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Abstract 

 

Solid Oxide Fuel Cells have generated a lot of interest among various academicians, industries 

and institutes; and are under intensive research and development programs by various 

manufacturers for stationary as well as mobile applications. The economic and technical 

viability, efficiency and sturdiness of this technology can only be accomplished by 

comprehending, predicting and controlling the various parameters that govern fuel cell system. 

In this thesis, our emphasis is to study the working principle behind the multi-ion and electron 

transport in electrolyte free fuel cell (EFFC). An EFFC is fabricated by optimizing the 

composition of electrode material Ba0.5Sr0.5Co0.8Fe0.2O3 (BSCF) and electrolyte; Samarium 

doped ceria (SDC). The V-I and P-I curves were determined experimentally. 

Another part of the thesis will focus on the modeling of single component fuel cell (code has 

been generated in MATLAB). Based on theory and formulas given in literature, V-I and power 

curve of single component electrolyte free fuel cell are modeled and compared with experimental 

values.  
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Abbreviations 
 

EIS   Electrochemical impedance spectroscopy 

EMF   Electromotive force 

FC   Fuel cell 

GDC   Gadolinium doped cerium oxide 

ITSOFC  Intermediate-temperature solid oxide fuel cell 

LSCF  La1-xSrxCo1-yFeyO3-Ƴ 

BSCF   Ba1-xSrxCo1-yFeyO3-Ƴ  

BCCF   Ba1-xCe1-xCoyFeyO3-Ƴ  

BPCF   Ba1-xPrxCo1-yFeyO3-Ƴ  

LTSOFC  Low-temperature solid oxide fuel cell 

OCV   Open circuit voltage 

SDC   Samarium doped ceria 

SEM   Scanning electron microscopy 

SOFC   Solid oxide fuel cell 

TEC   Thermal expansion coefficient 

TEM   Transmission electron microscopy 

XRD   X-ray diffraction 

YDC   Yttrium doped ceria 

YSZ   Yttria-stabilized zirconia 
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Symbols 

 

e-    An electron 

V    EMF or open circuit voltage 

V0    EMF at standard temperature and pressure, and with pure reactants 

F  Faraday constant, the charge on one mole of electrons, 96,485 Coulombs 

Gf    Gibbs free energy (or negative thermodynamic potential) 

ΔG0 Change in Gibbs free energy at standard temperature and pressure, and with 

pure reactants 

g    Gibbs free energy per mole 

hf     Enthalpy of formation 

I    Current 

j    a complex number  

P    Power 

Px    Partial pressure of gas X 

P0    Standard pressure, 100 kPa 

R  Molar or ‘universal’ gas constant, 8.314 J K.1 mol.1, also electrical 

resistance 

T    Temperature 

t    Time 

σ    Conductivity 

η   Efficiency 

Uf   Fuel utilization coefficient 

Z’   Real part of the impedance 

Z’’   Imaginary part of the impedance 



7 
 

tf   Goldschmidt tolerance factor 

rx   Ionic radius of x atom 

sf   Entropy of formation 

Cp   Heat Capacity at constant pressure 

Pr   Partial pressure of reactants 

Pp   Partial pressure of products 

n   Number of electrons 

Voc    Operating Voltage 

Va    Polarization activation or activation over-potential 

Vohm   Ohmic over-potential or ohmic loss 

Vc   Concentration over-potential or losses. 

     Total Current Density, A/cm2                                                  

      Exchange Current Density, A/cm2      

α    Charge transfer coefficient  

z    Number of electrons transferred 

Rct   Charge Transfer Resistance 

Ri   Ohmic resistance 
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Introduction 

Solid Oxide Fuel Cell  

Solid oxide fuel cell is named such because of the solid oxide material used as electrolyte. A 

wide variety of fuel can be used in SOFC from hydrogen to light hydrocarbons (liquid or 

gaseous).  Carbon-monoxide which generally acts as a poison in most of the other types of fuel 

cells can also be used as a fuel in SOFC, though the reaction product will be carbon dioxide 

instead of water. Solid oxide fuel cell being a conventional fuel cell has three components: 

Anode, electrolyte and Cathode. (Liangdong Fan C. W., 2013) 

Anode: At this electrode, oxidation of fuel takes place. For the proper oxidation of fuel, anode 

material must have good electro-catalytic activity, high electronic conductivity, good porosity 

and it should be stable under reducing environment. 

Electrolyte: It provides the medium through which ions transport between anode and cathode. 

It should have good ionic conductivity but at the same time it should be resistant to electronic 

conductance to avoid short circuit and to be stable in the operating conditions. 

Cathode: At this electrode, reduction of oxygen takes place. Accordingly, the cathode materials 

must have good electro- catalytic activity for oxygen reduction reaction and must be stable 

under oxidizing environment. Moreover, this layer should have good porosity and conductivity.  

Fuel is supplied at anode and oxidant is supplied at cathode. At cathode, Oxygen is reduced to 

oxygen ions which are transported through electrolyte to anode. At anode, fuel reacts with 

oxygen ions to form water (or CO2), electricity and heat. Electrons are transported via an 

external circuit from anode to cathode. (Bin Zhu P. R.-A., 2013) 
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                                                   Figure 1: Scheme of Conventional SOFC 

Single Component Electrolyte-free solid oxide fuel cell 

 

In SC-EFFC, there are no three layers like in conventional fuel cell, instead there is a single layer 

consisting of nano-structured functional materials. This breakthrough technology in fuel cells 

has resulted from NANOCOFC (nano-composite for advanced fuel cell technology, an EC FP6 

project and research network, www.nanocofc.com) (Bin Zhu L. F., 2013).  This technology uses 

electrode materials that are amalgamation of catalysts like transition metal oxides and ion 

conducting ceria based composite electrolyte, giving it mixed ionic and electronic conducting 

(MIEC) properties.  In this mixture, the electrode materials are responsible for electronic 

conduction providing electron/hole conduction and electrolytes are responsible for ionic 

conduction.  Pure electrode material without mixing it with electrolyte showed open circuit 

voltage and flow of current when supplied by H2/air too.  An optimized mixture of ionic and 

electronic conductors enhances the production of current and power such that it is comparable 

to the power produced by three layer fuel cell.  
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Mechanism 
 

The main feature of EFFC is existence of semiconductors and ion conducting material as a 

composite mixture. This results in EFFC acting as both solar cell and fuel cell. Although the 

principle behind the charge separation, movement of electrons and ions is still not clear, it is 

speculated that SC-EFFC behaves similar to solar cells in which the semi-conducting nature of 

transition metal oxides build up p-n junction resulting in electron and hole separation without 

internal short circuit.  Academic research on EEFC stipulates that for good performance of EFFC 

it should have well balanced ion and electronic conducting phases, continuous clusters of 

electrons and holes attributed to transition metal oxides and ions attributed to doped ceria and 

the p-n junctions should be aligned in uniform direction preventing flow of electrons through 

the cell. The nano particles of metal oxides (5-20 nm diameter clusters) adhere itself to the 

large particles (around 100 nm in diameter or less) of ion conducting doped ceria forming a 

bulk heterogeneous junction structure (BHJ) within the single homogeneous layer. (Bin Zhu P. 

R.-A., 2013) 

Because of the formation of BHJ structure in the presence of ionic conductor, generation of 

proton and oxygen ion generates a hole and an electron from H2 and O2, respectively when the 

fuel cell operates with H2 and air.  The p-n junctions are formed due to the difference in Fermi 

level positions and band gap energies of n and p type conductors. Figure 2 below illustrates 

how redox reaction takes place on particle surface.  When a n-p junction is formed, the majority 

carriers (electrons in n type and holes in p type) diffuse through the junction until an 

equilibrium is reached between flow due to potential difference and diffusion. The cluster 

network of n-type particles provide site for electron separation and reduction reaction whereas 

the p-type cluster network provide site for hole collection and oxidation reaction. The 

electrolyte functioning as ionic conductor helps in charge separation between electrons (n, p), 

ions (ceria), the BHJ structures thus optimizing the performance.                  
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Figure 2: nano-FC reaction and charge transfer on ceria n–p conducting particles within a 
nanocomposite particle 

On I-V measurement of these materials, when forward bias voltage higher than 1.1 V is applied, 

the current increases suddenly and when the reverse bias voltage is applied there was no 

current generation, clearly suggesting a behavior similar to diode effect. When H2 and air are 

supplied to the either side, an electric field is built up due to the catalytic nature of these nano-

composite materials. This electric field acts as driving force behind charge separation (electrons 

and holes) to form p-n junction barriers across which a potential is created.  From the figure we 

can see that ions move through the bulk of the composite material similar to the flow of ions in 

fuel cell and electrons/holes flow to the respective current collectors exhibiting a behavior of 

solar cell. (Bin Zhu P. R.-A., 2013) 

    

    Figure 3: A joining electrochemical and physical principles of EFFC in hydrogen/air condition 
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The Fuel cell reactions occur at nano scale level on the particle surface in the presence of H2 

and O2. Following nano fuel cell reactions are proposed for EFFC. 

Case 1:  Reaction is realized by H+ and O2- ions 

Case 2:  Reaction is realized by H+ ion and O or O2 atoms 

Case 3: Reaction is realized by O2- ion and H orH2 atom 

In case 1, Hydrogen and oxygen in the presence of fuel cell undergo catalysis. Hydrogen is 

oxidized to H+ ion and oxygen is reduced to O2-ion and then these ions react on the particle 

surface to form water. 

2 H+  +   O2−   →  H2O  

Ceria based nano- particle exhibits good proton and oxygen ion conduction resulting in good 

mobility of ions driven by hydrogen and oxygen concentration gradient on both sides of the  

device. 

In case 2, hydrogen is oxidized to H+ ion which transports to oxygen side, reacts with oxygen 

atom on the nano composite surface represented by following reactions: 

H2  →  2H+ + 2e− 

2H+ + O + 2e− → H2O  

In case 3, oxygen gets reduced to O2- ions and this ion travels toward anode reacting with H2 

atom represented by following reaction:  

½ O2 + 2e−  →  O2− 

H2 +  O2−  + 2e−   →  H2O 

A question might arise what if hydrogen and oxygen combine to cause explosion? The diffusion 

depth of gases in fuel cell is around 60 μm and fuel cell has thickness of around 0.6-1.0 mm. 
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Thus the reaction takes place at the nano composite particle surface and not in the bulk, 

therefore, the gases do not meet inside the device and small pore size of fuel cell causes a 

quenching effect on the reaction. All the above reactions are illustrated in the below figure. 

 

Figure 4: General view of the various processes 

EFFC technology exhibits many superior properties over conventional three layer fuel cell 

technology.  It has a compact and simple design with decreased material, fabrication and 

operational costs and low requirement of material compatibility. It exhibits faster 

electrochemical kinetic processes because of the removal of electrode/electrolyte interfaces 

and reduction of internal polarization resistance enhances the electrochemical performance. 

And it exhibits better catalytic properties because of nano-composite functional materials. 
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Perovskite materials 

The mineral perovskite was discovered by Gustav Rose in 1839 and named after Russian 

mineralogist Count Lev Aleksevich von Perovski (Chapter 3: Perovskite Perfect Lattice). It is a 

ceramic material with many applications in the field of energy production (SOFC Technology), 

environmental containment, communications etc. The perovskites have a general formula 

ABX3   (A is a cation of larger size than B and X is an anion). Among the perovskite 

compounds, perovskite oxides remain prominent. One of the significant aspects of these type of 

compounds is their crystal structure. Most of the compounds have A ion as an alkali, alkaline earth 

or a rare earth element and these ions do not contribute to electronic states that control transport or 

magnetic properties. The crystal structure allows a partial substitution on both A and B site to form 

multi-component perovskite oxide structure giving rise to the formation of A1-xA
’
xB1-yB

’
yO3 type 

structure making them suitable for catalytic applications and as cathode materials for SOFC (M. A. 

Pena, 2001). Thus, in most cases ABO3 perovskites can be said to be a class of transition metal 

oxides where A ion primarily acts as a spectator ion. 

                                        

Figure 5: General Lattice Structure of Perovskite Oxide 

The main role of cathode material of SOFC is to provide the oxygen anions that oxidize the fuel at 

anode. While oxidation of fuel is taking place at the anode, oxygen reduction reaction (ORR) is 

taking place at the cathode which is the rate limiting electrochemical reaction. ORR is a thermally 

activated reaction, the rate of which increases at higher temperature whereas durability and 

stability (thermal and mechanical) of the cell decreases at higher temperatures. Therefore, novel 

materials are being researched which can provide good thermal and mechanical stability at low 
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temperature while maintaining optimum electro-catalytic activities, electronic and ionic 

conductivities. 

  

Electro-catalytic activity 

 

Electro-catalytic activity is critical factor in assessing the performance of perovskite cathode 

(Suescun, 2009). It can be enhanced by increasing the oxygen vacancies at the B-site of the 

transition metal. Catalytic activity depends significantly on surface area, more the surface area 

more catalytic in nature it is. Perovskite materials generally have small surface area (<10 m2/g). 

The surface area can be increased by altering the preparation method at higher temperature (>1073 

K); however, surface area cannot be increased beyond certain temperature due to occurrence of 

necking between the particles. (M. A. Pena, 2001) 

 

Electronic and ionic conductivities 

In A1-xA
’
xB1-yB

’
yO3 type structure, change in x (i.e. change in doping) as well as substitution at B 

site ion can greatly influence the electronic and ionic conductivity. The increase in conductivity 

can significantly reduce the losses in the cell and increase its performance. Conductive properties 

may be result of defect chemistry based on characteristics of A and B sites. To understand how 

conductivity changes some examples are provided in the table below: 

 

                         Table 1 Perovskite Cathodes: electronic and ionic conductivities in air 

Composition Temperature 

(°C)  

Electronic 

conductivity 

(Scm−1)  

Ionic Conductivity 

(Scm−1)  

La0.6Sr0.4CoO3  800  1,600  0.220  

La0.6Sr0.4FeO3  800  129  0.056  

La0.8Sr0.2Co0.2Fe0.8O3  800  87  0.022  

La0.8Sr0.2Co0.8Fe0.2O3  800  800  0.040  

La0.6Sr0.4Co0.8Fe0.2O3  800  269  0.058  
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Stability 

 

Stability is very important for any material or technology to prove its worth commercially. The 

stability of perovskites depend on its lattice structure, valency, substituted ions, electrolytes, 

compatibility with contacting materials ( cell components and gas stream) etc.. The lattice structure 

is given by Goldschmidt tolerance factor: 

 

                                                             
       

         
  

 

ra, rb and ro are the ionic radii of A,B and O respectively. For a stable perovskite structure,   

0.8< t< 1.0, ra> 0.9 nm, rb> .051 nm, otherwise distortions might occur.  

 

Recently, lot of interest is generated in barium based perovskite materials like 

Ba1−xPrxCo1−yFeyO3−Ƴ (BPCF), Ba1−xSrxCo1−yFeyO3−Ƴ (BSCF), Ba1−xSrxCe1−yCoyO3−Ƴ (BCCF), 

La1−xSrxCo1−yFeyO3−Ƴ (LSCF), Sm1−xSrxCoyO3−Ƴ (SSC) etc. These perovskite materials can be 

prepared by existing simple methods and because of their nano-structure theses exhibit good 

diffusion for oxygen and low area specific resistance. Presence of Sr ions increases the number of 

oxygen vacancies significantly. Although, highly reactive nature of Co and Fe cations enhance 

exchange of oxygen at the surface at low temperature, the same characteristic limits maximum 

operating temperature and electrolyte composition. Cubic or pseudo cubic structure can be 

maintained at wide range of x and y. Incorporation of Pr
3+ 

ions on the A site increases the electrical 

conductivities and decreases the over-potential values. Due to this characteristic, BPCF has lower 

polarization resistance than the ones of BSCF and SSC at decreased temperature. The area specific 

resistance of  BPCF is 0.7 ohm.cm2 and 0.185 ohm.cm2 at 500 ⁰C and 550⁰C respectively which 

is lower than that of BSCF and SSC at same conditions (Rob Hui C. S.-P., 2010).  

LSCF  was proposed as suitable cathode material after Teraoka et al proved their good electronic 

and ionic conductivities at low temperature 600-800 ⁰C (L.P. Sun, 2014). However, LSCF has 

shown one serious drawback. It has high thermal expansion coefficient around temperature 700⁰C 

when compared with that of electrolytes. As the SOFC goes through several cycles of heating and 

cooling, this factor becomes important in selecting a compatible material. (Suescun, 2009) 
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BCCF, BZCF, and BCFN are some other examples of perovskite- type mixed  ionic electronic 

conducting membranes that have exhibited good oxygen permeation while being stable at an 

operating temperature higher than 750 deg C; however, for all three electrode materials above, 

their permeation flux decreases at a rapid rate at 600deg C (Yan Liu, 2013) .       

 A new cathode Ba0.5Sr0.5Co0.8Fe0.2O3−Ƴ (BSCF) was prepared by replacing La
3+

 in LSCF. This 

cathode material has the cubic structure of LSCF and large amount of oxygen vacancies giving it a 

superior performance over LSCF (Q.L. Liu, 2006). Using, Ni as anode, Ce0.8Sm0.2O2-Ƴ (SDC)-

carbonate as electrolyte and BSCF as cathode, a fuel cell was constructed that delivered a power 

density of 860 mW/cm2 at 500 ⁰C which has been hailed as very good performance for LT-SOFC 

(Chiung-Hsun Chen, 2008). However, BSCF also has its disadvantages which need further 

research and development. Its perovskite structure has poor stability which degrades to hexagonal 

Co compounds at temperature below 900⁰C. It reacts with CO2 atmosphere to form carbonate. 

Moreover, Barium is expensive material and environmentally unfriendly. 

Model 

Electrode Kinetics 

In single component fuel cell, both anode and cathode electrodes are combined in one layer 

and hence, the bulk and surface transportation of H+  and O2-  ions is combined with other 

electrode processes in one single layer and there are no more distinct anode and cathode 

reactions  as it was in the case of conventional three layer fuel cell. However, for the 

convenience of modeling, we have divided the fuel cell theoretically into three zones:  anode 

zone, cathode zone and the zone between them. In the experiments we have used H2 as fuel 

and air as oxidant.  At the anode side, H2 is oxidized releasing electrons and at the cathode 

side, Oxygen is reduced accepting the electrons. (Qinghua Liu, 2012) 

Anode Reaction:    H2     →   2 H+ + e-   

Cathode Reaction:    ½ O2    + 2 e-   →   O2-    
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To complete the circuit, O2- ions migrate from cathode side to anode side and H+ ions migrate 

from anode side to cathode. There are several intermediary parallel and sequential reactions 

but the overall reaction can be stated as following: 

     H2 + ½ O2 →   H2O (g);  ΔH = - 241.8 KJ mol- 1                                                        (1)               

In EFFC, the transportation of ions takes place in the bulk phase as well as on the surface. 

porous structure.  

Reaction Kinetics  

Gibbs free energy of formation is used to calculate the amount of chemical energy converted 

into electrical energy. The Gibbs free energy of the overall reaction is calculated by the 

difference between reactants and products Gibbs free energy. (Barbir, 2013) 

Δ Gf = Gf-products – Gf-reactants                (2) 

Where, Gf-products  is Gibbs free energy of products  

 Gf-reactants    is Gibbs free energy of reactants 

The Gibbs free energy of the reaction (1) becomes: 

Δgf =  (gf) H2O – (gf)H2- ½ (gf) O2       (3) 

Where gf is is the Gibbs free energy of the material in the respective subscript. 

However, the Gibbs free energy depends on the operating temperature and for a given 

operating temperature it can be calculated using the following formula: 

gf = hf – T. sf          (4) 

where, 

hf  is enthalpy of formation at given temperature 

sf is entropy of formation at given temperature 
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For the above reaction,  Δ gf =  Δ hf – T. Δ sf         (5) 

Where, Δ hf= hf-products – hf-reactants        

And, Δ sf= sf-products – sf-reactants     

Enthalpy and entropy of formation are dependent on temperature according to the following 

equation: 

hf= h298.15 +      
 

      
     (6) 

    

sf= s298.15 +  
 

 
    

 

      
     (7) 

 

Where, hf , h298.15, sf, and s298.15  are enthalpies and entropies of the given material at 

temperature T and standard temperature (298.15 K), respectively. Enthalpy and entropy of 

formation of different materials at standard condition (1 bar, 298.15 K) can be found in 

appendix A. C p , is the molar heat capacity at constant pressure, which can be calculated from 

the equation () at different temperatures. Detail information can be found in appendix B. 

 

The Gibbs free energy also depends on operating pressure and is given by the following formula 

for the reaction (1): 

 

Δgf= Δgf
⁰ - RT Ln(

  

  
)      (8) 

Where, 

 Δgf = molar Gibbs free energy at operating pressure and temperature, 

 Δgf
⁰= molar Gibbs free energy at operating temperature and standard pressure, 

P r = partial pressure of reactants, 

P p = partial pressure of products. 
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 Voltage losses 

 

The reversible voltage (also known as theoretical open circuit voltage) is given by:  

 

E= 
    

  
 = 

    
 
        

  

  
 

  
     (9) 

 

It is also known as Nernst voltage. This is the maximum potential that can be obtained from the 

cell at given temperature and pressure. However, an ideal situation never exists in reality and 

there are always some losses. When the electrical circuit is open i.e. when there is no external 

current being generated, the maximum voltage obtained is called open circuit voltage which is 

less than theoretical voltage. When the circuit is closed this voltage drops further because of 

inherent losses due to cross-over/internal currents, electrochemical kinetics, electrical and ionic 

resistance, inability of the reactants to reach reaction sites. It is the difference between 

electrode potential and equilibrium potential that driving force behind current generation. All 

the factors that induce irreversibility in the voltage drop are categorized as activation, ohmic 

and concentration losses. The operating voltage is given by: 

 

        Voc = E- Va-Vohm- Vc     (10) 

Where, 

Voc = Operating Voltage 

Va = polarization activation or activation over-potential 

Vohm= ohmic over-potential or ohmic loss 

Vc = Concentration over-potential or losses. 

 

Voltage loss due to polarization activation 

 

When a fuel cell is placed inside the fuel cell testing rig, it does not generate current 

immediately. The electrochemical reaction proceeds in series of several step reactions between 
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the interface of electrode and electrolyte. And the reaction rate is determined by the slowest 

step. This rate determining reaction acts as threshold energy barrier which needs to be 

overcome for the reaction to proceed further. The potential required to overcome this 

activation energy is called polarization activation.  

 

The relationship between current and activation voltage is described the Butler-Volmer 

equation: 

 

            
     

  
             

    

  
      (11) 

 

Where, 

   = Total Current Density, A/cm2                                                  

   = Exchange Current Density, A/cm2      

α = Charge transfer coefficient  

z = number of electrons transferred 

F = Faraday’s Constant, 96487 C mol-1 

R= ideal gas constant, 8.314 J mol K-1 

T = Operating temperature 

Va = Activation Polarization 

 

At equilibrium, there is no current generation although the electrochemical reaction is taking 

place in both directions forward and backward simultaneously. The rate of these reactions at 

equilibrium is called exchange current density (Qinghua Liu, 2012). The exchange current 

density is calculated using formula: 

 

i⁰ = 
   

     
       (12) 
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Where, Rct is charge transfer resistivity in the electrode reactions, the value of which is 

calculated from Nyqvist plot obtained from Electron Impedance Spectroscopy explained in the 

following sections.  

From the above equation, it can be inferred that higher the exchange current density lower the 

losses associated with activation, therefore, low temperature fuel cells have higher activation 

losses as it has small exchange current densities at low operating temperature which steadily 

increases and reaches a steady state at higher currents . These losses mainly happen at the 

anode and cathode zone of the EFFC.        

                        

Ohmic Losses 

It is the resistance offered by the mixture of electrode and electrolyte materials to the flow of 

ions and electrons. It can be calculated using ohm’s law: 

 

Vohm = iRi      (13) 

 

Where, i is the current density (A/cm2) and Ri is the internal resistance measure using EIS. 

Internal resistance includes ionic, electronic and contact resistance. 

 

Concentration losses 

Concentration polarization occurs due to the intermittent supply of reactants a reaction site 

resulting in rapid consumption of reactants thereby creating a concentration gradient. It is also 

known as mass transport loss. It is a function of current density, physical factors such as surface 

area, concentration of reactants in the bulk phase and on the surface, diffusion length. 

However for modeling purpose it can be empirically calculated by: 

 

Vc = m exp(ni)      (14) 

In the above equation, m and n are constants that depend on the conditions inside the fuel cell 

and have to be determined experimentally for every fuel cell (Junbom Kim, 1995). In the model 

m is 3e-5 and n is 8e-3. Thus the equation is depicted as below: 
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Voc =E –Va- iRi – m*exp (n*I) 

Polarization Curve 

 

Figure below shows the behavior of losses with the increase in current density. It is clearly 

evident that ohmic losses are the dominant ones which are in contrast with the behavior of 

conventional fuel cells in which activation losses are of the maximum proportion. 

 

Figure 6: Different Voltage losses in Fuel cell 

 

If we substitute the value of losses from equation 10, 12, 13 in equation 9, we will get a below 

curve. The activation losses are dominant at low current densities, but activation losses are very 

small in our case, the drop in the voltage at low current densities is not very prominent. As the 

current density increases, the fall becomes linear due to the ohmic losses and at high current 

density; the fall in voltage is faster than linear due to the increased concentration losses. From 

the polarization curve, we can also deduce how much heat and electricity is produced. The area 

above the curve gives an estimate of the heat produced and the area below the curve gives an 
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estimate of the electricity produced. The open circuit voltage is depicted as the voltage at zero 

current density in the graph. This voltage is less than the theoretical open circuit voltage or 

equilibrium voltage. 

 

Figure 7: Polarization Curve                  

Experiment   

Experimental Procedure 

 

The experimental set up consists of Fuel cell testing rig which has arrangements for hydrogen 

supply, air supply, vertical split tube furnace, ammeter, voltmeter and voltage source.  

 

Cell Fabrication 

 

BSCF was taken as the electrode material and SDC was taken as electrolyte material in different 

rations. A homogenous mixture of BSCF + SDC (40,60 wt%)was  dry pressed under a pressure of 

250 Mpa to form a pellet of thickness 0.8-1 mm, diameter 13 mm. It is very important to maintain 

cell thickness within certain range. If cell is too thick then resistance of the material will be high 

enough to decrease the output current and if the cell is too thin, again the output will be less 

because of low concentration of mixed ionic and electronic conductors or current leakage. 

(Liangdong Fan C. W., 2012). This pellet is then placed in the sample holder which has four gas 
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supply pipes, two of which are hydrogen supply/return pipes and other two are air supply/return 

pipes. It is to be noticed that unlike conventional fuel cell hydrogen and air can be supplied from 

either side due to its single component nature. It has no distinct anode and cathode zones, the 

anode and cathode zones are formed by the polarization of material under the effect of 

concentration gradient. The bottom most layer of pellet consists of Nickel foam and top most layer 

consists of metal oxide current layer to enhance current collecting capability. 

 

 

Figure 8: Fuel Cell Experiment Set-up 
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Figure 9: BSCF Powder 

                                                   

Figure 10: SDC Powder    

  

        Figure 11: Fuel Cell Pellet             
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Figure 12: Fuel Cell Sample Holder 

         

 

Single Cell Test 

 

The sample holder consisting fuel cell pellet was put into a vertical-split tube furnace; a 

thermocouple was inserted for monitoring the temperature of furnace.  H2 was supplied at a flow 

rate of 80-110 ml/min [STP: Standard temperature and pressure] at one of the side of fuel cell 

inside the chamber and air was supplied at the other side. The temperature inside the furnace was 

around 560⁰ C. The I-V polarization curve was collected using source meter. In EFFC, H2 and air 

can be supplied on either side as the cell reacts immediately to reverse the polarities corresponding 

to new concentration gradients from a positive voltage to negative voltage. 

 

Electrochemical Impedance Spectroscopy  

 

Electrochemical Impedance Spectroscopy is an experimental technique used to distinguish and 

measure the various losses in fuel cells. It is also used for research and development of novel 

materials, electrode structures, authenticity and quality check in manufacturing operations. 

The physiochemical processes within fuel cell are illustrated as an equivalent circuit model 

consisting resistors, capacitors and inductors. Form this circuit the qualitative and quantitative 
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information regarding the impedances in fuel cell are characterized. This technique allows the 

measurement to be made in actual conditions i.e. at the operating temperature, OCV etc. It helps in 

quantifying multiple parameters from a single experiment requiring rather simple automatic 

electrical instruments, giving accurate results. (Application Note AC- 1: Basics of Electrochemical 

Impedance Spectroscopy) 

While performing the impedance test, a small AC frequency is applied on fuel cell via load. At a 

particular frequency, the resistive, capacitative and inductive behavior of fuel cell is analyzed by 

AC voltage and current response of fuel cell. Various processes within fuel cell- heterogeneous 

reactions, electron and ion transport etc have different time constants and therefore, are shown at 

different AC frequencies. When the impedance test is performed over a broad range of frequencies 

it can be used to quantify these processes. (Associates) 

The EIS data can be represented in Nyquist and Bode plot. Nyquist plot represent imaginary 

impedance on its y axis and real impedance on its x-axis. Imaginary impedance represents 

inductive and capacitative impedance in the fuel cell and real impedance represents ionic, 

electronic and ohmic impedance in fuel cell. In Nyquist plots, the process within fuel cell with 

different time constants are represented as unique arcs and the shape of the arc provides 

information regarding polarization losses and governing phenomenon in the cell. However, this 

plot gives no information regarding the frequency of the AC signal used. Whereas, the Bode plot 

represent impedance magnitude (real or imaginary) and phase angle as a function of frequency. 

Both plots have their advantages and disadvantages and are used according to the requirements.  

 

 

                                                           Figure 13: Nyquist Plot for Electrochemical System 
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In the figure 13, Nyquist plot for Fuel cell Ni/(BSCF +SDC)(2:3)/Metal Oxide is illustrated. The 

frequency decreases in the positive direction of  x-axis i.e. in the direction of increasing real 

impedance (Z’).From the above plot ohmic resistance  (Ri)  is  0.371 Ω.cm
2
 and  charge transfer  

resistance is 0.459 Ω.cm
2 
(Basics of inferring data from Nyquist plot is given in the Appendix C).  

High frequency of 1000000 Hz is used to plot first arc and low frequency of 0.1 Hz is used to plot 

the second arc.  

 

Results and Discussion 
 

From the model and experiment, I-V and power curves plotted  are shown below. The open circuit 

voltage and  maximum power density obtained from the model are 1.032 V and 545.8 mW/cm2  at 

current density of 870 mA/cm2 , respectively, whereas the corresponding values from experiment 

are 1.064 V and 521.5  mW/cm2 at current density of 841.1 mA/cm2  @ 560 ⁰C respectively. In 

the below figures 14 and 15, we can observe that the experimental curve deviates from modeled 

curve at higher current density. At higher current density, concentration losses dominate the overall 

voltage losses and in the model we have used constants m and n to quantify concentration losses. 

Hence, determining more reliable value of m and n can help in identifying the difference between 

experimental and modeled curve at high current density. 
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Figure 14: Power Curve 

 

 
    Figure 15 : V-I Curve 
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Conclusion 
 

In this thesis, we have investigated electrolyte-free solid oxide fuel cell (EFFC), a  new energy 

conversion device that integrates semi-conducting bulk hetero-junctions, nano-redox and nano- 

fuel cell processes into one multi functional nano-composite layer exhibiting  mixed electronic and 

ionic conducting properties. 

In the second part of thesis, a model is built using MATLAB software to simulate power curve and 

V-I curve of single component electrolyte free fuel cell. The simulated power curve and V-I curve 

when compared with the experimental curves show consistency with each other over a large range. 

Future Work 

The model developed in this thesis is tested for a particular composition of single component fuel 

cell. To establish the authenticity of the model, it has to be tested for a large range of fuel cells 

made of different materials and of different composition. Moreover, if possible, a library needs to 

be developed containing information regarding physical and chemical properties of different 

materials for future simulations. 

 

The principles explaining the working of EFFC are still under investigation. it is possible that in 

future, equations formulated to describe the behavior of voltage losses and current losses inside 

EFFC may change. Therefore, to maintain the validation of the model it needs to be updated if 

such a scenario arises. 
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Appendix A 
 

 

Table 2: Enthalpy and entropy of formation for various substances at standard temperature 
and pressure 

Substances Molecular 
Formula 

Molecular 
Weight              
( Kg/Kmol) 

State Enthalpy of 
Formation, hf 

( KJ/Kmol)      

Entropy of 
Formation, sf 

( KJ/Kmol.K) 

Water H2O 18.015 Gaseous -241826 188.834 

Water H2O 18.015 Liquid -285830 69.950 

Carbon 
Monoxide 

CO 28.011 Gaseous -110527 97.653 

Carbon Dioxide CO2 44.010 Gaseous -393522 213.795 

Methane CH4 16.043 Gaseous -74873 186.251 

Ethane C2H6 30.070 Gaseous -84740 229.597 

 

 

 

Table 3: Heat Capacities of compounds at constant pressure (T=K) 

Substances State Cp  ( cal/deg.mol) Range of 
temperature    
( K) 

Uncertainty     
( %) 

Water Gaseous 8.22 + 0.00015T + 0.00000134T2 300-2500 - 

Carbon 
Monoxide 

Gaseous  
6.60 + 0.00120.T 

273-2500 1.5 

Carbon Dioxide Gaseous 10.34 + 00274.T - 195500/T2 273-1200 1.5 

Methane Gaseous 5.34 + 0.0115.T 273-1200 2 

Oxygen Gaseous 8.27 + 0.000258T - 187700/T2 300-5000 1 

Hydrogen Gaseous 6.62 + 0.00081T 273-2500 2 
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Appendix B 
 

Input Parameters for the Model 

 

Parameter Symbol Unit Value 
Operating Pressure P bar 1 

Operating Temperature T ⁰C 580 

Air Stoichiometric Ratio Ƴ - 2 

Cell Active Surface area Af Cm2 0.64 

Charge Transfer 
Coefficient 

α - 0.25 

Number of Electrons 
transferred per mole of 

fuel 

n - 2 

Charge Transfer 
Resistance 

Rct Ohm.cm2 0.459 

Cell Resistivity Ri Ohm.cm2 0.371 

m m V 3e-5 
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Appendix C 
 

To study the impedance characteristics of fuel cell it is represented by an equivalent circuit. The 

Randles cell (Figure 16) is one such way to represent the cell.  RΩ is the ohmic resistance of 

composite material between working and reference electrode. Rp is charge transfer resistance and 

CDL is the double layer capacitance. The impedance of the capacitor decreases with the increase in 

frequency while impedance of resistor remains constant. Thus, at high frequency, cell resistance is 

ohmic in nature. However, at low frequencies, capacitor behaves as an open circuit and is removed 

from the circuit. The impedance of cell is then simply given by addition of ohmic and charge 

transfer resistance. Hence, at both high and low frequency, cell acts as a resistor. The imaginary 

component is negligible, phase angle is around 0 degrees and impedance does not change with 

frequency. At intermediate frequency, cell is more capacitative, imaginary component is 

significant; phase angle reaches close to zero and cell impedance changes with frequency. 

(Instruments) 

     

      Figure 16: Equivalent Circuit of Single Electrochemical Cell 
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      Figure 17: Nyquist Plot for Simple Electrochemical System 

 

Figure 17 illustrates simple Nyquist Plot. We can observe that at high frequency, cell impedance is 

dominated by ohmic resistance. The frequency reaches its highest limit at the left most end of the 

circle, where semicircle intersects the x axis. The frequency decreases in the positive x-axis 

direction and reaches its low value at the right end of the semi-circle. 
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