues due to fossil fuels emissions [1-3]. The 

rapid depletion of conventional energy sources further increased the need of 

renewable production of power to fulfill the energy demand of civilized world. That’s 

why since long researchers and scientists are trying to find out the solution as an 

alternative energy source. Indeed, the only solution is the need of renewable, 

sustainable, and alternative energy source [4,5].  In this direction extensive efforts 

have been made, in which promising one is polygeneration. From conventional 

methods, polygeneration technology is more efficient with lower emissions to the 

environment because from single source of fuel it simultaneously produces combined 

heat and power (CHP) [6,7]. 

Fuel cells are suitable for many applications on behalf of efficiency, fuel flexibility, 

low-to-zero emissions, solid structure and reliability [7]. In contrast to the pros of the 

fuel cell technologies, it has some limitations as power system with respect to 

conventional energy resources. The main obstacles for proper commercialization of 

fuel cells technologies are its high capital and operational cost, high working 

temperature and direct operation to any type of hydrocarbon [8]. 

The aim of this study is to solve and motivation towards minimizing working 

temperature, lower the cost (both capital and running) and without reforming usage of 

hydrocarbon in fuel cells for polygeneration applications.   

1.2. The global energy status 

For the economic and social development of the globe, energy is considered one of 

fundamental building block. At present no country can make progress without 

balancing efficiently power demand and supply. The current status of global energy in 

terms of conventional, renewable and nuclear energy can be shown in figure 1-1 [9]. 

It is quite clear from the figure that almost 80% energy is produced through 

conventional methods and just one fifth energy is produced through renewable energy 

resources.  

Fossil fuel and coal resources generates pollution in terms of NOx, Sox, CO, CO2 

which degrades the environment and also cause various other problems including 

global warming.  
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Figure 1-1: Status of renewable energy in globe 

1.2.1. Conventional energy resources 

Fossil fuels (oil, gas and coal), hydro and nuclear resources are knowing as 

conventional energy resources because they are used from many decades as tradition. 

In terms of cost, they are economical than non-conventional energy resources but they 

are dangerous to the environment in terms of the ecological balance of the nature [10]. 

In terms of the reserves of oil and gas, if the world consumes these sources as per rate 

of year 2013, then indication of these reserves will last in next 50-60 years [11]. The 

most flexible, economical and advanced renewable source of energy is hydro power, 

but large hydro-reservoirs can cause the problems of deforestation, ecological 

disturbances, effects wildlife, and dislocation of large inhabitance and their 

reestablishment.  

There are also problems with nuclear energy like radioactive quotients with waste 

material and chances of accidental leakage of radioactive material. Fusion technology 

will take few more centuries to be the main source of energy on earth [10]. 

1.2.2. Non-conventional energy resources 

The solar, wind, biomass, geothermal, ocean tidal, ocean wave are the main non-

conventional energy resources. The solar thermal and photovoltaic conversion system 

are the sources to get solar energy and its potential is more than worlds energy 

demand. In disadvantages of solar energy are that it is expensive, dilute form of 

energy, not continuously and nor steadily [12].  
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The fastest growing and most economical renewable energy source is wind energy 

and has a more potential than worlds current energy requirement.  In drawbacks of 

wind energy are that it is a dispersed, location-specific and erratic source of energy 

[13]. The biomass energy main resources are trees, cultivated plants, algae, urban and 

rural waste. The disadvantages of biomass energy are that it is land-intensive, 

dispersed, low energy density, labor intensive, not suitable for varying loads and 

location-specific [14].  The overall contribution of geothermal energy in worlds total 

energy load is negligible but it is cheap and reliable source of energy. The major 

disadvantages of geothermal energy are that it is site-specific, not distributed over 

long distances, low-grade heat, and reduces life of the plant [15]. The ocean energy is 

in developing stage and it is more predictable than solar and wind energy, but it has 

low energy density and occurred in highly remote places [16].   

1.2.3. Alternative emerging energy resources 

The fuel cell and hydrogen energy technologies are relatively new and in initial stages 

of development. In year 1838 the German scientist Christian Friedrich Schӧnbein has 

discovered the principle of fuel cell and then in 1839 the Welsh scientist William 

Robert Grove has demonstrated the first fuel cell. He named it initially as “gas 

battery” but later on in year 1889 was called “fuel cell” by Charles Langer and 

Ludving Mond [17]. 

1.3.  Fuel Cell 

Basically, fuel cell is an electrochemical device which converts chemical energy into 

electrical energy, heat, and water simultaneously. Hydrogen as a fuel and air as an 

oxidant are required to complete electrochemical reaction. In principle, fuel cell 

consists of electrodes (anode and cathode) and sandwiched electrolyte. At anode side 

fuel is fed and at cathode side oxygen is given as in input. At the anode side oxidation 

process occurs in the presence of catalyst and where hydrogen splits into electrons 

and protons at once.  

An external path with a load is given to the electrons to constitute an electric current, 

while protons travel across electrolyte. The proton meets with oxygen at the cathode 

side and in result produces heat and power simultaneously. The principle of fuel cell 

can be shown in figure 1-2 [17]. 
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Figure 1-2: Fuel cell block diagram 

1.3.1. Types of fuel cell 

Fuel cell family consists due to verity of electrolyte and because of this change in 

electrolyte, electrochemical reaction and its working temperature also changed. Each 

type of fuel cell has own limitations and advantages with their applications. The kinds 

of fuel cell are categorized briefly in form of table 1-1 [16,17].  

Table 1-1: Comparison of fuel cell types [16,17] 

Fuel cell type System 

output 

Operating 

Temp. (
o
C) 

Fuel Electrical 

Efficiency / 

CHP 

Efficiency 

Applications 

Alkaline Fuel 

Cell (AFC) 

10−100 

kW 

50−200 Pure H2 60% / 80% Space vehicles 

Proton 

Exchange 

Membrane 

Fuel Cell 

(PEMFC) 

1−250 

kW 

40−100 Pure H2 <60% / 85% Vehicles, 

mobile, low 

power CHP 

systems 
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Phosphoric 

Acid Fuel 

Cell (PAFC) 

50 

−1MW 

200−230 H2, 

(low 

S/CO) 

40% / 85% Distributed 

generation 

Molten 

Carbonate 

Fuel Cell 

(MCFC) 

1−1M

W 

600−650 H2, (no 

S), 

differen

t 

hydroca

rbon 

fuels 

45% / >85% Medium and 

large CHP 

systems 

Solid Oxide 

Fuel Cell 

(SOFC) 

1kW−

multi 

MW 

500−1000 Impure 

H2, 

many 

hydroca

rbon 

fuels 

<70% / 90% All sizes CHP 

systems 

 

1.4. Solid oxide fuel cell (SOFC) 

Fuel flexibility, solid structure, low emissions and high efficiency are the main 

advantages of  solid oxide fuel cells (SOFCs). Despite pure H2, SOFCs can be 

operated with direct to  any type of hydrocarbon [6,18,19]. The working mechanism of 

SOFC is shown in figure 1-3 where in fuel pure H2 is supplied at anode side and 

oxygen (normally air) is reduced to O
-2

 in the cathode side and in terms of ions 

transported towards anode through electrolyte [20-21]. 

At anode side through oxidation reaction electrons are created and then travelled to 

cathode through an external load. In case of using H2 as a fuel then there will be no 

emissions of carbons, but in case when we use any type of hydrocarbon then there 

will be some emissions of CO and CO2. But keep in mind that there is no fuel 

combustion in the whole process at SOFC, that’s why the emissions are very less in 

comparison of fuel combustion systems and because of this electrochemical reaction 

in SOFCs has more efficiency than conventional energy systems. 
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Figure 1-3: Schematic diagram of SOFC 

1.4.1. Anode 

The responsibility of anode material in SOFC is to electro-oxidizing the fuel and then 

passes electrons through the load. The main requirements/criteria of an anode material 

are[20–24]; 

 Mixed electronic and ionic conductivity 

 Good electro-catalytic activity 

 Poor polarization resistance 

 Well chemically and thermally compatible with electrolyte 

 High physical stability under high temperature 

 High open circuit voltage value 

The approach of composite anode was used to get both electronic and ionic 

conductivity, because these requirements are necessary to provide route to electrons 

and to transport ions. Basically, in composite anode, raw material was added by 

weight with the anode material during manufacturing process. After this approach, 

nano-composite approach was adopted by researchers for further improvements in 

results of an anode material [6,25,26].  

Nano structuring technique is the best tool to obtain the above mentioned properties 

of the anode materials which got great interest of researchers with an aim to lower the 
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manufacturing and operating temperature including cost effective benefits [25,26]. 

Conventionally, Ni based anodes are used in SOFC, but they create many problems 

like sulfur poisoning, nickel sintering, carbon sulfur deposition. The said problems 

can cause the degradation and instability in the material even in fabricated cell. 

Therefore, the attention has been modified towards Ni free anodes to overcome the 

addressed problems/drawbacks [25]. Initially the study is motivated to produce novel 

Ni free anodes which may work at comparatively low temperature at equal 

dimensions and characteristics as conventionally. 

Silver (Ag) and copper (Cu) is widely analyzed because of its superb electrical 

conductivity. It has been studied that titanium oxide (TiO2) has tremendous behavior 

to increase the structural stability under reduced atmosphere [27,28]. TiO2 

combination with other materials can improve electronic properties and oxidation 

activity [29]. Lower price of titanium oxide can also contribute to decrease the overall 

cost of fuel cell [30]. Zinc (Zn) contributes to decrease the polarization losses, 

stabilize the material, and also used to improve the electrical conduction [25]. 

Researchers have gained great interest to develop such SOFCs that can be operated 

with multi-fuels directly without processing to enter anode side [31–36]. For 

achieving maximum performance and zero pollution to the environment, without 

doubt H2 is the most suitable fuel for SOFCs. But in practical and economical 

application point of view and due to ease in availability including the storage and 

transportation, hydrocarbons fuels are better and safe fuels for SOFCs [37,38]. The 

literature indicates that the solid oxide fuel cell can be operated through many 

hydrocarbon fuels such as methane, syngas, ethanol, ammonia, vegetable oil, sugar, 

glucose, propane [37,39–44].  

High capital/operating cost, cell degradation due to soft failure (gas contamination 

induced), and its high working temperature (> 800°C) are the main obstacles to 

SOFCs for commercialization [45,46]. To compensate these issues, nano-structuring 

oxide materials will be the tool to lower the operating temperature and its cost 

[25,26]. The operating cost circulates mainly upon the fuel usage type. The critical 

issue nowadays for the development of SOFCs is to investigate multi-fuels because 

hydrogen transportation and storage is costly and dangerous [47,48]. Liquid 

hydrocarbons fuels are cleaner and attractive alternatives for SOFCs besides oil-based 

fuels, because unlike H2 they are easily handled, stored and transported through 

conventional ways [49].  
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In anode part of SOFCs many hydrocarbons can be used as a fuel. By using H2 as a 

fuel, Nickel and Zinc based anode materials have shown good results in terms of 

performance stability and power density [50–53]. CuNiOx–ZnO based electrode 

material has been tested when ethanol is used as a fuel, and maximum power density 

of 500 mW cm
-2

 was achieved at 580°C [45]. Zinc oxide is structurally n-type semi-

conductor and consider stable compound. It contributes to minimize polarization 

losses and to maximize material stability and electronic conductivity [5,24]. Wang et 

al. investigated Ni + BaZr0.1Ce0.7Y0.1Yb0.1O as an anode material and achieved 953 

mW cm
-2

 at 750°C by using ethanol [20]. Stability of the cell is one of the important 

parameters during operation of multi-fuels. Tao et al. used Ce1-xNixO2-y as an 

additional layer during hydrocarbon fuel to improve the cell stability [53]. Basically, 

Ceria is used in literature at anode because of their high activity in oxidation of 

hydrocarbons [54]. Meng Li et al. reported that BaZr0.1Ce0.7Y0.1Yb0.1O is giving good 

results in direct hydrocarbon fuels at intermediate temperature, and it also performs 

well to resist carbon deposition [55]. Across the SDC electrolyte, the presence of Ba 

with Ce ensures completely elimination of internal short circuit current [56]. In 

another recent study it is examined that Ni-Ce based anode materials performs well in 

direct hydrocarbon atmosphere, and they obtained maximum power density of 618 

mW cm
-2

 at temperature of 800°C [57]. It is better to modify Ni based materials for 

hydrocarbons rather than to develop completely new anode materials, and researchers 

doing the same efforts to moderate Ni based materials and they got very motivating 

results [58–61]. In means of modifications it may be some or complete substitute 

replacement of material in order to get good results in terms of multi-fuel based 

SOFCs. 

From the help of literature, in table 1-2 some selected anodes are listed in respect of 

operating temperature, fuel usage and their corresponding performance results.  

Table  2-2 Some selected anode composites from literature 

Anode type Operating 

Fuel 

Working 

Temp. (
o
C) 

Power Density 

(mW cm
-2

) 

References 

ANTZ-SDC H2 650 370 [25] 
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Ni-SDC CH4 700 697 [19] 

Pd–LSCM/YSZ Methane 800 45 [62] 

Ag-GDC Propane 800 62 [49] 

Sr2FeNb0.2Mo0.8O6- Methane 800 380 [63] 

Sm0.5Ba0.5MnO3 Methanol 850 415 [64] 

PrBaMn1.5Fe0.5O5+ Methane 850 340 [65] 

La0.9Ca0.1Fe0.9Nb0.1O3- Methane 850 729 [39] 

Pd–LSCM/YSZ Ethanol 800 111 [62] 

Ni-Ce0.9Ca0.1O2- Methane 800 618 [57] 

1.4.2. Electrolyte 

The central and most critical part of fuel cell is electrolyte. When oxygen molecules 

are converted to oxygen ions inside cathode material, then these ions will migrate 

through electrolyte to reach anode. The main function of electrolyte is to pass ions to 

anode and to block flow of electrons, that’s why electrolyte must have high ionic 

conductivity and zero  approaching electronic conductivity in order to get good 

performance results. The second characteristic of electrolyte material is that it should 

be fully compatible with electrodes in terms of chemically, thermally and structurally. 

The basis of many modern electrolytes is YSZ (Yettria stabilized Zirconia) [66], the 

reason behind this that it has low electronic and high ionic conductivity and good 

stability results [67]. The operating  temperature of YSZ is 800
o
C, so researcher’s 

devotion shifted to low temperature  electrolytes and development reach to ceria-

carbonate based composite electrolytes [68], in example dopants include Gd2O3, CaO, 

Sm2O3, Y2O3, and Bi2O3 [67].  
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The yttria stabilized zirconia (YSZ) is being used as conventional electrolyte which 

requires high operating temperature (≥ 800 
o
C). Due to such high operating 

temperature, YSZ has some draw backs; like degradation in materials, expensive 

materials and long startup problems. Therefore, research has been shifted towards the 

low temperature as doped ceria materials like gadolinium or samarium doped ceria 

(GDC/SDC) even calcium doped ceria. Calcium (Ca) has been used with ceria doped 

materials in order to decrease the cost and increase the stability [69]. The con of ceria 

doped material is mixed ionic/electronic conduction which ultimately lowers the 

performance of the cell. In continuation of further development in electrolyte 

materials, two-phase ceria based composites are introduced in order to increase the 

ionic conduction and performance of the cell. In these composites, first phase is doped 

ceria and a salt is used as second phase for enhancement in conduction.  

The other alternative to the doped ceria is to add insulating material as a second phase 

in order to maximize the stability and prevent ceria from reduction. In this study, both 

of above discussed approaches has been investigated. 

1.4.3. Cathode 

The main job of the cathode is to electrochemically catalyze the oxygen reduction 

reaction (ORR). The properties of the cathode material are almost same to the anode. 

Conventionally for high temperatures SOFCs, only pure electronic conductivity were 

used like La1-xSrxMn (LSM) having good compatibility and stability results [70]. For 

LT-SOFC, the most frequent materials were based on BaSrCoFe (BSCF) because it 

has low polarization resistance, quick oxygen diffusion and low cost. The 

compatibility of ceria based electrolytes is good with BSCF under low temperature 

[71]. The another cathode material LaSrCoFe (LSCF) has also good results with low 

temperature ceria based electrolytes in hydrogen atmosphere [72].  

1.4.4. Thermodynamics of SOFC 

Normally, at the anode side hydrogen as a fuel is oxidized and as a result protons and 

electrons are produced, and ultimately it recombines with oxygen ions to make water 

[16,21,39,40].  

2

2 2 2H O H O e          1.1 

In cathode side due to reduction of oxidant, oxygen ions are formed; 
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2

21/ 2 2O e O  
      1.2 

So, the overall reaction becomes; 

2 2 21/ 2H O H O 
      1.3 

Basically, electrical energy is defined in terms of voltage, current and time; but 

chemical energy could be defined in terms of enthalpy, exergy, Gibbs free energy and 

Helmholtz constant. For fuel cells, Gibbs free energy is most important, because it 

defines thermodynamically that the reaction is practicable or not. The Gibbs equation 

is written as (the difference between reactants and products); 

G H T S           1.4 

 where ∆H, ∆S and T are change in enthalpy, entropy and absolute temperature. By 

another way it can be defined as the minimum work required to process a chemical 

reaction [17]. The relationship between Gibbs free energy and open circuit voltage 

(OCV) can be written as [7]; 

  cellG nFE  
      1.5 

  
cell

G
E

nF


 

      1.6 

where ∆G, n, F and Ecell are the Gibbs free energy, number of electrons in an overall 

reaction exchanged, Faraday constant and open circuit voltage. 

For the above anode and cathode reactions, Nernst equation becomes in terms of OCV 

as [41,42]; 

  2 2

2

1/2.
ln

2

H Oo

cell

H O

P PRT
E E

F P

 
   

 
 

     1.7 

where E
o
, R, F, T, P are the OCV at standard temperature and pressure (STP/ideal), 

gas constant, Faraday constant, temperature and partial pressure.   

Because of no combustion of fuel inside fuel cell, that’s why its efficiency is high and 

cannot limited by Carnot cycle [75]. The Carnot efficiency of heat engine can be 

written as [17]; 

  1 2
heat engine

1

T TW

H T



 


      1.8 
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where W, ∆H, T1, T2 are the generated work, heat of fuel combustion, upper 

temperature and lower/room temperature. From this equation it is clear that the 

efficiency of the heat engine is completely dependent on temperature difference.  

Theoretically, efficiency of fuel cell is written as [17]; 

  max
max

1W T SG

H H H


 
  
  

     1.9 

where the Wmax and term T∆S are maximum work delivered and exchanged heat with 

the surroundings.  It means all of enthalpy of fuel cell reaction is converted (except 

entropy term) to electrical energy and that’s why efficiency of fuel cell is superior to 

the heat engines. The comparison of Carnot cycle with contrast to fuel cell operated 

on different fuels can be shown in figure 1-4 [76]. 

 

Figure 1-4: Comparison of efficiencies between Carnot and different fuels of fuel cell 

1.4.5. Irreversibilities 

Because of irreversibilities there is difference between theoretical and practical OCV, 

which is also called polarization. There are four major irreversibilities/losses inside a 

fuel cell and it can be shown in figure 1-5 [77]. The OCV that is measured during 

experimental work is differed due to irreversibilities from the reversible fuel cell 

voltage i.e. 
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o

cell leak act ohm concE E E       
               1.10 

The leakage loss (Eleak) is due to the electrolyte imperfections during manufacturing 

process in terms of porosity and interconnectivity, and this loss is inescapable [77]. 

The activation losses (ηact) show the weakness of the electrochemical reaction that 

take place inside the fuel cell. The voltage drop due to activation losses is related to 

current density (J), and it can be expressed in Tafel equation as [16,21,45]; 

  ln( )act

J
A

b
                     1.11 

where A and b are constants and they are related to materials composition, 

microstructure and the operating temperature.  This equation is valid only when J˃b. 

 

Figure 1-5: The IV-Curve of a typical fuel cell 

Ohmic losses (ηohm) is the voltage loss inside fuel cell due to the electrical resistance 

produced in electrolyte, electrodes, linking between components and their current 

collectors [78]. The Ohmic voltage drop comes at once in micro-seconds during 

current goes and stops [7]. This voltage drop can be described by Ohm’s law as; 

  ohm V IR                     1.12 

where R includes resistances of ionic, electronic and contact loss.  
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Concentration losses (ηconc) is also called mass-transport losses, and this loss arises 

when fuel is consumed at the electrodes so there is change in concentration of the 

reactants occurs  and ultimately effects voltage of fuel cell [17].  

1.4.6. Interconnects 

The main purpose of using interconnects in series/parallel of fuel cells is to increase 

electric power of the stack [21,40]. In properties of interconnectors, they must have 

thermal stability, high electronic conductivity, low ionic conductivity and stability 

during electrochemical reaction [67]. Interconnect materials that used in SOFC have 

basically two categories in respect of their low and high operating temperature. 

Conductive ceramic materials are used for high temperatures (900-1000
o
C) while 

metal alloys are used in low temperature SOFCs. In the current decade the approach 

of low temperature SOFCs have got great attention of researchers which further made 

possibilities to use economical metal alloys. In planer design of SOFCs, metal 

interconnects are widely used [44,78–80]. 

1.4.7. Stacking of SOFCs 

A single fuel cell has low voltage value (  1V), so to achieve the desired  value of 

power then it is essential to connect cells in series to make a stack. To increase the 

mechanical strength and performance of the SOFCs, researchers have investigated 

multiple forms according to support-type. These classifications in respect of support-

type can be shown in figure 1-6 [80]. 

 

Figure  2-6: Classification with respect to support-type of single SOFC 
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There are many ways to connect cells in series/parallel combination in order to get 

single unit, but basically it depends upon the single fuel cell type structure that it is 

planar or tubular and it can be seen in figure 1-7 [81–83]. In advantages of planar type 

SOFCs, it includes simple and ease manufacturing and maximum power density is 

achieved. In contrast to planar type, tubular type has lower volumetric power density 

but well in terms of thermal recycling [77]. The manufacturing cost of tubular type 

SOFCs stack is higher than the planar one.  

 

 

Figure  2-7: Classification with respect to cell and stack design (a) Planar SOFCs  

      (b) Tubular SOFCs 

To prevent direct chemical inter-combustion between fuel and air chambers, sealant is 

required especially in planar stack designs. Sealant blocks any type of leakage in 

order to maintain SOFCs voltage and efficiency. In properties of sealant, it must be 
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chemically and thermally stable, no inside leakage, long lifetime and low cost. The 

illustration of SOFCs stack (composed of three cells) in respect of sealant can be 

shown in figure 1-8 [80]. The Ni-sponge is porous and inserted between anode and 

interconnector as current collector in order to maximize the electrical contact [81]. 

 
Figure 1-8: Schematic illustration of SOFCs stack including sealant and Ni-sponge 

1.4.8. Applications of SOFCs 

Among fuel cells family, SOFCs is more attractive due to high efficiency and clean 

power. The efficiency of SOFCs based system is higher than steam and gas turbine 

power generators. Additional to advantage of fuel flexibility, SOFCs based system 

provides un-interrupted electric power and heat with low maintenance [82]. 

1.4.9. SOFCs stationary applications 

The stationary electric power system market receives great attention in both 

commercial and residential sector which provides distributed power directly. SOFCs 

accept this challenge to provide noise-free and clean stationary power system from 

small scale to mega-watts. Basically, stationary power systems are designed for 
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remote areas where grid-station electric power is not available. Bloom energy, a 

leader SOFC company of USA, recently provides SOFC based stationary systems to 

well-known companies like Google, Apple, eBay and AT&T.  Many Japanese 

companies are developing SOFCs based systems that can generate upto mega-watt of 

electric power [82]. The combined heat and power (CHP) systems based on SOFCs 

from 1kW-5kW range are most suitable in stationary applications that can be installed 

in residential and commercial sectors. The Bosch Thermo-technology has introduced 

SOFCs based micro-CHP systems to Netherlands, Germany, France, and United 

Kingdom [83]. The Australian company, Ceramic Fuel Cells, is also working on 

SOFCs based systems and it has many consumers not only domestically but also in 

Germany, Japan, United Kingdom, Switzerland, France, and Netherlands [84].   

1.4.10. SOFCs mobile applications 

To follow environmental standards, it is essential to run pollution free automobiles. 

Many large automobile industries including BMW and Boeing are committed to 

consider SOFCs system as an auxiliary power unit (APU). Delphi automotive is 

working on SOFCs transportation sources from many years and providing units that 

have great efficiency and also fuel flexible. They are operated on hydrogen, diesel, 

natural gas and many other hydrocarbon fuels; while their working temperature is 

750
o
C  [82].  

1.4.11. SOFCs portable applications 

The SOFCs has also potential in portable low range devices such as laptop and mobile 

phone chargers. Due to indoor usage of SOFCs has some limitations in terms of low 

emissions and low temperature, so it will more suitable in outdoor applications like 

electric wheelchairs and bicycles.  The fuel cell that is used with charging device is 

called VOTO. Many companies including Advanced Industrial Science and 

Technology (AIST) has developed multi-fuel based micro-SOFC system for portable 

applications [83,85,86]. 

1.5. Poly-generation 

In simple words poly-generation means a system that generates many forms of energy 

to the consumer. It is the advanced version of co-generation; in which electric power, 

heating and cooling can be achieved from one poly-generation system. Therefore 

CHP system is also sometimes called poly-generation system [7].  



19 
 

The internal combustion engines (ICEs) are the most common CHP technology. ICEs 

are fully mature and developed technology, but they still have problems like pollution, 

noise, and its maintenance.  The Stirling engines (SEs) is the another CHP technology 

which is commercially available. The SEs manufactures face problems including 

seals, NOx emissions and materials degradation. The working gases must be sealed 

that operates at high pressure. The possibility of NOx emissions occurs as the burner 

is operating at high temperatures. The materials which are used in construction of SEs 

must be thermally stable close to burner. In continuation of SEs cons, the practical 

electrical efficiency is very low (≤ 15%) [86]. Another mature and developed 

technology for CHP is the Rankine Cycle Engines (RCEs). In RCEs, the mechanical 

power is generated inside turbine when superheated steam expands at high pressure, 

and then ultimately it is condensed.  The cons of RCEs is that its electrical efficiency 

is very low (around 10%) [86]. 

The SOFCs based system is also same kind of system as it generates heat and power 

at same time [87–89]. As SOFCs can be operated with multi-fuels like hydrogen, 

natural gas, sugar, glucose, ethanol etc; so based on SOFCs poly-generation system 

can be drawn in figure 1-9 [90,91].  The integration of SOFCs with gas turbines 

further improves efficiency of the system. As conventional SOFCs are operated at 

high temperature (>800
o
C), so the output heat of SOFCs can be further utilized to run 

gas turbine.  

SOFC

Hydrogen

Natural 
Gas

Ethanol

Glucose

Sugar

Heating

Cooling

Electric 
Power

Poly-generation

Multi-fuels

 

Figure 1-9: Multi-fuel SOFCs based poly-generation system 
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The combine efficiency of these SOFCs hybrid system is greater than other power 

systems and comparison of electrical efficiencies can be shown in figure 1-10 [91]. 

 

Figure 1-10: Electrical efficiency between combustion and combustion-free fuel 

systems 

1.6. Hydrocarbons fuels 

To lessen the dependency of pure hydrogen as a fuel, among fuel cell family SOFC 

has advantage of fuel flexibility. For achieving maximum performance and zero 

pollution to the environment, without doubt H2 is the most suitable fuel for SOFCs. 

But in practical and economical application point of view and due to ease in 

availability with storage and transportation, hydrocarbons are better fuels for SOFCs 

[38,40,73]. In examples of hydrocarbons, SOFCs can be operated through methane, 

syngas, ethanol, ammonia, vegetable oil, sugar, glucose, propane [41,45,57,73]. The 

main reaction inside fuel cell is the oxidization of fuel into water; for example, 

hydrogen and natural gas reactions will be i.e. [67]: 

   
2 2 22H O H O                   1.13 

   
4 2 2 22 2CH O H O CO                 1.14 

The above both equations are exothermic, and they have direct oxidation. The fuels 

can be reformed before to SOFCs with different methods like dry reforming, partial 
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oxidation and steam reforming to make hydrogen and CO. The reactions are shown as 

[67]: 

   
4 2 22 2CH CO H CO                  1.15 

   4 2 2

1
2

2
CH O H CO                   1.16 

   
4 2 23CH H O H CO                   1.17 

In above reforming equations, dry and steam reforming reactions are endothermic 

while partial oxidation is exothermic.  

1.7.  Advanced/Low temperature SOFC 

High capital and operating cost, and its working temperature (>800
o
C) are the main 

obstacles to SOFCs for commercialization [47,92]. To compensate these issues, nano-

structuring oxide materials will be the tool to lower the operating temperature and its 

cost [26,62]. The operating cost circulates mainly upon the fuel usage type. The 

critical issue nowadays for the development of SOFCs is to investigate multi-fuels 

because hydrogen transportation and storage is costly and dangerous [21,93]. Liquid 

hydrocarbons fuels are cleaner and attractive alternatives for SOFCs besides oil-based 

fuels, because unlike H2 they are easily handled, stored and transported through 

conventional ways [49]. Therefore, advanced SOFC (ASOFC) gives solution to the 

conventional SOFC problems. The ASOFC operates at low temperature (≤ 600
o
C), 

lower cost and higher overall efficiency than conventional SOFCs [47].  

1.8.  Modeling of SOFC 

Generally, models help us to understand the nature of a system in known operating 

circumstances and gives advantage of prediction to compute performance. Behind any 

numerical study the main purpose is to calculate the impact and interactions among 

known parameters.  To any technique of modeling, the validity circulates upon user-

specified criteria. In components of any SOFCs based power system there are many 

machines and devices. For simulation of complete power system, sub-models for each 

main component are essential. As the center and key part of such power system is 

SOFCs stack, so it requires significant attention.  For SOFC, there are many models 

based on mathematical calculations [94–103]. Many developed SOFC models are 
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basically based on Nernst equation, Ohmic, activation and concentration losses; and 

this is called classical approach [94].  

SOFC-based micro-combined heat and power (m-CHP) has been considered as 

one of the most favorable technologies to fulfill the heating and electrical demand 

of a building more efficiently. Regarding the emissions of CO2, it has the potential 

to reduce it compared to energy consumption in the residential sector. Moreover, 

market size potential is large, and in total energy supply it could be significant to 

suggest this technology. Conventional work on SOFC is at high-temperature 

of 800-1000
o
C, where yttria-stabilized zirconia (YSZ) electrolyte is used to gain 

necessary high ionic conductivity. Because of this high operational temperature, 

SOFC faces hurdles in commercialization as it causes the thermal expansion 

mismatch, cell components degradation, and little choice of materials, etc. In order to 

use SOFC commercially, it is essential to decrease its operational temperature. By 

using conventional YSZ electrolyte and other conventional Ni-YSZ electrodes in a 

SOFC and then to make stack and module, correspondingly cell price will be high and 

power density will be low. Ultimately, by using this conventional cell in a model, the 

result seems to be not good in all aspects [102]. 

Adam et al. observed that m-CHP based on fuel cells provides savings in energy 

and cost, when it is used for buildings [103]. According to Hawkes et al. an SOFC-

based m-CHP system model has been presented to examine the techno-economic 

results of some cases for provision of residential demand of heat in the UK [104]. 

They found that SOFC-based m-CHP is well-suited for gradual heating demand of 

space. According to Choudhury et al. the high temperature steam coming from SOFC 

can be further used to operate Rankine or Brayton cycle for more power generation, 

or for heating and cooling purposes (co-generation/tri-generation). Furthermore, they 

showed that SOFC-combined system efficiency (electrical plus thermal) can be 

reached to maximum of 90% depending on the operating condition and its 

configuration [105]. In a recent study, natural gas SOFC-based m-CHP system unit of 

84.2 kW for a university building was produced, and mathematical and conceptual 

design analysis are presented [106]. In another study, a natural gas SOFC-based m-

CHP unit of 1 kW for residential purposes was produced and presented the 

mathematical and conceptual design analysis. There results showed that the system of 

SOFC-based m-CHP designed here can deliver electric power of 1.01 kW and heating 

power of 0.52 kW [107].  
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To extract comprehensive geometry details from SOFC models, sophisticated 

technique  based on computer is required. For this purpose, computational fluid 

dynamics (CFD) is  the best option to estimate the most accurate results. Many CFD 

computer packages are  available commercially like COMSOL Multiphysics, ANSYS 

Fluent, CFD-ACE+ and  STAR-CCM+ [108]. In these soft packages, it is easy to 

solve complex equations and then  get the detailed results. It is well known for every 

complex model the number of  parameters and variables becomes large, and by using 

CFD techniques it become possible  to take information inside the fuel cell upto three-

dimensional (3D) level. In inside fuel  cell it can be seen that which portion of fuel cell 

is not receiving fuel or air properly and  also it can be investigated that which portion 

is facing temperature problems [109]. By  getting such inside information of fuel cell, 

its open windows for researchers to redesign  the fuel cell and address the issues by 

changing the appropriate parameters.    

The classification of modeling study is primarily based in geometry configurations 

which may be  flat-tube, cylindrical and planar [110]. In literature all of 

aforementioned geometries are  investigated with their respective operating parameters 

and designs [88,111–115]. The results are  varied according to materials, operating 

strategies, synthesis techniques and electrochemical  reactions. In the present study, 

based on COMSOL Multiphysics planar button-type (which is  already practically 

experimented before) fuel cell will be investigated for modeling perspective.  At the 

end it will be easy to compare both practical and simulation based results, as it will 

be  create opportunity to how results will be more better. 

1.9. Objectives 

The high operating and manufacturing temperature of SOFCs is still barrier to 

promote it commercially due to many problems like as oxidizing of anode  with 

passage of time, interfacial resistance, high cost, and fuel cell life problem. The 

fundamental objective of this research work is to initiate step to create platform 

towards reducing the operating temperature, minimizing the cost and direct usage of 

hydrocarbon of SOFCs. The operation of SOFCs remains costly using conventional 

methods,  and a reduction in operating temperature would significantly reduce both 

component   (including inter-connects, sealing materials, and manifold materials) and 

manufacturing  costs.  
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 Therefore, the research theme is to reduce operational temperature and to lower cost 

of  the system in order to step forward to commercialization. Here, the numerous 

nano-composite  electrolytes and electrodes for LT-SOFC will be synthesized through 

different chemical  routes that may work at low temperature approximately @500-

600
o
C at hydrogen and hydrocarbon fuels without sacrificing the conductivities and 

fuel cell performance. The proposed materials will be further characterized to 

understand the crystallite size, structure, morphology, activation energy, and stability 

check by XRD, SEM with EDX, FTIR and UV-Vis. Further, different-sized multi-

fueled SOFCs will be  fabricated and tested with different fuels. The experimental and 

theoretical efficiencies  will be compared among different fed fuels. At the end results 

will be compared with  already developed systems in terms of both operating 

temperature and its cost.  
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Chapter 2 

Experimental techniques and modeling 
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2. EXPERIMENTAL TECHNIQUES AND MODELING 

This chapter is divided in three parts. In first part different synthesis techniques which 

are used during the study, will be discussed. In second part, the characterization tools 

and techniques (XRD, SEM, UV-Vis, EDS, FTIR, Conductivity and performance) 

and in last part how modeling was taken place will be communicated.  

2.1.  Synthesis of anode/electrolyte/cathode 

There are many synthesis techniques through which fuel cell components materials 

has been prepared. With respect to this present study; sol-gel method, co-precipitation 

and solid-state reaction method are used for synthesis of anode, electrolyte and 

cathode materials respectively. These techniques are discussed below in detail. 

2.1.1. Sol-gel Method  

The process of sol-gel is also known as wet chemical method and this one of well-

established synthesis approach for the preparation of new composite materials. The 

part ‘sol’ is shortcut used for word ‘solution’, where in this process the solution 

progressively makes formation of ‘gel’ which contains both solid and liquid phase 

(colloidal solution). This method is mainly circulating in few steps where raw 

materials are processed through stirring, gel-formation and drying at the end [116]. 

The flow-chart of this method can be shown in below figure 2-1. 

Reactant A Reactant B

Mixing of stoichiometric ratio of A & B
in

Deionized water

Stirring of solution 
at 80oC

Continuous stirring 
till formation of 

Gel

Dried at 105oC over 
the night

Sintering for 4 
hours at 700oC

Grinding through 
mortal and pestle

Characterization

Citric acid

 
Figure  2-1: Flow chart of sol-gel method 
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2.1.2. Co-precipitation method 

The co-precipitation method is widely used process for material synthesis to obtain 

nano-structure. This method is very useful where target is to obtain well 

stoichiometric ratio and higher purity. In this method, first materials were stirred in 

deionized water with their corresponding ratio and precipitating agent is mixed to 

form precipitate. After washing the precipitate, it is dried in oven and then ultimately 

in furnace at high temperature [26]. The flow chart of co-precipitation method is 

shown in figure 2-2. 

Reactant A Reactant B

Mixing of stoichiometric ratio of A & B

in

Deionized water

Stirring solution 

for a specific time

Precipitate 

formed

Precipitate washing 

and drying at 105oC 

over the night

Sintering in 

furnance

Grinding 

through mortal 

and pestle

Characterization

Precipitating 

agent

 

Figure  2-2: Flow chart of co-precipitation method 

2.1.3. Solid state method 

The solid-state reaction method is widely used due to easier process for synthesis of 

composite material. Through this method, the stoichiometric amount of materials is 

directly mixed and grinded with the help of mortar and pestle. After fine grinding, the 

composite material will be dried in oven and then in furnace at high temperature to 

make complete dry [48]. The flow chart of solid-state method is shown in figure 2-3. 
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Reactant A Reactant B

Mixing of stoichiometric ratio of A & B

Grinding with 
Mortar and Pestle

Drying at 105oC for 
specific time

Sintering in 
furnance

Grinding through 
mortal and pestle

Characterization
 

Figure  2-3: Flow chart of solid-state method 

2.2. Fabrication of cell 

With different synthesis techniques fuel cell components i.e. anode, electrolyte and 

cathode are prepared to complete the cell components. Conventionally, there are two 

configurations through which fuel cell is fabricated as shown in figure 2-4. In 

symmetric fuel cells the active material at the anode and cathode are the same, i.e. the 

electrodes are the same. In asymmetric fuel cells the anode and cathode active 

materials are different, i.e. the electrodes are different. The electrolyte is sandwiched 

between electrodes to make a complete three layers solid oxide fuel cell with dry 

press technique using hydraulic press.  

Symmetric fuel cell Asymmetric fuel cell

Anode

Electrolyte

Cathode

Anode

Electrolyte

Cathode

 

Figure  2-4: Configurations of symmetric and asymmetric cell 
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The composite materials which are investigated in this study as an 

anode/electrolyte/cathode are categorized in tables 2-1, 2-2, 2-3 and 2-4.  

Table  2-1: Samples details operated on pure H2 (anode) 

S. No Name of sample Molar Compositions 
Weightage (%) 

Compositions 

1 CTZ-1 Cu0.25Ti0.25Zn0.5 

24.860% CuCO3.Cu(OH)2 

8.915% TiO2 

66.405% Zn(NO3)2.6H2O 

2 ATZ-1 Ag0.25Ti0.25Zn0.5 

20.015% AgNO3 

9.465% TiO2 

70.520% Zn(NO3)2.6H2O 

3 MTZ-1 Mn0.25Ti0.25Zn0.5 

20.960% Mn(NO3)2.H2O 

9.350% TiO2 

69.690% Zn(NO3)2.6H2O 

4 CTZ-2 Cu0.25Ti0.05Zn0.7 

18.095% CuCO3.Cu(OH)2 

1.540% TiO2 

80.365% Zn(NO3)2.6H2O 

5 MTZ-2 Mn0.25Ti0.05Zn0.7 

17.410% Mn(NO3)2.H2O 

1.555% TiO2 

81.035% Zn(NO3)2.6H2O 

6 ATZ-2 Ag0.25Ti0.05Zn0.7 

16.675% AgNO3 

1.565% TiO2 

81.760% Zn(NO3)2.6H2O 
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7 CATZ-3 Cu0.125Ag0.125Ti0.05Zn0.7 

9.125% CuCO3.Cu(OH)2 

8.265% AgNO3 

1.555% TiO2 

81.055% Zn(NO3)2.6H2O 

8 CFZ-4 Cu0.25Fe0.05Zn0.7 

19.480% CuCO3.Cu(OH)2 

7.120% Fe(NO3)3.9H2O 

73.395% Zn(NO3)2.6H2O 

9 CMZ-4 Cu0.25Mn0.05Zn0.7 

20.285% CuCO3.Cu(OH)2 

3.285% Mn(NO3)2.H2O 

76.515% Zn(NO3)2.6H2O 

10 MFZ-5 Mn0.25Fe0.05Zn0.7 

16.375% Mn(NO3)2.H2O 

7.395% Fe(NO3)3.9H2O 

76.230% Zn(NO3)2.6H2O 

 

Table  2-2: Samples details operated on multi-fuels (anode) 

S. No Name of sample Molar Compositions 
Weightage (%) 

Compositions 

1 BNCZ-1 BaNi0.4Ce0.2Zn0.4 

44.786% BaNO3 

19.937% NiNO3 

14.883% CeNo3 

20.392% Zn(NO3)2.6H2O 

2 BNCZ-2 BaNi0.3Ce0.2Zn0.5 

44.735% BaNO3 

14.936% NiNO3 
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14.866% CeNo3 

25.462% Zn(NO3)2.6H2O 

3 BNCZ-3 BaNi0.2Ce0.2Zn0.6 

44.684% BaNO3 

9.946% NiNO3 

14.849% CeNo3 

30.519% Zn(NO3)2.6H2O 

4 NBCZ-4 (Ni)0.6(Ba0.3Ce0.2Zn0.5)0.4 

58.149% NiNO3 

10.449% BaNO3 

11.575% CeNo3 

19.826% Zn(NO3)2.6H2O 

5 NBCZ-5 (Ni)0.5(Ba0.3Ce0.2Zn0.5)0.5 

48.087% NiNO3 

12.962% BaNO3 

14.358% CeNo3 

24.593% Zn(NO3)2.6H2O 

 

Table  2-3: Samples details of electrolyte materials 

S. No Name of sample Molar Compositions 
Weightage (%) 

Compositions 

1 LN-CSDC-1 

LiCO3:NaCO3 (1:1) 

and 

Ce0.9Ca0.05Sr0.05 

94.58% CeNo3.6H2O 

2.857% CaNO3.4H2O 

2.560% SrNO3 

2 AZC-GDC-2 

Ga0.2Ce0.8-Al4.5Zn3Ca2.5 

(1:1) 

12.834% GaNO3 

87.165% CeNo3.6H2O 

23.629% AlNO3 
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45.962% Zn(NO3)2.6H2O 

30.408% CaNO3.4H2O 

3 AZL-GDC-3 

Ga0.2Ce0.8-Al4.5Zn3Li2.5 

(1:1) 

12.834% GaNO3 

87.165% CeNo3.6H2O 

29.870% AlNO3 

58.102% Zn(NO3)2.6H2O 

12.028% LiCO3 

 

Table  2-4: Samples details of cathode materials 

S. No Name of sample Molar Compositions 
Weightage (%) 

Compositions 

1 LFBSC-1 La0.5Fe0.5Ba0.5Sr0.5Co2  

17.50% LaNO3 

16.33% FeNO3 

10.56% BaNO3 

8.55% SrNO3 

47.05% CoNO3 

2 SCFA-2 SrCo0.85Fe0.1Al0.05  

40.83% SrNO3 

47.74% CoNO3 

7.80% FeNO3 

3.62%AlNO3 

3 SCFG-3 SrCo0.85Fe0.1Ga0.05  

41.31% SrNO3 

48.30% CoNO3 

7.89% FeNO3 

2.50%GaNO3 
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4 LATZ-4 La0.25Ag0.25Ti0.05Zn0.7  

62.96% LaNO3 

6.18% AgNO3 

0.58% TiO2 

30.28% Zn(NO3)2.6H2O 

   

2.3.  X-ray Diffraction (XRD) 

XRD is counted one of the prominent tools for characterization that is used in material 

engineering and solid state study. Basically, X-rays have same size of atom having 

wavelength of 1Å and they are electromagnetically radiated. Their electromagnetic 

spectrum is in between of gamma and ultraviolet rays [7]. In this study, PAN-Alytical 

X′Pert Pro MPD, Netherlands was used for X-ray diffraction to acknowledge the 

crystal and phase analysis with Cu Kα radiation (having scanning rate 0.005, 30 mA 

current and 35 kV voltage at room temperature).  

The Scherer equation is used to find the crystalline size of the proposed composite i.e. 

  0.9 / cosXRDD B         2.1 

where λ and B are wavelength and full width half modulation. 

2.4.  Scanning electron microscopy (SEM) 

To get the comprehensive details of the proposed sample of fuel cell in terms of 

morphology, structure and compositions, SEM characterization is used in order to get 

a very high definition image by scanning its surface [7].  Philips XL-30, Netherlands 

was used for SEM analysis to observe porosity, particle size, and surface morphology 

of the prepared electrodes/electrolyte samples. One another unit is attached with SEM 

which gives information about composition of the sample is called energy dispersive 

spectrometer (EDS). 

2.5. Ultraviolet-visible (UV-Vis) spectroscopy 

UV-Vis spectroscopy is widely used in research and teaching laboratories for band 

gap measurements. This is a technique which allows us easily to find out the 

concentration of substances in order to further study the reaction rates and equations. 

In this study, Perkin Elmer Lambda 750, USA, was used for band gap measurements 
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in the wavelength range 300–800 nm [5]. The band gap can be calculated by 

following equation; 

  ( ) ( )nhv A hv Eg          2.2 

where α, h, Eg, A, n are absorbance coefficient, Plank's constant, band gap, constant, 

and type of band gap. 

2.6.  Fourier transform infrared (FTIR) 

The materials information regarding structural and phase transformations can be 

found through FTIR spectroscopy [5]. FTIR spectroscopy with a spectral range of 

4000–500 cm
-1

 was observed by using Perkin Elmer spectrum RX I, USA. The best 

advantage of FTIR that sample in any physical state can be effectively examined. The 

infrared radiation is passed through a sample and in a result infrared spectrum is 

obtained where one can see that at which particular energy the incident radiation is 

fractionally absorbed.  

2.7.  Conductivity measurements 

The electrical conductivities of prepared electrode/electrolyte samples were tested by 

making the pellets of each sample. For this purpose, pellets of each sample were 

fabricated via dry pressing under a pressure of 4000 Pa. The dimensions of pellets 

were controlled as 13 mm diameter and 2 mm thickness. The fabricated pellets were 

then sintered at 670°C for 50 min. Silver paste is coated with soft brush on both sides 

of the pellets to provide good current contacts. The electrical conductivities of 

prepared samples were measured in the temperature range of 300–650 °C using 4-

probe DC method by Keithley instrument, Taiwan. Following equation is used to 

calculate conductivity; 

  / ( * )L R A         2.3 

where σ, L, R, and A show conductivity, thickness, resistance and active 

area (0.64 cm
2
) of the pellets respectively. 

From the given data of electrical conductivities, Arrhenius curves were plotted in 

order to calculate the activation energies. The following formula was applied for 

calculations; 

  *exp( / * )A Ea k T         2.4 

where σ, A, Ea, k, and T represent the conductivity, exponential factor, activation 

energy, Boltzmann constant and absolute temperature in kelvin respectively. 
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2.8.  Performance measurements 

Three consecutive layers of anode/electrolyte/cathode for fuel cells have been 

fabricated through dry pressing technique. For anode and cathode composite materials 

shown in tables 2-1, 2-2 and 2-4, asymmetric cells are fabricated for further 

characterization. Samarium doped ceria (SDC) [50] and Ba0.5Sr0.5Co0.8Fe0.2 (BSCF) 

[117] were used as electrolyte and cathode materials for the anode composite 

materials shown in tables 2-1 and 2-2. For electrolyte table 2-3, LiNiCuZn (LNCZ) 

[118] material is used as electrodes for fabrication of symmetric fuel cells. The holder 

which is used for fuel cell is shown in figure 2-5 [8]. 

 

Figure  2-5: Schematic diagram for fuel cell performance measurements 

The fuel cell dimensions were controlled as 13 mm diameter and 1 mm thickness of 

each cell/pellet. However, the cell layers were kept 0.40 mm, 0.35 mm, and 0.25 mm 

as anode, electrolyte and cathode respectively. The pressed cells/pellets were then 

sintered at 650 °C for 50 min. In order to improve the electrical contacts, outside 

surfaces of cells were coated with silver paste. Fuel cell performance of each cell was 

obtained by using fuel cell testing unit S12, China at 650 °C. Five different fuels 

(hydrogen, natural gas, ethanol, glucose and sugarcane) have been investigated at 

anode side as a fuel and O2 at cathode side as oxidant were used to complete the 

reaction process. Flow rate of fuels were kept 50-110 ml/min at a pressure of 1 atm. 

2.9. Modeling approach 

For SOFC and its power systems, modeling performs a big role in development and 

commercialization. On behalf of modeling, it become easy to study the fuel cell 
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internally and to interpret the inner processes and take results [119]. Model gives 

advantage only when it is authenticated with practical results inside lab. Different 

types of materials can be used to construct the electrodes of a fuel cell. Modeling 

predicts that by using the current experimented materials and its corresponding fuel 

cell, in following area and portion there is gap in order to improve the cell function 

and its performance measurements. Modeling gives us way to investigate new fuel 

cells composition, different operating hydrocarbons, running conditions and their 

geometries[108].   

The SOFC simulation circulates around many parameters and their corresponding 

equations (generally partial differential equations), which requires modern simulation 

approach. In this study finite element method will be considered, which is helpful to 

get inside information of fuel cell in three-dimensional. Here COMSOL version 5.4 

will be used for modeling simulations which has greater ability to handle partial 

different equations. The modeling may be in cell/stack/module level, here in this 

study it will be single cell level because when cell is validated for experimental results 

then it can be expanded to high level. The cell which is taken for modeling 

considerations, is operated on pure hydrogen. Figure 2-6 shows variation between 

electrical, thermal and total efficiencies having load factor as a function of an SOFC-

based system [120,121]. 

 

Figure  2-6: Efficiency Vs load factor for SOFC system 
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3. Low temperature nano-composites for SOFC 

3.1. Nano-composite anodes 

Thermally and chemically compatibility with electrolyte material, high electronic 

conductivity to create minimum resistance to escape electrons from the fuel cell, fine 

particle size, high porosity, and large surface area are the main properties of anode 

materials [82–96].  

The current study is motivated to decrease operating temperature and/or to improve 

properties and lower the cost of SOFC. 

The anode composites which are investigated in this study are listed in table 2-1, the 

samples CTZ-2, MTZ-2 and ATZ-2 have good results as compare to other remaining 

samples in this mentioned table. Therefore, details are given only for these three 

samples as the remaining samples are failed in early stages of conductivity and 

performance.  

3.1.1. Synthesis of anode materials 

The anode materials with sample compositions X0.25Ti0.05Zn0.70 (Where X = Cu, Mn 

and Ag) were synthesized through sol-gel method. Ag(No)3, Cu(NO3)2·6H2O (Sigma 

Aldrich), Mn(NO3)2·H2O (Sigma Aldrich), TiO2 (Sigma Aldrich), and Zn 

(NO3)2·6H2O (Sigma Aldrich) were utilized as starting materials. Nitrate materials 

were solved in 300 ml deionized water, while TiO2 in nitric acid. Then the nitrates 

and acids solutions were combined for each sample. The citric acid was used as 

chelating agent and 20 wt% of citric acid was mixed in combined solutions for each 

sample followed by stirring on a hot plate with magnetic stirrer @300 rpm at 

temperature of 80 °C for several hours until gel fabrication. Gels of CTZ-2 oxide 

(CuTiZnO) and MTZ-2 oxide (MnTiZnO) were fine dried, but in drying of ATZ-2 

oxide (AgTiZnO) self-combustion took place by giving us a brown powder. After 

grinding, mixtures were sintered in furnace at 700 °C for 4 h. The samples were 

collected after furnace cool and grinded one by one to make homogenized composite 

oxides. 

3.1.2. Structural analysis 

The crystallographic structure of anode materials X0.25Ti0.05Zn0.70 oxide (where X = 

Cu, Mn, Ag) sintered at 700 °C for 4 h was studied by XRD analysis. The XRD 
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patterns have been displayed in Fig. 3(a)-(c). Usually material ratios are altered to 

find out the best results in a series of samples; however, in the present study one 

component is changed having the same ratios (X0.25Ti0.05Zn0.70 oxide (where X = Cu, 

Mn, and Ag). The average crystallite sizes of each sample were calculated by 

Scherrer’s formula from the XRD patterns and found to be nanostructure in the range 

of 20–100 nm and have been listed in Table 3-1. The possible uncertainty in the 

calculation of crystallite sizes of the prepared materials has been evaluated with the 

help of standard deviation formula; the used formula is given as: 

2( )
. .

1

N
i

i

x x
S D

N





        3.1 

Where xi is the value of crystallite size and i = 1, 2, 3, …..,  ̅ is the average value of 

crystallite size and N is the number of measurements. However, the values evaluated 

errors are represented in small brackets in the Table 3-1. 

The XRD patterns of Cu0.25Ti0.05Zn0.70 oxide shown in Fig. 3-1a were examined by 

Match! Software and found to be two phases. The ZnO phase has hexagonal structure 

(COD Card No. 96-900-4179) and the other CuTiZn has a cubic structure (COD Card 

No. 96-152-4535). Fig. 3-1b depicts the XRD patterns of Mn0.25Ti0.05Zn0.70 oxide and 

shows two-phase structure. The ZnO phase has hexagonal structure (COD Card No.  
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Figure  3-1: XRD patterns of nano-composites anodes: (a) Cu0.25Ti0.05Zn0.70 oxide, (b) 

Mn0.25Ti0.05Zn0.70 oxide, (c) Ag0.25Ti0.05Zn0.70 oxide 

96-101-1259) and MnO phase has tetragonal structure (COD Card No. 96-810-3497). 

However, the XRD patterns do not show any peak of TiO2 contents. It has been 

observed that the peaks of small amount (ratio 0.05 mol) of TiO2 may be doped in Zn-

oxide. This dopant phenomenon can be observed with a peak at angle of 2θ = 43°. It 

has been reported that the doping of TiO2 into ZnO improve the quality of the 
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material [122]. In literature it is also cited that less amount of Ti-oxide may enhance 

electrical properties of the composite material [102,103]. 

The XRD patterns of Ag0.25Ti0.05Zn0.70 oxide has been displayed in Fig. 3-1c. The 

results show that the patterns of AgTiZn oxide have also two-phase structure. Once 

again ZnO has hexagonal structure (COD Card No. 96-101-1259) while AgTi has 

tetragonal structure (COD Card No. 96-150-9562). Some noise has been detected 

(intensity lower than 100) which may be due to instrument alignment issues or water 

vapors [26]. In the XRD patterns indexing of X0.25Ti0.05Zn0.70 oxide, it has been 

noticed that the ZnO has hexagonal structure and found to be common in all samples 

whereas X content in composition almost varies its structure. 

Table  3-1: Performance details of X0.25Ti0.05Zn0.70 composite anodes 

Anode 

Material 

Crystallite 

Size (nm) 

Operating Temperature = 650
o
C 

Max. 

OCV (V) 

Max. Current 

Density (mA/cm
2
) 

Max. Power 

Density 

(mW/cm
2
) 

Cu0.25Ti0.05Zn0.7 21 (07.31) 0.743 793.75 179.88 

Mn0.25Ti0.05Zn0.7 37 (15.92) 0.851 875 246.4 

Ag0.25Ti0.05Zn0.7 67 (21.12) 1.047 912.5 353.98 

 

3.1.3. SEM analysis 

The SEM results of the Cu0.2525Ti0.05Zn0.70, Mn0.2525Ti0.05Zn0.70, and 

Ag0.2525Ti0.05Zn0.70, oxides are shown in Fig. 3-2, 3-3 and 3-4, respectively. The 

micrographs of each sample have been observed deeply and found to be porous in 

structure. The porous structure is a fundamental characteristic of electrode/anode 

materials for solid oxide fuel cell. During the cell reaction, porous structure gives 

advantage of transferring ions/electrons that come from any electrode side. The 

particle sizes of each proposed synthesized materials X0.25Ti0.05Zn0.70 oxide were 

observed by line drawing method from obtained micrographs. The results of 

observations were found to be in the range of 20–100 nm.  
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Figure  3-2: SEM micrograph for anode materials Cu0.25Ti0.05Zn0.70 

 

Figure  3-3: SEM micrograph for anode materials Mn0.25Ti0.05Zn0.70 

The obtained results of particle sizes from SEM analysis execute well agreement of 

the crystallite sizes that than calculated by Scherer's formula from XRD patterns. 
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Small particle size of X0.25Ti0.05Zn0.70 oxides can play vital role to increase 

performance and conductivity of the cell due to large surface area.  

 

 

Figure  3-4: SEM micrograph for anode materials Ag0.25Ti0.05Zn0.70 

Energy dispersive spectroscopy (EDS) spectrum of Ag0.25Ti0.05Zn0.70 oxide is shown 

in Fig. 3-5, where the desired stoichiometry is confirmed by all the elements. 

 

 

Figure  3-5: EDS mapping of all the elements in Ag0.25Ti0.05Zn0.70 oxide composition 
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3.1.4. UV-Visible and FTIR analysis 

The UV–Visible spectrum of the Ag0.25Ti0.05Zn0.70 oxide (only one sample on behalf 

of high conductivity and power density) was obtained in the range of 300–800 nm and 

is shown in Fig. 3-6. The band gap can be calculated by following equation; 

  ( )
n

gh A h E           3.2 

where α, h, Eg, A, n are absorbance coefficient, Plank's constant, band gap, constant, 

and type of band gap.  

 

Figure  3-6: UV–Vis spectrum of Ag0.25Ti0.05Zn0.70 oxide nano-composite anode 

In UV spectrum, strong absorption was observed in the range of 300–500 nm regions. 

The materials information regarding structural and phase transformations can be 

found through FTIR spectroscopy. FTIR spectrum of Ag0.25Ti0.05Zn0.70 has been 

shown in Fig. 3-7 in the range of 4000–750 cm
-1

. In the obtained spectrum, several 

peaks were observed at 3749, 3649, 2173, 2002, 1634, 1516, 1384, and 891 cm
-1

. The 

large absorption bands comparatively to other peaks were found at 3749 cm
-1

 and at 

1516 cm
-1

. The peak originated at 891 cm
-1

 is most probably due to the groups of 

NO3
-
 [104,105], while the small peak at 1384 cm

-1
 is related to Ti-O modes 

[106,107]. The other peak shown at 1516 cm
-1

 is corresponded to Ag nano-particles 

[127] and adjacent peak at 1634 cm
-1

 is due to stretching of Zn–O [128]. 



45 
 

 

Figure  3-7: FTIR absorbance spectra of Ag0.25Ti0.05Zn0.70 oxide material 

3.1.5. Conductivity analysis 

Appropriate electrical conductivity is a major parameter to get better performance 

results of electrode materials [129]. Four-probe DC measurement method was 

implemented to get results of electrical conductivity for X0.25Ti0.05Zn0.70 oxide (where 

X = Cu, Mn, and Ag) nanocomposite in the temperature range of 300–650 °C in air 

atmosphere individually. The results of measurements were presented in Fig. 3-8. It 

has been found that the electrical conductivity of each sample increases with the 

increase in temperature. However, the maximum electrical conductivities were 

achieved at temperature 650 °C with an order of Ag0.25Ti0.05Zn0.70 (7.81 S/cm) > 

Mn0.25Ti0.05Zn0.70 (7.19 S/cm) > Cu0.25Ti0.05Zn0.70 (6.01 S/cm). Among the three 

samples, the Ag0.25Ti0.05Zn0.70 possesses a maximum conductivity of 7.81 S/cm due to 

higher international annealed copper standard (IACS) value than Cu and Mn. 

However, Cu is widely used world-wide for electrical purposes because it is cheap as 

compare to pure silver [121]. The Arrhenius plots were drawn of each conductivity 

data in order to elucidate the activation energy. The activation energies of 

Ag0.25Ti0.05Zn0.70, Mn0.25Ti0.05Zn0.70, and Cu0.25Ti0.05Zn0.70 were found to be 0.65, 0.50, 

and 0.21 eV, respectively and prescribed in legend of Fig. 3-8. The lowest value of 

activation energies ensures the shortest time required to start the chemical reaction. 

Usually electrical conductivity is considered 10 times higher than that of ionic 
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Figure  3-8: Arrhenius plot DC conductivities of X0.25Ti0.05Zn0.70 oxide 

conductivity of electrolyte used in the cell [112,113]. In this present study, all the 

samples have approximately 60–80 times higher electrical conductivity at 650 °C than 

that of SDC electrolyte which contains ionic conductivity 0.1 S/cm [25]. Thus, among 

X0.25Ti0.05Zn0.70 oxide as anode; Ag0.25Ti0.05Zn0.70 is considered a good material under 

intermediate temperature. From figure it is also noted that conductivity is directly 

proportional to temperature and this reveals that composite oxides act like 

semiconductor [114,115]. 

3.1.6. Performance analysis 

The already prepared SDC and BSCF were used as electrolyte and cathode materials, 

respectively with X0.25Ti0.05Zn0.70 oxide anode in order to complete the fabrication of 

three layers fuel cell. The complete structure of cell is as X0.25Ti0.05Zn0.70O / SDC / 

BSCF (where X represents the Ag, Mn, and Cu oxides). In the presence of H2, fuel 

cells testing were performed in order to check open circuit voltage (OCV) and its 

corresponding current at various resistances using rheostat. The I-V data was 

collected at the temperature of 650 °C for all three samples using Ag0.25Ti0.05Zn0.70 / 

Mn0.25Ti0.05Zn0.70 / Cu0.25Ti0.05Zn0.70 as anode. The power density was also calculated 

from the I-V data. The current density vs OCV  and current density vs power density 

curves were drawn and the results of measurements were displayed in Fig. 3-9. The 

active area of the cell has been taken into account 0.64 cm
2
. 
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Figure  3-9: Fuel cell performances of X0.25Ti0.05Zn0.70 (X = Cu, Mn, Ag) anode 

It has been noted that the maximum open circuit voltage (OCV) and power density 

were achieved 1.047 V and 354 mW/cm
2
, respectively of the sample Ag0.25Ti0.05Zn0.70 

oxide at 650 °C using hydrogen as fuel and air as oxidant.  

The maximum power density achievement is due to the contribution of silver contents 

that has higher conductivity values as compare to Cu and Mn contents. The results 

were taken by implementing fuel cell testing unit S12, China. In Fig. 3-10, a four-axis 

chart has been drawn to advertise the complete information regarding crystallite sizes, 

electrical conductivities, power densities, and activation energies obtained from each 

sample of X0.25Ti0.05Zn0.70 oxide anode materials. The numerical data also has been 

displayed in Table 3-1 in respect of crystallite sizes, OCVs, current and power 

densities at operating temperature of 650 °C. The composite oxide with higher values 

of electrical conductivity has performed maximum power density. On behalf of the 

obtained electronic conductivity, OCV, and power density including nano-structuring 

technique, the proposed material can be considered one of the best alternative cheap 

and nickel free anode for intermediate temperature solid oxide fuel cell. 
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Figure  3-10: Four axis graph for Comparatively analysis of X0.25Ti0.05Zn0.70 oxide 

anode in different aspects 

3.2.  Nano-composite electrolytes 

Electrolyte is an eminent part of fuel cell and called a heart of fuel cell on being a 

central part of SOFC. Electrolyte characteristics includes compatibility with 

electrodes (anode and cathode), high ionic conductivity and have no electronic 

conduction.  

3.2.1. Synthesis of electrolyte 

The electrolyte samples shown in table 2-3 are prepared through co-precipitation 

technique. For sample-1 as starting materials CeNO3.6H2O, CaNO3.4H2O and SrNO3 

(Ce0.9Ca0.05Sr0.05) are taken in consideration in respect of their corresponding 

stoichiometric ratios. These three materials were mixed in deionized water through 

magnetic stirrer for 1 h at temperature of 80
o
C with 250 rpm. At the same time 50 wt. 

% of LiCO3 and Na2CO3 are dissolved as precipitating agent in another beaker at 

same temperature and period. After mixing, the precipitating solution was mixed 

drop-wise to the CSDC under vigorous solution in order to form white precipitation. 

The precipitate was then washed, filtered and then dried in oven overnight. For 

sintering the composite is placed in digital furnace for 4 h at temperature of 850
o
C, 

and then through mortar pestle grinded to make fine powder. 
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In the same manner of co-precipitation technique gadolinium doped ceria (GDC) was 

synthesized as precursor for samples-2 and 3 of table 2-3. The GDC-AlZnCa (sample-

2) and GDC-AlZnLi (sample-3) nanocomposite materials are synthesized by solid 

stated technique (dry method). At start, Al2O3, ZnNO3.6H2O, CaNO3.4H2O, Li2CO3 

are mixed as per requirement of samples with molar ratio 4.5:3:2.5 and grinded 

through mortar and pestle. After that the GDC and AlZnCa / AlZnLi are mixed by 

different weight ratios (5:1, 3:1, 1:1, 1:3, 1:5) and then again grinded. The composite 

samples are then treated in digital furnace at 850
o
C for 4 h to obtain the homogenous 

fine powder after grinding the nanocomposites.  

3.2.2. Structural analysis 

The XRD patterns of different electrolyte samples are displayed in figures 3-11, 3-12, 

and 3-13.  

 
Figure  3-11: XRD patterns of nano-composite electrolyte Ce0.9Ca0.05Sr0.05 sample 

The crystallite sizes of these samples have been calculated from the XRD patterns and 

found to be nano-structured less than 100 nm. The XRD patterns of electrolyte 

samples are examined by Match! Software where different phases are found 

accordingly to the samples. The sample-1 (CSDC) shows single-phase structure, 

where ceria has a cubic structure (COD Card No. 96-900-9009). The peaks of Ca and 

Sr were not found which shows full doping in Ce during sintering.  
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The XRD patterns of GDC-AlZnCa (1:1) electrolyte sample-2 shows two phases, 

where GDC phase has a cubic structure (COD Card No. 96-210-7060) and the ZnO 

phase hexagonal structure (COD Card No. 96-154-1473). On the other hand, in 

sample-3 where Li (GDC-AlZnLi) is used instead of Ca (GDC-AlZnCa), also shows 

two phases but different to sample-2. In sample-3 the ceria has cubic structure (COD 

Card No. 96-721-7888) and ZnO has hexagonal structure (COD Card No. 96-900-

8878). In these electrolyte samples, no other phases of by-products are detected which 

depicts that there is no reaction within these phases at sintering temperature.  

 

Figure  3-12: XRD patterns of nano-composite electrolyte GDC-AlZnCa (1:1) sample 

 

Figure  3-13: XRD patterns of nano-composite electrolyte GDC-AlZnLi (1:1) sample 
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3.2.3. SEM analysis 

The SEM micrograph of different electrolyte samples are shown in figures 3-14, 3-15, 

and 3-16. From displayed figures, it can be concluded clearly that the synthesized 

composite materials are well dense and homogenous. It reveals further that all the 

samples consist of fine particles and they are in the nano-range of less than 100 nm.  

 

Figure  3-14: SEM micrographs of electrolyte Ce0.9Ca0.05Sr0.05 sample 

 

Figure  3-15: SEM micrographs of electrolyte GDC-AlZnCa (1:1) sample 
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Figure  3-16: SEM micrographs of electrolyte GDC-AlZnLi (1:1) sample 

In Fig. 3-14, the core of alkali carbonates (Li2CO3 and Na2CO3 with 1:1 ratio) can be 

seen on CSDC as second phase.  Such kind of core is providing path to oxygen ions 

from cathode to anode of a cell and make contribution to enhance ionic conductivity 

and performance results [134].   

3.2.4. Conductivity analysis 

In figure 3-17 the ionic conductivity of nano-composite LN-CSDC electrolyte can be 

seen, which has been measured by 4-probe technique in the temperature range of 300-

600
o
C. From figure 3-17, it can be noticed that LN-CSDC ionic conductivity is higher 

than the pure CDC (0.03 Scm
-1

) [69] electrolyte material and the conductivity 

enhancement credit goes to the addition of alkali carbonates [114]. In literature it can 

be confirmed that by addition of carbonate contents (≥ 30% by weight) will make 

increase in ionic conductivity of electrolyte [114–116] and it can be seen in figure 3-

17 that the enhancement is linear manner. In LN-CSDC composite, the weight of LN 

carbonates is 50% which shows good ionic conductivity results.  

The figure 3-18 shows the ionic conductivities of GDC-AZC and GDC-AZL with 

comparison of pure GDC [138] and NSDC [139] electrolyte at the temperature of 

300-600
o
C. It is clearly observed from figure 3-18 that ionic conductivity of GDC-
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AZC is higher among all electrolytes in comparison whereas the nano-composite 

GDC-AZL has higher conductivity from pure GDC only. The proposed new 

electrolyte nano-composite GDC-AZC proves itself to be a good alternative 

electrolyte for low temperature.  

 
Figure  3-17: Ionic conductivity of LN-CSDC electrolyte 

 

Figure  3-18: Ionic conductivities of GDC-AZC and GDC-AZL (1:1) in comparison 

with GDC and NSDC electrolyte 
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3.2.5. Performance analysis of electrolyte nano-composites 

By using LNCZ electrodes, the fuel cell performance can be seen in figure 3-19 for 

LN-CSDC nano-composite electrolyte at temperature range of 500-600
o
C. The 

performance results of the fuel cell show that maximum power and current densities 

have been achieved as 422.475 mW/cm
2
 and 1567.5 mA/cm

2
 respectively, at 

temperature of 600
o
C.  The highest OCV was recorded 1.01 V at 600

o
C this cell 

(LNCZ/LN-CSDC/LNCZ). H2 (fuel) and air as oxidant are used at the anode and 

cathode side respectively with flow rate of 100 ml/min at standard of 1 atm pressure. 

The proposed nano-composite electrolyte is enough dense in order to block the 

electrons and allow ions only to pass out.  

 
Figure  3-19: Fuel cell performances based on LN-CSDC electrolyte at different 

temperatures 

The relationship of current density with voltage and power density of GDC-

AZC/GDC-AZL can be seen in figure 3-20. The maximum OCV, current density and 

power density were found to be 1.061V, 1712.5 mA/cm
2
 and 543.284 mW/cm

2 

respectively, at the low temperature of 550
o
C. These higher values are achieved by 

GDC-AZC with a weight ratio of 1:1 and the same sample already shows the good 

conductivity results. In comparison of performance results with literature, the Ying 

Ma et al. [140] investigated GDC-KAlZn and got the maximum power density of 480 

mW/cm
2
 at 550

o
C and in another study of Liu et al. [141] examined pure GDC and 
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performance results were found 130 mW/cm
2
 at 550

o
C. Therefore, the proposed novel 

nano-composite electrolyte GDC-AZC performance results confirmed that it has great 

potential and alternative for low temperature SOFC.  

 

Figure  3-20: Fuel cell performances based on composite electrolytes GDC-AZC and 

GDC-AZL at low temperature of 550
o
C 

3.3.  Nano-composite cathodes 

The job of cathode component is to get air as oxidant, then the oxygen molecules are 

absorbed on the surface of porous cathode and through current collector electrons are 

coming from anode to cathode where in result oxygen molecules are reduced to ions 

[80]. The oxygen ions are then transferred through dense electrolyte to the anode side 

by diffusion [76].  In properties of cathode, it should have sufficient electro-catalytic 

behavior to oxygen reduction and carriage of electrons to the reaction zone. 

Compatibility and stability are the main factors of cathode nano-composites in order 

to fulfill the demand of lower the operating temperature of SOFC [120].  

3.3.1. Synthesis of cathode 

The cathode samples mentioned in table 2-4 are synthesized through solid stated 

method. According to the composition weightage of each sample, they are taken as 

initial raw materials as shown in flow chart at figure 2-3. Each sample is individually 
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grinded through mortar and pestle and then placed in electronic furnace at temperature 

of 105
o
C. After that each sample is again grinded and then sintered for four hours at 

700
o
C. Finally, to get the fine composite powder they are again grinded to gain 

homogeneity. 

3.3.2. Crystal structure analysis 

The XRD structure of cathode nano-composite La0.5Fe0.5Ba0.5Sr0.5Co2  is presented in 

figure 3-21, which are examined by Match! Software and found to be three phases. 

The peaks of all the elements in the sample-1 are present in form of individual and 

combined phases. The SrCoO phase has trigonal structure (COD Card No. 96-154-

4503), BaFeO phase has hexagonal structure (COD Card No. 96-152-6119) and LaO 

phase has cubic structure (COD Card No. 96-153-1468).   

 

Figure  3-21: XRD pattern of La0.5Fe0.5Ba0.5Sr0.5Co2 composite oxide 

The crystallographic structure of cathode sample-2 is shown in figure 3-22, which 

illustrates that the nano-composite oxide has two phases. The combined phase of 

SrCoO has trigonal structure (COD Card No. 96-207-3926) and individual phase of 

AlO has cubic structure (COD Card No. 96-412-4785). However, the XRD patterns 

do not show any peak of FeO, which may be doped in the other phases during 

sintering process.  



57 
 

 

Figure  3-22: XRD pattern of SrCo0.85Fe0.1Al0.05 composite oxide 

From XRD figure 3-23, it is confirmed that the sintering temperature (700
o
C) have 

developed sufficient crystallinity in the sample-3 SrCo0.85Ga0.1Al0.05, where the 

element Ga is changed with Fe of sample-2. In this sample, no individual phase was 

found but the presence of all the elements is confirmed. The FeSrO has combined 

phase of cubic structure (COD Card No. 96-152-8365) and CoGaO has orthorhombic 

structure (COD Card No. 96-153-1811). 

The crystallographic structure is presented for the cathode sample-4 in figure 3-24, 

which are examined by Match! Software and found to be four different phases. The 

ZnO phase has hexagonal structure (COD Card No. 96-230-0451), AgO phase has         

cubic structure (COD Card No. 96-710-9248), the LaTiO phase has cubic structure 

(COD Card No. 96-412-4869) and TiO phase has hexagonal structure (COD Card No. 

96-200-2691). 
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Figure  3-23: XRD pattern of SrCo0.85Ga0.1Al0.05 composite oxide 

 

Figure  3-24: XRD pattern of La0.25Ag0.25Ti0.05Zn0.7 composite oxide 
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3.3.3. SEM analysis of cathode samples 

The cathode samples micrographs are shown in below figures 3-25, 26, 27 and 28, 

where porous and homogenous nano-structure can be observed.  The porous structure 

is a fundamental characteristic of electrode/anode materials for solid oxide fuel cell. 

During the cell reaction, porous structure gives advantage of transferring 

ions/electrons that come from any electrode side [6, 91].  

 

Figure  3-25: SEM microstructure of La0.5Fe0.5Ba0.5Sr0.5Co2 composite oxide 

 

Figure  3-26: SEM microstructure of SrCo0.85Fe0.1Al0.05 composite oxide 
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Figure  3-27: SEM microstructure of SrCo0.85Ga0.1Al0.05 composite oxide 

 

Figure  3-28: SEM microstructure of La0.25Ag0.25Ti0.05Zn0.7 composite oxide 

The results of observations were found to be in the range of 30–100 nm. The obtained 

results of particle sizes from SEM analysis execute well agreement of the crystallite 
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sizes that than calculated by Scherer's formula from XRD patterns. Small particle size 

of cathode composite oxides can play vital role to increase performance and 

conductivity of the cell. 

3.4. Summary 

In this chapter different nano-composites as an anode, electrolyte and cathode for 

SOFCs have been successfully synthesized and tested in presence of hydrogen as fuel. 

In first part, Zn based samples have been characterized as anode material at 

temperature of 650
o
C, in which Ag0.25Ti0.05Zn0.70 oxide has performed better result 

having maximum power density of 354 mW/cm
2
 and 1.047 V OCV. In second part, 

electrolyte samples for SOFCs have been examined where the proposed novel nano-

composite electrolyte GDC-AZC performance results confirmed that it has great 

potential and alternative for low temperature SOFC. In third part of this chapter, 

cathode nano-composites have been synthesized through solid state method and then 

characterized through XRD and SEM analysis. 

The purpose of synthesis and electrochemical characterization of new components of 

SOFC is to reduce operating and sintering temperature from conventional 

temperature. The high cost of the SOFCs is also obstacle in proper commercialization 

of this emerging energy technology. The proposed samples are best alternative cheap 

components for SOFCs.  
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4. Multi-fuel based advanced fuel cell 

4.1. Introduction 

Fuel flexibility, solid structure, low emissions and high efficiency are the main 

advantages of solid oxide fuel cells (SOFCs) [5,17,18,84]. Despite pure H2, SOFCs 

can be operated with direct to any type of hydrocarbon.  

The aim of this present study is to solve and motivation towards minimizing operating 

temperature using other hydrocarbon fuels instead of directly hydrogen. Which 

ultimately will reduces the operating cost of fuels for SOFCs as well as observes 

human friendly. In this research, modifying approach is used in materials to reduce 

working temperature and to develop multi-fuel (hydrogen, natural gas, ethanol, 

glucose, and sugar-cane) based SOFCs. The fuel consumption to reduce hydrogen 

ions and electrons is the anodic part of fuel cell characteristics. Therefore, the 

composite Ni0.6(Ba0.3Ce0.2Zn0.5)0.4 (NBCZ) is synthesized for anode part as mixed 

ionic and electronic conductor of SOFC. The proposed anode material was 

characterized through SEM, EDS, XRD, FTIR, UV–Vis, electrical conductivity and 

power performance measurements while using Sm0.2Ce0.8O2 (SDC) [50] and 

Ba0.5Sr0.5Co0.8Fe0.2 (BSCF) [117] as cathode and electrolyte. 

4.2. Experimental 

4.2.1. Synthesis of nano-composite multi-fuel anode material 

As initiating raw materials, Ni(NO3)2·6H2O, Ba(NO3)2, Ce(NO3)3.6H2O and 

Zn(NO3)2·6H2O, all from Sigma Aldrich USA, were taken and synthesized through 

sol-gel method in order to make the proposed Ni0.6(Ba0.3Ce0.2Zn0.5)0.4 (NBCZ) anode 

composition. All of these nitrate materials were solved in deionized water in respect 

of their stoichiometric amount.  

As a chelating agent 20wt.% citric acid (C6H8O7) was mixed with the prepared 

solution, through magnetic stirrer at temperature of 80°C for 6 h in order to make 

gel. The gel was placed in oven at temperature of 120°C overnight. The material was 

fine grinded and placed in furnace at 700°C for 6 h. Finally, the composite oxide 

Ni0.6(Ba0.3Ce0.2Zn0.5)0.4 (NBCZ) was again grinded for 2 h to became fine 

homogenized powder. 
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4.2.2. Characterizations and performance measurements 

The crystal and phase structures analysis (XRD analysis) were measured through the 

help of PAN-Alytical X'Pert Pro MPD Netherlands. Voltage, current, and scanning 

rate were 35 kV, 30 mA, 0.005 respectively at room temperature with Cu Kα radiation 

during XRD recording. To observe particle size, porosity, and surface morphology 

(SEM analysis); Philips XL-30 Netherlands was used for the proposed multi-fuel 

based anode Ni0.6(Ba0.3Ce0.2Zn0.5)0.4 (NBCZ) oxide material. With the help of 

PerkinElmer Lambda 750 USA, optical band gap measurements (UV–Vis analysis) 

were recorded in the wavelength range of 300–800 nm. In the spectral range of 4000–

650 cm
−1

, FTIR spectroscopy through PerkinElmer spectrum RX I (USA) was 

observed. 

By using CARVER Hydraulic press USA, with a pressure of 220 MPa fuel cells have 

been fabricated. The proposed composite NBCZ oxide material, SDC and BSCF were 

used as anode, electrolyte and cathode respectively. The dimensions of fuel cells were 

13 mm diameter and 1.1 mm thickness, in which layers were kept 0.45 mm, 0.35 mm, 

and 0.30 mm for anode/electrolyte/cathode respectively. After fabrication, 

cells/pellets were placed in furnace for 50 min at 600°C. The testing unit S12, China, 

through which SOFCs performance were obtained at 600°C for five different fuels i.e. 

hydrogen, natural gas, ethanol, glucose, and sugar-cane. All the fuels and air have 

been supplied at the desired flow rate through mass flow controller (MFC) unit 

(Bronkhorst EL-FLOW, Netherlands). Fuel and air were supplied to their respective 

fuel cell electrodes through chambers A and B respectively. The flow rate for H2 and 

natural gas was kept at 100 ml min
-1

; for ethanol and glucose, the flow rate was 

maintained at 60 ml min
-1

, whilst for sugarcane the flow rate was 50 ml min
-1

. The 

flow rate of air was kept at 150 ml min
-1

 under 1 atm pressure. 

4.3. Results and discussion 

4.3.1. Structural analysis 

The XRD patterns of Ni0.6(Ba0.3Ce0.2Zn0.5)0.4 (NBCZ) have been displayed in figure 4-

1. The multi-fuel based anode material has been sintered for 6 h at 700°C. The 

indexed patterns are examined through Match! Software and shows that anode oxide  
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Figure  4-1: XRD patterns of Ni0.6(Ba0.3Ce0.2Zn0.5)0.4 (NBCZ) composite oxide 

material has two cubic structures, but peak of Ba was not observed and that may be it 

is doped in NiZn oxide. The NiZnO has combined cubic structure (COD Card No. 96-

412-4786), and ceria has individual cubic phase structure (COD Card No. 96-153-

1471). In literature it is reported that ceria oxide will help in oxidation of hydrocarbon 

fuels at anode side and in combination with NiZn oxide will help to solve the 

passivation problem and will also maximize stability and anode efficiency 

[24,138,143]. The crystallite size has found average nano-size of 25–90 nm, which 

shows good agreement and they are chemically stable at intermediate temperature. 

4.3.2. SEM analysis 

The SEM nano-graph of Ni0.6(Ba0.3Ce0.2Zn0.5)0.4 oxide material is shown in Figure 4-

2, where observed that the synthesized material is homogenous in nature, nano-

structured (30–90 nm by line drawing method), suitable porous and particles are well 

contacted with each other. The fundamental characteristic of anode/cathode materials 

for SOFC is the porous structure, as during the chemical reaction it gives advantage of 

shifting of electrons/ions and also increases the length and strength of triple phase 

boundary (TPB) [144,145]. Nano-structured size of NBCZ oxide have vital rule in 

enhancement of conductivity and performance measurements. In Figure 4-3, EDS 
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spectrum of multifuel based anode NBCZ oxide material is shown, where all the 

elements desired stoichiometry is confirmed. 

 

Figure  4-2: SEM image of anode Ni0.6(Ba0.3Ce0.2Zn0.5)0.4 (NBCZ) composite oxide 

 

Figure  4-3: EDS mapping of all the elements of anode Ni0.6(Ba0.3Ce0.2Zn0.5)0.4 

(NBCZ) composite oxide 
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4.3.3. Conductivity analysis 

The DC conductivity of multifuel based anode material NBCZ oxide has been 

measured by four-probe method in presence of hydrogen, natural gas, methanol, 

glucose and sugar-cane at 300–600°C. The results of measurements are shown in 

figure 4-4. The conductivity was noticed during measurement that with the rise in 

temperature it increases directly, which shows that composite oxide behaves like 

semiconductor behaviour [5,84,111].  

 

Figure  4-4: Conductivity plot of anode Ni0.6(Ba0.3Ce0.2Zn0.5)0.4 (NBCZ) composite 

oxide with various fuels at 600 °C 

The highest conductivities were found at temperature 600°C at different fuels with an 

order of 2.32 S cm
−1

 ˃ 1.41 S cm
−1

 ˃ 1.35 S cm
−1

 ˃ 1.16 S cm
−1

 ˃ 1.04 S cm
−1

 for 

hydrogen, natural gas, methanol, glucose and sugar-cane, respectively. The proposed 

multi-fuel based anode has found several times higher conductivity than SDC 

electrolyte i.e. 0.1 S cm
−1

 so it can be used as anode/cathode [84,108]. By using the 

Arrhenius plot results are depicted in figure 4-5, which confirms linear relationship 

between T
−1

 and ln (σT).  
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Figure  4-5: Arrhenius plots of DC Conductivity of multi-fuel-based anode 

Ni0.6(Ba0.3Ce0.2Zn0.5)0.4 (NBCZ) composite oxide with various fuels at 600 °C 

This linear relation shows good conductive performance that pursues the small polar 

on conductivity mechanism [144]. Through linear fitting technique, activation energy 

was calculated and found 0.53 eV in hydrogen atmosphere, this small value shows 

that inside fuel cell chemical reaction will be fast including high catalytic activity 

[142]. 

4.3.4. UV-Visible and FTIR analysis 

The spectrum of UV–Visible of the proposed multi-fuel based anode NBCZ oxide is 

shown in figure 4-6, in the spectral range of 300–800 nm. From following equation 

band-gap can be calculated; 

( ) ( )n
ghv A hv E         4.1 

where Eg, α, h, A, n shows band gap, absorbance coefficient, Plank’s constant, 

constant and type of band gap. 

In the range of 300–475 nm strong absorption is seen in the UV spectrum. The details 

related to structural and phase transformations of the proposed material can be found 

through FTIR spectroscopy, and it can be shown in figure 4-7 in the range of 4000–

650 cm
−1

. Due to comparatively high sintering and drying temperature (700°C), in 

spectrum there is no peak for water molecule (OH
−1

) which confirms absolute 

elimination of water molecule in the composite material. Comparative to other peaks, 

the large absorption bands were found at 1422 cm
-1

 and 2360 cm
-1

 corresponded to  
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Figure  4-6: UV-VIS spectrum of multi-fueled anode Ni0.6(Ba0.3Ce0.2Zn0.5)0.4 (NBCZ) 

oxide 

C=O symmetrical stretching [146,147]. The peak at 817 cm
-1

 is related to Ba-O 

bending vibration [147], and the small peak at 891 cm
-1

 shows groups of NO
3-

 most 

probably [100,101]. The other small peaks around to 1634 cm
-1

 are related to Zn-O 

stretching [128], and peak at 3010 cm
-1

 shows C-H stretching [148]. 

 

Figure  4-7: FTIR absorbance spectra of multi-fueled anode Ni0.6(Ba0.3Ce0.2Zn0.5)0.4 

(NBCZ) oxide 



70 
 

4.3.5. Fuel cell performance analysis 

The proposed multi-fuel based anode NBCZ composite oxide is used with SDC 

electrolyte and BSCF cathode in order to complete the three layers cell and check 

performance measurements in presence of hydrogen, natural gas, ethanol, glucose and 

sugar-cane. The following reactions take place when H2 and hydrocarbons are used as 

a fuel; 

2

2 22 2 4H O H O e           4.2 

2

2 2 2 2(3 1) ( 1) 2(3 1)n nC H n O nCO n H O n e 

                                      4.3  

The performance results are shown in figure 4-8 in terms of OCV, current and power 

densities at low temperature of 600 °C.  

 

Figure  4-8: Fuel cell performance of multi-fueled Ni0.6(Ba0.3Ce0.2Zn0.5)0.4 (NBCZ) 

anode 

The OCV and power density varies between 0.53 and 1.01 V and 57.33–314.84 mW 

cm
−2

 respectively and details are shown in Table 1.  

During operation stability of cells were found good in terms of OCV and current 

density. Short term performance stability measurements have been performed and can 

be seen in figure 4-9, where at early stage small fluctuation in power density can be 

attributed to incomplete anode reduction. 
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Table  4-1: Fuel cell (NBCZ / SDC / BSCF) performance results 

Fuel used 

Operating Temperature = 600
o
C 

Conductivity 

(S cm
-1

) 

Max. OCV 

(V) 

Max. Current 

Density (mA 

cm
-2

) 

Max. Power 

Density (mW 

cm
-2

) 

Hydrogen 2.32 1.012 875 314.84 

Natural Gas 1.41 0.697 825 185.53 

Ethanol 1.34 0.708 793.75 167.94 

Glucose 1.15 0.604 512.19 86.60 

Sugar-cane 1.03 0.534 363.64 57.33 

 

 

Figure  4-9: Short term stability measures operating at multi-fuels 

There is further possibility to improve performance by using thin-film electrolyte. The 

simplicity in this multi-fuel based composite oxide is that there is no need to reform 

the fuels and take full advantage from fuel flexibility feature of the SOFC. 
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4.4. Cost analysis 

At the beginning of the fuel cell research, platinum (Pt) was used as catalyst which is 

expensive and in fuel only hydrogen can be used. It can be observed from literature 

that Pt free approach was focused in order to reduce the cost of fuel cell. Therefore, 

Ni-YSZ and YSZ were developed and used as electrodes and electrolyte respectively 

in SOFC. The cost of fuel cell becomes relatively less but still expensive in order to 

proper commercialize it. Furthermore, this fuel cell operating and sintering 

temperatures were high that is 1000
o
C and 1600

o
C (required time 8 hours) 

respectively.  

As an alternative approach in the current research work, the focus is to reduce the 

capital and running cost, and also to lower the operating and sintering temperatures of 

the SOFC. For that purpose, many nano-composites have been examined (see 

previous and current chapter), where ATZ and NBCZ can be considered promising 

cost-effective anodes for low temperature SOFCs. The ATZ is purely operated on 

hydrogen fuel only, while NBCZ is multi-fuel based which can be operated by 

hydrogen, natural gas, ethanol, glucose and even on sugar-cane also at low 

temperature of 300-600
o
C. The sintering temperature is also lowered to 700

o
C for less 

time of only 4 hours.  

The estimated cost of the proposed ATZ and NBCZ anodes are shown in table 4-2 

and 4-3 respectively, where individual materials are taken from Sigma Aldrich USA 

[149].  

Table  4-2: Estimated cost of ATZ anode 

Item Weight (gram) € PKR 

AgNO3 16.68 46.03 8255 

TiO2 1.57 2.81 504 

Zn(NO3)2.6H2O 81.75 7.17 1286 

ATZ Total Cost / 100g 56.01 10044 

Sintering Present 

Charges 
10 Commercial Units 2.5 448 

Labor Cost Researcher Charges 9 1614 

Others Any extra 0.49 88 
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Total Cost 
After sintering G. T / 

60 gram 
68 12194 

 

Table  4-3: Estimated cost of NBCZ anode 

Item Weight (gram) € PKR 

Ni(NO3)2.6H2O 46.75 50.39 9036 

Ba(NO3)2 28 40.32 7231 

Ce(NO3)3.6H2O 9.3 3.85 690 

Zn(NO3)2.6H2O 15.95 1.39 249 

NBCZ 

Ni0.6(Ba0.3Ce0.2Zn0.5)0.4 
Total Cost / 100g 95.95 17206 

Sintering Present Charges 
10 Commercial 

Units 
2.5 448 

Labor Cost 
Researcher 

Charges 
9 1614 

Others Any extra 0.55 99 

Total Cost 
After sintering G. 

T / 70 gram 
108 19367 

 

The comparison of cost of anodes can be seen in table 4-4, where the newly proposed 

anodes are compared with conventional electrodes of SOFC. The price of 

conventional anodes seen in table 4-4 are taken for comparison from Sigma Aldrich 

USA [149]. 

Table  4-4: Comparative cost analysis of electrode 

Item Weight (gram) € PKR 

ATZ       

(Ag0.25Ti0.05Zn0.70) 
10 11.33 2032 

NBCZ 

Ni0.6(Ba0.3Ce0.2Zn0.5)0.4 
10 15.43 2767 

Ni-YSZ (60:40) 10 35 6277 

NiO 10 139.6 25034 

LSCF 

(La0.6Sr0.4Co0.2Fe0.8O3) 
10 81.8 14669 

LSCF/GDC (50:50) 10 69.3 12428 
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LSN (La1.4Sr0.4NiO4) 10 106 19009 

LN (La2NiO4) 10 106 19009 

 

In current work, SDC and BSCF are used as electrolyte and cathode which is also 

economical than conventional ones.  

4.5. Summary 

A multi-fuel based anode Ni0.6(Ba0.3Ce0.2Zn0.5)0.4 (NBCZ) oxide material was 

successfully synthesized via sol-gel technique with sintering temperature of 700 °C 

for 6 h. The structural and electrochemical properties of novel anode material NBCZ 

have been investigated in the presence of hydrogen, natural gas, ethanol, glucose, and 

sugar-cane at low temperature of 600°C. Through sol-gel method the proposed oxide 

material is synthesized. The composite average crystalline size has been found 25–90 

nm by both SEM and XRD techniques. The UV–Vis and FTIR techniques are used to 

determine band gap and absorption spectrum respectively. The power density of the 

cell at various fuels has been observed and measurements indicate that it varies from 

57 to 315 mWcm
−2

 at 600°C among different fuels at anode side. The current study 

based on experimental results reveals that proposed anode NBCZ is promising multi-

fuel anode material for low temperature solid oxide fuel cell, as it does not need to 

reform hydrocarbon fuels in order to fully utilize the advantage of these cells. 

It can be observed that newly proposed anodes ATZ and NBCZ are much cheaper 

than conventional electrodes. Therefore, it can be concluded that newly proposed 

materials are cost-effective, low temperature and multi-fuel based advanced SOFCs in 

present circumstances. 

 

 

 

 

 

 



75 
 

 

 

 

 

 

 

 

 

 

Chapter 5 

Modeling and simulation of SOFC 
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5. Modeling and simulation of SOFC 

5.1. Introduction 

In past decade especially, researchers focused on SOFC modeling based on numerical 

simulations for the single cell to stack/system level [119]. This modeling and 

simulation approach in this current study is an initiative step towards researchers and 

engineers from electrical engineering departments. The basic work to explore the 

highly catalytic active materials, good fuel cell performance, and their structural 

analysis is a part lies in chemistry (chemical sciences) and physics (materials science) 

domain; however, the maturity of the cell is certainly waiting for electrical engineers. 

By taking any best performance fuel cell materials and parameters, the modeling and 

simulation will help us to develop a desired fuel cell for unique system. 

5.2.  Modeling and simulation 

The SOFC modeling is may be in many levels and dimensions, but here in this study 

it will be focused on 3D (to get the complete picture) and with the single cell level. In 

the current model approach the following steps are taken in considerations; 

 Fuel cell geometry in order to create and represent the physical structure and 

dimensions. 

 Considering logical and appropriate assumptions/approach to save resources 

and time. 

 Using the convenient governing equations to build connection among the 

different parameters and their characteristics. 

 Defining the boundaries/conditions of SOFC model. 

 Analysis and interpretation of the obtained results versus practical validity. 

5.2.1. Governing equations and methodology 

The relationship among different parameters and variables which are processing in 

SOFC, is involved through governing equations. In broad sense the governing 

equations can be classified in different type of models with its corresponding 

phenomena i.e. fluid flow or fluid dynamics model, thermal or heat transfer model 

and electrochemical or current distribution model. The ultimate goal in findings is to 

draw current-voltage graph for the fuel cell, through which someone can calculate 

power density, efficiency and activation over-voltage etc. [150].  
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Electrochemistry is the interface to measure the distribution of current and potential in 

fuel cell. The mechanism through which electron transfer processes happens is called 

kinetics of the fuel cell. In result of every electrochemical reaction electron(s) are 

generated, and the current (electrons per time) is produced which depends upon the 

rate of reaction. This rate of electrochemical reaction is very important to upgrade the 

performance of the fuel cell.  

In this model, electronic and ionic charge balance are governed by Ohm’s law, Butler-

Volmer equation is used for charge transfer kinetics, the flow distribution in gas 

channels through Navier-Stokes, Brinkman equations are used for flow in the porous 

Gas diffusion electrodes (GDE’s) and Maxwell-Stefan model is used for mass balance 

in porous electrodes and gas channels. Among different electrochemical interfaces in 

COMSOL Multiphysics, Secondary Current Distribution is best suited to the fuel cell. 

5.2.2. Secondary current distribution (SCD) 

The main job of SCD interface is to transport electrons and ions in electrodes and 

electrolyte, to assure the charge balance between electrodes and electrolyte. The 

electrolyte and electric potentials are the dependent variables, and the Butler-Volmer 

(B-V) equation is generally used to formulate the electro-chemical reactions [108]. 

The B-V equation can be written as below; 

 * *

0 0* 0*

1
exp expR P

R P

n Fc cn F
j j

c RT c RT


 

    
     

      

                                             5.1 

where 

j   current density 

0j current density calculated at the reference reactant and product concentration 

values 

sub R  and Pshortcut for reactant and product 

*

Rc
 and 

*

Pc
actual concentration of the reactant/product involved in the electro-

chemical reaction 
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0*

Rc
 and 

0*

Pc
reference concentration of the reactant/product involved in the electro-

chemical reaction 


transfer coefficient (generally 0.2-0.5) 

n
number of electrons transferred during electro-chemical reaction 

F Faraday constant 

R gas constant 

T Temperature 


voltage loss  

The overpotential can be written as; 

                electronic ionic eq                                                                   5.2 

Where electronic is the potential of the electrode, ionic is the potential of the electrolyte 

and eq represents the potential difference at equilibrium for the reaction. The 


 

shows activation overpotential which shows the voltage loss during to cross the 

activation barrier.  

The reference potential at the inlet boundary of anode is fixed at zero, while at the 

inlet boundary of cathode which is driving potential is set to cellV and this can be 

written as;
   

 

, ,cell eq c eq a polV V                        5.3 

where polV represents the polarization voltage. 

In the model, the purpose of chemical species transport interface is to solve equations 

which are participating in the SOFC as reactants and products. During chemical 

reactions of SOFC, the transport of chemicals species is basically due to diffusion and 

convection. In convection, laws of heat transfer and fluid flow are governed and its 

mainly occurs in the fuel and air flow channels of the electrodes where driving force 

is pressure gradient. While in diffusion the usual driving force is concentration 
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gradient and the process are taken place mainly in electrodes. In chemical transport 

many equations, boundary condition parameters, migration in electric field, diffusion 

and convection are involved and this can be possible while dealing with mass fraction. 

Maxwell-Stefan diffusion model is used in this study as it is multi-component 

diffusion model, as typically at cathode side three gas species (O2, N2, and H2O) are 

present. But there is no role of generation and consumption of N2 diffusion flux in 

SOFC, therefore it is simple to neglect N2 flux. In the same manner if different 

hydrocarbons instead of pure H2 are used at anode side of SOFC, so one can 

add/neglect the corresponding flux.   

The boundary conditions of the GDE’s and gas channels are in insulating condition 

having no mass flux. The Brinkman equations interface is used to solve the velocity 

and pressure fields in the porous electrodes and free flow places. The Navier-Stokes 

equations are used to describe the flow in the open domains (flow channels). For open 

channels porosity is considered unity, while for non-porous it varies from zero to one. 

5.3. Results and discussion 

The present modeling simulation of the button type SOFC was performed in 

COMSOL in respect of geometric modeling, meshing, oxygen mole fraction, fuel 

distribution at anode, polarization curve and power output of a single cell. This 

simulation was performed based on the experimented cell parameters where 

ATZ/SDC/BSCF were used as an anode/electrolyte/cathode.  

In this modeling the following assumptions are taken in considerations; 

 Fuel and heat leakages are neglected and considered as perfect 

 All electrochemical reactions take place at the interface is in between the 

anode and fuel channel 

 The main source of fuel to the fuel cell is assumed to be hydrogen 

 Isotropic and homogenous properties are assumed for porous electrodes 

 The flow is considered to be laminar and steady 

 Due to its small size, the temperature distribution is uniform 

 Ideal gas law is applicable to both gases and water 

 The material parameters are considered to be constant 
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5.3.1. SOFC geometric design 

The fundamental and critical step of the modeling is geometric design of the fuel cell 

because it reflects the physical dimensions of the cell very closely. Inside 

computational geometry, the fuel cell is distributed in many parts which are called 

domains and each domain has its own governing equations, assumptions and 

corresponding boundary limits. The parameters vary with each domain and it depends 

upon the physical nature accordingly. The domain is further divided into 3D set of 

discrete elements which is call grid-generation, and through these elements numerical 

calculations are evaluated in order to govern equations by help of these discrete 

results [151]. 

As SOFC consists of two GDE’s and in between electrolyte is placed. The geometry 

details of the cell can be seen in figure 5-1, where anode and cathode are at the bottom 

and top respectively. In 3D view of the cell (figure 5.1b), the air is entering from the 

top left side of the pellet and fuel is entering from the bottom right side which is not 

seen in the figure but same structure as of the top in the bottom also. This cell is 

constructed dimensionally same as experimented one, the details are shown in table 5-

1 below. 

 

Figure  5-1:  Geometry of SOFC (a) 2D view by mentioning SOFC components (b) 3D 

view of the button type fuel cell 
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Table  5-1: Dimensions of the modeled fuel cell 

Anode/Electrolyte/Cathode ATZ/SDC/BSCF 

Anode thickness (mm) 0.40 

Electrolyte thickness (mm) 0.35 

Cathode thickness (mm) 0.25 

Anode flow channel thickness (mm) 2.5 

Cathode flow channel thickness (mm) 2.5 

Diameter of the cell (mm) 13 

Thickness of the cell (mm) 1 

 

5.3.2. Meshing of fuel cell 

Meshing is very important structural technique to get most accurate results of the 

model. Through meshing the model domains are break down in small discrete 

elements through which the governing equations are solved to all of these elements. 

On behalf of this reason it is necessary to make very small elements as possible, so 

one can get most authentic results. In 2D model the meshing element shapes includes 

triangles and quadrilaterals, while in 3D modeling it may consist of tetrahedra, 

pyramids, prisms, quads, edge elements and vertex elements. In figure 5-2 and table 

5-2 meshing of the cell and its details are shown which is based on 3D modeling. 

 

Figure  5-2: 3D view of meshing the fuel cell 
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Table  5-2: Details of meshing the fuel cell 

Mesh technique used Unstructured 

Mesh vertices 33037 

Tetrahedra 92455 

Pyramids 476 

Prisms 31472 

Triangles 15602 

Quads 612 

Edge elements 728 

Vertex elements 40 

Number of elements 124403 

Minimum element quality 0.07334 

Average element quality 0.6396 

Element volume ratio 0.003293 

Mesh volume 7.959E-7 m
3
 

 

5.3.3. Distribution of hydrogen and oxygen mole fraction 

The mole fraction distribution for hydrogen in 3D can be seen in figure 3, where the 

cell voltage is considered to be 0.8 V. There is little difference between initial and 

final value of hydrogen distribution and it because of small size of fuel cell and less 

fuel cell utilization. At the inlet side of hydrogen, it can be observed clearly that in 

this area the concentration of fuel is higher as compare to the opposite sides. The fuel 

utilization factor can be calculated as by equation; 

2 2

2

, ,

,

   

 

H inlet H outlet

f

H inlet

mole fraction mole fraction
U

mole fraction


       5.4 
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Figure  5-3: Mole fraction distribution of H2 in the fuel cell 

In figure 5-4, the mole fraction distribution for oxygen in 3D is shown under cell 

voltage 0.8 V. It matches the utilization factor according to electrochemical reaction 

and from figure it is clear that mole fraction of oxygen is decreasing at outlet from the 

inlet side. 

 

Figure  5-4: Mole fraction distribution of O2 in the fuel cell 
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5.3.4. Model validation 

The validation of model is considered in comparison in behalf of experimental and 

simulation results. If the model simulation resembles with experimental results, then 

the model is declared to be validated. Especially, fuel cell simulations are based on 

many equations and their respected parameters. The model polarization and power 

density curves can be seen in figures 5-5 and 6 below, in which experimental results 

are shown as an inset of figures. 

 

Figure  5-5: Comparison of simulation and experimented results of DC conductivity 

 
Figure  5-6: Fuel cell performance in comparison with experimented result in inset 
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Comparing the above simulated modeling curves with experimental one, there is 

reasonably increase in current and power densities in simulation curves which 

justifies the assumptions which have been made in modeling. In polarization curve of 

modeling, the relationship between open circuit voltage (OCV) and current density is 

almost linear as compare to experimental results, where due to concentration losses 

the curve is not straight. Concentration losses which are also called mass-transport 

losses, and this loss arises when fuel is consumed at the electrodes so there is change 

in concentration of the reactants occurs and ultimately effects voltage of fuel cell. On 

behalf of the above simulated modeling results it can be concluded that model is 

validated with experimental results. 

5.4. System modeling 

Conceptual hydrogen-based SOFC system is shown in figure 5-7 [102]. System 

pressure of hydrogen fuel is enhanced at fuel compressor and preheated at fuel 

preheater. After that, H2 is entered to the SOFC stack module and distributed to anode 

part of each cell. Air is also pressurized and preheated before entrance to cathode part 

of each cell. A DC power is produced after electrochemical reaction and through 

˜ = 

1 2 3

5 6

11

7 8

10

4

9

12

Hydrogen

Air

Fuel 
Compressor

Air Blower

Fuel 
Preheater

Air 
Preheater

Inverter

Combustor

Heat 
Recovery

Net AC 
Power

AC DC

13

Air Filter SOFC

 

Figure  5-7: Hydrogen fueled SOFC CHP system 

inverter, AC power is achieved. Remaining portion of unused fuel due to intrinsic 

behavior can be reprocessed to anode inlet. Heat of system is used for preheating of 

fuel, air and building space heating and cooling demands [102]. 



86 
 

5.5. Summary 

In this chapter the experimental results of anode ATZ (discussed in first part of 

chapter 3) is validated through simulation and modeling by COMSOL software. The 

physical dimensions of the fuel cell according to experimented one is designed and 

then meshed in small areas for the purpose to get results through governing equations. 

The distribution of hydrogen and oxygen mole fraction in the fuel cell has been 

examined throughout the pallet and it matches the utilization factor according to 

electrochemical reaction and it is clear that mole fraction of oxygen is decreasing at 

outlet from the inlet side.  The DC conductivity and performance results are then 

validated by comparing both simulated and experimented results. 
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Chapter 6 

Conclusions and further recommendations 
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6. Conclusions and further recommendations 

6.1. Conclusions 

The main objective of this study was to demonstrate the feasibility and functionality 

of the synthesized low-cost, low temperature materials with the low-cost and readily 

available fuel types, including the uncommonly used glucose/sugar beet fuels for 

SOFCs. Different synthesis techniques are used i.e. sol-gel, centrifuge and auto-

combustion methods for anode composites; co-precipitation method for electrolyte 

and solid-state reaction method is used for cathode composites of SOFCs. These 

synthesized composites are then successfully characterized through different 

techniques like XRD, SEM, EDS, UV-VIS, FTIR, conductivity, performance and 

stability measurements. Low cost materials are used and experimented in order to 

decrease the capital cost; and also low cost fuels are used to decrease the running cost 

of the system.  

The X0.25Ti0.05Zn0.70 oxide anode materials have been successfully synthesized via sol-

gel technique for fuel cell application. The sintering ability of 700 °C for 4 h ensures 

the crystalline structure of the X0.25Ti0.05Zn0.70 oxide materials. The effect of Cu, Mn, 

and Ag oxides were analyzed on zinc based TiZn oxide nano-composite with respect 

to electronic conduction, current and power densities. XRD and SEM both 

analyses indicate that their particle sizes were lies in between 20 and 100 nm. The 

obtained crystallite sizes of all proposed materials were found strongly in the 

recommendation of nano-scale. The maximum conductivity for Ag0.25Ti0.05Zn0.70  

oxide was achieved to be 7.81 S/cm at 650 °C and the corresponding activation 

energy is 0.65 eV. The anode material with silver oxide catalytic Ag0.25Ti0.05Zn0.70 

oxide has performed better result having maximum power density of 354 mW/cm
2
 

and 1.047 V OCV at 650 °C. On behalf of the obtained electronic conductivity, OCV, 

and power density including nano-structuring technique, the proposed material can be 

considered one of the best alternative cheap and nickel free anode for intermediate 

temperature solid oxide fuel cell.  

The GDC-AZC, GDC-AZL, and LN-CSDC have been successfully synthesized as 

electrolyte composite materials through co-precipitation method for SOFCs. For 

GDC-AZC, the maximum OCV, current density and power density were found to be 

1.061V, 1712.5 mA/cm
2
 and 543.284 mW/cm

2 
respectively, at the low temperature of 
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550
o
C. These higher values are achieved by GDC-AZC with a weight ratio of 1:1 and 

the  same sample already shows the good conductivity results.  Therefore, the proposed 

novel nano-composite electrolyte GDC-AZC performance  results confirmed that it 

has great potential and alternative for low temperature SOFC.  The LNCZ electrodes 

were used during performance testing of the proposed electrolytes for SOFCs. The 

performance results of the LN-CSDC show that maximum power and 

current  densities have been achieved as 422.475 mW/cm
2
 and 1567.5 mA/cm

2
 

respectively, at  temperature of 600
o
C.  The highest OCV was recorded 1.01 V at 

600
o
C this cell   (LNCZ/LN-CSDC/LNCZ). H2 (fuel) and air as oxidant are used at the 

anode and  cathode side respectively with flow rate of 100 ml/min at standard of 1 atm 

pressure.  The proposed nano-composite LN-CSDC electrolyte was enough dense in 

order to block the  electrons and allow ions only to pass out.  

A multi-fuel based anode Ni0.6(Ba0.3Ce0.2Zn0.5)0.4 (NBCZ) oxide material was 

successfully synthesized via sol-gel technique with sintering temperature of 700 °C 

for 6 h. The particle size of 25–90 nm was confirmed by both SEM and XRD 

analysis. Without reforming five different fuels i.e. hydrogen, natural gas, ethanol, 

glucose and sugar-cane were tested in order to fully utilize the option of fuel 

flexibility in SOFC, in terms of conductivity and performance measurements at the 

temperature range of 300-600 °C. The power density was found varied between 57–

315 mW cm
-2

 by changing fuels at anode side of SOFC at 600 °C. It is found that the 

proposed anode material gives high performance at hydrogen fuel, however, it also 

exhibits comparatively good performance for natural gas and ethanol. It is worth 

noted that the anode material Ni0.6(Ba0.3Ce0.2Zn0.5)0.4 offers significant improvement 

in the power density for both fuels. Finding new materials suitable for good 

performance in glucose and sugarcane fuels would be future perspectives for 

scientific community. On behalf of obtained results in terms of OCV, conductivity, 

nano-structure, activation energy, and performance, the proposed multi-fuel based 

composite oxide can be considered promising cost-effective anode material for low 

temperature SOFCs. 

The modeling simulation of the button type SOFC was performed in  COMSOL in 

respect of geometric modeling, meshing, oxygen mole fraction, fuel  distribution at 

anode, polarization curve and power output of a single cell. The  simulation was 

performed based on the experimented cell parameters where  ATZ/SDC/BSCF were 
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used as an anode/electrolyte/cathode.  According to dimensions of SOFC model was 

built which was also experimented in lab. The model was then simulated and 

validated with experimental results. 

On behalf of the above discussion, it can be concluded that the goal and objectives of 

developing advanced fuel cell in terms of low cost, low temperature (both sintering 

and operating) multi-fuel based has been successfully accomplished in the present 

circumstances.  

6.2. Further recommendations 

 Improving of the performance measures aspects with regard to hydrocarbons 

fuels, in terms of kinetics and reaction optimizations, material improvements 

(e.g. microstructure modification) and in-situ testing. 

 Long term stability findings, and potential for use in novel applications with 

the help of gas and temperature sensors. 

 Detail combined heat and power modeling study with other renewable energy 

is required in order to further develop different hybrid polygeneration power 

systems. 

 Hydrocarbons (which are not tested here), especially bio-fuels like bio-

ethanol, bio-methanol and bio-gas may be examined. 

 A theoretical study may be developed based upon the used COMSOL software 

for modeling and simulation to convert the electricity-burden of Department of 

Electrical Engineering, COMSATS University Islamabad, Islamabad Campus 

on fuel cell systems (load sheading free). The annual running cost of 

conventional and fuel-cell system will be compared.   
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