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Abstract 

 

 

     Linear and Non-linear electrochemical characterization techniques and equivalent circuit 

modelling were carried out on miniature and sub-commercial Solid Oxide Fuel Cell (SOFC) stacks 

as an in-situ diagnostic approach to evaluate and analyze their performance under the presence of 

simulated alternative fuel conditions. The main focus of the study was to track the change in cell 

behavior and response live, as the cell was generating power. Electrochemical Impedance 

Spectroscopy (EIS) was the most important linear AC technique used for the study.  

     The distinct effects of inorganic components usually present in hydrocarbon fuel reformates on 

SOFC behavior have been determined, allowing identification of possible "fingerprint" impedance 

behavior corresponding to specific fuel conditions and reaction mechanisms. Critical 

electrochemical processes and degradation mechanisms which might affect cell performance were 

identified and quantified. Sulfur and siloxane cause the most prominent degradation and the 

associated electrochemical cell parameters such as Gerisher and Warburg elements are applied 

respectively for better understanding of the degradation processes.  

     Electrochemical Frequency Modulation (EFM) was applied for kinetic studies in SOFCs for 

the very first time for estimating the exchange current density and transfer coefficients. EFM is a 

non-linear in-situ electrochemical technique conceptually different from EIS and is used 

extensively in corrosion work, but rarely used on fuel cells till now. EFM is based on exploring 

information obtained from non-linear higher harmonic contributions from potential perturbations 

of electrochemical systems, otherwise not obtained by EIS. The baseline fuel used was 3 % 

humidified hydrogen with a 5-cell SOFC sub-commercial planar stack to perform the analysis. 

Traditional methods such as EIS and Tafel analysis were carried out at similar operating conditions 
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to verify and correlate with the EFM data and ensure the validity of the obtained information. The 

obtained values closely range from around 11 mA cm-2 - 16 mA cm-2 with reasonable repeatability 

and excellent accuracy. The potential advantages of EFM compared to traditional methods were 

realized and our primary aim at demonstrating this technique on a SOFC system are presented 

which can act as a starting point for future research efforts in this area.  

     Finally, an approach based on in-situ State of Health tests by EIS was formulated and 

investigated to understand the most efficient fuel conditions for suitable long term operation of a 

solid oxide fuel cell stack under power generation conditions. The procedure helped to reflect the 

individual effects of three most important fuel characteristics CO/H2 volumetric ratio, S/C ratio 

and fuel utilization under the presence of a simulated alternative fuel at 0.4 A cm-2. Variation tests 

helped to identify corresponding electrochemical/chemical processes, narrow down the most 

optimum operating regimes considering practical behavior of simulated reformer-SOFC system 

arrangements. At the end, 8 different combinations of the optimized parameters were tested long 

term with the stack, and the most efficient blend was determined. 
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Chapter 1  

Introduction & Overview 

1.1 Fuel Cells ï A General Description 

     Fuel cells are electrochemical energy conversion devices which directly transform the chemical 

energy of fuels into useful electrical energy which can be used to power systems and devices. A 

single unit of a fuel cell undergoes an oxidation reaction of the fuel, commonly hydrogen and the 

reduction reaction, commonly oxygen from the air. The oxidation takes place at the anode (fuel 

electrode) and the reduction takes place at the cathode (air electrode). The representative equation 

which describes the primary fuel cell reaction which produces electrical energy, heat and 

byproduct as water is shown in the equation below [1-3], 

Hydrogen + Oxygen Ÿ Water + Electrical Energy + Heat  

     A physical description of a typical fuel cell system is required to explain the electrochemistry 

occurring in the overall process as shown in Fig. 1.1. An electrolyte which is fabricated as a non-

porous material is sandwiched directly between two porous electrodes namely anode and cathode. 

The two electrodes are in contact with the electrolyte either electronically or ionic or both and 

constitute a closed circuit. The anode is exposed to the fuel and the cathode is exposed to the air 

in most common cases. Continuous energy will be produced from the system as long there is a 

constant supply of fuel and oxidant at the respective electrodes. In this respect they are different 

and desirable alternatives to battery technologies because of its ability to constantly generate useful 

power in presence of fuel and air. For the above reason fuel cells can be termed as 

thermodynamically open systems.  
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Fig. 1.1 A general simplified schematic of a typical fuel cell setup 

     Fuel cells also have a high conversion and thermodynamic efficiency during its electrochemical 

energy conversion process. When compared to internal combustion engines and other energy 

producing sources, mechanical energy losses and heat evolution losses are not a concern in such 

systems. In some cases the heat evolved from a fuel cell system can be used to contribute in 

combined heat and power systems and also to maintain the fuel cell temperature. Also production 

of conventional air pollutants such as NOx and SOx are negligible [4] and lesser as compared to 

other systems. Another important merit is the fact that the size of a fuel cell system does not have 

any impact of its efficiency which makes it easily accessible to be used in various and specific uses 

depending on the ability of a type of a fuel cell system to cater to the requirements of that particular 

application. It hardly generates any noise by itself and thus is also a quiet energy source. The final 

and most important aspect of a fuel cell in general is their ability and flexibility to work on different 

types of fuels (especially high temperature systems) which makes it a commercially viable, 
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feasible and efficient power generation system based on a variety of different application areas in 

the market [2,4].   

1.2 Types of Fuel Cells  

     Fuel cells can be categorized into five primary types. The main differentiating factor is the 

nature and type of electrolyte which separates the two electrode chambers. Also, differences which 

are pertinent are the operating temperature and also the phase of the fuel used (gaseous or liquid). 

The main types include Solid Oxide Fuel Cells (SOFCs), Polymer Electrolyte Membrane 

(PEMFC), Molten Carbonate (MCFC), Phosphoric Acid (PAFC) and Alkaline (AFC). With an 

increase in operating temperature, the fuel flexibility aspect becomes more relaxed. The table 1-1 

[1] below summarizes the different kinds of fuel cells with their inherent properties and material 

compositions. 

1.3 Solid Oxide Fuel Cell (SOFC) ï Overview 

     SOFCs are high temperature fuel cells which is mainly composed of solid ceramic electrodes 

and electrolytes and fuel/oxidant in the gaseous phase. They commonly consist of a dense yttria-

stabilized zirconia (YSZ) electrolyte (8 % w/w Y2O3 in ZrO2). At high temperatures of 600 C ï 

900 C, the electrolyte becomes conductive only to ions which initiates the overall electrochemical 

reaction. The commonly used anode and cathode materials are Ni/YSZ cermets and Lanthanum 

Strontium Manganate LSM/YSZ composite ceramics. As shown in Fig. 1.2 in a simplified way, 

the fuel molecules are catalyzed and oxidized at the anode which combines with the electrolyte 

transported oxygen anions (O2-) produced from the reduction reaction of the oxygen molecules at 

the cathode. In the above process two electrons are produced at the anode which are transported 

across the external circuit towards the cathode, after performing useful work. The oxygen 
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molecules use these two electrons to continue the reduction at the cathode, thus completing the 

circuit and the entire process continues as long as there is also a constant fuel supply at the anode.  

Table 1.1 Properties, compositions and conditions for the five types of fuel cells [1] 

 

The overall electrochemical reaction considering the basic fuel as H2 can be written as following 

where a denotes the species at the anode and c denotes the species at the cathode. 

H2 a + ½ O2 c ź H2O a  

The above full cell reaction can be broken down into anodic and cathodic reactions separately (e 

represents the species at the electrolyte)  

½ O2 c + 2 e- ź O2- e         (Cathodic)                             H2 a + O2- e  ź H2O a + 2e- (Anodic) 
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Fig. 1.2 A schematic of a working SOFC system showing the flow of oxygen anions and the 

electrons across the external circuit. 

      

1.4 SOFCs ï Concept of the Three-Phase Boundary 

     Nickel is the most generic metal of choice to constitute the bulk of the metal component of the 

cermet anode due to its high electrochemical activity, higher economic efficiency, and chemical 

stability. However, it does have disadvantages, as it can diffuse away in certain conditions. The 

high metal composition ensures electronic conduction occurs easily, and that electrons produced 

near the anode-electrolyte double phase interface during fuel oxidation reach the current collector. 

The incorporation of ion conducting YSZ into the anode as seen in Fig. 1.3 and 1.4, to create a 

cermet material has many purposes, primary being the increase in the number of three phase 

boundary (TBP) catalytic sites and in the process an increase the overall efficiency of the fuel 

oxidation reaction. The electrochemical reaction itself takes place in a region aptly named the triple 

phase boundary or three-phase boundary (TPB). It is here that the three key components meet to 

effectuate electrochemical oxidation, in the case of the anode.  
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Fig. 1.3 Microscopic view of the electrolyte-electrode                                                                                                                                                                                 

  

     Oxygen anions, produced at the cathode, migrate through the non-porous electrolyte layer via 

an ionic conduction mechanism. Gaseous fuel which has diffused through the pores of the anode 

reaches the solid surface. Electrons produced by the electrochemical oxidation are conducted to 

the current collector via the reduced metal component. It is where these three phases (namely the 

reduced metal (alloy), YSZ and the gaseous fuel) contact that the electrochemical reduction at the 

TPB occurs. The TBP is greatly extended beyond simply the interface between the porous anode 

and non-porous electrolyte. This has also been described as ódelocalizingô the electrochemically 

active region [4,5]. Oxygen anions can diffuse from the non-porous electrolyte layer further into 

the porous anode layer through the additional YSZ ceramic phase, which increases the number of 

triple phase boundary sites. Nickel, in its pure form, tends to aggregate to form larger particles 

when exposed to high temperatures, known as sintering. During early SOFC development, this 

process occurred in the extreme, which greatly reduced the number of active sites. Incorporation 

of YSZ into the Ni to form a cermet greatly reduces the observed degree of aggregation. There is 

also a considerable mis-match between the thermal expansion coefficients of Ni and YSZ. Contact 

between the anode and YSZ upon sintering or heating to operational temperatures can cause the 

Fig. 1.4 Three Phase Boundary                                

interface                                                                                             
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anode to shear and loose physical and electrical contact with the electrolyte layer. This will have 

detrimental effects on the performance of the cell. Incorporating YSZ into the anode cermet allows 

for a more favorable match of thermal expansion coefficients, thus reducing the possibility of loss 

of contact between the anode and electrolyte layers.  

1.5 Polarization in SOFCs 

     Polarization can be defined as a voltage loss or overpotential, which is a function of current 

density. The total cell polarization can be calculated as the sum of the activation polarizations of 

the anode and cathode kinetics, ɖa and ɖc, respectively, the ohmic polarization, iR, and the 

concentration polarization ɖcp as shown below [1-5], 

ɖTot = ɖa + ɖc + iR + ɖcp 

     The polarization is related to the current density drawn from the full cell, as shown in the plot 

below in Fig. 1.5. The general trend is that, as more current is drawn from the cell, the voltage 

decreases below the theoretical maximum voltage. This relationship shows three regions: 

activation polarization causes an initial drop in cell potential at low current densities, ohmic losses 

create a semi-linear region at moderate current densities, and mass transport losses show a sharp 

decrease at high current densities. Even though the above behavior is the general trend in most fuel 

cell polarization tests, but the nature of the curves can change from system to system based on 

various operating conditions. These three regions will be described in detail in the following 

paragraphs. The overpotentials of both the anode and cathode increase as current density increases, 

which relates to the capacity to draw power from the cell, namely, at high overpotentials, less 

power will be available. It is, therefore, desirable to maintain polarizations of the electrodes at a 

minimum. 
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Fig 1.5 Sources of Polarization as a function of current density 

1.5.1 Activation Polarization 

     Activation polarization refers to the overpotential needed to change the activation energy of an 

electrochemical process occurring at an electrode. In order to accomplish this, an additional 

potential, an overpotential, ɖ, is applied to lower the free energy of activation, æGoÍ. This potential 

provides a driving force such that when applied, the rate of the electrode reaction exceeds the 

spontaneous rate. This modified electrode reaction rate relates to the exchange current density, io, 

as will be derived below. Here, the free energy of activation, æGoÍ, is lowered from its reversible 

value by ɓɖF, by applying an overpotential, ɖ. The effect of this applied overpotential is that 

electrons become more abundant at the cathode and less abundant at the anode (the anode becomes 

an electron ósinkô). 

æGɖ
Í = æGoÍ - ɓɖF 
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Here, ɓ is a charge-transfer parameter which depends on the symmetry of the energy barrier 

associated with activation in the reaction process and is assumed to be 0.5 for a one-electron 

process. The rate constant at equilibrium for standard potential, Eo, is given below, 

k0 = A exp(-æGoÍ / RT) exp(-ɓEoF/RT) 

For a reaction differing from the standard potential, the expression is represented as below,  

kE = A exp(-æGoÍ / RT) exp(-ɓEF/RT) 

The above equation can also be represented as shown below, 

kE = A exp(-æGoÍ / RT) exp(-ɓEoF/RT) exp(-ɓɖF/RT)          where E = E0 + ɖ  

Therefore the above equation can be simplified as below which represents the rate constant of the 

electrochemical charge transfer process, 

kE = k0 exp(-ɓɖF/RT) 

In electrochemical reactions kinetics, the rates of the reaction are measured as currents and thus 

the activation polarization can finally be expressed by the following equation, where i for is the net 

current density for the forward reaction, i0 is the exchange current density, [S] is the concentration 

of the reacting species, n is the number of electrons, ɖc is the cathodic or negative overpotential 

and ɓc (0< ɓc <1) is the symmetry factor associated with the cathodic (forward) branch of the 

reaction. The anodic (reverse) branch of the reaction can be derived in a similar way, 

i for = i0 exp(-ɓcɖcF/RT) where i0 = nFk0[S] 
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1.5.2 Ohmic Polarization 

     The ohmic polarization, iR, of the cell mainly includes the electrolyte resistance, the contact 

resistances between cell components and the electrical resistances of electrodes and the current 

collector materials attached with the electrodes [3]. These combined resistances produce the ohmic 

polarization, also called the iR drop, which increases proportionally and linearly with current. The 

linear effect of ohmic polarization combines with the activation polarization region (a natural 

logarithmic increase) and the combined relationship becomes relatively linear in the Tafel region 

(to be described later), as can be seen in Fig 1.5. 

1.5.3 Concentration Polarization 

     The concentration polarization, ɖcp, of the cell is directly related to the limiting current, iL by 

the following expression [4], 

ɖcp = (RT/nF) ln (1 ï i/iL) 

The limiting current takes effect and dominates the overall cell polarization in high current density 

conditions. The primary reason behind concentration polarization are the mass transport and 

diffusion effects which limit the current produced in the cell. The above phenomena is caused by 

concentration gradients near the active catalytic region of the electrode-gas phase interface, 

producing local potential differences between the bulk gas phase and the electrode surface. It can 

also be said that at such conditions, the reactants for electrochemical reaction are used up or 

depleted away at a faster rate than they can be supplied to the electrode surface by gaseous 

diffusion. This diffusion gradient effect is observed and pertinent in porous electrodes as in the 

case of SOFCs. 
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1.6 Equilibrium Thermodynamics of SOFC ï The Nernst Equation 

     At equilibrium conditions, the thermodynamics can help to throw light on the electrochemistry 

of the process by well-established relations. It is understood and a well-known fact that for a 

particular chemical or electrochemical reaction, the product concentration can be related to the 

concentration of the reactants by the Gibbs free energy of the process under consideration. Thus if 

æG0 denotes the Gibbs free energy of the reaction at standard conditions, the Gibbs free energy 

(æG) of the reaction in equilibrium state can be represented as, 

æG = æG0 + RT ln (aproducts / areactants)         where a = activity of reacting or product species 

If there is an electrochemical reaction (oxidation or reduction) occurring at the electrode interface 

and there is an involvement of n electrons being transferred during the reaction, the Gibbs free 

energy of that half-reaction (Mn+ + ne- ź M) can be deduced and related to standard electrode 

potential as follows, 

æG = -nFE0 

Adjusting both the equations and rearranging the famous Nernst equation is deduced [1-3], 

E = E0 ï (RT/nF) ln (ʇareactant / ʇaproduct) 

The above equation was first developed in 1904. Here, F is the Faradays constant which has a 

constant accepted value of 96485 C/mol, R is the universal gas constant and T is the operating 

temperature in absolute kelvin. As explained before, E denotes the electrochemical potential under 

the specified conditions and E0 denotes the electrochemical potential under standard state 

conditions. The above relationship is expected to remain unchanged with time because the 

thermodynamics of a system only depends on the initial and final state, thus proving to be a very 

important relation in modern fuel cell electrochemical studies. 
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1.7 Research Motivation & Overall Structure of the Dissertation 

     Solid Oxide Fuel Cells have slowly and surely started to work themselves through well-

established laboratory settings to full scale commercial environment. Companies across the world 

are devising and identifying new application areas in which their utility can be maximized also 

considering proper longevity and feasibility both is terms of technical and economic aspects. 

Stationary power general applications have been identified as the most potent area of interest. It is 

also important to look at other alternative fuels as possible choices in place of hydrogen to 

overcome some of the techno-economic issues and problems associated with the latter. Hence 

sophisticated techniques, protocols and procedures based on in-situ monitoring, State of Health 

(SOH) analysis and quantitative estimation are required to work in tandem for complementing 

each other. These efforts can help in carrying out the best possible system characterization for 

providing more accurate information on cell behavior which can definitely lead to better 

performing commercial devices. At this point it should be mentioned, with the use of alternative 

fuels and low temperature SOFCôs arrives a few issues of cell degradation, on-line live cell 

performance monitoring or optimization of fuel conditions for best possible performance tracking. 

Extensive efforts have been carried out by microscopic studies but those are usually after the test 

is completed or a system is dead. Therefore, the motivation of the work arises from the need of the 

hour for better, new and live data testing methods and approach especially in SOFC systems. 

     This dissertation explores the performance of miniature button cells and sub-commercial scale 

SOFC stacks under various operating fuel conditions and characteristics. Both the systems have 

the same material composition thus making this research driven more towards performance 

characterization, degradation analysis and long term diagnostics. In a nutshell, the work is an effort 

to contribute towards worldwide efforts in analysis of the effects of changing fuel conditions on 

SOFC behavior through in-situ DC and AC electrochemical techniques. Both linear and non-linear 
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techniques are applied to understand the response of the fuel cell system with respect to the 

presence of inorganic impurities, determination of electro-kinetic parameters and other important 

fuel characteristics and parameters. In this work, we have also worked and demonstrated the 

application of a non-linear electrochemical technique for the first time in SOFCôs which can 

effectively determine and monitor critical kinetic parameters of a system at a much faster rate with 

lesser complexities. We truly believe that this novel contribution towards fuel cell science and 

electrochemistry can help to enhance the proper assessment and monitoring of SOFC operation 

and performance. Better knowledge of the above mentioned aspects regarding fuel cell research is 

important to move forward in the road to commercialization of this exciting technological device.        

     The text, images and tables of chapters 3, 4 and 5 were originally prepared for peer reviewed 

journal publications encompassing the entire work. A summary of current literature relevant to the 

research and data will be presented in each of those chapters. 
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Chapter 2  

              Instrumental &Experimental Descriptions 

2.1 Button Fuel Cell Setup & Stack Assembly 

     The fuel cell testing setup was constructed with great care. A SOFC system is a high 

temperature system composed of primarily ceramic materials thus making it an easy candidate for 

mechanical damage. Thus additional attention has been given towards this aspect of cell assembly. 

A picture of the button cell and the diagrammatic schematic of the setup is shown in Fig 2.1 & Fig. 

2.2 respectively. A custom made stainless steel ultra-torr fitting was used to seal the alumina tubes 

used for the fuel gas supply and also used as a support for the button cell assembly inside the 

furnace. The button cell was fixed at one end of the alumina tube by a glass seal to keep the fuel 

and the oxidant chambers separate. The diameter of the button cell used was 1 inch (25.4 mm). An 

alumina cap was used along with the glass ring seal on one end of the alumina tube to improve the 

mechanical stability of the button cell-alumina tube arrangement by preventing any handling 

damages to the fragile button cell electrode assembly. Electrical leads composed of Pt (0.2 mm 

diameter, Alfa Aesar©) and Ag (0.25 mm diameter, Alfa Aesar©) were used to carry the electrical 

currents across the fuel cell electrodes and also for electrochemical measurements. Pt was used as 

leads directly attached to the electrode surfaces (anode and cathode) and Ag wires were used to 

connect the Pt wires to electrochemical instruments for data acquisition. Pt due to its higher 

stability, heat resistance and inert nature was used on the electrode surface. But as Pt is expensive, 

it was not used to form the entire length of the current carrying leads. Thus Ag being cheaper 

having similar electrical characteristics was used in conjunction with Pt. All leads were electrically 

insulated from each other as well as from the Faraday cage and furnace components. To check that 

all leads were isolated, a handheld voltmeter was used to verify that the resistance between each 
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of the leads was óinfinitelyô high. All measurements were carried out between 650 C and 850 C. 

A K-Type thermocouple was strategically placed near the working electrode to monitor the actual 

temperature during testing. It was also used to detect leaks readily in the button cell assembly 

because if there was a leak the temperature detected in the thermocouple would flicker a lot and 

would be unstable. The furnace used was a vertical tubular furnace (Barnstead Thermolyne) where 

the temperature was ramped from room temperature to 900 C at a rate of 1 C min-1, kept there for 

an hour and then reduced at a higher rate of 2 C min-1 to the operating temperature under 

consideration. This was done to melt the glass rings, vitrify them to make the seal more robust and 

as efficient as possible.  

 

 

 

Fig. 2.1 (Left) Anode surface, (Right) Cathode surface in black with an interlayer white electrolyte 

 

     The SOFC stack setup was different from the button cell setup. While the button cell was a 

miniature circular cell of diameter 2.5 cm2, the SOFC stack composed of a 5 cell planar integrated 

system with 105 cm2 surface area. The short stack system was an integrated robust system which 

had dedicated fuel/oxidant lines and electrical leads. Thus it was only important in this case to use 

a box furnace (Sentrotech Inc.) with proper size considerations and provisions for fuel and oxidant 

lines for coming in and out of the system. Because the scale of the stack system was larger, proper 

hoses were used for supplying the necessary gases and also thicker copper wires with higher power 

rating were used to carry the current generated across the system and for electrochemical 

measurements. Additionally, due to the extremely high gas flows (and their explosive nature) used 
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in stack tests, proper exhaust lines were also built around the system to make sure that the working 

environment was safe enough. A schematic and pictures of the stack testing setup is shown in Fig. 

2.3 and 2.4 respectively. 
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Fig 2.2 A detailed schematic of the SOFC button cell test arrangement 
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Fig 2.3 A simplified schematic of the SOFC stack testing setup 

 

 

 

 

 

      

 

 

 

Fig. 2.4 (Top left) Delphi Gen 3.2 a 5-cell stack, (Top Right) Box furnace with stack installed, 

(Bottom left) Stack and manifold inside the furnace (Bottom Right) Electrical & gas connections 

from furnace top 
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2.2 Button Cell Membrane Electrode Assembly (MEA) 

     The button cell MEA is very important for getting high quality, consistent and repeatable data. 

In our work, the button cell was provided by Delphi Automotive Systems. The cell architecture 

consisted of a 30 µm Lanthanum Strontium Cobalt Ferrite (LSCF) cathode, 10 µm Yttria-

Stabilized Zirconia (YSZ) membrane (electrolyte) and a 500 µm Ni/YSZ anode. Detailed 

information regarding cell fabrication, composition and properties have not been provided in lieu 

of the intellectual property rights. The electrical circuit as explained before was completed using 

Pt wires of similar diameters. The ability to collect current reliably is crucial to accurate fuel cell 

operation and data collection. Electrode behavior cannot be reliably determined if this component 

of the fuel cell is not optimized. Ideal characteristics of the proper current collector are important. 

Chemical stability in a reducing and oxidizing environment ensures that the material chosen does 

not itself undergo chemical reactions before or during electrochemical measurements, thus 

ensuring that differences in numerical data output are due only to the electrode processes 

themselves. Furthermore, current constriction is a parameter of concern: the current produced by 

the electrode should be collected in its entirety, and should not be subject to any constriction 

restrictions. Proper contact between the electrode material and the current collector will ensure this 

is not a problem. Two prevalent types of current collector can be found in the literature: paste and 

mesh. Although paste can both be easily painted onto an electrode and ensure reliable current 

collector-electrode contact, it has been shown to lose proper contact during long term operation. 

Therefore, a mesh current collector was also chosen to avoid this degradation. Contact resistance 

was also minimized by employing this method of electrode manufacturing. Considering all the 

above factors, a combined mesh and paste current collection system was used in our work. Ni 

mesh with Ni paste (Fuel Cell Materials Inc.) was used in the anode and Ag mesh with Ag/Pd paste 

(Alfa Aesar©) as current collector materials. The entire MEA was then carefully fixed on the 

alumina tube arrangement as described earlier.  
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2.3 Fuel & Oxidant Arrangements 

     All the gaseous components of the fuels (H2, N2, CO, CO2, CH4) were purchased from Praxair 

at the industrial grade purity. The gaseous fuels were used ñas isò and also before starting any 

experiment, the fuel lines were purged for 15 minutes to ensure that the purity in the line was 

acceptable. For mixing purposes, a home-made gas manifold was constructed which allowed all 

the gases to reach the chamber before being dispersed to the inlet of the fuel cell system. Water 

was supplied to the system by a home-made vaporizer unit which was simultaneously joined with 

the gas manifold system. The input lines from the manifold till the fuel cell inlet was wrapped with 

heating coils and kept at 200 °C to avoid any condensation into the inner walls of the tubing. For 

poisoning tests, the corresponding inorganic impurities were added to the fuel stream and their 

concentrations levels were adjusted. Gaseous impurity was added directly to the mixing chamber 

and liquid impurities were added by bubbling inert N2 gas through them. Due to the presence of a 

lot of toxic and explosive substances, alarms were kept at key locations around the experimental 

setup to detect any undesirable situations because of leaks or other unwarranted factors. Due to its 

availability air was used as the most standard oxidant in the electrochemical tests. Some tests were 

carried out with pure oxygen for analysis purposes. Finally, due to the fact that relative 

performances were emphasized over absolute performance values, the amount of polarization 

associated with the cathode has lower importance. Therefore, only changes associated with anode 

characteristics are of importance in this work. 

2.4 DC Electrochemical Characterization 

    DC testing of solid oxide fuel cells mainly includes Linear Sweep Voltammetry (LSV) and 

Polarization curves. In general DC electrochemical techniques have been conventional methods 

for preliminary fuel cell performance analysis. They give a nice indication about the fuel cell 

polarization behavior and the interdependencies between potential & current. I-V (Current-
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potential) and P-I (Power-Current) curves gives information on the initial performance of a fuel 

cell under standard conditions which help in directing future test plans in fuel cell research. LSV 

is also a well-established technique which is good for estimating and comparing the 

thermodynamics, kinetics, and mechanisms of various fuel cell reactions. In LSV the potential of 

a fuel cell is scanned at a definite rate normally in the order of mV s-1 from the Open Circuit 

Potential (zero current potential) to a certain overpotential value. In this work, DC measurements 

have been carried out with a Solartron© 1470 E potentiostat and also a HP 6060B electronic load. 

Due to a current limit of 4 A on the potentiostat, the electronic load was used when high current 

load requirement was necessary. In short, DC techniques are standard tests for fuel cell evaluation.   

2.5 Electrochemical Impedance Spectroscopy (EIS)  

     EIS is a powerful linear electrochemical perturbation AC technique which is used for 

investigating reaction pathways, failure modes and degradation mechanisms in complex fuel cell 

processes [1-3]. It also helps to explore the properties of electrode materials in certain cases. The 

primary purpose which it serves is that it is used to separate and distinguish various processes 

occurring in different time-scales. This characterization technique has been used in fuel cell 

research [] for identifying the contributions from ohmic, activation and concentration polarization 

in a definite frequency range. But simple qualitative analysis might make data interpretation 

difficult at times. For this reason, EIS should be complemented with Equivalent Circuit Modeling 

(ECM) to give an idea regarding the quantitative side of the overall information. ECM is defined 

as the arrangement of electrical circuits and elements in plausible combinations (network of series 

and parallel elements) to model the actual behavior observed in EIS data applied on 

electrochemical systems. The method consists of physically relevant circuit elements with 

Complex Non-Linear Squares (CNLS) data fitting [2] combined with an assessment of the 

stochastic error structure, to make it a consistent and valid simulation procedure.   
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     EIS primarily involves a small amplitude AC potential perturbation on the electrochemical 

system under consideration. The small potential signal can be in the form of Asin(ɤt) where A is 

the amplitude and ɤ is the frequency. As a result of the potential input, there is a sinusoidal current 

response with a phase shift ( )ʟ with a different amplitude. Therefore the current response and the 

potential input can be used to determine the complex impedance (Z) arising from the system from 

Ohmôs law (resistance term replaced with impedance in the relation). At this point it is also 

important to mention that in real world applications, the word ñresistanceò is replaced by 

impedance because of the inherent non-linear nature of practical electrochemical systems. Thus to 

apply the concept of Ohmôs law in EIS, a smaller amplitude is considered which make the 

perturbation and the response pseudo-linear. It can also be understood well from the Fig. 2.5. A 

complete EIS plot consists of a frequency sweep in a definite range and the various time-scale 

dependent impedances such as ohmic, charge-transfer (activation) and diffusion (concentration) 

are displayed in the graph. A faster process such as ohmic losses occurs at high frequency and 

mass transfer effects which are slower processes occur in low frequencies. A conventional EIS 

plot is called a Nyquist plot or a Cole-Cole plot.  

     Therefore three most important factors to be considered while considering EIS data [2-4] are, 

1. Causal ï The current response is only caused by the potential perturbation. 

2. Linear ï The amplitude of the input should be small to give a linear output. 

3. Stable ï There should be no or minimum drift or background noise in the current response  

     After the acquisition of an impedance plot and before applying circuit modeling, it is also 

important to check for the validity of the obtained data for the above three conditions to be fulfilled. 

The data then can be termed consistent and valid. Kramers Kronig (K-K) transform [1,2] are 

established relations [] which serve as an internal check on the validity and quality of the data. The 
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K-K relations state that the real part of the impedance data can be obtained by an integration of the 

imaginary part and vice versa. If the above three conditions are maintained for any EIS data, it can 

be safely said that the K-K transform relations will hold well. If in any case, the real and imaginary 

part of the data do not conform well to K-K transformations, it can be inferred that the data 

obtained is not valid and cannot be considered for further ECM data treatment. Thus K-K analysis 

of the impedance data is always important and serves as a useful check before understanding of 

physically relevant models to EIS plots.  

 

Fig. 2.5 (Left) Small amplitude of input potential perturbation producing a pseudo-linear current 

response (Right) Mathematical treatment for the input-response impedance data showing the phase 

shift ʟ . Complex impedance is written and can be plotted in the form of real and imaginary part. 

2.6 Equivalent Circuit Modeling (ECM) 

     As mentioned before, ECM gives both a qualitative and quantitative perspective of the 

impedance data which helps to understand the electrochemical processes and their behavior in a 

much better way [2]. It is important in the sense that after proper validation of the EIS data, ECM 

can be used to associate physically meaningful parameters to the impedance of the system. These 

parameters can be simple electrochemical parameters or complex parameters derived from first 
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principles and established chemical reaction models. Therefore it gives adequate information on 

the process parameters such as diffusion coefficient and reaction rate constant etc. In short, it adds 

an analytical interpretation to the overall process investigation technique by EIS. 

         The circuit models are constructed using three primary elements: ideal resistors (R), 

Capacitors (C) and inductors (L). Since real world systems rarely behave ideally, specialized 

circuit elements are also used as well namely the constant phase element (CPE), Warburg element 

(W), Gerischer element (Ge) etc. The main parameters are described below. 

Resistors 

For an ideal resistor element (R), it is represented by the symbol shown in Fig. 2.6. The impedance 

of a resistor is independent of frequency and has no imaginary component. The current through a 

resistor stays in phase with the voltage across the resistor (  ʟ= 0). It can be thus related by Ohmôs 

law as below. 

  Zr = E/I = R 

Fig. 2.6 Representation of an ideal resistor 

Capacitors 

For an ideal capacitor (C), it is represented by the symbol shown in Fig. 2.7. A capacitor's 

impedance decreases as the frequency is raised. Capacitors also have only an imaginary impedance 

component. The charge q stored in the plates of the capacitor relates to the potential across the 

plate.  

                   q = CE         

 

Fig. 2.7 Representation of an ideal capacitor 
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The relation which describe the impedance of a capacitor is represented as below, 

E = -j (1/ɤC) I 

Here the term -j (1/ɤC) is equivalent to R and is also frequency and capacitance dependent. 

Series R-C circuit  

When the above two phase elements are placed in series, an equivalent circuit model for an ideally 

polarizable electrode is obtained as shown in Fig. 2.8. The total potential drop in this circuit is the 

sum of the resistive and capacitive elements. Thus from the previous relations, a complex notation 

can be obtained which can be expressed in the form of a sum of real and imaginary component.  

 

Fig. 2.8 Representation of a series R-C circuit  

The above impedance can be graphically interpreted and plotted which is named the Nyquist Plot 

as shown in Fig. 2.9. In such a plot, the real component of the impedance is graphed as a function 

of the imaginary component. In this relation, the real component is not dependent of frequency 

and the imaginary component tends to zero with an increase in frequency. 

 

Fig. 2.9 Representative Nyquist plot for a ideally polarizable electrode 
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Parallel R-C circuit  

For a real world systems, which involves both capacitive and faradic currents, the parallel R-C 

circuit can be represented as shown in Fig. 2.10. Such Nyquist plots are most regularly seen in 

actual electrochemical systems.  

 

 

 

       

 

        

Fig. 2.10 (Left) Representation of a parallel R-C circuit (Right) Representative Nyquist plot for a 

real world polarizable electrode 

Based on the impedances of the individual impedances of the elements, the total impedance can 

be similarly calculated quantitatively by using conventional circuit laws for series and parallel 

formations. In real world applications there is also an associated ohmic resistance with 

electrochemical systems. In such a case the circuit models comprises of another simple resistor 

element in series with one shown in Fig 2.10 and the Nyquist plot gets shifted in the positive x 

axis direction by the value of the ohmic resistance. A representation is shown in Fig 2-11. Here Rɋ 

represents the ohmic resistance, Rt the charge transfer resistance arising from activation related 

processes and Cdl is the double layer capacitance in the electrode interface.  

 

R
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C Fixed(X) 0 N/A N/A
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Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex
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Fig. 2.11 (Left) Representation of a parallel R-C circuit with a series ohmic resistance (Right) 

Representative Nyquist plot for a real world polarizable electrode  

 Constant Phase Element (CPE) 

This element is analogous to capacitors and is mostly encountered in solid state electrochemical 

systems. A CPE element mainly is represented in the form of a depressed semi-circle arc (different 

from a conventional capacitor which is a regular semi-circle) which has its center below the real 

impedance x-axis. The center is located at an angle of (1-n) 90 as measured from the origin, where 

n is the depression parameter. The n=1 case corresponds to an ideal capacitive element. A 

representative Nyquist plot for a CPE is shown in Fig. 2.12.    

 

Fig. 2.12 Representative Nyquist plot for a CPE element in the form of a depressed semi-circle 
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The CPE element mainly indicates surface roughness of the system which also may arise from 

high distributed reaction rates, varying thickness or composition of the electrode and non-uniform 

current distribution. The anode of a solid oxide fuel cell is generally porous and due to its 

fabrication nature, it is expected that there will be regions on the catalyst which have different 

energy of activation. Thus electrochemical oxidation reactions occur differently at different rates 

across the anode surface which gives rise to a CPE behavior. Also due to various current collector 

materials (mesh and paste) used in a SOFC in a home-made environment, various ñedge effectsò 

also creep in which increases the variation in current across the entire surface. Under such an 

effect, the current at the center of the active area may be lesser than the edge which increases the 

overall surface roughness factor of the system under test. Because of the above reasons, a 

commercially built robust fuel cell stack setup shows mostly capacitive behavior and home-made 

non-uniform cells indicate constant phase element behavior.  

Warburg Element 

Bulk diffusion in electrochemical systems is also another important component of the global 

impedance in real world systems. The Warburg impedance (Zw) is a specialized element which 

dominates in low frequencies because then, the reactants have to diffuse further but is absent in 

high frequency regions when the reactants do not diffuse due to shorter time-scales [2,4]. On a 

Nyquist plot as shown in Fig. 2.13, it appears ideally as a line with a slope of 0.5 or at an angle of 

45 with respect to the x-axis. The Warburg or Diffusion impedance is quantified and derived from 

the Fickôs first law of diffusion and it gives information on important physical parameters such as 

diffusion coefficient and diffusion layer thickness.  

 

 



29 
 

 

 

 

Fig 2.13 (Left) Representation of a Warburg element with a parallel R-C circuit (Right) 

Representative Nyquist plot for a Warburg element showing mass diffusion behavior 

Circuit Obscurity & Fitting Algorithms  

Even though EIS is a powerful technique in conjunction with ECM, it has an important drawback. 

At certain circumstances, the circuit models could be possible non-unique and multiple models 

could fit a single particular Nyquist plot. Thus it becomes even more important as a researcher to 

initially understand the physical nature of the system, its possible reaction schemes and then try to 

relate a definite model to an impedance data. Ab initio, after understanding the fundamentals of 

the system, it is a good practice to choose simplified circuits to initiate system modelling. Complex 

and specialized circuits can then be introduced into existing models to simulate the behavior in a 

much better way both in terms of fitting and also valid conceptual reasoning. 

     ZView is the software used for the fitting of the impedance data to equivalent circuit models. 

The software uses the conventional complex nonlinear least squares (CNLS) method [2] which is 

one of the most popular techniques to fit experimental data. To improve the efficiency of the CNLS 

fitting the chi squared (ɢ2) algorithm was used. A smaller value of the ɢ2 indicates a better 

statistical fit to the considered circuit model. The CNLS method considers and assumes the fact 

that the experimental impedance data consist of only Gaussian errors. Any different kinds of errors 

R1 R2 W

C1

Element Freedom Value Error Error %

R1 Fixed(X) 0.0077678 N/A N/A

R2 Fixed(X) 0.0522 N/A N/A

W-R Fixed(X) 0 N/A N/A

W-T Fixed(X) 0 N/A N/A

W-P Fixed(X) 0.5 N/A N/A

C1 Fixed(X) 0 N/A N/A

Data File:

Circuit Model File: C:\Users\Deb D\Desktop\Delphi Data\1st s

tack data\Raw Data\ocp h2+n2 stack.mdl

Mode: Run Simulation / All Data Points (1 - 1)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus
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could result in a reduction of the goodness of the fit. The CNLS procedure uses a convergence 

technique where the algorithm may stop at a ñlocal minimumò, characterized by a large ɢ2. In such 

circumstances, the initial guessed value of the various parameters in the model should be tinkered 

around and also selective parameters should be changed from free to fixed or vice-versa.  

EIS Instrumentation 

The EIS data and Nyquist plots are obtained by a Solartron© 1252 A Frequency Response Analyzer 

in conjunction with a Solartron© 1470E potentiostat. The fuel cell system is swept in a definite 

frequency range and the software connected to the Solartron systems acquire and plot the data 

during acquisition. A frequency response analyzer uses Fourier Transformation [1-3] to convert 

the frequency domain measurements to time domain. A detailed schematic is shown in Fig. 2.14. 

 

Fig 2.14 Diagram illustrating the working principle of the FRA for an EIS measurement. CE ï 

Counter Electrode, RE ï Reference, WE ï Working, ZIM & ZRE ï Imaginary & Real impedance 
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2.7 Electrochemical Frequency Modulation (EFM) ï A new technique used in 

SOFC 

     This is a new introductory AC technique [6] used for the first time in fuel cell applications. 

EFM has been used extensively in corrosion systems and is a very useful non-linear, non-

destructive electrochemical technique which can be used for estimation of intrinsic kinetic data. 

EFM consists of potential perturbation of the system by two sinusoidal waves of different 

frequencies which results in a non-linear current response of the electrochemical system. A 

graphical representation of the basic operational concept is shown in Fig. 2.15. It can serve as an 

effective complementary technique to conventional electrochemical characterization methods. The 

reason for the above statement being the fact that it is a faster in-situ technique and the necessary 

electrochemical kinetic parameter values can be directly obtained from the observed data by proper 

preliminary model consideration. The background concepts, theory and advantages of the 

technique are explained in a separate chapter later in the dissertation.  

 

Fig 2.15 A simplified representation of the EFM concept 
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Chapter 3  

Impedance Spectra Effects in Solid Oxide Fuel Cells Operating on Alternative 

Fuel Reformate Streams poisoned by Inorganic Impurities 

This text for this chapter was originally prepared for the Journal of Electrochemical Society 

Transactions as ñSubtraction Impedance Spectra Effects in Solid Oxide Fuel Cells Operating on 

Alternative Fuel Reformate Streams poisoned by Inorganic Impuritiesò; Debanjan Das, Serguei 

N. Lvov. The paper was accepted for publication in ECS Meeting, San Diego (June 2016) 

 

Preface to Chapter 3 

Poisoning effects by three inorganic impurities on the performance of a solid oxide fuel cell are 

tested, analyzed and compared by applying electrochemical impedance spectroscopy (EIS) and 

equivalent circuit modeling (ECM). A series impedance subtraction method was applied on the 

tested cells to account for only the degradation occurring in the cell anode due to impurities. Due 

to the fact that the respective SOFC electrodes and electrolyte are connected in series in an 

electrochemical circuit, cell performance change can be attributed to the anode in this approach. 

Degradation of the cell performance caused by inorganic impurities is characterized by measuring 

EIS spectra at a constant current density of 0.3 A cm-2 for a diesel fuel reformate blend. The 

concentrations of impurities are selected in accordance with the levels expected after commercial 

biogas or diesel fuel cleaning processes. Critical electrochemical processes and degradation 

mechanisms which affect cell performance are identified and quantified. The impurities tested are 

sulfur, chlorine and siloxane at various ppb/ppm levels over a time period of 200-300 h. Sulfur 

and siloxane cause the most prominent degradation and the associated best fit electrochemical cell 
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parameters, Gerischer and Warburg elements, are applied respectively for better understanding of 

the degradation processes. 

 

 

3.1 Introduction  

 

      The interest in the determination of the effects of impurities and contaminants in solid oxide 

fuel cells (SOFCs) has received much attention in recent years among researchers due to the 

plausibility of utilizing reformed natural gas as a direct fuel in SOFC anodes [1-12]. Important and 

notable work has been carried out to study the microstructural degradation based on visual 

microscopy techniques and x-ray data interpretations [3, 10-12, 20], and to understand 

qualitatively the impact of anode degradation on the impedance evolution under the presence of 

various contaminants. EIS is a powerful technique to understand, identify and distinguish the 

different chemical/electrochemical processes occurring in the fuel cell under the presence of 

various undesirable substances. Concerted efforts have been made to study the various arcs 

obtained in a typical EIS spectra. The low frequency behavior is attributed to the diffusion or mass-

transfer controlled processes and the high frequency arc pertains to the charge-transfer process [4-

7, 16, 22-26]. However, EIS alone is only useful to a certain extent. To extend the utility and 

effectiveness of EIS, it should be combined and complemented with the equivalent circuit 

modelling to analyze the processes in a qualitative and quantitative way. Therefore, there is a need 

to apply suitable and specific electrochemical models based on obtained EIS spectra with various 

inorganic impurities to optimize the fuel cell system operation in practical and commercial systems 

to achieve stable operation and maximum fuel efficiency [26].  

     In biogas or digester gas there are also other inorganic impurities such as sulfur, halogens, 

siloxane and phosphorus present which may have harmful effects on the performance of a SOFC. 
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Biogas may contain higher part per million (ppm) levels of chlorine and siloxane, which may 

negatively influence the fuel cell performance. Sulfur has been studied the most in detail which 

also focused on poisoning effects of sulfur on shift reactions [4-8]. Work on siloxane and chlorine, 

two prime impurities in biogas have been rather limited [2-3, 12] even though the authors have 

discussed possible mechanisms mainly from microscopy approach. Even though studies with 

relation to poisoning phenomena is a topic of intense research, there is a need for identifying 

applicable electrochemical models and using it in Equivalent Circuit Modeling (ECM) in 

conjunction with EIS on poisoned SOFC systems. 

   In this work, the impedance spectrum subtraction method is applied to identify and analyze the 

exclusive effects of the individual impurities on the SOFC [25]. It is understood that it is very 

difficult to separate electrode contributions in a SOFC, thus if there are changes occurring in one 

particular electrode in the cell, a subtraction spectrum provides an alternative way to identify the 

effect caused by the corresponding change in fuel conditions provided other conditions remain 

same. The above concept arises from the fact that the anode, electrolyte and the cathode of a SOFC 

are connected in series, if the overall electrochemical circuit is considered. Therefore a series 

subtraction of the cell parameters in ECM at two different time-scales can be used to quantify the 

causal effect of the parameter changed during the test. In this case, the changing parameter are the 

various concentration levels of the three impurities tested (sulfur, siloxane and chlorine). The 

effects of impurities are only manifested in the anode thus it is a useful way to relate anodic 

degradation phenomena to impurity effects. A systematic variation of the impurity levels coupled 

with well-reasoned subtracted EIS spectra and EFM models help to pin-point the corresponding 

nature of the poisoning effects. To our knowledge, this approach has not been extensively applied 

for impurity studies on SOFCs and this is an effort to do the same. This paper therefore aims to 

contribute to the overall degradation studies of SOFC technology by complementing the 

microstructural and optical investigations in the past and present. No optical microscopy 
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investigations were performed on the cells as this work mainly concentrated to increase the 

effectiveness of electrochemical impedance measurements and relate them to poisoning studies 

through microstructural characterization done by other researchers in the past.   

 

3.2 Experimental 

3.2.1 Anode Supported SOFC Button Cell 

     In this study, the solid oxide fuel cells were miniature button cells provided by Delphi 

Automotive, LLC, Michigan [27,28]. The button cells used in the work were provided as a part of 

a project to test the possibility of working with full commercial SOFC stacks with different 

alternative reformates fuels and inorganic impurities. The cell architecture consisted of a 33 µm 

Lanthanum Strontium Cobalt Ferrite (LSCF) cathode, 10 µm Yttria-Stabilized Zirconia (8YSZ) 

membrane (electrolyte) and a 515 µm Ni/YSZ anode. The entire anode layer consisted of three sub 

layers tape-casted which comprised of an active anode in contact with the electrolyte (10 µm), an 

anode support functional layer (500 µm) and a contact layer (5 µm) on the top. The electrolyte 

layer was also fabricated using the tape-casting. The cathode also consisted of a bi-layer 

comprising of an active screen-printed cathode (30 µm) along with an outside cap layer (3 µm).The 

cells were operated at temperatures of 750 °C and a 2-electrode 4-lead system was used to perform 

the electrochemical measurements on the cells. Two electrode leads were attached on each 

electrode surfaces, therefore resulting in current being carried by one set while the other set was 

used for measuring potential. This arrangement helped in obtaining consistent EIS data by 

preventing the passage of current in voltage leads such that the correct potential could be measured 

against the reference potential lead. For proper current collection, Ni paste was used along with a 

Ni-mesh and fixed onto the anode. Ag/Pd paste was used with a Ag screen mesh fixed onto the 

cathode side. Four platinum electrode leads were pasted on the electrode surfaces (two on each 



37 
 

electrode) which served as voltage and current leads for electrochemical measurements. . All 

calculations were performed considering the geometric active cell area of 2.5 cm2 which was 

measured by a Vernier caliper. A schematic of the experimental setup is shown in Fig. 3.1a. 
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