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ABSTRACT 

 

One of the most interesting features of Solid Oxide Fuel Cells (SOFCs) is the capability to 

produce electrical and thermal energy starting from syngas sources, such as the gasification of 

biomass or the reforming of natural gas, with uncommonly high efficiencies. 

Stable and safe operation of SOFC systems fed with syngas is currently an issue, under 

determined operating conditions, the endurance performance of the cell can be hindered, even to 

the point of critical failure. The number and the complexity of the intertwined chemical, 

electrochemical and thermo-fluid dynamic mechanisms driving the energy conversion of syngas 

into electrical power and heat call for more accurate analysis tools and techniques so as to 

correctly address the role of these mechanisms in the immediate and endurance performance, and 

thus going beyond the state-of-art.  

An in-depth characterization of the processes occurring within SOFCs operating with syngas has 

been achieved by means of homogeneous testing protocols, innovative testing equipment and 

complex analysis methods, some of them applied while in operando. 

The Distribution of Relaxation Times (DRT) method applied to Electrochemical Impedance 

Spectroscopy (EIS) measurements carried out over a wide range of operating conditions allowed 

the recognition of the single physicochemical processes and their contribution to the overall 

performances, the estimation of parameters related to the different processes, and the evaluation 

of degradation effects caused by a long operation of SOFC fed with clean and contaminated 

syngas. 

Measurements with an innovative, in-house built experimental set-up, allowing to perform 

localized sampling of gas compositions and temperatures directly in operando have been 

realized, optimized and employed in the study of the thermal and concentration gradients arising 

along the anode surface. Chemical and thermal mapping of the anode surface have been obtained 

under different operating conditions, both with hydrogen and syngas fuels, highlighting the 

evolution, the competition and the impact of the different reactions with a spatial resolution. 

The obtained results provide an in-depth picture of the most important factors affecting the 

overall performances of syngas-fed SOFC cells, opening new perspectives for the investigation of 

SOFC systems. 
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1. INTRODUCTION 

 

Within the recent global efforts to develop a new energy production and distribution market 

based on the reduction of green house gas emissions 
1
, reduction of the consumption of fossil 

fuels, increased generation of power and heat from renewable sources, and enhancement of the 

energy conversion and distribution efficiency 
2
, electrochemical power generating systems such 

as fuel cells are driving in the last 20 years an increasing attention. Among the broad range of 

fuel cell typologies, Solid Oxide Fuel Cells (SOFCs) result the most promising in terms of global 

heat and power conversion efficiencies, wide range of applicability and cost effectiveness 
3,

 
4
. 

In contrast to most traditional powering systems such as turbines and internal combustion 

engines, and more so than other fuel cell types, SOFC technology-based devices exhibit high 

efficiencies regardless of the scale 
5
.  This technology stands out over the rest of its competitors 

also due to a number of valuable properties. Besides insignificant emissions of NOx, SOx and 

particulate matter, very reduced CO2 emissions (only in the case of hydrocarbon fuels), silent and 

vibration free operation, the most outstanding property is its fuel flexibility 
6
, which makes 

SOFCs attractive for their application with non-conventional fuels, cheaper and more accessible 

than pure H2. 

In fact, thanks to the high operating temperatures (ranging between 600 and 1000°C) and due to 

the presence of a metal catalyst (generally Ni), the production of electricity and heat may be 

realized with uncommonly high efficiencies starting from carbon-based fuels, such as natural gas 

and hydrocarbon fuels, but also from those fuels like syngas and bio-syngas generated from the 

gasification of coal or biomasses, or from the anaerobic digestion of organic wastes, thus making 

this technology a fundamental pillar of a novel energy market based on the waste to energy 

chain
7
. 

Nevertheless, to make this technology competitive with other power generating systems currently 

present in the market, the next generation of SOFC-based systems must fulfil two important 

goals: an increased life-span and a considerable reduction of production costs 
8
. 

To achieve these tasks, it is mandatory to have access to a deep comprehension of all the 

mechanisms occurring within a SOFC while in operation, especially when this device is fed with 

complex multi-component fuels such as syngas and bio-syngas, where the number of  chemical 
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and electrochemical reactions that affect the heat and power generation, and the physical 

quantities that regulate them, increase.  

The possibility to measure physical quantities directly in operando, opens new possibilities to 

achieve the required characteristics for this technology to enter the energy market in an effective 

way, by developing new generations of cells based on novel materials and morphologies, tailor 

the operating conditions to achieve longer and safe operation, especially with carbon-containing 

fuels such as syngas and bio-syngas, and develop new and reliable predictive computational 

models based on experimental data able to predict the performance of the fuel cell over a broad 

range of operative conditions (temperature, pressure, gas composition), and experimentally 

validate their results. 

 

1.1. Goals of this work 

 

The main goal of this work is to deeply investigate the chemical and electrochemical processes 

occurring during the operation of a new generation of SOFC, Intermediate Temperature Solid 

Oxide Fuel Cells, when fed with different syngas compositions. 

To do so, along with conventional characterization techniques such as polarization curves and 

electrochemical impedance spectroscopy (EIS), novel analysis tools and techniques are 

presented, developed and employed in this work: the first one is a deconvolution method for EIS 

measurements known as Distribution of Relaxation Times (DRT), that allows a clear 

identification of the single processes contributing to the overall polarization losses of the cell. 

The second one is an innovative, in-house built, multisampling set-up which allows the 

contemporaneous measurements of gas compositions and temperatures with a spatial resolution 

along the anode surface, making it possible to study the evolution of all the reactions occurring at 

the fuel electrode and investigating the concentration and thermal gradient arising at different 

operating conditions. 

By means of these two advanced investigating tools, a number of different aspects of the 

coupling of syngas fuels with IT-SOFC systems were studied, resulting in an in-depth 

comprehension of the single physicochemical processes and their effect on the overall 

performances, of the thermal and chemical gradients arising during the operation, and of the 

degradation effects caused by a long operation with clean and contaminated syngas.. The contents 

of this doctoral thesis are resumed in the following Section. 
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1.2. Outline 

 

In this work, an initial description of the operating principles of SOFCs, general aspects about the 

materials and designs related to this technology, and applicability with carbon-based fuels are 

briefly resumed in Chapter 2. 

In Chapter 3 a description of the principal characterization techniques employed in this work is 

provided, with particular attention dedicated to the novel DRT methodology and all its useful 

implications in the analysis of the EIS measurements. 

The experimental campaigns, the testing procedures, the characteristics of the samples, and the 

experimental apparatus employed are reported in Chapter 4; within this chapter, the novel 

multisampling housing developed in-house is described in detail, along with the details of the 

experimental campaign carried out with it. 

In Chapter 5, the experimental results and the discussions related to them are widely reported. In 

particular, in the first part, the DRT methodology demonstrated to be extremely instrumental in 

the qualitative separation of all the processes that contribute to the polarization losses within an  

IT-SOFC fed with three different types of fuels: humidified hydrogen, carbon monoxide, and 

syngas. Starting from these results, an accurate equivalent circuit model (ECM) was defined and 

employed in a CNLS fitting procedure over the broad range of experimental spectra collected in 

different operating conditions, allowing to obtain a set of operating parameters for the three types 

of fuel employed. The same methodology was than employed in the study of the endurance 

performances of an IT-SOFC sample fed with a clean syngas, and in the investigations of the 

poisoning effects of a tar contaminant in the fuel stream. 

In the second part, the novel multisampling set-up has been first validated in terms of the cell’s 

immediate performances, and then was employed in the study of the surface evolution of the 

reactions at the anode side in both dry H2 and simulated syngas composition coming from the 

external steam reforming of natural gas, highlighting interesting aspects about the generation of 

local thermo-chemical gradients and about the competitiveness of the different reactions with 

syngas fuel, depending on the operating conditions. 

Finally in Chapter 6, the results obtained from the experimental investigations are resumed and 

some conclusions are provided. 
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2. FUNDAMENTALS 

 

The fundamental aspects of the operating principles of a generic SOFC are summarized in this 

chapter, with particular attention to those concepts that will be instrumental for the explanation of 

the experimental results within this work. In particular more details will be provided on the 

electrochemical loss mechanisms of SOFCs, and on the main reactions and mechanisms 

occurring in SOFCs fed with non conventional fuels. For more detailed information about the 

general operating principles of SOFC, the reader is referred to the relevant handbooks 
9,

 
10,

 
11

. 

 

2.1. Operating principles of Solid Oxide Fuel Cells 

 

Solid oxide fuel cells are electrochemical devices that promote electrochemical conversion of the 

energy content of a fuel, the most common being H2, directly to electrical and thermal energy, 

avoiding the intermediate steps of combustion – thermal energy – mechanical energy – electrical 

energy, that are present in conventional power generating systems based on internal combustion 

engines. 

In Figure 2.1 a schematic representation of the principal mechanism of operation of a solid oxide 

fuel cell is depicted. In this representation, it is considered that only pure H2 is provided to the 

anode (negative electrode) and air is provided at the cathode (positive electrode). 

The fuel (H2) flows through the porous structure of the anode, and reaches the interface with the 

electrolyte. In the region known as triple phase boundary (TPB), where the gas, the electronic 

conducting phase (metal catalyst) and the ionic conducting phase meet, the hydrogen is oxidized 

at the catalytic active sites to water (H2O) by the oxygen ions (O
2-

) coming from the electrolyte 

layer, releasing 2 electrons (e
-
) to the external circuit. The electrons are then transferred to the 

cathode side, where they reduce the oxygen present in the air. Thanks to peculiar properties of the 

cathode materials (explained in the following Section), the O
2-

 ions pass through the cathode 

layer and reach the electrolyte layer which, being a ionic conductor, move the O
2-

 ions to the TPB 

region, where they are ready for the oxidation of the incoming fuel. 

What is explained above can be easily summarized considering the electrochemical semi-

reactions occurring at the anode and at the cathode side: 
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When H2 is used as a fuel, the anode semi-reaction is described by means of Equation 2.1. 

 

𝐻2 + 𝑂2− ⇌ 𝐻2𝑂 + 2𝑒−         (2.1) 

 

At the cathode of an SOFC the reduction of oxygen into its anion can be expressed as: 

 

1
2 𝑂2 + 2𝑒− ⇌ 𝑂2−          (2.2) 

       

The overall electrochemical reaction for the conversion of the fuel to its product is expressed as a 

sum of the two previous semi-reactions, giving in turn Equation 2.3: 

 

𝐻2 + 1
2 𝑂2 ⇌ 𝐻2𝑂          (2.3) 

 

 

 

Figure 2.1 – Schematic representation of a solid oxide fuel cell operating mechanism, considering the oxidation 

reaction of H2. 

 

2.1.1. Cell potential 

 

The maximum potential difference in a fuel cell is given by the reversible cell potential, which is 

obtained under thermodynamically reversible conditions. 
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Consider the generic reaction: 

 

𝑎𝐴 + 𝑏𝐵 ⇌ 𝑐𝐶 + 𝑑𝐷           (2.4) 

 

where a, b, c and d are the stoichiometric coefficients of species A, B, C and D respectively. 

 

The Gibbs free energy (ΔG) – which is a function of state – expresses the tendency of a reaction 

to occur under constant temperature and pressure conditions. When ΔG<0 the reaction is said to 

be spontaneous hence it is shifted towards the product formation, when ΔG=0 the reaction is in 

equilibrium and when ΔG>0 the reaction is shifted towards the formation of reactants. The Gibbs 

free energy can be expressed in terms of the activities of the reactants and products, namely 
10

: 

 

∆𝐺 = ∆𝐺0 + 𝑅𝑇 𝑙𝑛  𝛾𝑖𝑖 [𝑖]𝑘         (2.5) 

 

where ΔG
0
 is the Gibbs free energy under standard operating temperature and pressure 

conditions, 𝑅 is the ideal gas constant, 𝑇 the operating temperature,  𝑖  is the concentration of 

species 𝑖, k its stoichiometric coefficient, considered positive for the products and negative for the 

reactants, and 𝛾𝑖  its activity coefficient. 

For electrochemical devices, and thus for electrochemical reactions, the electrical potential 

difference E between two electrodes is related to ΔG by the following equation 
10

: 

 

∆𝐺 = −𝑛𝑒𝐹𝐸            (2.6) 

 

where ne is the number of electrons transferred in the reaction and F is Faraday’s constant. 

 

The Nernst equation combines Eq. (2.5) and Eq. (2.6) in order to obtain the maximum theoretical 

potential difference in an electrochemical device, specifically 
10

: 

 

𝐸𝑁 = −
∆𝐺0

𝑛𝑒𝐹
+

𝑅𝑇

𝑛𝑒𝐹
𝑙𝑛  

 𝐴 𝑎  𝐵 𝑏

 𝐶 𝑐 𝐷 𝑑
 +

𝑅𝑇

𝑛𝑒𝐹
𝑙𝑛  

𝛾𝐴
𝑎 ·𝛾𝐵

𝑏

𝛾𝐶
𝑐 ·𝛾𝐷

𝑑        (2.7) 
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The high operating temperatures of SOFCs (700-900 ºC) and the relatively low operating 

pressures (1-3 bar) allow to approximate the behaviour of the species as ideal gases; hence the 

activity coefficients take on a value of one and the species concentrations can be replaced by their 

partial pressures. Considering the overall reaction for the oxidation of H2 reported in Equation 2.3 

the open circuit voltage takes on the following expression 
10

: 

 

𝐸𝑁
𝑂𝐶𝑉 = −

∆𝐺0

2𝐹
+

𝑅𝑇

2𝐹
𝑙𝑛  

𝑝𝐻2,𝑏𝑢𝑙𝑘 ·𝑝𝑂2,𝑏𝑢𝑙𝑘
0.5

𝑝𝐻2𝑂 ,𝑏𝑢𝑙𝑘
         (2.8) 

 

Where 𝑝𝑖 ,𝑏𝑢𝑙𝑘  denotes the partial pressure of species 𝑖  in the bulk composition, that is to say the 

composition under open circuit voltage (OCV). 

 

2.1.2 Electrochemical losses 

 

When the cell is operating and generating current, a number of different polarization losses 

caused by irreversible mechanisms make the theoretical Nernst potential of the cell drop to a 

value of voltage V which depends on the operating point. There are three principal losses: the 

activation losses, the ohmic losses and the concentration losses. The first and the latter are 

generated at both the anode and the cathode side, while the ohmic losses encompass the ohmic 

behavior of all the conducting phases. Each irreversibility generates a so called overpotential 𝜂𝑖 , 

which is subtracted from the maximum theoretical Nernst potential: the resulting cell voltage will 

be then expressed as follows 
11

: 

 

Vcell = EN
OCV −  ηact ,a + ηact ,c − ηohm −  ηconc ,a + ηconc ,c − ηleak     (2.9) 

 

Activation polarization 

 

Activation overpotentials in the anode (ηact,a) and cathode (ηact,c) are associated with overcoming 

the energy barriers at the active sites which prevent reactions taking place spontaneously. The 

larger the activation energy, the bigger the energy supply needed from the reactants to surpass 

these barriers. 
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Figure 2.2. Schematic diagram of the stages of reaction as a function of the energy 
11

. 

 

For electrochemical cells, the equation that relates the current density to the overpotential 

generated at an electrode is the Butler – Volmer equation 
10

: 

 

𝑗 = 𝑗0  𝑒𝑥𝑝  
𝛼𝐹𝜂

𝑅𝑇
 − 𝑒𝑥𝑝  

 1−𝛼 𝐹𝜂

𝑅𝑇
           (2.10) 

 

where 𝑗 is the current density, 𝑗0 is the exchange current density, and  𝛼 is the charge transfer 

coefficient at the electrode. The exchange current densities are in turn defined as follows, 

applying an Arrhenius-type equation for both anode and cathode exchange current densities: 

 

𝑗0,𝑎𝑛 = 𝑗0,𝑎𝑛
𝑝𝑟𝑒  

𝑝𝐻2

𝑝𝐻2,𝑟𝑒𝑓
 

𝛾𝐻2

 
𝑝𝐻2𝑂

𝑝𝐻2𝑂 ,𝑟𝑒𝑓
 

𝛾𝐻2𝑂

𝑒𝑥𝑝  −
𝐸𝑎𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒

𝑅𝑇
       (2.11) 

 

𝑗0,𝑐𝑎𝑡 = 𝑗0,𝑐𝑎𝑡
𝑝𝑟𝑒  

𝑝𝑂2

𝑝𝑂2,𝑟𝑒𝑓
 

𝛾𝑂2

𝑒𝑥𝑝  −
𝐸𝑎𝑐𝑡 ,𝑐𝑎𝑡 𝑜𝑑𝑒

𝑅𝑇
        (2.12) 

 

where 𝑗0,𝑎𝑛
𝑝𝑟𝑒

 and 𝑗0,𝑐𝑎𝑡
𝑝𝑟𝑒

 are the exchange transfer current density pre-exponential factors in the anode and 

cathode respectively, 𝐸𝑎𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒  and 𝐸𝑎𝑐𝑡 ,𝑐𝑎𝑡𝑜𝑑𝑒  the activation energies for anode and cathode, 𝑝𝑖 ,𝑟𝑒𝑓  

the reference partial pressures which can all be considered to be equal to the ambient pressure, and  𝛾𝑖  is 

the reaction order of species i. 
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When the exchange current density 𝑗0 ≥ 4𝑗0
𝑝𝑟𝑒, Equation 2.10 can be simplified and takes on the 

name of the Tafel equation, which expresses the activation overpotential as a function of the 

current density: 

 

𝜂𝑎𝑐𝑡 =  
𝑅𝑇

𝛼𝑛𝐹
ln

𝑗

𝑗0
           (2.13) 

 

 

 

 

Figure 2.2. Example of a generic Tafel plot 
10

. 

 

With this linearization it is possible to estimate the values of 𝛼 and of 𝑗0 from the slope and the 

intercept of the curve extrapolated for 𝜂 = 0. 

 

Ohmic polarization 

 

The ohmic polarization is caused by the conduction of charge through the ionic and electric 

conductors within the cell. The electrolyte and the electrode layers in a SOFC obey Ohm’s law: 

 

𝜂𝑜𝑚 = 𝑖𝑅𝑜𝑚            (2.14) 
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Where i is the current and 𝑅𝑜𝑚  contains the contributions of the ionic conduction, the electronic 

conduction, and the contact resistance, so that: 

 

𝑅𝑜𝑚 = 𝑅𝑖𝑜𝑛 + 𝑅𝑒𝑙 + 𝑅𝑐𝑜𝑛𝑡          (2.15) 

 

However, in typical SOFCs the resistance associated to the conduction of O
2-

 ions through the 

electrolyte layer results the major contribution, so that it is generally valid to consider the ohmic 

contribution to the voltage loss equal to that related to the electrolyte: 

 

𝑅𝑜𝑚 ≅ 𝑅𝑖𝑜𝑛 ≅ 𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒           (2.16) 

 

Concentration polarization 

 

For high utilization factors of the cell, hence for high current densities, the fuel is rapidly 

consumed in the TPB region; if the request of new H2 at the TPB is higher than that provided by 

the diffusion of gas through the porous matrix of the anode, the local undersupply of fuel results 

in a drop of the cell voltage. 

The mass transfer through a porous electrode can be expressed by means of Fick’s first law 
10

: 

 

𝑗 =
𝑛𝐹𝐷𝑖(𝐶𝑖

𝑏𝑢𝑙𝑘 −𝐶𝑖
𝑇𝑃𝐵 )

𝑙
           (2.17) 

 

where 𝐷𝑖  is the diffusion coefficient of the species i, 𝐶𝑖
𝑏𝑢𝑙𝑘  and  𝐶𝑖

𝑇𝑃𝐵  are the concentrations of 

the species i in the bulk of the electrode and at the three phase boundary respectively, and 𝑙 is the 

thickness of the diffusing layer. 

The maximum current, or the limit current, that can theoretically be obtained is when 𝐶𝑖
𝑇𝑃𝐵= 0, 

so: 

 

𝑗𝐿 =
𝑛𝐹𝐷𝑖𝐶𝑖

𝑏𝑢𝑙𝑘

𝑙
            (2.18) 

 

Combining Equations 2.17 and 2.18 it results: 
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𝐶𝑖
𝑇𝑃𝐵

𝐶𝑖
𝑏𝑢𝑙𝑘 = 1 −

𝑗

𝑗𝐿
            (2.19) 

 

By applying the Nernst equation (Equation 2.7), the concentration overpotential can be expressed 

as: 

 

𝜂𝑐𝑜𝑛𝑐 =
𝑅𝑇

𝑛𝐹
𝑙𝑛  

𝐶𝑖
𝑇𝑃𝐵

𝐶𝑖
𝑏𝑢𝑙𝑘  =

𝑅𝑇

𝑛𝐹
𝑙𝑛  1 −

𝑗

𝑗𝐿
         (2.20) 

 

Leakage overpotential 

 

Electrolytes are never perfectly fully dense gas barriers, thus leading to fuel crossover from anode 

to cathode reducing the maximum theoretical voltage. Furthermore, these are never ideal 

electrical insulators, therefore internal currents appear which further increase the Ohmic losses. 

These effects – fuel crossover and internal currents – are essentially equivalent. The crossing over 

of one hydrogen molecule from anode to cathode where it reacts, wasting two electrons, amounts 

to exactly the same as two electrons crossing from anode to cathode internally, rather than as an 

external circuit.  

In Equation 2.9, these contributions are contained in the so-called leakage overpotential (ηleak); 

nevertheless these are neglected in many occasions as their effect is insignificant when compared 

with the rest of overpotentials 
11

. 

 

2.2. Materials and Designs 

 

Solid oxide fuel cells are, at the state of art, multilayered structures of anode, electrolyte and 

cathode. Depending on the materials, typology and design of the cell, the operating conditions, 

their durability and their resistance to fuel contaminants may significantly vary. 

Furthermore, when single cells are connected in series to form a stack of the desired power 

output, other fundamental components are needed: the interconnects layer, or bipolar plates, and, 

in the case of planar cells, the sealant layers. In the following Sections, a brief description is 
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provided of the most important types and proprieties of the materials employed for the state-of-

art SOFC cells and stack, along with the different typologies of cells. 

 

2.2.1. Electrolyte 

 

The general requirements for an electrolyte in an SOFC are high ionic conductivity, null 

electronic conductivity, chemical stability in both oxidizing and reducing environments, good 

mechanical proprieties and long term stability. Moreover, the electrolyte layer must be gas tight 

in order to avoid cross leakage of the fuel and the oxidant gas. 

The most conventional material for SOFC electrolytes is the 8YSZ (8YSZ: 8% Yttria-Stabilized 

Zirconia), which possesses a good conductivity of 0.5 S·cm
-1

, measured at T = 800°C. Other 

percentages of Y2O3 content have been tried, but the best performing composition, both in terms 

of conductivity values and stability after annealing is the 8% 
12,

 
13

. Even though its conductivity is 

not the highest achievable, compared to other candidates for electrolyte materials, it still best 

matches high conductivity, good thermal expansion coefficient (TEC), good chemical and 

mechanical stability over a wide range of oxygen partial pressures and temperatures, and at 

relatively low costs. The nominal operating temperature for cells based on this electrolyte 

material ranges from 750 to  900 °C, depending on the electrolyte layer thickness. 

 

 

 

Figure 2.3. Conductivities of selected electrolyte materials 
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Scandia Stabilized Zirconia (ScSZ) is an alternative to YSZ, especially for use at intermediate 

temperature, because of its higher conductivity 
14,

 
15

; until now, however, the lower price and the 

wider availability of yttria mean that it is much more frequently used as a stabiliser in contrast to 

scandia. 

Another important candidate for the electrolyte material are Gadolinia Doped Ceria (GDC) and 

Samaria Doped Ceria (SDC) which possess very high ionic conductivity, even at very reduced 

operating temperature (550 °C). Nevertheless, they also exhibit part of electronic conduction 

which is attributed to the reduction of Ce
4+

 to Ce
3+

 at low oxygen partial pressures, and also the 

poor sintering proprieties make them react with other cell materials, especially with YSZ when it 

is employed as a diffusive barrier at the cathode side 
16,

 
17

. 

 

2.2.2. Anode 

 

The most commonly applied anode material is a Ni/YSZ cermet
18

, which is a mixture of nickel 

oxide and YSZ powders that, after the sintering of the material and a reduction procedure during 

the start-up phase of the cell or stack, results in a final structure in which the skeleton of YSZ 

stabilizes the porosity of the electrode and provides the separation of finely dispersed metallic Ni 

particles, that act as a catalyst for the oxidation reaction of the hydrogen. In the most diffused 

typologies of SOFC cells, the planar anode supported cells (AS-SOFCs), the Ni-YSZ is prepared 

in two different morphologies: the first, thicker one (up to several hundred µm) is the anode 

substrate, which acts as a support for the whole cell, and possesses a high porosity in order to 

minimize the mass transport losses. The second structure is a thinner layer (c.a. 10-20 µm), the so 

called Anode Functional Layer (AFL), which consist of smaller sintered YSZ particles in which 

the fine Ni catalytic particles are dispersed, in order to extend to the maximum the active surface 

of the three phase boundary region, at the interface with the electrolyte, in order to minimize the 

activation polarization losses. This structure results in stable, good performing and low cost 

anodes. 

Nevertheless, even though Ni is a good catalyst for the H2 oxidation, it suffers from carbon 

deposition  when SOFCs are fed with carbon based, non-conventional fuels; moreover, it is 

extremely sensitive to the poisoning effects of contaminants such as sulphur and tar compounds 

(see Section 2.3). 
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For this reason, other materials have been investigated, especially ceria based ones. CeO2 anodes 

can electrochemically oxidize dry methane as the presence of mobile lattice oxygen reduces the 

rate of carbon deposits. For this particular feature, Ni-Gadolinia Doped Ceria (GDC), Samaria 

Doped Ceria (SDC) or Yttria Doped Ceria (YDC) have been studied for the application in SOFC 

anodes; nevertheless, lattice expansion due to Ce
4+

 / Ce
3+

 reduction still represents a problem in 

terms of stability of CeO2 anode based SOFCs 
19,

 
20

. 

 

 

 

Figure 2.4. Diagram of a state-of-the-art cermet anode illustrating the paths of electrons and O
2-

 ions in the 

structure. 

 

2.2.3. Cathode 

 

Cathode materials should possess high electrical conductivity and high electrocatalytic activity 

for the oxygen reduction reaction. 

Perovskyte materials of ABO3 type are generally used as cathode material. Among them, 

Lanthanum Manganite (LaMnO3) with substitutions of Strontium or Calcium at the A-site have 

been widely employed 
21

. 

Mixed Ionic-Electronic Conductors (MIEC) are also drawing much attention as cathode 

materials. Lanthanum or Strontium Cobaltites, (La, Sr)CoO3 show higher cathodic performances 

than (La, Sr)MnO3, even though the matching of the thermal expansion coefficient (TEC) with 

YSZ is lower 
22

. As a compromise between expansion mismatch and electrochemical 

performance, the composition La0.6Sr0.4Fe0.8Co0.2O3 (LSCF) has been established as a good 

cathodic material 
23

. The advantage of such mixed ionic-electronic conducting cathodes is their 

increased reactive catalytic surface area over the whole perovskite grain. 
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2.2.4. Interconnects 

 

The interconnect in SOFC stacks is the component which electrically connects the single cells 

and in planar systems it additionally separates the gas compartments. It requires a number of 

different proprieties to be achieved, such as good electrical conductivity, gas tightness, chemical 

compatibility with the adjacent electrodes, high corrosion resistance to the gases, good TEC 

matching and low costs. 

 

 

 

Figure 2.5. Bipolar plates in a planar SOFC stack 
24

.  

 

Principally, interconnects can be divided into two classes of constituent materials: ceramic and 

metallic materials. 

All ceramic interconnects are based on LaCrO3. It is stable but possesses a good electrical 

conductivity only at temperatures above 800 °C. Moreover their cost is significantly high, and 

since the general trend in SOFC systems is to reduce the operating temperatures, in order to 

reduce costs and ensure longer operations, this type of materials have lost their appeal in favour 

of metallic interconnects. 
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Metallic alloys have replaced ceramic interconnects due to their ease of manufacture, lower 

material cost and most importantly, higher electronic and thermal conductivities. However, these 

metallic alloys present a critical issue during long-term operation of the fuel cell stack: 

volatilization of Cr-containing species (e.g. CrO3 and Cr(OH)2O2) that end up depositing on the 

surface of the cathode leading to a rapid deterioration of the O2 reduction rate 
25,

 
26

. 

2.2.5. Sealants 

 

In planar SOFC stacks, gaskets are required to avoid leakages of gases between the bipolar plates 

and the electrodes. Seals should be electrically insulating, chemically compatible with different 

oxide and metallic cell components and stable under thermal cycling between room temperature 

and operating temperature. 

There are two classes of seals: rigid and compressive. 

Glass or glass ceramics
27

 have demonstrated to be chemically stable in both oxidizing and 

reducing environments. However, due to the addition of barium or calcium silicates to fulfil the 

requirements of thermal expansion coefficient, diffusion and segregation of species may occur 

during long term operation at the interface with the cell 
28

. 

Besides glass-ceramics, compressive seals have also been investigated. They are generally 

metallic gaskets or mica-based materials 
29

. To achieve low leakage rates they generally require 

high mechanical loads, but possess however a good matching of TEC and chemical stability. 

 

2.2.6 Tubular SOFCs 

 

Tubular SOFCs are cylindrically shaped with a length comprised between 1.5 – 2 m for most of 

their applications. This geometry comprises three cylindrical and concentric layers of anode-

electrolyte and cathode materials, that generate a rigid tube with only one opened extremity. 

Depending on the external layer, the fuel (or air) is fed by a coaxial tube, while the air (or fuel) 

flows over the external part of the cell. 
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Figure 2.6. Tubular geometry of a SOFC 
30

 

 

The main advantage of tubular SOFCs, compared to their planar analogous, is that they do not 

require sealants. They also allow faster start-up and shut-down procedures, and possess a better 

structural robustness for long-term operation. Nevertheless, their power density is considerably 

lower, due to the high internal resistance caused by the long path that the current must cover to 

reach the external circuit; moreover, the production costs are higher due to complex deposition 

techniques required to obtain cylindrical oxide layers. 

 

2.2.7. Planar SOFCs 

 

Planar SOFCs are generally square-shaped with dimensions that range between 10 x 10 cm
2
 and 

20 x 20 cm
2
, in order to avoid fractures during manufacturing due to the high temperature and 

pressure gradients, and with a mean thickness of around one mm (or even less). 

Depending on the supporting layer, upon which the other layers are deposited, there are four 

typologies of planar SOFCs: Electrolyte Supported (ES-SOFCs), Anode Supported (AS-SOFCs), 

Cathode Supported (CS-SOFCs) cells and Metal Supported (MS-SOFCs) 
9, 10, 11

. 

Concerning the first three types of cells, the anode supported type is the most widespread, 

allowing to reduce the thickness of the electrolyte layer below 10 µm, and thus dramatically 

reducing the overall internal resistance of the cell; moreover the anode support results more 

mechanically stable and has better manufacturing proprieties than the cathode materials. 
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Recently, to overcome the issues of anode supported SOFCs related to the low reliability of 

sealant materials, and to failures of the cells related to thermal transients and mechanical stresses, 

metal supported SOFCs have been developed 
31

. 

The principal difference with respect to AS-SOFCs is that the anode support is substituted by a 

porous metallic support, and the anode is deposited as a thin film over its surface. The overall 

structure has generally the same thickness. 

Metal supported cells offer several advantages like lower production costs, better tolerance to 

contaminants and general improved robustness to mechanical stresses. Nevertheless, they still 

require more investigations to finally enter the market of SOFC. 

 

 

 

Figure 2.7. SEM images of the cross section of a typical anode supported SOFC. At the anode side, the anode 

support and the anode functional layers can be distinguished. 
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Figure 2.8. Schematic representation of the comparison between the anode supported and metallic supported SOFCs 

structures. 

 

2.3. Fuel flexibility 

 

Hydrogen is the preferred fuel for SOFCs systems, as it guarantees high power and thermal 

output, safe operation for cell components and water as the only exhaust gas; it is also planned in 

the future to be generated from renewable sources, thereby becoming an attractive energy vector 

for the spread of green technologies. Nevertheless, to the present day, hydrogen is produced 

almost totally from hydrocarbons, and there is a very low penetration of H2 distribution 

infrastructures or storage facilities; this clearly hinders to some extent the possibility of 

hydrogen-fed SOFCs to become competitive systems for heat and power generation on the 

market. 

However, as explained also in the previous Sections, fuel flexibility is one of the most attractive 

proprieties of SOFCs, thereby being able to produce electricity and heat starting from more 

conventional carbon-based fuels, due to their high operating temperatures, high catalytic activity 

and low susceptibility compared to low-temperature fuel cells. 

A number of different fuels can be successfully employed  with SOFCs: natural gas, syngas 

produced from gasification of coal and biomasses, biogas coming from anaerobic digestion of 

organic wastes, and even liquid fuels such as diesel and alcohols 
32,

 
33,

 
34,

 
35,

 
36

. 

Since the aim of this work is to shed light on the different processes occurring when IT-SOFCs 

are fed with syngas mixtures, in the following Sections a brief discussion about the feeding of 

SOFC with syngas is reported, highlighting those aspects that will be instrumental for the 

discussion of the experimental results obtained within this work. 
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2.3.1 Non-conventional fuel: syngas 

 

With the term syngas a gas mixture is generally intended in which the principal components are 

H2 and CO. There are several ways to produce a syngas; however the most interesting sources of 

syngas for the application in SOFC systems are the gasification of biomass and the conversion of 

natural gas by means of the reforming reaction. 

From these two sources, the produced syngas is generally a mixture of H2, H2O, CO, CO2, CH4 

and N2. A typical syngas composition resulting from a biomass gasifier is reported in Table 2.1. 

below 
37

: 

 

Syngas 

H2 (%) H2O (%) CO (%) CO2 (%) CH4 (%) N2 (%) 

      

10-50 0-30 10-45 10-30 1-20 0-50 

 

Table 2.1. Mean composition of a syngas 

 

The gasification process is a thermochemical process that uses air, oxygen or steam as 

gasification agents that convert the biomas (or coal) in a gas rich in hydrogen and carbon 

monoxide. A generic reaction for the gasification of  biomass can be expressed as follows: 

 

𝐶𝑎𝐶𝐻𝑎𝐻𝑂𝑎𝑂𝑁𝑎𝑁 + 𝑥1𝐻2𝑂(𝑙) + 𝑥2𝐻2𝑂(𝑔) + 𝑥3 𝑂2 + 𝛾𝑁2 → 𝑧1𝐻2 + 𝑧2𝐶𝑂 + 𝑧3𝐶𝑂2 + 𝑧4𝐶𝐻4 +

𝑧5𝑁𝐻3 + 𝑧6𝐻2𝑂(𝑔) + 𝑧7𝐶10𝐻8 + 𝑧8𝐶(𝑠)        (2.21) 

 

The temperature employed for the gasification process is typically above 800 °C. 

Besides the reported products, other impurities, which are contaminants for SOFCs, are generally 

present, such as H2S, HCl, NH3 and Tars. In Section 2.3.3, particular attention will be provided to 

the description of tars and their effects on SOFCs, since part of the experimental analysis was 

aimed to investigate the effect of this class of compounds on IT-SOFC cells. 

 

Natural gas can be converted into a syngas by means of the steam reforming reaction. In the case 

of SOFC systems, this fuel conversion can proceed directly at the SOFC anode, thanks to the 

catalytic proprieties of dispersed Ni particles, or in an upstream reformer. The former process is 
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called Direct Internal Reforming (DIR) while the latter is known as Indirect Internal Reforming 

(IIR). Depending on the applications, either the DIR or the IIR conversion can be applied; 

nevertheless, IIR is generally preferred due to the significant thermal and concentration gradients 

that arise when methane is reformed directly at the anode, which can compromise the longevity 

of the entire system. 

For methane, the main reactions occurring in this conversion to syngas are the steam reforming 

reaction (Equation 2.22), and the subsequent water gas shift (2.23) and dry steam reforming 

(2.24), that may occur once the steam reforming products start to appear in the gas mixture. 

 

𝐶𝐻4 + 𝐻2𝑂 ⇌ 𝐶𝑂 + 3𝐻2                    ΔH° =  +206 kJ ∙ mol−1     (2.22) 

 

𝐶𝑂 + 𝐻2𝑂 ⇌ 𝐶𝑂2 + 𝐻2                   ΔH° =  −46 kJ ∙ mol−1      (2.23) 

 

𝐶𝐻4 + 𝐶𝑂2 ⇌ 2𝐶𝑂 + 2𝐻2                  ΔH° =  +247 kJ ∙ mol−1     (2.24) 

 

The endothermic steam reforming reaction is thermodynamically favoured at high temperatures 

and low pressures and, along with the water gas shift reaction, they are generally carried out at 

temperatures above 700 °C and with Nickel based catalysts. 

 

2.3.2 Operation of SOFC with syngas 

 

When an SOFC cell is fed with a syngas, a number of different reactions, both of chemical and 

electrochemical nature, occur. 

Figure 2.9. below summarizes all the possible reactions than can develop in a SOFC fed with 

syngas. 

 



31 
 

 

 

Figure 2.9. Schematic representation of the possible reactions within an SOFC fed with syngas 

 

Along with the electrochemical oxidation of H2 (Equation 2.1) and the aforementioned steam 

reforming and water gas shift reactions (Equations 2.22 and 2.23) other mechanisms are 

theoretically possible, depending on the conditions of temperature, gas compositions, cell 

materials, and operating point at which the SOFC works. 

Carbon monoxide and methane can be electrochemically oxidized (Equations 2.24 and 2.25 

respectively) and equilibria like the methane cracking (Equation 2.26) and the Boudouard 

reaction may be present, forming carbon deposits: 

 

𝐶𝑂 + 𝑂2− → 𝐶𝑂2           (2.24) 

 

𝐶𝐻4 + 4𝑂2− ⟶ 𝐶𝑂2 + 2𝐻2𝑂 + 8𝑒−        (2.25) 

 

𝐶𝐻4 ⇌ 𝐶 + 2𝐻2           (2.26) 

 

2𝐶𝑂 ⇌ 𝐶𝑂2 + 𝐶           (2.27) 

 

The operation of SOFCs with syngas has been widely studied in literature, but a clear 

comprehension of the occurrence of all these reactions and their pathway is still missing, 

especially due to the lack of analysis tools able to provide information directly in-operando. As 
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previously mentioned, the study of these reactions by means of innovative tools of analysis will 

be the objective of this work. 

 

2.3.3 Fuel impurities: tar 

 

Especially in the case of syngas produced by gasification of biomasses, impurities that may be 

harmful for the safe operation of SOFC systems are always present and may cause a fast 

degradation of performances, leading to cell failure. 

Moreover, since the general trend in SOFC systems is to reduce the operating temperatures, 

employing the next generation of IT-SOFCs, lowering the operating temperature leads to a 

general reduction of the tolerance limits of SOFCs to typical biomass gasification product gas 

contaminants 
38

. 

These contaminants are mainly sulfurous compounds (such as H2S), NH3, HCl, alkali, and tars 
39

. 

As regards the effects of the former impurities (H2S, NH3, HCl and alkali compounds) on solid 

oxide fuel cells, they  have been studied and results are reported in literature, together with 

tolerance limits
, 40, 41, 42, 43

, while there is a lack of literature concerning the tolerance limits and 

the effects of a long term exposure to the latter (tar). 

Tar can be defined as an organic compound with a molecular weight larger than benzene. This 

class of compounds comprises a number of organic condensable hydrocarbons, formed by 

aromatics and polycyclic aromatic hydrocarbons (PAH). Tars are classified as primary, secondary 

and tertiary tars; however, Bergman et al.
44 

formulated an alternative classification based on the 

structure and on the molecular weight of the species; this classification is summarized in Table 

2.2. 

 

Class Type Examples 

1 Gas Chromatography (GC) undetectable tars Biomass fragments, heaviest tars 

2 Heterocyclic compounds Phenol, cresol, pyridine 

3 Light aromatics (1 ring) Toluene, xylene 

4 Light polyaromatics (2-3 ring) 
Naphthalene, anthracene, 

phenenthrene 

5 Heavy polyaromatics (>3 rings) Pyrene, fluoranthene 

 

Table 2.2. Classification of tars. 



33 
 

The amount of tars produced during the gasification of biomass can be as high as several hundred 

of g·Nm
-3

, depending on the gasification technology applied  
45

. Also the composition of the tar 

mixture in the gas stream largely depends on the nature of the feedstock, on the different 

gasification technologies, and on the operating conditions of the gasifier. However, it frequently 

comprises a 50% of benzene and toluene, with the other half covered by the rest of the tar 

typologies. 

Tar species induce a pronounced carbon deposition through a complex series of different 

chemical reactions, comprising also the steam reforming (or even the dry reforming in presence 

of CO2) and the thermal degradation of this class of hydrocarbon. The product species of these 

reactions can further interact with each other, leading to other possible carbon deposition 

reactions 
46

. 

As a result of carbon formation, deactivation of Ni catalyst, reduction of the Three Phase 

Boundary length (TPB) and hindering of the transport of reactants to the active sites due to pore 

occlusion, are the main effects that affect negatively the cell performances 
47, 48, 49, 50

. 

However, the possibility of carbon formation and the rate of deposition are strictly dependent on 

the operating conditions, such as operating temperature, moisture content and current density, on 

the anode material and on the type and concentration of tar species. 

A study of the effects of a model tar in a simulated syngas fed to an IT-SOFC will be presented in 

Chapter 5. 
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3. ANALYSIS TOOLS AND TECHNIQUES 

 

In this Chapter, a description of the basics of the principal and most renowned electrochemical 

characterization techniques employed in the study of SOFC cells, namely Polarization Curves (or 

i-V curves) and Electrochemical Impedance Spectroscopy (EIS), is provided. 

The main focus of the following Sections will be the description of the fundamental principles of 

two advanced analysis techniques that both rely on the EIS measurements: the Distribution of 

Relaxation Times (DRT) method and the Complex Non-linear Least Squares (CNLS) fitting. The 

combination of these three analysis tools (EIS-DRT-CNLS) will be the basis of the main results 

obtained in the experimental work of this thesis. 

Finally, a brief description will be provided at the end of this Chapter of the principal post-

mortem characterizations employed to further confirm the results obtained from the in-operando 

analysis presented in this work. 

 

3.1. Polarization curves 

 

The polarization curve (or i-V curve) is the most employed diagnostic technique used to 

characterize the overall immediate performance of SOFC cells 
10, 11

 (see Figure 3.1).  

 

 

 

Figure 3.1. Polarization curves and regions at which the different polarization losses are predominant 
51

. 
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It consists in the measurement of the cell voltage with the varying of the current generated and 

extracted from an external load. It provides information about the general electrical response of 

the cell over the range of currents investigated, and hence it is a valuable instrument to assess the 

dependency of the cell performances to the operating conditions, but it can also suggest hints 

about the effect of the different polarization losses by examining the different portions of the plot. 

First of all, the Open Circuit Voltage (OCV), measured at i = 0 A·cm
-2

, can be compared to the 

theoretical voltage calculated from the Nernst equation and the difference between them is a good 

estimation of losses related to gas leakages, since the Nernst voltage is the maximum voltage 

obtainable in ideal conditions. 

The rapid drop of the cell voltage at low current densities is the reflection of the polarization 

losses related to the overcoming of the activation energies for the electrochemical reactions at the 

electrodes. Hence it weights the impact of the activation overpotential 𝜂𝑎𝑐𝑡  of both the anode and 

cathode reactions. 

The linear trend that covers most of the plot is caused by the ohmic polarization due to the 

internal resistance of the cell, which is constant with respect to a change in the current density 

(Equation 2.14). As explained in Chapter 2, for SOFCs the main contribution to the ohmic 

resistance of the whole cell is ascribable to the resistivity of the electrolyte layer. From the slope 

of this central region of the i-V curve the physical quantity known as Area Specific Resistance 

(ASR), measured in Ω·cm
2
, is generally estimated in order to compare the overall performances 

of different cells. 

Finally, when high current densities are required from the cell, an undersupply of reactants in the 

active regions of the cell occurs, which is caused by the mass transport limitations of gases 

through the electrolyte layers or by simple fuel starvation. The fast drop of the cell voltage is 

related to the concentration overpotential 𝜂𝑐𝑜𝑛𝑐 , and it represents the maximum current that can 

be supplied from the cell without incurring into severe material degradation. 

 

3.2 Electrochemical Impedance Spectroscopy (EIS) 

 

3.2.1. Principles of EIS 

 

Electrochemical Impedance Spectroscopy (EIS) is a very sensitive technique that maps an 

electrochemical cell’s response to the application of a periodic small AC signal carried out at 
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different frequencies. In contrast to polarization curves, EIS measurements can shed light on the 

diverse physicochemical processes occurring in the active layers of the cell, as each process has 

associated a unique time-constant (relaxation time) and therefore each one of is exhibited at 

different frequencies 
52

. 

 

If the studied system satisfies contemporaneously the conditions of causality, linearity and time-

invariance, the response to a sinusoidal voltage (or current) excitation signal is a sinusoidal 

current (or voltage) signal, sharing the same frequency 
53

. For a generic sinusoidal voltage input 

signal 𝑒 𝑡 = 𝐸 𝑐𝑜𝑠 𝜔𝑡 + 𝜃  the response is a current signal which can be expressed as: 𝑖 𝑡 =

𝐼 𝑐𝑜𝑠 𝜔𝑡 + 𝜑 , where 𝜔 = 2𝜋𝑓, 𝑓 being the signal’s frequency, 𝐸and 𝐼 are the amplitude of the 

voltage and current signals respectively, whilst 𝜃 and 𝜑 are their initial phases. Both sinusoidal 

expressions can be rewritten as complex-form functions, namely 
54

: 

 

𝑒∗ 𝑡 = 𝐸 · 𝑒𝑥𝑝 𝑗 𝜔𝑡 + 𝜃  , 𝑤𝑖𝑡 𝑒 𝑡 = 𝑅𝑒[𝑒∗ 𝑡 ]       (3.1) 

 

𝑖∗ 𝑡 = 𝐼 · 𝑒𝑥𝑝 𝑗(𝜔𝑡 + 𝜑)  , 𝑤𝑖𝑡 𝑖 𝑡 = 𝑅𝑒[𝑖∗ 𝑡 ]       (3.2) 

 

The impedance value measured at different frequencies is given by: 

 

𝑍∗ 𝜔 =
𝑒∗ 𝑡 

𝑖∗ 𝑡 
=

𝐸

𝐼
𝑒𝑥𝑝 𝑗 𝜃 − 𝜑  =

𝐸

𝐼
 𝑐𝑜𝑠 𝜃 − 𝜑 + 𝑗 𝑠𝑖𝑛 𝜃 − 𝜑      (3.3) 

 

which can be expressed as a complex number having its real and imaginary components 

expressed as follows: 

 

𝑅𝑒 𝑍∗ 𝜔  = 𝑍′(𝜔) =
𝐸

𝐼
𝑐𝑜𝑠 𝜃 − 𝜑         (3.4) 

 

𝐼𝑚 𝑍∗ 𝜔  = 𝑍′′(𝜔) =
𝐸

𝐼
𝑠𝑖𝑛 𝜃 − 𝜑         (3.5) 
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3.2.2. EIS measurements on SOFC 

 

As illustrated in Chapter 2, during the operation of an SOFC, a number of physicochemical 

processes occur contemporaneously. Each of them have a characteristic frequency at which they 

can be excited by the sinusoidal stimulus provided by a Frequency Response Analyzer (FRA) and 

the electrical response, measured in terms of amplitude and phase shift of the signal, is the 

response of that single process having its maximum intensity at that particular frequency. 

If the excitation signal has a small amplitude, which in SOFC cells generally corresponds to c.a. 

10 mV (or a current stimulus corresponding to an oscillation of the cell’s voltage of 10 mV), the 

response of the cell can be considered linear and time invariant 
55

. 

Impedance measurements can be reported in two different plots: the so-called Nyquist plot, 

which reports the real part of the measured impedance against its imaginary part, and the Bode 

plots, that depict the dependency on the imposed frequency of the impedance modulus or the 

phase shift. 

The impedance response of a SOFC cell is generally reported in a Nyquist plot, as it provides 

quantitative information, expressed in terms of resistances, about the polarization losses that 

affect the i-V characteristics. 

Figure 3.2. reports an experimental EIS spectrum, in the form of the Nyquist plot, measured from 

a sample tested in this work. 

 

 

 

Figure 3.2. Electrochemical impedance spectrum of a single cell sample (10 x 10 cm
2
) measured at T = 700 °C in 

humidified hydrogen. 
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From the intercept of the experimental data with the real axis (– 𝑍′′ = 0 Ω ), the value of 

impedance corresponds to the total ohmic resistance of the cell, which generates in the i-V curve 

the linear trend in the central part of the plot. 

The difference between the resistance measured from the last point on the real axis to the first one 

is the measure of the so-called polarization resistance 𝑅𝑝𝑜𝑙 , that is given by the sum of all the 

activation and mass transport losses of both the anode and cathode sides, as previously explained 

in Chapter 2. 

Further information can be given accepting the general assumption, which is considered valid for 

SOFC cells, that the small arc appearing in the high frequency region is related to the fast charge 

transfer mechanism involved in the electrochemical reactions at the anode and at the cathode; for 

this reason, if the real part of the total impedance of this arc is extrapolated, it results as the 

resistance related to the charge transfer mechanisms that cause the activation overpotential losses. 

By similar considerations, the bigger arc appearing in the low frequency region is often 

associated to the mass transport losses related to the diffusion of the gasses in the porous matrix 

of the electrodes; it is thus a measure of the diffusion resistance which causes the voltage to 

rapidly drop at high current densities 
56,

 
57

. 

Even though the information obtainable from the analysis of Nyquist plots provides quantitative 

measurement about the polarization losses, nothing can be said about which process, anodic or 

cathodic, is predominant on a given amount of polarization loss; moreover, since the EIS 

response appears very broadened, it is difficult to clearly visualize the contributions of single 

physicochemical processes to the total polarization resistance, hence impeding a profound and 

complete comprehension of the evolution of these processes and their dependency to the 

operating conditions of the cell. 

In the following Section, a novel and reliable deconvolution methodology (DRT) for the EIS 

spectra  will be extensively explained. 

 

3.3. Distribution of Relaxation Times (DRT) method: deconvolution of signals 

 

SOFCs are complex electrochemical devices, in which many processes occur at the same time, 

each process being characterized by its typical relaxation time. When two (or more) processes 

have a similar relaxation time, it is hard to separate and distinguish their contributions to the 
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overall impedance of the cell, since the EIS spectra can clearly distinguish processes separated at 

least by two decades in the frequency domain. Furthermore, it is hard to identify small 

contributions, these being totally covered by processes with large polarization losses. 

The Distributed Relaxation Times (DRT) method, is a mathematical tool which allows to 

overcome this issue, by calculating the distribution of relaxation times function of the processes 

from the experimental data 
58

. 

It is based on the validity of the Kramers-Kronig equations 
59, 60

 for the cell studied: 

 

𝑍′ 𝜔 =  𝑅0 +  𝑅𝑝𝑜𝑙  
1

1 + (𝜔𝜏𝑚 )2𝑚 𝑎𝑚         (3.6) 

 

𝑍′′  𝜔 =  𝑅𝑝𝑜𝑙  
−𝜔𝜏𝑚

1 +(𝜔𝜏𝑚 )2𝑚 𝑎𝑚          (3.7) 

 

where 𝑅0 is the ohmic resistance of the cell, 𝑅𝑝𝑜𝑙  is the polarization resistance, 𝜔 is the angular 

frequency, 𝜏𝑚  the relaxation time of the process 𝑚 and 𝑎𝑚  is the contribution of the process 𝑚 to 

the total polarization loss. 

The DRT function can be calculated either from Eq. 3.6 or Eq. 3.7. Considering the Eq. 3.7 

expressed in its matrix form, and introducing the constant value of the polarization resistance into 

the distribution vector 𝑏𝑚 =  𝑅𝑝𝑜𝑙 𝑎𝑚 , it results: 

 

𝒁′′ = 𝑲𝒃            (3.8) 

 

To solve the Eq. 3.8, the Tikhonov regularization algorithm has been employed 
61 , 62

. This 

algorithm allows to obtain the distribution vector 𝒃 as: 

 

𝒃 = (𝑲−1 𝑲 +  𝜆𝑰)−1𝑲𝑇𝒁′′          (3.9) 

 

where I is the identity matrix, and 𝜆 is the self-consistent regularization parameter that must be 

optimized: too small values result in artificial meaningless peaks, while too large values 

excessively smooth out the shape of the distribution function. 

In Fig. 3.3, the imaginary part of the impedance of a dummy-cell is compared to the distribution 

function obtained from the DRT calculation over the experimental spectrum, as a function of the 
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frequency. In Fig. 3.4. the imaginary part of the EIS spectrum of an IT-SOFC button cell (active 

surface 2 cm
2
, employed in this work) is compared to its distribution function derived from the 

DRT calculation carried over the imaginary part of its impedance. The dummy-cell consisted of a 

resistance R1 in series with a resistance R2 and a capacitor C1 connected in parallel, with R1 = 10 

Ω, R2 = 100 Ω, and C1 = 100 µF. The spectrum shown in Fig. 1b was obtained from a button cell 

sample at T = 675°C in a fuel mixture of H2 = 20 %, N2 = 76 % and H2O = 4 %, in OCV 

condition. 

 

 

 

Figure 3.3. DRT distribution function with  the imaginary part of the impedance of a dummy-cell. 

 

Observing Figure 3.3, it shows that the DRT calculation does not affect the characteristic 

frequency at which the process occurs. Depending on the value of 𝝀, fluctuations in proximity of 

the peak may appear; however, the optimal value of 𝝀, which minimize the fluctuations related to 

the calculation process, can be estimated from the L-curve of the Tikhonov regularization method 

63
. The optimal value of 𝝀  is in proximity of the angle formed from the L-shaped curve (Figure 

3.5). 
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Figure 3.4. DRT distribution function the imaginary part of the impedance of an IT-SOFC button cell operating at T 

= 675°C in humidified H2 - N2 mixture. 

 

 

 

Figure 3.5. L-curve for Tikhonov Regularization. 
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As shown in Fig. 3.4, from the DRT calculation, 6 different peaks can now be distinguished from 

the imaginary part of the EIS measurement. The nature of these peaks will be assessed by means 

of a systematic experimental campaign, presented hereafter, to understand whether a single peak 

corresponds to an anodic process or a cathodic process, and to further comprehend the nature of 

the process behind each peak (charge transfer or mass transport phenomena). 

The DRT method has been already successfully employed in the study of physicochemical 

processes occurring in anode-supported SOFCs operating in humidified hydrogen 
64 , 65

 or in 

reformate fuel 
66

, in tubular SOFCs 
67

, and in the study of degradation effects 
68, 69

, providing 

profound insights about the number, nature and behavior of the diverse processes that determine 

the overall response of a SOFC, under a broad range of different operating conditions. 

It is important to underline that the quality of the experimental data plays a fundamental role in 

the interpretation of the DRT plots. If the experimental spectra are affected by instrumental 

interference that cause a loss in the linearity of the EIS response, scattered signals appears in the 

EIS spectra that will be converted into ghost peaks into the DRT plots, impeding a correct 

identification and analysis of the processes. 

A method to assess the quality of the experimental spectra is the so-called Kramers-Kronig test, 

which basically assess the validity of the Kramers-Kronig relationships through all the frequency 

range examined. In this work, the Kramers-Kronig test was performed by means of the Kramers-

Kronig test for Windows 
9, 10

, software developed by B.A. Boukamp et al. 

The residual errors plot of the aforementioned test is depicted in Fig. 3.6. Since the distribution of 

the points (red dots for the real part and blue dots for the imaginary part of the impedance) is 

random for all the frequency range, and the maximum error lies below 0.5%, the experimental 

data can be considered reliable. 

It must be noted that in some cases, especially when high water contents are fed to the cell, the 

low frequency region of the spectra is affected by a more significant error, but still acceptable. 

As it will be explained in the discussion of experimental results, attempts to measure the 

impedance response of the cell under a constant current density were performed; however the 

quality of the spectra in these cases, evaluated by this KK-test, resulted poor and were judged 

unusable for the objectives of this work. On the contrary, all the measurements carried out in 

OCV conditions resulted acceptable.  
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Figure 3.6. Kramers-Kronig test results for the EIS measurement performed on a button cell sample (active area 2 

cm
2
)  at 700ºC in humidified hydrogen. Red dots are related to the real part of the impedance, while blue dots are 

related to the imaginary part. 

 

3.4. Complex Non-linear Least Squares (CNLS) fit 

 

As previously explained, EIS is a powerful tool to measure the sources of potential losses within 

an SOFC under operating conditions. Nevertheless, a profound interpretation of the single 

physicochemical processes results in a very complex problem, since it often requires a-priori 

assumptions about the system being investigated 
70

. 

One of the most widespread ways to extract quantitative information about the different 

contributions to the EIS spectra is a fitting procedure of the experimental data with a so-called 

Equivalent Circuit Model (ECM), which is a sequence of circuit elements, such as resistances and 

capacitors, connected in series and/or in parallel, which aims to simulate the experimental 

electrical response of the investigated device 
3
. 

The unknown values of the parameters defining the equivalent circuit elements are generally 

evaluated by a Complex Non-linear Least Squares (CNLS) fitting algorithm. 

This fitting procedure aims to find a set of parameters that minimize the following sum: 

 

𝑄 𝑝  =   𝑤𝑘 ,𝑟 Φ
′ 𝜔𝑘 , 𝑝  − 𝑍′ 𝜔𝑘  

2
+ 𝑤𝑘 ,𝑙 Φ

′ ′ 𝜔𝑘 , 𝑝  − 𝑍′′  𝜔𝑘  
2
 𝑁−1

𝑘=0 → 𝑀𝑖𝑛  (3.10) 
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with: 

 

Φ     𝜔𝑘 , 𝑝  = Φ′ 𝜔𝑘 , 𝑝  + 𝑗Φ′′  𝜔𝑘 , 𝑝          (3.11) 

 

and: 

 

𝑍  𝜔𝑘 = 𝑍′ 𝜔𝑘 + 𝑗𝑍′′  𝜔𝑘           (3.12) 

 

where Φ     𝜔𝑘 , 𝑝   is the model fit function and 𝑝  (𝑅0, 𝑅1, 𝑅2, … , 𝐶1, 𝐶2 … , 𝑅𝑁 , 𝐶𝑁)  is the fit 

parameter vector. 𝑍′ 𝜔𝑘  and 𝑍′′  𝜔𝑘  represent the real and imaginary part of the measured 

impedance, respectively, and 𝑍  𝜔𝑘  is the measured curve. 𝑤𝑘 ,𝑟  and 𝑤𝑘 ,𝑙  are the weight factors 

of the k
th

 experimental point. 

 

3.4.1. Equivalent circuit elements     

 

A brief summary of the typical circuit elements employed for the build-up of an ECM which 

simulates the EIS response of an SOFC will be provided in this Section. In this work, the ECM 

based CNLS fitting procedure was carried out by means of the Zview software 
71

. 

 

It is generally assumed that the processes occurring at the interface of an SOFC can be modeled 

with a simple parallel of a resistance and a capacitor (RC parallel) 
72

. 

The impedance of a resistance is not a function of the frequency, so: 

 

𝑍𝑅 = 𝑅            (3.13) 

 

and its response in a Nyquist plot will be a point on the real axis having a resistance value equal 

to its modulus. In the Bode plot, its modulus will be constant with respect to the frequency, so it 

will appear as a plateau. 

The impedance of a capacitor is only composed of an imaginary part: 

 

𝑍𝐶 𝜔 = −
1

𝑗𝜔𝐶
           (3.14) 
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where C is the modulus of the capacitance. In a Nyquist plot, the response of a capacitance is a 

set of points displaced on a vertical line, parallel to the imaginary axis. In a Bode plot, with a log-

log plot, it will result as a linear trend. 

Thus said, an RC parallel element will have an impedance value that can be written as: 

 

 𝑍𝑅||𝐶 𝜔 = −
𝑅

1+𝑗𝜔𝑅𝐶
          (3.15) 

 

The product RC represent the characteristic time constant of the circuit. Thus, the characteristic 

frequency of the process that is modeled by an RC parallel assumes the value of: 

 

𝜔𝑅𝐶 = 2𝜋𝜐𝑅𝐶 =
1

𝜏𝑅𝐶
=

1

𝑅𝐶
          (3.16) 

 

where 𝜐𝑅𝐶 , 𝜔𝑅𝐶  and 𝜏𝑅𝐶  are the characteristic frequency, angular velocity, and characteristic time 

of the RC parallel. Nevertheless, when the process takes place in non-ideal conditions, for 

example with a  distributed surface reactivity, with surface inhomogeneity, roughness or fractal 

geometry, a constant phase element (CPE) is generally preferred over the capacitor for fitting 

purposes as it can represent the deviation from a pure capacitance of the EIS response by means 

of an exponential factor, n, with 0 ≤ n ≤ 1 
73

. 

The impedance of a CPE element is defined as follows: 

 

𝑍𝐶𝑃𝐸 =
1

 𝑗𝜔  𝑛 𝑌𝐶𝑃𝐸
           (3.17) 

 

Where 𝑌𝐶𝑃𝐸  is the admittance of the CPE element. If n = 1, the expression of the impedance of 

the capacitance with 𝑌𝐶𝑃𝐸 = 𝐶 is obtained. 

If an RC parallel element is replaced by an R-CPE parallel, the impedance of this element 

assumes the expression: 

 

𝑍𝑅||𝐶𝑃𝐸 𝜔 =
𝑅

1+𝑅 𝐶𝑃𝐸 −1          (3.18) 
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The characteristic time constant and the following characteristic frequency of the process assume 

the form of: 

 

𝜏𝑅||𝐶𝑃𝐸 𝜔 =   𝑅𝑌𝐶𝑃𝐸 𝑛
          (3.19) 

 

𝜐𝑅||𝐶𝑃𝐸 =
1

2𝜋𝜏𝑅||𝐶𝑃𝐸
=

1

2𝜋   𝑅𝑌𝐶𝑃𝐸  𝑛          (3.20) 

 

An example of the Nyquist plots for an R-CPE element with various n values is  given in Figure 

3.7. below. When n = 1, the Nyquist plot of a simple RC element is obtained. 

 

 

 

Figure 3.7. Nyquist plots of an R-CPE element for different values of n 
74

. 

 

The RC parallel element is also assumed to be valid as the most simple way to model the 

impedance response of mass transport processes. Nevertheless, for the diffusion of gases in a 

solid porous matrix, a particular element, the so-called Finite-lenght Warburg Element (FLW) 

has been developed, and it is frequently applied in the SOFC field to model the diffusion of the 

anode and cathode gases through the electrode porosity 
75

. 

The expression of the impedance of a Warburg element is given by: 
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𝑍𝐹𝐿𝑊 𝜔 = 𝑅𝑊
𝑡𝑎𝑛   𝑗𝜔 𝑇𝑊  𝑛  

 𝑗𝜔 𝑇𝑊  𝑛          (3.21) 

 

A perfect one-dimensional diffusion is modelled with n = 0.5. 𝑇𝑊 = 𝑙𝑑
2 𝐷𝑖

𝑒𝑓𝑓
  where 𝑙𝑑  is the 

effective diffusion thickness and 𝐷𝑖
𝑒𝑓𝑓

 is the effective diffusion coefficient of the species i. 𝑅𝑊  is 

the diffusion resistance for 𝜔 → 0. 

An example of the impedance response of a Warburg element is given by the Nyquist plot 

reported in Figure 3.8 below: 

 

 

 

Figure 3.8. Nyquist plot of a Finite-length Warburg element 
76

. 

 

3.4.2. Fitting strategy based on DRT 

 

The major issues in the determination of the ECM and in the CNLS fitting procedure based upon 

it are related to the choice and the number of circuit elements that constitute the ECM, and to the 

choice of the initial values for the parameters of the model fitting function 
20, 22

. 

Concerning the former issue, if one considers a typical EIS spectrum as the one reported in 

Figure 3.2, from what has been stated so far, a plausible ECM model would be a series 
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connection of a resistance, in order to model the contribution of the ohmic resistance, and 2 

simple RC parallels to model the charge transfer mechanisms and the mass transport mechanisms 

at anode and cathode sides 
77,

 
78

. In other works, it is reported how ECM models with three or up 

to five different RC (or R-CPE) parallels can approximate very well the experimental curve; 

other authors employs other circuit elements, such as the Warburg or the Gerischer element 

instead of the R-CPE elements, to achieve better fitting results for the modelling of the mass 

transport phenomena 
26, 79

. It is evident that some sort of ambiguity in the definition of the ECM 

model is present, which will affect the reliability of the obtained results 
3, 24

. 

Considering the choice of the initial parameters for the model fit function, an accurate analysis of 

both the Nyquist and Bode plots can suggest values of resistances and capacitance to be used as 

initial fitting values. Nevertheless, in complex electrochemical systems such as SOFCs, 

numerous physicochemical processes occur contemporaneously; even though EIS is a very 

sensitive technique, it can hardly distinguish two processes that differ in their characteristic 

frequency by less than two decades, thus resulting deeply convoluted in the EIS spectrum. 

An instrumental tool to overcome both these issues, and thus provide a superior reliability for the 

ECM-CNLS fitting procedure, may be the analysis of the DRT functions. 

Consider the DRT plot calculated from an experimental EIS test performed in this work, and 

reported in Figure 3.9. 

It can be seen that at least five different processes are visible in this spectrum, with five different 

characteristic frequencies, indicated by the red stars in the plot. This suggest that the ECM model 

that will be employed for the fitting of the experimental data should possess a maximum of 5 

different circuit element (note that the R0 element and other elements such as the inductive 

element to model the inductance of the instrument cable do not have to be considered, since the 

DRT plot is calculated on the imaginary and negative part of the EIS spectra). 

Moreover, observing a single DRT peak of the plot, while the red star indicate the maximum 

frequency of the process, hence its characteristic frequency, the red cross indicates the end of the 

it, as also easily appreciable from the DRT response of the dummy-cell model reported in Figure 

3.3. 
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Figure 3.9. DRT function obtained from the experimental EIS recorded from an SOFC sample operating at T = 700 

°C in humidified hydrogen (H2 20%, N2 76%, H2O 4%). 

 

This means that both the maximum frequency and the frequency at which the process possesses 

only the real component of the impedance, hence the maximum value of its resistance Ri, can be 

evaluated. This information allow to extract, from the Bode plot, the values of the modulus of the 

impedance  𝑍𝑖  at the peak frequency and at the minimum frequency, which allow in turn to 

calculate the initial values of capacitance and resistance, respectively, by means of the equations 

reported in 3.2.1, for each peak. 

In Chapter 4 and 5 an experimental campaign consisting of a set of different experiments in 

which a SOFC sample is exposed to different operating conditions (such as gas compositions and 

temperature), in which only a single operating parameter is varied each time, will be addressed in 

order to identify the nature of the processes underlying each different DRT feature, by studying 

the different behaviour of each peak in response to a variation of a single operating parameter. 

The resulting ECM model will be part of the results obtained in this work and will be presented 

in Chapter 5. 

Nevertheless, an example of the goodness of the fitting obtained with this procedure is depicted 

in Figure 3.9. 
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Figure 3.9. Nyquist (left) and Bode (right) plots depicting experimental (black circles) and fit (red squares) points. 

 

 

 

Figure 3.10. DRT functions of the experimental spectrum (black line) and fit (red dashed line) function. 

 

Also from the DRT function calculated from the imaginary part of the model fit function the 

goodness of the fit can be better appreciated. The comparison between the DRT function 

calculated from the experimental data and the fit function is reported in Figure 3.10. 
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3.5. Other characterization techniques 

 

In the following Sections, a brief description of the other characterization techniques employed in 

the experimental part of this work is addressed. Apart from Gas Chromatography (GC), the other 

techniques were employed to perform post-mortem analysis of the tested samples. Being not a 

fundamental part of this work, for more details about these techniques, the reader is referred to 

more specific readings. 

 

Gas Chromatography (GC) 

 

Gas Chromatography is an analytical technique of great importance for the analysis of the 

compositions of gas mixtures. 

It is based on the different times of retention that different gas species possess when they pass 

through a stationary phase (solid phase), carried by a mobile phase (gas carrier). Depending on 

the molecular weight and physical proprieties, the single gas species will pass through the 

stationary phase and reach a specific detector placed at the end of the column at different times, 

called elution (or retention) times. 

The result of this analysis is a gas chromatograph which reports the intensity of the different 

peaks related to the gas species detected as a function of the elution time. 

From a gas chromatograph qualitative information can be obtained based on literature data about 

the elution time of single species (most often employed in databases within the analysis software 

provided with the instrument). Quantitative analysis can be further performed comparing the 

areas of the peaks, on a percentage basis: the ratio between the areas of two peaks will be equal to 

the ratio of their concentration in the gas mixture. 

 

X-Ray Diffraction (XRD) 

 

X-Ray Diffraction (XRD) spectroscopy is a technique for the analysis of the crystalline structure 

of solid samples. The resulting spectrum is produced by the diffraction of X rays that hit the 

sample and are scattered by the atoms comprised in the crystalline reticulate. Each phase has a 

characteristic diffraction pattern, which is univocally related to the geometrical distribution of 
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elements within the crystalline reticulate, thus resulting specific of each crystalline phase. It 

provides information about the solid phases present in the bulk of the sample, and it is useful in 

SOFC investigations to assess if new phases are formed after a prolonged operation of the cell, or 

due to detrimental effects related to the presence of contaminants in the fuel stream. 

 

Raman Spectroscopy 

 

Raman Spectroscopy is a very sensitive technique that provides information about the chemical 

composition, the nature of the bonds, the chemical environment and the crystalline phases of the 

tested samples. It was first invented by the physician C. V. Raman, who discovered that a small 

fraction of the radiation diffused by a sample had a different energy content with respect to the 

incident one, and that this difference was related to the chemical structure of the sample (Raman 

effect). A monochromatic radiation is sent to a sample, most often in the visible spectrum; 

considering the interaction between the radiation and the matter in terms of collision between 

particles, the photons merging by these interaction (back-scattered) may be affected by an elastic 

or inelastic interaction. The former event is the most probable, but it does not contain information 

about the nature of the sample; the latter, having lost or acquired energy, carries with it the 

information of the excitation of the atomic or molecular bonds within the sample. 

Similar to the XRD analysis, the Raman spectrum is characteristic for each species, so the 

identification of the phases is possible by means of literature data.  

In contrast with the XRD analysis, the information provided by the Raman spectroscopy comes 

from the very first layers upon the surface of the as received sample. 

 

Scanning Electron Microscopy (SEM) and Energy - Dispersive X-ray spectroscopy (EDX) 

 

Electron microscopes are based on the same principles as light microscopes, but focus beams of 

energetic electrons rather than photons to generate a high resolution image of the surface of the 

sample. The capability of investigating the microscopic features of certain samples enables a 

comprehensive evaluation of the morphological evolution due to the operating conditions and 

degradation phenomena. Moreover, energetic electrons that hit the atoms of the sample cause an 

excitation of the atomic energetic state which, due to the following relaxation, releases a radiation 

in the X-ray spectrum. Based on this phenomenon, the energy dispersive x-ray spectroscopy 
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provides information about the chemical composition of the sample, in terms of concentrations of 

the different elements. SEM allows an in-depth analysis of the sample down to the micron and 

submicron scale, which can be further used to estimate geometric parameters such as the pore 

radii, the particle radii and the thickness of the layers. 
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4. EXPERIMENTAL MATERIALS, METHODS AND 

PROCEDURES 

 

In this chapter, the technical details for the realization of the experiments presented in this work 

are addressed.  

In the first part of this section, along with the characteristics of the tested samples and the 

description of the equipment of the test stations, the design and realization of an innovative, in-

house built,  multisampling cell housing for the local measurement of temperatures and gas 

compositions in operando is presented in Section 4.3. 

In the second part of this chapter, the testing procedures and conditions adopted for the 

realization of all the experiments described in this work are summarized. 

 

4.1. Tested samples 

 

All the cells studied in this work are planar, anode supported, Intermediate Temperature Solid 

Oxide Fuel Cells (IT-SOFC), manufactured by Elcogen AS (Tallinn, Estonia). The cells employ a 

porous Ni-8YSZ anode (c.a. 400 µm), divided in a thick anode substrate and a thin anode 

functional layer (AFL), a thin (c.a. 5 µm) dense 8YSZ electrolyte, a GDC diffusion barrier layer 

and an LSC cathode layer (c.a. 15 µm). 

The anode substrate was produced by tape casting of NiO-YSZ suspensions; upon this substrate, 

the electrolyte layer was deposited by tape casting a dense 8YSZ suspension and sintered to form 

a dense film. The GDC diffusion barrier and the LSC cathode layer were applied by subsequent 

screen printing and sintering processes. 

Table 4.1 summarizes the materials and thicknesses of all the layers. 
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 Materials Thickness (µm)  Operating Temperature (°C) 

Anode Ni-YSZ 405 ± 20 (anode + 

electrolyte) 

 

600-700°C 

Electrolyte YSZ  

Diffusion 

barrier layer 
GDC 15 ± 5 (cathode + 

barrier) 

 

Cathode LSC  

 

Table 4.1. Materials and thicknesses of tested cells. 

 

Three different sizes of cell were tested: button cell size (active area: 2 cm
2
) and single cell size 

(active area: 81 cm
2
 or 121 cm

2
), as depicted in Figure 4.1 below. 

 

 

 

Figure 4.1. Different cell samples tested in this work. 

 

Button cell samples were employed for the electrochemical characterization and evaluation of 

single physicochemical processes, for the study of their evolution during long operation and for 

the evaluation of the effects of a tar contaminant. 

Single cell samples were used in order to study the distribution of temperatures and gas 

compositions along the anode surface, and the evolution of chemical and electrochemical 

reactions in operando by means of the multisampling set-up developed in this work, and 

extensively described in Section 4.3 below. 
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4.2 Button cell test station 

 

The button cell test rig consists of a temperature programmed oven, in which a SOFC button cell 

sample is inserted by means of an alumina cylindrical support; on the top of it, the button cell 

sample is fixed by a high-temperature refractory paste, which, after being baked under the 

manufacturer specifications, ensures also the gas tightness. The cell is held vertically and two 

current collectors, one consisting of a nickel mesh for the anode side, and another one consisting 

of a gold mesh for the cathode side, are placed in contact with the two electrodes of the sample. 

A thermocouple for the measurement of the temperature of the cell is placed very close to the 

sample. 

The test rig employs a set of mass flow controllers (MFCs) to allow the cell to be fed with  

hydrogen or simulated syngas at the anode side, and with air, enriched or depleted in its O2 

content, at the cathode. A bubbling humidifier placed in a Haake D8 Fisons thermostat circulator 

is used for the humidification of the anode stream. 

A refillable permeation tube is employed to evaporate liquid toluene, as a single component 

representation of tars, and mix in the fuel stream by means of a sweep gas (N2); the concentration 

of toluene in the resulting tar-contaminated syngas is set adjusting the temperature of the 

permeation tube environment with a Julabo UC-5B temperature controlled water circulator, and 

by varying the flow rate of the sweep gas. 

The gas pipelines going from the bubbler to the anode inlet, and that containing the sweep gas for 

the tar evaporating system are heated by heating strips, to avoid condensation of both water and 

toluene. 

The test bench is equipped with an Agilent E3634A DC power supply which can act as a DC 

electronic load too, an Agilent 34970A data logger, and a LABVIEW-based control software, in 

order to perform the polarization curves, and with a Solartron 1260 Impedance Gain/Phase 

Analyzer module coupled with a Solartron 1287 Electrochemical Interface for the 

electrochemical impedance spectroscopy measurements. 

Fig. 4.2 depicts the test-rig, together with a magnification of the button cell housing. 
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Figure 4.2. Schematic representation of the button cell test-rig (a) and of the button cell housing (b). 

 

4.3 Multisampling cell housing 

 

In this work, and within the framework of the European project NELLHI (New all European high 

performance stack: design for mass production, grant agreement no. 621227) an innovative 

experimental setup for in-depth characterizations of Solid Oxide Fuel Cells has been developed. 

In this section, the design, the realization, and the assembly of a novel, in-house designed, 

multisampling  housing will be described. 

 

4.3.1 Design and Realization 

 

The idea behind this project is to realize a setup enabling the sampling of temperature and gas 

compositions localized on the anode surface, in order to collect data on the evolution of anodic 

reactions along the surface. Thus, chemical and temperature gradients will be available, and can 

be recorded during selected modes of operation of the cell, thereby increasing and deepening the 

level of characterization of the cells. This is particularly important for the direct fuelling of IT-

SOFC cells with syngas, where the dynamic processes of internal reforming and water gas shift 

reactions can create severe local gradients of temperature and gas compositions, inducing stresses 

and possible carbon deposition. Moreover, the novel housing has to allow electrochemical 

characterization, such as polarization curves and electrochemical impedance spectroscopy (EIS), 

not affecting (or at least with minor contributions) the cell response during the characterization. 

The design was realized in the ENEA Casaccia HOTLAB, and is depicted in Figure 4.3. It 

consists of a number of levels separated by frame-shaped layers of gaskets, made of Thermiculite 
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866LS or CL87 manufactured by Flexitallic, a partner of the project. This multi-layer 

configuration is meant to provide both gas tightness and electrical insulation of the SOFC cell 

from the housing. 

This setup has been realized in two different dimensions, in order to allocate the 10x10 cm
2
 

(active area 81 cm
2
) and the 12x12 cm

2
 (active area 121 cm

2
) single cells manufactured by 

Elcogen AS. 

 

 

 

Figure 4.3. Exploded view (a) and cross section (b) drawings of the multisampling housing. 

 

 

4.3.2 Materials and Manufacturing 

 

Steel housing 

 

Anodic and cathodic cases are made of AISI 310 stainless steel. 

Gas inlet and outlet tubes are made of Inconel, which is a material supposed to form a thick and 

stable passivating oxide layer on its surface, avoiding the chromium evaporation and, thus, the 

cell contamination. Three short tubes are welded on the two opposite side of the case, providing a 
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better gas supply, and, on the other extremity, they are joined together to a longer and larger tube, 

which comes out from the furnace.  

The anodic case has been drilled on the surface for gas sampling, which is performed by means 

of capillary tubes, made of AISI 310 stainless steel, welded in correspondence to the holes. 

On the surface of both anodic and cathodic cases, a square shaped seat has been designed for the 

accommodation of the gas distribution plate. 

All the cases and tubes, together with the welding of the latter, were manufactured by RMP s.r.l. 

(Italy), based on the supplied designs. 

 

Gas distribution plates 

 

Gas distribution plates are made of AISI 310 stainless steel. 

Both anodic and cathodic plates have a set of parallel gas distribution channels, that connects the 

gas inlet and outlet, placed on the two opposite sides. 

The anodic plate possesses also a set of holes in correspondence of those placed on the anodic 

case. 

To avoid electrical contact with current collectors and chromium evaporation, a layer of 

insulating Al2O3 has been deposited on the surface of the whole plate. 

 

Current collectors 

 

Anodic current collectors consist of a Crofer 22H stainless steel calendered mesh on which a 

series of Pt wires are welded on one side, very close to each other, and rolled together to form a 

bundle for the collection of the current. A single Pt wire is welded on the opposite side of the 

mesh, for the measurement of the cell potential. 

Cathodic current collectors consist of a gold (or Crofer 22H) calendered mesh, on which Pt wires 

are welded similarly to those on the anode mesh. 

Current collectors were manufactured by Fiaxell (Switzerland). 
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Gaskets 

 

Gaskets consists of Thermiculite 866LS or Thermiculite CL87, provided by Flexitallic Ltd. (UK), 

hand-cut into frames according to the case dimensions. 

 

4.3.3 Placement and role of components 

 

Steel housing 

 

The bottom of the entire setup is the anodic case. Its first function is to provide fuel gas and 

remove the exhaust by means of the lateral inlet and outlet tubes, respectively, that communicate 

to the cell by means of long cavity machined in both sides of the case. 

The second function is to allow gas sampling from the SOFC anode surface, through a set of 11 

capillary tubes distributed along the entire corresponding SOFC surface. Moreover, localized 

temperature measurement may be achieved by means of thin thermocouples inserted inside the 

capillary tubes, ending in the immediate proximity of the corresponding holes. 

The cathodic case represents the top of the whole setup. Its only scope is to provide oxidant gas 

to the SOFC cathode and remove the exhaust, similarly to its anodic counterpart. Localized gas 

sampling and temperature measurement cannot be performed, since the top of the cathodic case 

must be planar to apply the mechanical load. 

 

Gas distribution plates 

 

Gas distribution plates are positioned inside the cases, into a slot specifically manufactured on 

them. They merge slightly from the surface, to provide contact with SOFCs electrodes. They are 

also equipped with a series of parallel gas channels, in order to realize a homogeneous gas 

distribution along the cell surfaces, that connects two side-pipes, perpendicular to the gas 

channels, for the inlet and the outlet of gases. 

Moreover, the anodic gas distribution plate is equipped with a set of 11 holes for localized gas 

sampling, with a peculiar distribution. This distribution has been designed to cover the most 

important regions of the surface, with the least number of holes. 
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As can be seen in Fig. 4.4, two groups of three holes are distributed along the y and y’ axes, in 

proximity of gas inlets and outlets. In this way, it is possible to analyse the initial and the final 

compositions coming from the anode surface, both from the corners and in the middle. 

Moreover, the gas distribution on the centre of the anode surface is measurable from 5 different 

spots, distributed in an asymmetrical array. 

Along the gas flow direction, the gas composition can be monitored in 5 progressive axial 

locations, resulting in an efficient mapping of surface composition. 

 

 

Figure 4.4. Top view of the anodic case (a) and of the anodic gas distribution plate (b) with 11 sampling ports 

shown. 

 

Finally, a temperature mapping of the surface can be generated positioning a thermocouple in 

proximity of each spot. 

If the surface of both anodic and cathodic gas distribution plates is made perfectly insulating, the 

result is the measurement of electrical properties of the sole cell, avoiding contributions from the 

rest of the setup. 

 

Current collectors 

 

Current collectors are placed between the gas distribution plates and the SOFC cell, in contact 

with its electrodes. They are manufactured to be perfectly flat, ensuring a good contact with cells 

electrodes. They are equipped with a bundle of Pt wires for the collection of the current on one 

side, and a single Pt wire, placed on the opposite side, for the recording of the voltage. In order to 
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avoid gas leakages caused by the roughness coming from the welding spots of the wires, current 

collectors have a length which exceed the housing dimensions, emerging from it on the two sides. 

 

Gaskets 

 

To ensure gas tightness and electrical insulation of each component, a set of 4 Thermiculite 

gaskets, shaped as square frames, are required. 

Three of them have the dimensions of the frame on the case surface (see Figure 4.3.a); the other 

one is cut in the centre in order to perfectly contain the SOFC. 

Two gaskets are placed between the current collectors and the respective steel case, avoiding, at 

the same time, gas leakages from the housing, and electrical contact between current collectors 

and the housing; with this disposition the cell results effectively insulated from the housing. 

The other two gaskets are placed at the cell level. One of them contains the cell, while the other 

one covers the exposed surface of the electrolyte on the cathode side, in order to avoid short 

circuiting between the electrodes. Moreover, these gaskets provide gas tightness at cell level, and 

avoid the contact between the two current collectors. 

 

4.3.4 SOFC Cell Assembly 

 

In this part, the assembly of a SOFC single cell (81 cm
2
 active area) into the novel housing is 

reported. 

 

- Step 1: the anodic steel case is positioned into the furnace, with the gas sampling  

capillary tubes merging from the bottom, outside the furnace. The ends of these capillaries 

are closed by means of valves. On the top of the anodic case, one of the Thermiculite 

gaskets is fixed using a spray glue, and the anodic gas distribution plate is placed into its 

slot (see Figure 4.5.a). 

 

- Step 2:  the anodic current collector is placed on the gas distribution plate, followed by the 

single cell. Two gaskets are placed at this level: one surrounds the cell, and the other one 

is placed on the top of the former, covering the electrolyte exposed on the cathode side, to 

avoid short circuiting of the electrodes (see Figure 4.6.b). 
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- Step 3: cathode current collector is positioned in contact with the SOFCs cathode, rotated 

90° with respect to the anode current collector, to avoid possible short circuit caused by 

the bending of the former on the latter. (See Figure 4.7.c). Meanwhile, the last 

Thermiculite gasket is fixed along the edge of the cathodic case, and the cathodic gas 

distribution plate is paced into its slot (See Figure 4.8.d). 

 

- Step 4: Finally the cathodic case is placed on the top of the current collector, closing the 

setup (Figure 4.9.e). A mechanical load is placed over the setup, and the furnace is 

insulated with alumina bricks (Figure 4.10.f). 

 

 

 

Figure 4.10. Different stages of cell assembly 
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4.4 Single cell test station 

 

In Figure 4.11 the piping and instrumentation diagram of the single cell test station is reported. 

 

 

 

Figure 4.11. Piping and instrumentation diagram of the single cell test bench. 

 

The single cell test bench is equipped with a temperature programmed oven, in which the single 

cell housing is inserted. The eleven sampling capillary tubes merge from the bottom of the 

furnace, and converge to a multi-stage Valco valve, which selectively drives the gas coming from 

a single sampling spot to a Perkin-Elmer Clarus 680 GC gas-chromatograph. In order to reduce 

the pressure drop on the cell, and to avoid the mixing of the gas of different sampling spots, each 

capillary is also equipped with a single valve. A thermocouple (Type K) is inserted inside each 

capillary tube, ending in the immediate proximity of the corresponding holes.  A set of mass flow 

controllers are employed to allow the cell to be fed with H2, CO, CO2, CH4 and N2; the fuel gas 

can be humidified by means of a controlled evaporator mixer and a liquid flow meter. On the 
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cathode side, air is provided by a mass flow controller, and it can be further enriched or depleted 

in its oxygen content by means of dedicated mass flow controllers for N2 and O2. Anode exhaust 

is driven to an hermetic glass container for the water condensation, and the exhaust gas is then 

led to the vent. The cathode exhaust is driven to the vent too. The anode and cathode inlets, and 

the capillary tubes are all trace heated in order to avoid water condensation. The test bench is 

equipped with a Kikusui PLZ664WA electronic load connected in series with a Delta Elektronika 

SM-30-100D power supply to record the polarization curves, measuring the cell potential by 

means of an TTi 1604 digital multimeter, and with a Solartron 1260 Impedance Gain/Phase 

Analyzer module coupled with a Solartron 1287 Electrochemical Interface for the 

electrochemical impedance spectroscopy measurements. 

 

4.5 Preliminary testing procedures 

 

The experimental procedure and the testing conditions for the evaluation of the immediate 

performances of the SOFC samples studied are reported in this section. 

 

4.5.1 Button cells 

 

The button cell samples were heated up to 700° C, with a temperature ramp of 0.5 °C·min
-1

 under 

25 ml·min
-1

·cm
-2

 of N2 to the anode and 50 ml·min
-1

·cm
-2

 of air to the cathode. They were then 

reduced at 700 ºC, progressively changing the flows to 75 ml·min
-1

·cm
-2

 of H2 with 4 mol% 

humidification to the anode and 125 ml·min
-1

·cm
-2

 of air to the cathode. Once the cells were fully 

reduced the first acceptance trials were carried out: considering the cell voltage as previously 

expressed in Equation 2.9, at OCV condition the only contribution to the voltage drop is 

determined by 𝜂𝑙𝑒𝑎𝑘 . If voltage loss was below 5% (Equation 4.1), leakages were considered to 

be negligible and the correspondent cell was valid for further testing. 

 

Δ𝐸𝑁(%) =
𝐸𝑁 ,𝑡𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 −𝐸𝑁 ,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝐸𝑁 ,𝑡𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
· 100        (4.1) 
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In Equation (4.1) ∆EN  denotes the voltage loss due to leakage, EN,theoretical  is the theoretical 

Nernst voltage calculated by means of Equation 2.8 and EN,measured  is the potential 

experimentally measured.  

 

BC Theoretical voltage (mV) Measured voltage (mV) Voltage loss (%) 

01 1115 1080 3.1 

02 1115 1090 2.2 

03 1115 1090 2.2 

04 1115 1080 3.1 

05 1115 1087 2.5 

06 1115 1077 3.4 

 

Table 4.2. Theoretical and measured Nernst potential at 700 ºC along with the voltage loss due to leakage expressed 

as a percentage for the abovementioned gas compositions. 

 

After the reduction procedure, in the same conditions of gas flows and temperature, a polarization 

curve was recorded from OCV condition to the maximum current value at which the voltage of 

the cell was above 600 mV, increasing the current with a step rate of 50 mA·min
-1

. Afterwards, 

an EIS spectrum was recorded in the same conditions, at OCV, from 100 kHz to 10 mHz and 

with an amplitude of 10 mV. 

 

4.5.2 Single cells 

 

The single cell samples were heated up to 700° C, with a temperature ramp of 0.5 °C·min
-1

 under 

6.17 ml·min
-1

·cm
-2

 of N2 to the anode and 6.17 ml·min
-1

·cm
-2

 of air to the cathode. They were 

then reduced at 700 ºC, progressively changing the flows to 13.71 ml·min
-1

·cm
-2

 of H2 to the 

anode and 32.63 ml·min
-1

·cm
-2

 of air to the cathode. The leakage value has been evaluated as 

previously mentioned. 
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SC Theoretical voltage (mV) Measured voltage (mV) Voltage loss (%) 

01 (81 cm
2
) 1230 1144 6.9 

02 (121 cm
2
) 1230 1178 4.2 

 

Table 4.3. Theoretical and measured Nernst potential at 700 ºC along with the leakage value expressed as a 

percentage for the abovementioned gas compositions. 

 

In the case of SC_01 (active area 81 cm
2
) a higher value of leakages was measured. However, for 

the experimental campaign carried out on this cell, described hereafter, this value was still 

considered acceptable. After the reduction procedure, in the same conditions of gas flows and 

temperature, a polarization curve was recorded from OCV condition to the maximum current 

value at which the voltage of the cell was above 600 mV, increasing the current with a step rate 

of 0.1 A·s
-1

. Afterwards, an EIS spectrum was recorded in the same conditions, at OCV, from 

100 kHz to 10 mHz and with an amplitude of 10 mV. 

 

4.6 Button cells testing conditions 

 

The experimental procedure and testing conditions for the identification and estimation of the 

physicochemical processes, for the study of the long-term behaviour of the cells and for the 

investigation of a tar contamination of the fuel on the SOFCs processes are summarized hereafter. 

 

4.6.1 Process identification 

 

In order to ascribe each peak identified from DRT functions to a single physicochemical process, 

and to estimate the values of several parameters contained in the fundamental equations that 

regulate the operation of an SOFC (see Chapter 2), the button cell samples were operated under a 

number of different conditions, varying only one operating parameter at a time: temperature, fuel 

type and gas composition. For each condition, an EIS measurement was recorded, and the DRT 

function was calculated from the experimental data acquired. Tables 4.4, 4.5, 4.6, 4.7. resume all 

the gas compositions tested, expressed in molar fractions, which were undertaken at three 

different temperatures: 650 °C, 675 °C and 700 °C. 

The fuel types tested were H2/H2O, CO/CO2 and syngas mixtures, in order to first identify the 

processes in the simpler gas compositions, where the only expected reaction is the 
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electrochemical conversion of the fuel, and then to study a more complex composition (syngas, 

which contains all the components of the first two gas mixtures) where other processes can occur. 

The total flow at the anode was set to 75 ml·min
-1

·cm
-2

, while the total flow at the cathode side 

was set to 125 ml·min
-1

·cm
-2

. 

In the case of CO/CO2 operation, high molar fractions of CO2 were provided in order to limit the 

occurrence of the carbon deposition phenomenon. 

In the case of syngas operations, gas compositions were chosen in order to be comparable with 

the results obtained from the variations of gas composition performed in the case of H2/H2O and 

in CO/CO2 fuels. Due to the chemical equilibrium related to the Water Gas Shift reaction (WGS),  

a variation of 𝑥𝐻2
implies a variation of 𝑥𝐶𝑂 , while a variation of 𝑥𝐻2𝑂  implies a variation of 𝑥𝐶𝑂2

. 

Hence, molar fractions of H2 and CO and molar fractions of H2O and CO2 were set with the same 

value, and gas flows were slightly adjusted according to the equilibrium constant of the  water 

WGS reaction (see Equation 2.23), for each temperature, in order to realize equilibrium fuel gas 

compositions. Furthermore, the variations of the O2 content at the cathode side were performed 

both in H2/H2O and in CO/CO2 fuels. for simplicity, Table 4.6. reports the syngas compositions 

only for the case at T = 700°C.  

 

T 

650 °C, 675 °C, 

700 °C 

H2 variations H2O variations 

I II III IV V  I II III IV  

Anode gas 

H2 0.10 0.20 0.30 0.40 0.96  0.80 0.80 0.80 0.80  

H2O 0.04 0.04 0.04 0.04 0.04  0.05 0.10 0.15 0.20  

N2 0.86 0.76 0.66 0.56 0.00  0.15 0.10 0.05 0.00  

Cathode 

gas 

O2 0.21 0.21 0.21 0.21 0.21  0.21 0.21 0.21 0.21  

N2 0.79 0.79 0.79 0.79 0.79  0.79 0.79 0.79 0.79  

 

Table 4.4. Test matrix containing the molar fractions of gas species for the DRT analysis under H2 – H2O operation. 
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T 

650 °C, 675 °C, 

700°C 

CO variations CO2 variations 

I II III IV  I II III IV  

Anode gas 

CO 0.10 0.20 0.30 0.40  0.10 0.10 0.10 0.10  

CO2 0.60 0.60 0.60 0.60  0.20 0.30 0.40 0.50  

N2 0.30 0.20 0.10 0.00  0.70 0.60 0.50 0.40  

Cathode gas 

O2 0.21 0.21 0.21 0.21  0.21 0.21 0.21 0.21  

N2 0.79 0.79 0.79 0.79  0.79 0.79 0.79 0.79  

 

Table 4.5. Test matrix containing the molar fractions of gas species for the DRT analysis under CO– CO2 operation. 

 

T 

700°C 

H2 - CO variations H2O - CO2 variations 

I II III IV  I II III IV  

Anode gas 

H2 0.10 0.20 0.30 0.40  0.30 0.30 0.30 0.30  

H2O 0.04 0.04 0.04 0.04  0.05 0.10 0.15 0.20  

CO 0.10 0.20 0.30 0.40  0.19 0.19 0.19 0.19  

CO2 0.06 0.06 0.06 0.06  0.05 0.10 0.15 0.20  

N2 0.70 0.50 0.30 0.10  0.41 0.31 0.21 0.11  

Cathode gas 

O2 0.21 0.21 0.21 0.21  0.21 0.21 0.21 0.21  

N2 0.79 0.79 0.79 0.79  0.79 0.79 0.79 0.79  

 

Table 4.6. Test matrix containing the molar fractions of gas species for the DRT analysis under syngas operation. 

 

 
 O2 variations   

 
O2 variations 

 I II III IV    I II III IV 

Anode gas 

H2  0.96 0.96 0.96 0.96  CO 
 

0.40 0.40 0.40 0.40 

H2O  0.04 0.04 0.04 0.04  CO2 
 

0.60 0.60 0.60 0.60 

N2  0.00 0.00 0.00 0.00  N2 
 0.00 0.00 0.00 0.00 

Cathode gas 

O2  0.04 0.08 0.21 0.50  O2 
 

0.04 0.08 0.21 0.50 

N2  0.96 0.92 0.79 0.50  N2 

 
0.96 0.92 0.79 0.50 

 

Table 4.7. Test matrix containing the molar fractions of gas species for the DRT analysis for oxygen variations. 
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4.6.2. Endurance performance in syngas 

 

A button cell sample was operated at T = 650°C under a constant current density of 0.5 A·cm
-2

 

for 1000 hours, with the aim of evaluating the temporal evolution of the processes determining 

the overall performances and investigate whether the reduced operating temperature could 

compromise the feeding of SOFCs with a syngas. The cell was fed with the syngas composition 

reported in Table 4.8 below, which approximates that obtained from a steam-enriched air 

gasification of biomass. In this case the total flow at the anode was set to 48.4 ml·min
-1

·cm
-2

, 

while the total flow at the cathode side was set to 41.5  ml·min
-1

·cm
-2

, according to FCTSQA 
80

 

standard test modules. 

During the operation, EIS measurements were performed with the same specifications described 

previously (Section 4.5), and the DRT functions were calculated from the imaginary part of the 

experimental spectra. 

 

 Anode gas  Cathode gas 

 H2 H2O CO CO2 N2  O2 N2 

xi 0.25 0.10 0.15 0.14 0.36 
 

0.21 0.79 
 

 

Table 4.8. Molar fractions of the anode and cathode gasses employed for the long-term test under constant current 

density. 

 

4.6.3. Tar contamination  

 

As described in Section 2.3.3, tars are considered one of the most harmful classes of compounds 

for safe operation of SOFCs with syngas produced from gasification of biomass. In order to 

evaluate the effect of a tar contaminant in the fuel stream of an IT-SOFC, a button cell sample 

was employed for tests with tar-contaminated syngas at different concentrations. For this test, 

toluene was chosen as a model tar, being one of the most reactive and concentrated species in tar 

mixtures coming from biomass gasifiers. 

All the compositions tested in this characterization are listed in Table 4.9. All compositions 

reported were tested in succession, in this order. 
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 H2 H2O CO CO2 N2 
Toluene 

(mg·m
-3

) 

Tar A 0.25 0.10 0.15 0.14 0.36 536.5 

Tar B 0.25 0.10 0.15 0.14 0.36 424 

Tar C 0.25 0.10 0.15 0.14 0.36 318.6 

Tar D 0.25 0.10 0.15 0.14 0.36 254.9 

 

Table 4.9. Fuel compositions tested with different toluene concentrations. 

 

Polarization curves and EIS measurements were recorded with the same modality described in 

Section 4.5. 

An endurance test was then performed on the sample exposed to the composition Tar D, and the 

cell was operated with a constant current density of i = 0.4 A·cm
-2

 for up to approximately 150 

hours; during the operation, i-V curves and EIS spectra were collected. 

 

4.7. Single cells testing conditions 

 

In order to investigate the evolution of chemical reactions occurring during the operation of the 

cell, identified with a spatial resolution covering the whole surface of the anode, single cell 

samples were operated in the multi-sampling housing described in Section 4.3, with dry H2 and 

syngas fuels. Detailed spatial mapping of thermo-chemical response of the cells were 

experimentally obtained in-operando, with local measurement of gas compositions and 

temperature, allowed by the novel setup presented previously. The details of these experimental 

campaigns are reported in Sections 4.7.2. and 4.7.3; a preliminary validation of the multi-

sampling set-up was carried out according to the modality described in Section 4.7.1. 

 

4.7.1 Validation of the multi-sampling housing 

 

The innovative set up was tested on 10x10 cm
2
 (active area 81 cm

2
) and 12x12 cm

2
 (active area 

121 cm
2
) intermediate temperature solid oxide fuel cells operating in dry H2 for the validations of 

cell performance. In Table 4.9. and Table 4.10. the flows provided to the 10x10 cm
2
 and 12x12 

cm
2
 cells during the performance evaluation are reported. Air was provided at the cathode side. 
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Anode Flows [ml/min] Percentage [%] 

H2 

N2 

660 

0 

100 

0 

Cathode   

Air 1470 100 

 

Table 4.9. Gas flows for the performance evaluation of the 10x10 cm
2
 cell. 

 

Anode Flows [ml/min] Percentage [%] 

H2 

N2 

986 

0 

100 

0 

Cathode   

Air 2196 100 

 

Table 4.10. Gas flows for the performance evaluation of the 12x12 cm
2
 cell. 

 

The operating temperature was set to 650°C, and a polarization curve was performed as described 

in Section 4.5.2, and compared to the performances obtained from a project partner (CUTEC) on 

similar cell samples. 

 

4.7.2. Hydrogen operation 

 

Temperature and gas sampling analysis were performed in a mixture of dry H2/N2 as reported in 

Tables 4.11 and 4.12 below. Air was provided at the cathode side. The thermo-chemical mapping 

of the tested cells was achieved under two different operating conditions: in OCV condition and 

with a fuel utilization of 40 %. The operating temperature was set to 650°C. 
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Anode Flows [ml/min] Percentage [%] 

H2 

N2 

350 

350 

50 

50 

Cathode   

Air 1500 100 

 

Table 4.11. Gas flows for the temperature and gas sampling of the 10x10 cm
2
 cell, in an H2 - N2 mixture. 

 

Anode Flows [ml/min] Percentage [%] 

H2 

N2 

520 

520 

50 

50 

Cathode   

Air 2240 100 

 

Table 4.12. Gas flows for the temperature and gas sampling of the 12x12 cm
2
 cell, in an H2 - N2 mixture. 

 

For the 10x10 cm
2
 cell (active area 81 cm

2
), the 40 % of fuel utilization corresponded to a current 

of 20 A; for the 12x12 cm
2
 cell (active area 121 cm

2
), the 40 % of fuel utilization corresponded to 

a current of 30 A. 

The current was always increased in steps of 0.1 A·s
-1

; each operating condition was kept for 

3600 s, measuring at the same time the temperature in each sampling spot, by means of a set of 

thermocouples (type K) connected to a data logger acquisition system (Fukuyama 3000), 

acquiring simultaneously the temperature of each thermocouple every 500 msec. After the 

stabilization of conditions, the gas composition in each point was analysed on-line using a Clarus 

680-Perkin Elmer gas chromatographer equipped with specific column for the compounds 

studied (Haysep Q and molecular sieve5A) and  a thermal conductivity detector (TCD). 

Polarization curves were performed as described in Section 4.5.2. 

 

4.7.3. Syngas operation 

 

Temperature and gas sampling analysis were performed in a mixture simulating a syngas 

composition coming from the reforming of natural gas: Tables 4.13 and 4.14. below report the 

flows for the 10 x 10 cm
2
 and for the 12 x 12 cm

2
 cell respectively. Air was provided at the 
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cathode side. The thermo-chemical mapping of the 10 x 10 cm
2 

cell was achieved under two 

different operating conditions: in OCV condition and under a current equivalent to a fuel 

utilization of 40 % (20 A). In the case of the 12 x 12 cm
2
, three different operating conditions 

were tested: OCV, fuel utilization of 20 % (15 A) and fuel utilization of 40 % (30 A). The 

operating temperature was set to 650°C. 

 

Anode Flows [ml/min] Percentage [%] 

H2 

H2O 

CO 

CO2 

CH4 

N2 

105 

116.22 

18 

89 

60 

0 

27 

29.9 

4.7 

23.9 

15.4 

0 

Cathode   

Air 1500 100 

 

Table 4.13. Gas flows for the temperature and gas sampling of the 10x10 cm
2
 cell, in the syngas mixture. 

 

Anode Flows [ml/min] Percentage [%] 

H2 

H2O 

CO 

CO2 

CH4 

N2 

140 

174.33 

23 

133 

90 

0 

24.9 

31.1 

4.1 

23.7 

16.1 

0 

Cathode   

Air 1500 100 

 

Table 4.14. Gas flows for the temperature and gas sampling of the 12x12 cm
2
 cell, in the syngas mixture. 

 

Temperature and gas sampling were realized with the procedure described in Section 4.7.2. 

Polarization curves were performed as described in Section 4.5.2. 
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5. RESULTS AND DISCUSSIONS 

 

In this chapter, the results of the experimental campaign described in Chapter 4 are presented. 

In the first part, the investigation on button cell samples is aimed to identify the physicochemical 

processes driving the operation of intermediate temperature SOFCs fed with a syngas. To achieve 

this result, the distributed relaxation times (DRT) method was performed on the experimental EIS 

spectra obtained from several button cell samples fed with three different fuel mixtures: H2-H2O, 

CO-CO2 and simulated syngas. From the variation of a single operating parameter each time, the 

observed response of DRT peaks was ascribed to different electrochemical processes occurring at 

the anode or at the cathode side, such as charge transfer and mass transport mechanisms. Once 

the characteristic frequencies of each process were identified, an estimation of several operating 

parameters contained in the fundamental relationships described in Chapter 2 was achieved, 

starting from a CNLS fitting of the experimental EIS measurements by means of an ECM model 

based on the results obtained from the DRT plots, as explained in Chapter 3. From the trends of 

the different resistances related to the occurrence of each process with the varying of a single 

operating condition (molar fractions or operating temperature), physical quantities such as 

activation energies and reaction orders were estimated for the operation of the cells with the 

different fuels. 

With the same methodology, the endurance performances of a syngas fed IT-SOFC button cell 

were evaluated, identifying which processes suffered from a pronounced degradation, and 

assigning their behaviour to a particular degradation mechanism, also by means of a post-mortem 

characterization. 

Moreover, the DRT-ECM approach was employed in order to study the detrimental effects of the 

presence of a model tar contaminant (toluene) in the fuel stream of a syngas fed IT-SOFC sample 

on a long run. Again, the results obtained from in-operando EIS measurements were correlated to 

the information obtained from an in depth post-mortem characterization of the cell, and a 

degradation mechanism was hypothesized. 

 

What stated in the first part of the experimental campaign carried out on button cell samples has a 

general validity for what concerns the physicochemical processes occurring in the bulk of the 
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cells. The reduced dimensions of this kind of samples allows to neglect the impact of 

concentration and temperature gradients arising on an SOFC sample of realistic size. 

Nevertheless, SOFC cells can experience significant performance degradation due to the 

concentration gradients over the anode where the evolution of chemical and electrochemical 

processes cause severe variations in the local distribution of chemical species, especially with a 

complex fuel mixture such as a syngas. This may further result in  non-homogeneous distribution 

of the temperature and electrochemical performance, which penalizes the efficiency and 

durability of the fuel cell. 

In the second part of this chapter,  a study of  the anode processes occurring in a Solid Oxide Fuel 

Cell (SOFC) in operative conditions, by means of the innovative, in-house experimental setup 

presented in Chapter 4, is reported. Simultaneous measurement of temperature and gas 

compositions by means of gas chromatography using eleven points of sampling allowed to detect 

the variation of thermal and chemical conditions across the anode surface in steady state and in 

real time. Thus it was possible to investigate the evolution of chemical reactions occurring during 

the operation of the cell, identified with a spatial resolution covering the whole surface of the 

anode, in order to distinguish edge effects from bulk processes. The study was carried out in both 

H2-N2 and reformate fuel mixtures, as described in Chapter 4, highlighting the behaviour of the 

electrochemical oxidation, of water gas shift (WGS) and steam reforming (SR) reactions along 

the anode surface. 

 

5.1. Process identification 

 

The experimental procedure employed for the identification of the different operating processes 

was carried out on 4 distinct IT-SOFC samples; however, the tested samples, described in 

Chapter 4, came from the same batch, and thus they possess similar characteristics. Nevertheless, 

a preliminary performance characterization was performed on each cell, in order to confirm the 

comparability of the tested samples and of the results obtained from the subsequent experiments. 

As depicted in Figure 5.1, the polarization curves (Figure 5.1.a) show that the overall 

performances of the tested cells are nearly identical. Only a slight difference in the polarization 

resistance can be appreciated from the EIS spectra in Figure 5.1.b; nevertheless, the tested 

samples can still be considered comparable for the objectives of the experimental campaign in 
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which they have been employed. The measurements reported in Figure 5.1. were realized in the 

conditions described in Section 4.5.1.  

 

 

Figure 5.1. Polarization curves (a) and EIS spectra (b) of button cell tested samples employed for the process 

characterization experiments. 

 

5.1.1. Fuel comparison 

 

Figure 5.2 reports the comparison between the DRT plots obtained for the three different fuel 

compositions: H2 – H2O, CO – CO2, and syngas, at T = 700 °C and T = 650 °C. 

 

 

 

Figure 5.2. DRT plots with different types of fuel at (a) T = 700°C and (b) T = 650°C. 



78 
 

In all cases, up to six different processes can be recognized. Depending on the fuel type and on 

the operating temperature, the characteristic frequency of each process may result slightly shifted. 

This phenomenon can be related to the effect of a different surface chemistry experienced by the 

anodic processes, as demonstrated in the work of Zhu et al. 
81

: surface adsorbed species introduce 

a storage capacity that manifests itself as a shift of the characteristic frequency of those processes 

that are more influenced by surface chemistry (i.e. gas diffusion). 

When the characteristic frequency of two adjacent processes differs of less than a decade in 

frequency, two peaks may overlap: it is the case of process P3, which is clearly evident in the 

plots obtained at T = 650°C (Figure 5.2.b), but appears convoluted with the process P2 in the 

plots at 700°C (Figure 5.2.a). Furthermore, the process P4 always appears as a principal peak 

falling at its characteristic frequency (c.a 1 Hz), followed by a satellite peak at higher frequency 

(c.a. 10 Hz): the nature of the process represented by this particular feature will be established 

hereafter, along with the nature of the phenomena behind the other DRT peaks. 

 

5.1.2. H2/H2O operation 

 

 

 

Figure 5.3. DRT plots for (a) hydrogen variation and (b) water variation at T = 675°C. 

 

Considering the two high frequency processes P1 and P2 appearing as a single contribution in the 

case of water variation, it can be appreciated how both these contributions are  barely affected by 

a change in the anodic composition, but are indeed influenced by a temperature variation (Figure 
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5.4). These behaviors suggest a fast, thermally activated anodic process underlying in these 

peaks; thus, they can be ascribed to the charge transfer mechanism related to the hydrogen 

electrochemical oxidation occurring at the anode functional layer (AFL), together with the 

oxygen ion transport within the YSZ lattice. This attribution perfectly agrees with other works 

carried out on YSZ based anode supported SOFCs reported in literature from other authors 
64, 65, 

82,83.
 

 

 

 

Figure 5.4. DRT plots for the temperature variation at H2 = 20%. 

 

Peak P3 appears unaffected from a modification of the anodic molar fractions, but shows an 

exponential dependency from the operating temperature, that allows associating this feature to the 

charge transfer mechanism related to the oxygen reduction within the cathode layer 
58, 64, 68

. 

In the low frequency region, two distinct features, one falling at c.a. 1 Hz and the other one 

around 10 Hz have a very similar behaviour when the anodic composition and the operating 

temperature are altered: they both show a prominent dependency to the anodic molar fraction 

variations and they are only marginally influenced by the increase of the temperature. In the EIS 

field, mass transport phenomena are frequently represented by a distributed circuit element, 

known as the Warburg element 
84

. The DRT function calculated for a Warburg impedance 

response results in a principal peak, falling at the characteristic frequency of the process, 

followed by a set of satellite peaks, with decreasing intensity, at higher frequency. Therefore, it is 
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reasonable to ascribe these two peaks to a single mass transport phenomenon (P4) associated with 

the diffusion of gas species through the porosity of the anode supporting layer of the cell 
64, 65, 81, 

83
. It is worth noting that the characteristic frequencies of the aforementioned anodic processes 

observed in this work are shifted to lower frequencies of half of a decade compared to what 

reported by Leonide et al. on another type of cell 
64, 66, 81

. Due to this frequency shift, while in 

literature it is reported that the charge transfer process at the cathode overlaps with the anodic gas 

diffusion process, for all the cells tested in this work, the peak related to the charge transfer 

phenomenon at the cathode side is always comprised between the peak P2 and the satellite peak 

of the process P4. Nevertheless, the peak P3 is observed in a frequency range between 20 Hz and 

100 Hz, in accordance with what observed by other authors for LSCF cathodes 
64, 68

. 

Finally, the process P6 falling at very low frequency is only slightly affected by the temperature, 

and does not change with a change in the anode composition: it can be hypothesized to be the 

contribution of the gas diffusion through the porosity of the cathode layer 
58

. 

These attributions, made on the basis of results obtained for H2 – H2O operation, will be further 

confirmed from the analysis of the DRT spectra for the other two types of fuel studied. 

 

5.1.3. CO/CO2 operation 

 

 

 

Figure 5.5. DRT plots for (a) carbon monoxide variation and (b) carbon dioxide variation at T = 700°C. 

 

Figure 5.5. reports the DRT plots obtained from the cell fed with CO – CO2 mixtures. 
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As for the H2 – H2O fuel, the high frequency processes P1 and P2 show little modification with 

the fuel composition, and an important dependency with the operating temperature, leading to the 

same conclusion that these peaks represent the charge transfer phenomenon at the AFL related to 

the oxidation of CO to CO2 coupled with the ionic transport within the YSZ lattice. Interestingly, 

while the characteristic frequency of the P1 process results nearly the same of that observed for 

this process in the H2 – H2O mixture, the process P2 shifts toward lower frequency, covering 

completely the cathodic process P3. This evidence suggests that, compared to the process P1, the 

process P2 is more influenced by the molecular proprieties of the fuel species; since the ionic 

transport within the YSZ lattice should be, at least in theory, not influenced by the fuel 

proprieties, it can be hypothesized that P1 is related to the ionic transport phenomenon, while the 

process P2 is most likely ascribable to the charge transfer process in the oxidation reaction. Sonn 

et al. reported a DRT analysis carried out on technical Ni-YSZ anodes (half cell). They 

successfully separated the two contributions in the DRT plots related to the electrochemical 

oxidation of H2, ascribing the highest frequency process to the ionic transport within the YSZ 

matrix, and the second one at a lower frequency to the charge transfer mechanism involved in the 

electrochemical oxidation of H2 
83

. Nevertheless, in our case, further and more specific 

investigations are needed to confirm this hypothesis, since both processes are deeply correlated, 

and sometimes convoluted with each other. 

 

 

 

Figure 5.6. DRT plots for the temperature variation at CO2 = 50%. 
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Process P4 confirms its pronounced dependency on the anodic composition, thus validating its 

attribution to the diffusion of the gas species through the anode porosity. Compared with the H2 – 

H2O case, a more pronounced shift in the characteristic frequency of this process occurs when 

CO (or CO2) molar fraction is increased, as a consequence of the influence of surface 

phenomena, that are, in turn, dependent on the nature of the gas species. An analogous 

phenomenon has also been reported in the work of Zhu et al., where the effect of the storage 

capacity arising from surface chemistry equilibriums on the characteristic frequency of the anodic 

processes were investigated by a synergic approach involving DRT methodology and the 

computational modeling of the EIS response of a SOFC, applied to different fuel compositions 
81

. 

As the process P6 is unaltered by a fuel modification, and being a low frequency process, the 

attribution of this feature to the diffusion of gas species within the cathode structure holds. 

 

5.1.4. Syngas operation 

 

 

 

Figure 5.7. DRT plots for (a) H2 and CO variation at T = 700°C and (b) H2O and CO2 variation at T = 675°C.  

 

Figures 5.7.a and 5.7.b report the DRT plots obtained varying the syngas composition at the 

anode side for a fixed temperature, while Figure 5.8 depicts the DRT functions coming from a 

temperature variation at a fixed gas composition.  
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The high frequency processes P1, P2 and P3 (when visible) confirm their previous attribution to 

the anodic ionic transport and charge transfer mechanisms (P1 and P2) and to the charge transfer 

process at the cathode side (P3). Furthermore, the characteristic frequency of the process P2 is 

again influenced by fuel type and composition, as well depicted in Figure 5.7.b. In the case of an 

H2O - CO2 variation, a noteworthy dependency of the peak P2 intensity can also be observed, 

which is typical for mass transport processes: it is reported in literature that the two 

aforementioned anodic processes (P1 and P2) may experiment a mass transport limitation arising 

from an insufficient AFL porosity. However, this contribution is frequently negligible for AFL 

layers thinner than 8 µm, and becomes unimportant during the first 100 hours of cell operation, 

due to the development of an open porosity in the AFL 
76 85

. 

 

 

 

Fig. 5.8. DRT plots the temperature variation at H2 - CO = 30%. 

 

Along with the-low frequency anodic process P4, another feature, namely P5, appears only for 

syngas operation, with a characteristic frequency close to 10
-1

 Hz. Its presence is clearly evident 

when the DRT functions obtained for different fuels are compared (Figure 5.2 Section 5.1.1.  

Fuel comparison). In Figure 5.2.a (and to a lesser extent in Figure 5.2.b) a prominent dependency 

with the syngas composition of this process can be appreciated. Moreover, a reduction in the 

operating temperature does not seem to have a clear effect on the peak intensity. A. Kromp et al. 

66, 86
 investigated the DRT response of their standard anode supported SOFC fed with different 
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syngas compositions. They identified a peak, ranging between 10
-1

 and 10
0 

Hz, that had never 

been observed form previous DRT analyses carried out on the same kind of cell with hydrogen 

fuel. They observed a power law dependency of this process to the gas composition, but it did not 

show a thermally activated behavior. Being also a low frequency process, they ascribed this novel 

DRT feature to the occurrence of the Water Gas Shift (WGS) reaction,  coupled with the gas 

diffusion through the porous anode. As explained by the authors, the external EIS stimulus 

induces the dynamic oxidation of H2, even in OCV conditions, thus affecting the equilibrium of 

the WGS reaction. In analogy with what is reported in literature, in this work the peak P5 is then 

attributed to the WGS equilibrium coupled with a gas phase transport phenomenon. 

Also in the case of syngas operation, the identification of the processes reported in this work is in 

good agreement with the results obtained from other researchers 
66, 79, 86

. 

 

5.1.5 Oxygen variation 

 

 

 

Figure 5.9. DRT plots for the oxygen variation with (a) H2/H2O at T = 650°C and (b) with CO/CO2 variations at T = 

700 °C. 

Figure 5.9. reports the effect of an oxygen variation at the cathode side on the DRT response of a 

button cell sample fed with humidified hydrogen (Figure 5.9.a) or CO/CO2 mixtures (Figure 

5.9.b).  
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Figure 5.10. DRT plots for the temperature variation with O2 8%. 

 

Due to the overlapping of the cathodic process P3 with the anodic process P2 it is hard to evaluate 

the effect of the oxygen variation on this process. Nevertheless, a reduction in its intensity is still 

noticeable, especially from the plot 5.9.b. Moreover, from the Figure 5.9.a, an important 

reduction of the intensity of the peak P6 supports the previous attribution of this process to the 

diffusion process at the cathode side. It is reported in literature 
64, 76

 that significant and coherent 

variations of the cathodic processes are achievable only for very low oxygen content in the 

cathode stream ( < 2%); due to  the limitations related to the bottom scales of the mass flow 

meters employed for the cathode stream, such a low oxygen content was not achievable. 

Nevertheless, the temperature variation reported in Figure 5.10 still confirms that the process P3 

possesses a thermal activation behavior. 

 

5.1.6. Current load variation 

 

When current flows through the cell, it is expected, from the expression of the Butler – Volmer 

equation, that the peaks related to the charge transfer processes (both at the anode and cathode 

side) show a significant variation in their intensity; moreover, the generation of current is related 

to the oxidation of the fuel at the anode side, which causes a reduction in the fuel content and an 
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increase in the product content at the anode, thus affecting the processes associated to the gas 

transport phenomena. 

From EIS measurements carried out at different current densities, when the operating temperature 

and the inlet gas compositions are kept constant, it is possible to estimate the values of the 

forward reaction symmetric factors 𝛼𝑎𝑛𝑜𝑑𝑒  and 𝛼𝑐𝑎𝑡𝑜𝑑𝑒 , evaluating the dependency of the 

charge transfer resistances extrapolated from the EIS spectra with respect to a variation of the 

current density. Unfortunately, in all the measurements carried out under constant current in this 

work, a very poor resolution of the experimental EIS spectra was obtained, as also previously 

demonstrated with the KK-test in Chapter 3. When the experimental points result largely affected 

by noise, the incoherent signals produce scattered points in the EIS spectra, that in turn greatly 

affect the DRT response, which loses its effectiveness. For most of the frequencies investigated, 

when current was drawn from the cell, the DRT plots resulted in confused signals, as depicted in 

Figure 5.11. below. Even though the high frequency peaks related to the anode charge transfer 

mechanism appear well defined, the rest of the signals appear confused, and this hindered the 

reliability of the results obtainable with the CNLS-ECM fitting procedure described in Chapter 3. 

For these reasons, the DRT plots obtained under current are shown only to qualitatively assess 

the effect of a current variation on the charge transfer process at the anode side, and the reader is 

referred to the results achieved from other authors in literature 
82, 87

 for the calculation of the 

forward reaction symmetric factors 𝛼𝑎𝑛𝑜𝑑𝑒  and 𝛼𝑐𝑎𝑡𝑜𝑑𝑒  starting from the dependency of the 

charge transfer resistances with the current density. 
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Fig. 5.11. DRT plots for the current variation with H2 40% at T = 700 °C. a) From OCV to 300 mA; b) from 400 mA 

to 1000 mA. 

 

Observing the two plots reported in Figure 5.11.a and 5.11.b., an increase in the current drawn 

from the cell correspond to a decrease in the intensity, and a slight shift towards lower frequency 

of the high frequency process related to charge transfer mechanism at the anode side reflecting 

the behavior suggested from the Butler – Volmer equation. Except for an initial reduction of the 

intensity of the process P4, the signals appearing blow 300 Hz (masked by a red box in the plots) 

were too incoherent to allow further analysis. 

 

5.1.7. Resume of the identified processes 

 

From the investigation reported in this chapter, up to six different processes were identified from 

the DRT plots. Depending on the fuel typology and operating temperature, some processes may 

overlap with each other or, as for the case of the process P5, are peculiar for a precise operating 

condition. 

Nevertheless, a brief summary of the results of the process identification campaign is addressed 

hereafter. 

 

The high frequency processes P1 and P2 show a prominent dependency on the operating 

temperature; furthermore, the process P2 is also sensitive to a variation of the fuel composition. 

Together with their high characteristic frequencies, they have been both ascribed to the 
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electrochemical oxidation of the fuel occurring at the anode side. In particular, the process P1, is 

related to the transport of O
2-

 ions within the YSZ matrix of the anode functional layer. The 

process P2 is in turn identified with the charge transfer mechanism of the electrochemical 

oxidation of the fuel occurring within the anode functional layer, in the three phase boundary 

(TPB) region. 

Even though the process P3 resulted often convoluted with the anodic process P2, its dependency 

with the operating temperature suggests a thermal activation behavior; being unaffected by 

anodic fuel type and composition, and slightly influenced by the O2 content in the oxidant stream, 

it has been ascribed to the charge transfer mechanism for the reduction of O2 to O
2-

 at the cathode 

side. 

The particular shape of the DRT feature related to the process P4, consisting of a principal peak at 

the characteristic frequency followed by a smaller feature at higher frequency, is the typical 

response of a Warburg element in the DRT plots. The evident dependency on the composition of 

the fuel gas and the relatively low or null sensibility to a temperature variation suggest that this 

process is associated to a mass transport phenomenon, or rather to the gas diffusion through the 

open porosity of the anode substrate. 

The process P5 appears only when the sample is fed with a syngas mixture. It is clearly affected 

by a change in the molar fractions of the fuel, and barely influenced by a temperature variation: it 

has been thus attributed to the water gas shift reaction (WGS).  

Finally, the process P6 in the lowest frequency region can be associated to the diffusion of the 

cathodic gas in the MIEC porous structure. Even if the quality of the EIS measurements in this 

region is lower than in the high frequency region, especially when H2O is present in the fuel 

stream, it can still be appreciated how this feature is dependent on the oxygen partial pressure in 

the cathode whilst the temperature has a minor impact. The small intensity of these contributions 

can be explained by the slimness of the cathode layer of the tested anode-supported cells (ASC). 

 

5.2. Estimation of operating parameters 

 

As explained in Chapter 3, from the synergic approach of DRT methodology coupled with a 

CNLS fitting of the experimental EIS spectra with an ECM, it is possible to extrapolate the 

values of the resistances related to the different processes identified in the DRT plots. The trends 

of these resistances with respect to the varying of a single operating condition (molar fractions, 
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cell temperature) are in turn related to the fundamental equations governing the mechanisms of 

an SOFC, such as the Butler – Volmer equation or Fick’s laws for gas diffusion. 

By means of this experimental approach, physical quantities such as activation energies and 

reaction orders can be extracted directly from EIS measurements coming from the SOFC samples 

in-operando conditions. 

The following Sections report the calculations performed to obtain these parameters, starting 

from the dependencies of the single process resistances obtained from the CNLS fitting of EIS 

measurements, for each condition studied in this work. 

Recalling all the considerations proposed for the DRT spectra analysis, about the number and the 

nature of the identified processes, the ECM reported in Figure 5.12. below was employed for the 

fitting of the experimental spectra. 

The electrical resistance of the cell encompasses the electronic and ionic resistances of all the 

layers composing the SOFC. R0 is the Ohmic resistance of the cell, which can be regarded as a 

sum of the different electronic and ionic resistances within the cell connected in series. However, 

the major contribution to R0 is given by the conductivity of the electrolyte layer, being several 

orders of magnitude smaller than that of the electrodes. 

As explained in Chapter 3, an RC element is generally employed to model the EIS response of a 

charge transfer occurring at an interface. Furthermore, when the process takes place in non-ideal 

conditions (distributed surface reactivity, surface in homogeneity, roughness or fractal geometry), 

a constant phase element (CPE) is generally preferred over the capacitor for fitting purposes as it 

can represent the deviation from a pure capacitance of the EIS response by means of an 

exponential factor, n, with 0 ≤ n ≤ 1 
73

. For these reasons, the anodic processes P1 and P2, and the 

cathodic process P3 are represented in the ECM with a parallel of a resistance Ri and a constant 

phase element CPEi. 

The diffusion of gaseous species in a solid porous structure is generally modelled by a Finite-

length Warburg (FLW) diffusion impedance 
75

. Thus, in the ECM W4_annode and W6_cathode are the 

Finite Length Warburg elements representing the gas diffusion through the anode and cathode  

porous matrix, respectively (processes P4 and P6). It is worth underlining that in most cases, 

especially when normal air or O2 enriched air is fed to the cathode side, the contribution of the 

process P6 is generally small or overlapped by other contributions: in these cases, the impedance 

of the process P6 has been neglected. 
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For what concerns the process related to the water gas shift reaction (P5), occurring only when the 

cell is operated with a syngas fuel, it is reported in other studies that the gas conversion nature of 

this process is predominant as compared to the gas diffusion behaviour 
66, 79

: for fitting purposes, 

better results are then obtained with a generic R-CPE parallel rather than a distributed element, 

and thus, in the ECM employed in these analyses, such a circuit element has been adopted to 

model the response of the process P5. 

Finally, an inductive element L0 is present to consider the high frequency inductive impedance 

introduced by instrumental electric artefacts. 

 

 

 

Figure 5.12. Complete ECM employed for the analysis of the EIS spectra. The R-CPE parallel for the water gas shift 

reaction was employed only for the spectra obtained with a syngas fuel. 

 

The ECM model in Figure 5.12 has the advantage to be generated directly from the information 

about the number and the nature of the processes obtained from the DRT methodology, that are in 

turn based on the experimental response of the cell to different operating conditions. This means 

that this ECM model is supported by experimental evidences, without any a priori assumptions. 

 

5.2.1. H2/H2O operation 

 

Reaction orders 

 

The following dissertation concerns the anode processes of a button cell sample fed with 

humidified hydrogen. An analogous methodology can be applied also to the processes occurring 

at the cathode side: however, a better estimation of the cathodic processes P3 was obtained in the 

case of CO/CO2 fuel, and it will be presented in Section 5.2.2. 

 

The Butler - Volmer equation (described in Chapter 2), can be redefined as an infinite sum of 

terms (known as Taylor series) describing the relationship between current and overpotential as 

follows: 
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For very small overpotentials a first-order approximation can be made with a negligible error, 

producing a linear relationship between the activation overpotential and the current density. As 

the EIS measurements have been carried out under OCV conditions with a small excitation signal 

(ΔV = 10 mV), the abovementioned condition is valid and Equation 5.1 becomes: 

 

𝑖 ≈ 𝑖0
𝑛𝑒𝐹𝜂𝑎𝑐𝑡

𝑅𝑇
            (5.2) 

  

Expressing the anode’s local exchange transfer current density with respect to the molar fractions 

of H2 and H2O in the bulk of the anode (Equation 2.11), considering that two electrons take part 

in the electrochemical reaction per mole of H2 reacted (𝑛𝑒  = 2) and differentiating the anode 

activation overpotential with respect to the current density in Equation 5.2, the resistance to the 

charge transfer mechanism can be written as follows:  

 

𝑅𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒 =
𝑅𝑇

2𝐹𝑖0,𝑎𝑛𝑜𝑑𝑒
𝑝𝑟𝑒

 𝑥𝐻2,𝑏𝑢𝑙𝑘  
𝛾𝐻2 𝑥𝐻2𝑂 ,𝑏𝑢𝑙𝑘  

𝛾𝐻2𝑂 𝑒𝑥𝑝  −
𝐸𝑎𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒

𝑅𝑇
 
     (5.3) 

 

By applying logarithms to both sides, Eq. (x.x) becomes: 

 

log(𝑅𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒 ) = log  
𝑅𝑇

2𝐹𝑖
0,𝑎𝑛𝑜𝑑𝑒
𝑝𝑟𝑒

 𝑥𝐻2𝑂 ,𝑏𝑢𝑙𝑘  
𝛾𝐻2𝑂 𝑒𝑥𝑝  −

𝐸𝑎𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒
𝑅𝑇

 
 − 𝛾𝐻2

· log 𝑥𝐻2 ,𝑏𝑢𝑙𝑘    (5.4) 

 

Or: 

 

log(𝑅𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒 ) = log  
𝑅𝑇

2𝐹𝑖
0,𝑎𝑛𝑜𝑑𝑒
𝑝𝑟𝑒

 𝑥𝐻2,𝑏𝑢𝑙𝑘  
𝛾𝐻2𝑒𝑥𝑝  −

𝐸𝑎𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒
𝑅𝑇

 
 − 𝛾𝐻2𝑂 · log 𝑥𝐻2𝑂,𝑏𝑢𝑙𝑘    (5.5) 
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From the CNLS fitting of the EIS measurements obtained varying the molar fraction of H2 (or the 

molar fraction of H2O), 𝑅𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒 can be obtained as the sum of 𝑅1_𝑎𝑛𝑜𝑑𝑒  and 𝑅2_𝑎𝑛𝑜𝑑𝑒 , since the 

processes P1 and P2 are both related to the oxidation reaction of the fuel, as previously explained. 

 

𝑅𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒 = 𝑅1_𝑎𝑛𝑜𝑑𝑒 + 𝑅2_𝑎𝑛𝑜𝑑𝑒          (5.6) 

 

If 𝑅𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒  is plotted against 𝑥𝐻2
 in a log-log plot, with 𝑥𝐻2𝑂 kept constant (or against 𝑥𝐻2𝑂 with 

𝑥𝐻2
constant), the reaction orders 𝛾𝐻2

or 𝛾𝐻2𝑂 can be obtained from the slope of the regression line 

correlating the experimental values of 𝑅𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒  with the variation of the respective molar 

fractions. 

Figure 5.13. and 5.14 depict the log-log- plots of 𝑅𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒  vs 𝑥𝐻2
and 𝑥𝐻2𝑂  respectively 

 

 

 

Figure 5.13. Charge transfer resistance in the anode as a function of the hydrogen molar fraction at 700, 675 and 

650ºC. 

 



93 
 

 

 

Figure 5.14. Charge transfer resistance in the anode as a function of the water molar fraction at 700, 675 and 

650ºC. 

 

The mean values obtained for the reaction orders are 𝛾𝐻2
= −0.11 and 𝛾𝐻2𝑂 = 0.042. While for 

the reaction order of H2 the value obtained in this work agrees with what reported in literature 
64

, 

65, 66
, a very small value of the reaction order of H2O was obtained, compared to what was found 

by other authors (𝛾𝐻2𝑂 = 0.33 
76, 82

). However, observing the DRT plots for  water variation 

reported in Section 5.1.2 (Figure 5.3.b), the intensity of the high frequency peaks related to the 

charge transfer mechanism results barely affected from a change in the water content; hence, the 

small value of 𝛾𝐻2𝑂  obtained from the CNLS/ECM fitting procedure coherently reflects the 

experimental observations. 

 

Activation energy and pre-exponential factor 

 

The activation energy associated to charge transfer mechanisms in the anode and the pre-

exponential factor can be estimated employing Equation 5.3, by normalizing both sides as a 

function of temperature and applying natural logarithms: 
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ln  
𝑅𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒

𝑇
 = ln  

𝑅

2𝐹𝑖
0,𝑎𝑛𝑜𝑑𝑒
𝑝𝑟𝑒

 𝑥𝐻2,𝑏𝑢𝑙𝑘  
𝛾𝐻2 𝑥𝐻2𝑂 ,𝑏𝑢𝑙𝑘  

𝛾𝐻2𝑂  +
𝐸𝑎𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒

𝑅𝑇
    (5.7) 

 

The experimental data obtained from the tests carried out under diverse molar fractions of 

hydrogen and steam at different temperatures can be plotted in the following way: 1000/T vs. 

ln  
𝑅𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒

𝑇
 . In this case, the regression line can be expressed in the following terms: 

 

 ln  
𝑅𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒

𝑇
  

𝑓𝑖𝑡
= 𝑎0 + 𝑎1

1000

𝑇
         (5.8) 

 

where 𝑎0 and 𝑎1 are constants (intercept and gradient respectively). 

 

For a temperature variation, the molar fractions are kept constants. It can be easily demonstrated, 

by simply comparing Equation 5.7 with Equation 5.8, that the activation energy is related to the 

slope of the linear regression, while the pre-exponential factor can be calculated from its intercept 

by means of Equations 5.9. and 5.10. below: 

 

𝑎1 =
𝐸𝑎𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒

1000·𝑅
              (5.9) 

 

𝑎0 = ln  
𝑅

2𝐹𝑖0,𝑎𝑛𝑜𝑑𝑒
𝑝𝑟𝑒

 𝑥𝐻2,𝑏𝑢𝑙𝑘  
𝛾𝐻2 𝑥𝐻2𝑂 ,𝑏𝑢𝑙𝑘  

𝛾𝐻2𝑂        (5.10) 

 

Figure 5.15. depicts the trend of the anode charge transfer resistance with respect to the operating 

temperature, at different fixed hydrogen molar fractions. 
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Figure 5.15. Charge transfer resistance in the anode as a function of the temperature for different hydrogen molar 

fractions. 

 

From calculations performed as explained above, a mean value for the activation energy of the 

charge transfer mechanism for the hydrogen oxidation reaction of 𝐸𝑎𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒 = 83.43 𝑘𝐽 ∙ 𝑚𝑜𝑙−1 

is obtained. Other authors employing the same DRT-CNLS fitting approach to the response of 

technical Ni-8YSZ anodes on a standard SOFC cell reports a value of 𝐸𝑎𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒 = 105 𝑘𝐽 ∙

𝑚𝑜𝑙−1  
76, 82

; the value obtained for the IT-SOFC samples tested in this work results still 

consistent with literature data. 

Considering the pre-exponential factor, a mean value of 𝑖0,𝑎𝑛𝑜𝑑𝑒
𝑝𝑟𝑒 = 4.515 ∙ 106  𝐴 ∙ 𝑐𝑚−2 is 

found; literature data shows that the exchange transfer current density pre-exponential factor can 

vary up to several orders of magnitude, from 10
4 

to 10
8
 A·cm

-2 88,
 
89

. Other authors employing a 

similar DRT-CNLS fitting approach to the experimental data, report a value of 𝑖0,𝑎𝑛𝑜𝑑𝑒
𝑝𝑟𝑒 = 1.8 ∙

105  𝐴 ∙ 𝑐𝑚−2, calculated at T = 700 °C 
82

. 
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Diffusion coefficients 

 

Starting from the expression of the diffusion polarization losses presented in Chapter 2, and 

analyzing the dependency of the resistance related to the gas diffusion within the porous structure 

of the anode (and cathode) with respect to a variation of the molar fractions, from the DRT-

CNLS fitting approach it is possible to estimate the values of the effective diffusion coefficients 

𝐷𝑖
𝑒𝑓𝑓

, that reflect the impact of structural parameters like the porosity and the tortuosity of the 

electrodes, as well as the effects of the Knudsen diffusion. 

 

Recalling the concentration overpotential expression, based on the Nernst equation: 

 

𝜂𝑐𝑜𝑛𝑐 ,𝑎𝑛𝑜𝑑𝑒 =  
𝑅𝑇

2𝐹
ln  

𝑝𝐻2𝑂𝑎𝑛𝑜𝑑𝑒
𝑇𝑃𝐵 ∙𝑝𝐻2,𝑎𝑛𝑜𝑑𝑒

𝑝𝐻2𝑂𝑎𝑛𝑜𝑑𝑒 ∙ 𝑝𝐻2,𝑎𝑛𝑜𝑑𝑒
𝑇𝑃𝐵          (5.11) 

 

𝜂𝑐𝑜𝑛𝑐 ,𝑐𝑎𝑡𝑜𝑑𝑒 =  
𝑅𝑇

4𝐹
ln  

𝑝𝑂2,𝑐𝑎𝑡 𝑜𝑑𝑒

𝑝𝑂2,𝑐𝑎𝑡 𝑜𝑑𝑒
𝑇𝑃𝐵           (5.12) 

 

The partial pressures of the gas species at the three phase boundary can be expressed as a 

function of the current density. The way in which they are expressed strongly depends on the 

model chosen to describe the mass transport phenomena. In the SOFC fields, the most renowned 

are the Fick, the Stephan-Maxwell and the dusty gas models 
90

. 

The Fick model is the simplest one, and it is a good model for the description of mass transport 

phenomena of binary and ternary gas mixtures in a porous matrix. Since the tested sample was 

fed with a ternary mixture of H2/H2O balanced with N2, Fick’s model will be employed in this 

discussion. 

For a binary gas mixture, by applying Fick’s first law and considering that the amount of current 

generated in the TPB is governed by the rate of gas species diffusing into the porous anode, the 

following equation can be written: 

 

 𝑑𝑥𝑖

𝑑𝑧
 
𝑧=𝑙𝑎

= −
𝑅𝑇

2𝐹𝐷
𝑖 ,𝐵
𝑒𝑓𝑓

𝑃
∙ 𝑗          (5.13) 
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Where 𝑥𝑖  is the molar fraction of the fuel specie, 𝑃 is the operating pressure, 𝑗 is the current 

density, 𝑙𝑎  is the anode thickness and 𝐷𝑖 ,𝐵
𝑒𝑓𝑓

 is the effective diffusion coefficient of the species i in  

a binary gas system. 

The effective diffusion coefficient generally depends on both the effective molecular diffusion 

and the effective Knudsen diffusion coefficients as follows: 

 

𝐷𝑖
𝑒𝑓𝑓

=  
1

𝐷
𝑖 ,𝑗
𝑒𝑓𝑓 +

1

𝐷
𝑖 ,𝐾𝑛𝑢𝑑𝑠𝑒𝑛
𝑒𝑓𝑓  

−1

         (5.14) 

 

while 𝐷𝑖 ,𝑗
𝑒𝑓𝑓

  and 𝐷𝑖 ,𝐾𝑛𝑢𝑑𝑠𝑒𝑛
𝑒𝑓𝑓

 depend in turn on the microstructure of the porous anode (porosity, 

tortuosity, particle size) and on the operating conditions (temperature and pressure). 

Applying the Neuman boundary condition ( 𝑧 = 𝑙𝑎 ) and the Dirichlet boundary condition 

( 𝑥𝑖  𝑧=0 = 𝑥𝑖 ,𝑏𝑢𝑙𝑘 ) Equation 5.13. becomes: 

 

𝑥𝑖 = 𝑥𝑖 ,𝑏𝑢𝑙𝑘 −
𝑅𝑇𝑙𝑎

2𝐹𝐷
𝑖 ,𝐵
𝑒𝑓𝑓

𝑃
∙ 𝑗          (5.15) 

 

In the case of a ternary gas system, such as the H2/H2O/N2 mixtures studied in this work, the 

previous equation becomes: 

𝑥𝑖 = 𝑥𝑖 ,𝑏𝑢𝑙𝑘 −
𝑅𝑇𝑙𝑎

2𝐹𝐷
𝑖 ,𝑇
𝑒𝑓𝑓

𝑃
∙ 𝑗          (5.16) 

 

Where 𝐷𝑖 ,𝑇
𝑒𝑓𝑓

 is the ternary effective diffusion coefficient, and it assumes the following form: 

 

𝐷𝑖 ,𝑇
𝑒𝑓𝑓

=
1

 1 𝐷
𝑖 ,𝐾𝑛𝑢𝑑𝑠𝑒𝑛
𝑒𝑓𝑓

  + 1 𝐷
𝑖 ,𝑁2

𝑒𝑓𝑓
  +  1 𝐷

𝑖 ,𝑗
𝑒𝑓𝑓

  − 1 𝐷
𝑖 ,𝑁2

𝑒𝑓𝑓
    1−𝑥𝑁2 

      (5.17) 

 

Substituting the expressions of 𝑥𝑖  into the expression of the anode concentration overpotential, it 

becomes, for binary systems: 
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𝜂𝑐𝑜𝑛𝑐 ,𝐵 = −
𝑅𝑇

2𝐹
𝑙𝑛

 
 
 

 
  𝑥𝑖 ,𝑏𝑢𝑙𝑘 − 

𝑅𝑇 𝑙𝑎

2𝐹𝐷
𝑖 ,𝐵
𝑒𝑓𝑓

𝑃
 ∙𝑗   1−𝑥𝑖 ,𝑏𝑢𝑙𝑘  

𝑥𝑖 ,𝑏𝑢𝑙𝑘  1+ 
𝑅𝑇 𝑙𝑎

2𝐹𝐷
𝑖 ,𝐵
𝑒𝑓𝑓

𝑃
 ∙𝑗−𝑥𝑖 ,𝑏𝑢𝑙𝑘  

 
 
 

 
 

       (5.18) 

 

And for ternary systems: 

 

𝜂𝑐𝑜𝑛𝑐 ,𝑇 = −
𝑅𝑇

2𝐹
𝑙𝑛

 
 
 

 
  𝑥𝑖 ,𝑏𝑢𝑙𝑘 − 

𝑅𝑇 𝑙𝑎

2𝐹𝐷
𝑖 ,𝑇
𝑒𝑓𝑓

𝑃
 ∙𝑗   1−𝑥𝑖 ,𝑏𝑢𝑙𝑘 −𝑥𝑁2,𝑏𝑢𝑙𝑘  

𝑥𝑖 ,𝑏𝑢𝑙𝑘  1+ 
𝑅𝑇 𝑙𝑎

2𝐹𝐷
𝑖 ,𝑇
𝑒𝑓𝑓

𝑃
 ∙𝑗−𝑥𝑖 ,𝑏𝑢𝑙𝑘 − 𝑥𝑁2,𝑏𝑢𝑙𝑘  

 
 
 

 
 

      (5.19) 

 

If the expressions of the concentration overpotential are differentiated with respect to the current 

density, and calculated in OCV conditions (j = 0) the following two expressions of the resistances 

related to the diffusion of gas species in the porous matrix of the anode arise: 

 

𝑅𝑑𝑖𝑓𝑓 ,𝑎𝑛𝑜𝑑𝑒 ,𝐵,𝑖 =  
𝑅𝑇

2𝐹
 

2 𝑙𝑎𝑛𝑜𝑑𝑒

𝑃

1

𝐷
𝑖 ,𝐵
𝑒𝑓𝑓  

1

1−𝑥𝑖 ,𝑏𝑢𝑙𝑘
         (5.20) 

 

𝑅𝑑𝑖𝑓𝑓 ,𝑎𝑛𝑜𝑑 𝑒 ,𝑇,𝑖 =  
𝑅𝑇

2𝐹
 

2 𝑙𝑎𝑛𝑜𝑑𝑒

𝑃

1

𝐷
𝑖 ,𝑇
𝑒𝑓𝑓  

1

1−𝑥𝑖 ,𝑏𝑢𝑙𝑘 −𝑥𝑁2,𝑏𝑢𝑙𝑘
       (5.21) 

 

Analogously, an expression for the resistances related to the diffusion of gas species in the porous 

matrix of the cathode can be written, considering that only binary mixtures are generally fed to 

the cathode (air): 

 

𝑅𝑑𝑖𝑓𝑓 ,𝑐𝑎𝑡𝑜𝑑𝑒 ,𝐵,𝑖 =  
𝑅𝑇

4𝐹
 

2 𝑙𝑎𝑛𝑜𝑑𝑒

𝑃

1

𝐷
𝑖 ,𝐵
𝑒𝑓𝑓  

1

𝑥𝑖 ,𝑏𝑢𝑙𝑘
         (5.22) 

 

The values of 𝑅𝑑𝑖𝑓𝑓 ,𝑎𝑛𝑜𝑑𝑒  and 𝑅𝑑𝑖𝑓𝑓 ,𝑐𝑎𝑡𝑜𝑑𝑒  correspond to the real part of the impedance related 

to the Warburg elements employed in the CNLS fitting of the experimental EIS spectra. 

In Figure 5.16 and 5.17 below, the values of 𝑅𝑑𝑖𝑓𝑓 ,𝑎𝑛𝑜𝑑𝑒  extracted from the CNLS fitting of the 

EIS spectra are reported as a function of the molar fraction of hydrogen and steam, respectively. 



99 
 

The dashed lines represent the results of the fitting of the experimental values with a model 

curve. For the variation of the hydrogen molar fractions, a modest value of r
2
 was obtained from 

the fitting procedure (r
2 

= 0.7), while in the case of  water variation, a very high value of r
2
 was 

achieved for each fitting attempt (r
2
 = 0.96). 

Considering the results coming from all the experimental data, a mean value for the ternary 

effective diffusion coefficients of 𝐷𝐻2 ,𝑇
𝑒𝑓𝑓

= 4.58 ∙ 10−5𝑚2𝑠−1  and 𝐷𝐻2𝑂 ,𝑇
𝑒𝑓𝑓

= 1.63 ∙

10−4𝑚2𝑠−1were obtained, that are consistent with what was reported by other authors employing 

the same methodology 
64, 76

. 

 

 

 

Figure 5.16. Gas diffusion resistance in the anode as a function of the hydrogen molar fraction, at 700 °C, 675 °C 

and 650 °C. 

 



100 
 

 

 

Figure 5.17. Gas diffusion resistance in the anode as a function of the water molar fraction, at 700 °C, 675 °C and 

650 °C. 

 

Regarding the effective diffusion coefficient at the cathode side, it was previously explained that 

the contribution of the diffusion of the gas species through the cathode porosity results extremely 

hard to be estimated, if the oxygen partial pressure is not reduced to very low values; 

unfortunately, as explained in Section 5.1.5. due to  the limitations related to the bottom scales of 

the mass flow meters employed for the cathode stream, low oxygen content was not achievable. 

Nevertheless an attempt to estimate a value for 𝐷𝑂2 ,𝐵
𝑒𝑓𝑓

 was still performed; Figure 5.18. below 

reports the values of 𝑅𝑑𝑖𝑓𝑓 ,𝑐𝑎𝑡𝑜𝑑𝑒   resulting from the CNLS fitting for the oxygen variation at the 

cathode side. 
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Figure 5.18.  Gas diffusion resistance in the cathode as a function of the oxygen molar fraction at 700 °C, 675 °C 

and 650 °C. 

 

Even though the errors associated with the estimation of the diffusion resistance obtained from 

the CNLS fitting with the ECM model results in some cases high, the fitting of the trend of the 

values with the model curve gave good results, with a mean value of r
2
 = 0.95. 

From the fitting, a mean value of 𝐷𝑂2 ,𝐵
𝑒𝑓𝑓

= 4.07 ∙ 10−6𝑚2𝑠−1  was calculated, again in good 

agreement with what is stated in literature 
64, 76

. 

 

5.2.2. CO/CO2 operation 

 

In this Section, the estimation of the same parameters obtained for the H2/H2O case is addressed 

in the case of the CO/CO2 fuel. Similar considerations and equations were employed also in this 

case; for the sake of simplicity, the mathematical derivations behind the extrapolation of these 

physical quantities will be omitted, being analogous to that presented in Section 5.2.1. 
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Nevertheless, as previously mentioned in Section 5.2.1, the process P3, related to charge transfer 

processes at the cathode side, resulted more clearly estimable in this case, thus making it possible 

to calculate both the reaction order and the activation energy for the charge transfer mechanism 

associated with the electrochemical reduction of the oxygen at the cathode. For this reason, the 

equations related to the calculation of these two parameters will be reported. 

Since the process at the cathode side should not be affected by the fuel typology fed at the anode, 

the results obtained from the oxygen variation carried out on the sample fed with the CO/CO2 

mixture are valid also for the H2/H2O and syngas mixtures. 

 

Reaction orders 

 

The dependency of the charge transfer resistance at the anode side to the molar fractions of CO 

and CO2 are expressed by Equation 5.23 and Equation 5.24. 

 

log(𝑅𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒 ) = log  
𝑅𝑇

2𝐹𝑖0,𝑎𝑛𝑜𝑑𝑒
𝑝𝑟𝑒

 𝑥𝐶𝑂 2,𝑏𝑢𝑙𝑘  
𝛾𝐶𝑂 2𝑒𝑥𝑝  −

𝐸𝑎𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒
𝑅𝑇

 
 − 𝛾𝐶𝑂 · log 𝑥𝐶𝑂,𝑏𝑢𝑙𝑘    (5.23) 

 

log(𝑅𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒 ) = log  
𝑅𝑇

2𝐹𝑖0,𝑎𝑛𝑜𝑑𝑒
𝑝𝑟𝑒

 𝑥𝐶𝑂 ,𝑏𝑢𝑙𝑘  
𝛾𝐶𝑂 𝑒𝑥𝑝  −

𝐸𝑎𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒
𝑅𝑇

 
 − 𝛾𝐶𝑂2

· log 𝑥𝐶𝑂2 ,𝑏𝑢𝑙𝑘    (5.24) 

 

In Figure 5.19 and 5.20 below, there are reported the experimental values of 𝑅𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒  as a 

function of CO and CO2 molar fractions, respectively, in  log-log plots. 
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Figure 5.19. Charge transfer resistance in the anode as a function of the carbon monoxide molar fraction at 700 °C, 

675 °C and 650 ºC. 

 

 

 

Figure 5.20. Charge transfer resistance in the anode as a function of the carbon dioxide molar fraction at 700 °C, 

675 °C and 650 ºC. 
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In analogy with the calculations reported for the case of H2/H2O fuel, from the slope of the 

regression lines of the plots 𝑅𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒  vs 𝑥𝐶𝑂  and 𝑅𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒  vs 𝑥𝐶𝑂2
, values of 𝛾𝐶𝑂 =  −0.13 and 

𝛾𝐶𝑂2
=  −0.22  were obtained. Leonide et al. report, for a standard SOFC comprised of a  

technical Ni-YSZ anode and LSCF cathode and fed with CO/CO2, 𝛾𝐶𝑂 =  −0.059 and 𝛾𝐶𝑂2
=

 −0.25 
87

. 

 

For what concerns the reaction order for the cathode semi-reaction, the resistance associated to 

the charge transfer in the SOFC cathode is expressed analogously to that of the anode, 

differentiating the cathode activation overpotential with respect to the current density. 

 

𝑅𝑐𝑡 ,𝑐𝑎𝑡𝑜𝑑𝑒 =
𝑅𝑇

2𝐹𝑖0,𝑐𝑎𝑡 𝑜𝑑𝑒
𝑝𝑟𝑒

 𝑥𝑂2,𝑏𝑢𝑙𝑘  
𝛾𝑂2 𝑒𝑥𝑝  −

𝐸𝑎𝑐𝑡 ,𝑐𝑎𝑡 𝑜𝑑𝑒
𝑅𝑇

 
      (5.25) 

 

The reaction order of the oxygen (𝛾𝑂2
) can be estimated from the experimental results by 

applying logarithms to both sides of the preceding equation and expressing the new equation in 

terms of a first-order polynomial where 𝛾𝑂2
 represent the slope of the line. 

 

𝑙𝑜𝑔 𝑅𝑐𝑡 ,𝑐𝑎𝑡𝑜𝑑𝑒  = 𝑙𝑜𝑔  
𝑅𝑇

2𝐹𝑖0,𝑐𝑎𝑡 𝑜𝑑𝑒
𝑝𝑟𝑒

𝑒𝑥𝑝  −
𝐸𝑎𝑐𝑡 ,𝑐𝑎𝑡 𝑜𝑑𝑒

𝑅𝑇
 
 − 𝛾𝑂2

𝑙𝑜𝑔 𝑥𝑂2,𝑏𝑢𝑙𝑘
     (5.26) 

 

Figure 5.21 reports the log-log plot 𝑅𝑐𝑡 ,𝑐𝑎𝑡𝑜𝑑𝑒  as a function of 𝑥𝑂2,
. 
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Figure 5.21. Charge transfer resistance in the cathode as a function of the oxygen molar fraction at 700 °C, 675 °C 

and 650 ºC. 

 

From the slope of the linear regressions, a mean value of 𝛾𝑂2
= 0.29  was calculated. Other 

authors report a value of 0.22 for an LSCF cathode 
82

. 

 

Activation energy and pre-exponential factor 

 

The activation energy and the pre-exponential factor for the oxidation of CO at the anode side 

can be estimated from the dependency of the resistance to the charge transfer mechanism at the 

anode with respect to the operating temperature, identically to what was performed for the case 

with H2. Figure 5.22. depicts the trend of the charge transfer resistance at the anode side with the 

varying of the operating temperature, for the 4 different CO molar fractions tested. 
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Figure 5.22. Charge transfer resistance in the anode as a function of the temperature for different carbon monoxide 

molar fractions. 

 

Employing Equation 5.7, written in the case of CO/CO2 mixtures: 

 

ln  
𝑅𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒

𝑇
 = ln  

𝑅

2𝐹𝑖0,𝑎𝑛𝑜𝑑𝑒
𝑝𝑟𝑒

 𝑥𝐶𝑂 ,𝑏𝑢𝑙𝑘  
𝛾𝐶𝑂  𝑥𝐶𝑂2,𝑏𝑢𝑙𝑘  

𝛾𝐶𝑂 2 +
𝐸𝑎𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒

𝑅𝑇
    (5.27) 

 

The activation energy and the pre-exponential factor for the electrochemical oxidation reaction of 

CO to CO2 can be calculated from the slope and the intercept of the regression lines obtained for 

the experimental values of ln  
𝑅𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒

𝑇
  vs 

1

𝑇
. A mean activation energy was calculated of 

𝐸𝑎𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒 = 117.1 𝑘𝐽 ∙ 𝑚𝑜𝑙−1 , and a pre-exponential factor of 𝑖0,𝑎𝑛𝑜𝑑𝑒
𝑝𝑟𝑒 = 7.5 ∙ 106𝐴 ∙ 𝑐𝑚−2 . 

Both values are again in good agreement with what is reported by Leonide et al. from their 

DRT/ECM analysis of a CO/CO2 fed SOFC standard cell: they calculated values of 𝐸𝑎𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒 =
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118.64 𝑘𝐽 ∙ 𝑚𝑜𝑙−1  and 𝑖0,𝑎𝑛𝑜𝑑𝑒
𝑝𝑟𝑒 = 4.43 ∙ 105𝐴 ∙ 𝑐𝑚−2  for the activation energy and the pre-

exponential factor, respectively 
87

. 

 

Considering the electrochemical reaction at the cathode side, Equation 5.28. arises analogously to 

the anode reaction: 

 

ln  
𝑅𝑐𝑡 ,𝑐𝑎𝑡 𝑜𝑑𝑒

𝑇
 = ln  

𝑅

2𝐹𝑖0,𝑐𝑎𝑡 𝑜𝑑𝑒
𝑝𝑟𝑒

 𝑥𝑂2,𝑏𝑢𝑙𝑘  
𝛾𝑂2

 +
𝐸𝑎𝑐𝑡 ,𝑐𝑎𝑡 𝑜𝑑𝑒

𝑅𝑇
      (5.28) 

 

Figure 5.23 reports the trend of the charge transfer resistance at the cathode side with varying 

operating temperature, for the 4 different O2 molar fractions tested. 

 

 

 

Figure 5.23 Charge transfer resistance in the cathode as a function of the temperature for different oxygen molar 

fractions. 

 

The activation energy and the pre-exponential factor for the electrochemical reduction reaction of 

O2 is again calculated from the slope and the intercept of the regression lines depicted in the 
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figure above. A mean activation energy was calculated of 𝐸𝑎𝑐𝑡 ,𝑐𝑎𝑡𝑜𝑑𝑒 = 159.63 𝑘𝐽 ∙ 𝑚𝑜𝑙−1, and 

a pre-exponential factor of 𝑖0,𝑐𝑎𝑡𝑜𝑑𝑒
𝑝𝑟𝑒 = 1.01 ∙ 108𝐴 ∙ 𝑐𝑚−2. Again, values reported in literature 

agrees with this findings; in fact, from analogous investigations on standard SOFCs values were 

obtained of 𝐸𝑎𝑐𝑡 ,𝑐𝑎𝑡𝑜𝑑𝑒 = 139.86 𝑘𝐽 ∙ 𝑚𝑜𝑙−1 and 𝑖0,𝑐𝑎𝑡𝑜𝑑𝑒
𝑝𝑟𝑒 = 1.47 ∙ 107𝐴 ∙ 𝑐𝑚−2 

76, 82
. 

 

Diffusion coefficients 

 

Considering the CO/CO2/N2 mixtures tested, the expression of the resistance to the gas diffusion 

within the anode porous matrix can be expressed by Equation 5.21., presented for the case of 

H2/H2O/N2 mixtures. 

In Figures 5.24 and 5.25 below, the values of 𝑅𝑑𝑖𝑓𝑓 ,𝑎𝑛𝑜𝑑𝑒  extracted from the CNLS fitting of the 

EIS spectra are reported as a function of the molar fraction of carbon monoxide and carbon 

dioxide, respectively. 

 

 

 

Figure 5.24. Gas diffusion resistance in the anode as a function of the carbon monoxide molar fraction, at 700 °C, 

675 °C and 650 °C. 
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Figure 5.25. Gas diffusion resistance in the anode as a function of the carbon dioxide molar fraction, at 700 °C, 675 

°C and 650 °C. 

 

The dashed lines represents the results of the fitting of the experimental values with a model 

curve; a very high value of r
2
 was obtained for each fitting attempt for the case of CO variations 

(r
2
 = 0.99), while a mean value of r

2
 = 0.93 was achieved in the case of CO2 variations. 

With similar calculations as for the case of H2/H2O/N2,  mean values for the ternary diffusion 

coefficients of 𝐷𝐶𝑂,𝑇
𝑒𝑓𝑓

= 3.94 ∙ 10−5𝑚2𝑠−1 and 𝐷𝐶𝑂2 ,𝑇
𝑒𝑓𝑓

= 8.6 ∙ 10−5𝑚2𝑠−1 were obtained. 

 

5.2.3. Syngas operation 

 

In this Section, the extracted values of resistances related to the cell processes will be analyzed 

with respect to the variations of the syngas fuel composition and to the change in operating 

temperature. 
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The syngas mixtures tested in this work are all composed of five components, as reported in 

Chapter 4: H2, H2O, CO, CO2 and balanced in N2. Thus, the equations illustrated in Section 5.2.1 

and 5.2.2 should not be employed as they are, being valid only in the case of binary or ternary gas 

systems. Nevertheless, in order to compare the results obtained from the cell fed with syngas 

compositions with those previously obtained from H2/H2O and CO/CO2 mixtures, the following 

approximation of the system will be assumed: since H2 and CO are considered fuel for an SOFC, 

and H2O and CO2 are their product, H2 and CO will be treated as ―fuel‖, while H2O and CO2 will 

be treated as ―product‖. In this way, the system can be approximated to a ternary generic system 

of the type: fuel/product/N2. This approximation is also experimentally coherent since in all the 

variation of fuel species H2 and CO were varied together and by the same quantity, as well as 

H2O and CO2. This simplification will become instrumental for the estimation of all the 

parameters extrapolated in the H2/H2O and CO/CO2 cases and will allow an interesting discussion 

of the experimental results. 

 

Reaction orders 

 

Following the same considerations described in the previous cases, Figure 5.26 and 5.27 report 

the values of the charge transfer resistance at the anode with a variation of H2-CO and H2O-CO2 

in the syngas mixture, respectively. 

It is worth mentioning that during the measurement at T = 650 °C with 𝑥𝐻2
= 𝑥𝐶𝑂 = 0.4, the 

tested sample showed an incoherent response, resulting in a higher impedance (both in the high 

frequency and low frequency part of the spectra) than what was expected, probably indicating a 

degradation of the cell performances occurring  during the test. Even though the resulting values 

are reported in the plot, being outliers with respect to the overall trend, the results were not 

considered in the calculations of the parameters. 

This evidence will result more pronounced in the plots 𝑅𝑑𝑖𝑓𝑓 ,𝑎𝑛𝑜𝑑𝑒  𝑣𝑠 𝑥𝐻2,𝐶𝑂 , where the value of 

the resistance at that composition and temperature resulted c.a. 200% higher than expected; for 

these reasons, these results are excluded from the analysis. 
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Figure 5.26. Charge transfer resistance in the anode as a function of the H2-CO molar fractions at 700 °C, 675 °C 

and 650 ºC. 

 

 

 

Figure 5.27. Charge transfer resistance in the anode as a function of the H2O-CO2 molar fractions at 700 °C, 675 °C 

and 650 ºC. 
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From the slope of the regression lines reported in the figures above, values of 𝛾𝐻2 ,𝐶𝑂 =  −0.083 

and 𝛾𝐻2𝑂,𝐶𝑂2
=  0.31 were obtained for the reaction orders with syngas fuel. A. Kromp et al 

66, 86
 

report values of 𝛾𝐻2 ,𝐶𝑂 =  −0.04  and 𝛾𝐻2𝑂,𝐶𝑂2
=  0.32  employing the same methodology. 

Comparing the reaction orders obtained for the syngas fuel with those obtained for H2/H2O and 

CO/CO2, it results that the value of of 𝛾𝐻2 ,𝐶𝑂 is closer to that of 𝛾𝐻2
 rather than that of 𝛾𝐶𝑂, and 

also close to that obtained from Leonide et. al 
76, 82

 with H2 (𝛾𝐻2
= 0.10). Moreover, the value of 

𝛾𝐻2𝑂,𝐶𝑂2
=  0.31 is very close to that obtained from A. Kromp et al., and also to that obtained 

from the same group in the case of H2/H2O fuel (𝛾𝐻2𝑂 =  0.33).  

Even though the value obtained in this work for 𝛾𝐻2𝑂 is very low, with the reasons mentioned in 

Section 5.2.1, these findings may suggest that the mechanism for the electrochemical oxidation of 

the fuel with syngas is similar to that occurring when the cell is fed with H2. 

Further confirmation of this hypothesis will be provided from the results obtained for the 

activation energy for the fuel oxidation process reported hereafter. 

 

Activation energy and pre-exponential factor 

 

The activation energy and the pre-exponential factor for the oxidation of fuel species in the 

syngas at the anode side can be again estimated from the dependency of the resistance to the 

charge transfer mechanism at the anode with respect to the operating temperature, identically to 

what was performed for the case with H2. Figure 5.28. reports the values of the charge transfer 

resistance at the anode side with the varying of the operating temperature, for the 4 different 

syngas compositions employed. 

Also in this plot, the value obtained from the measurement undertaken at measurement at T = 650 

°C with 𝑥𝐻2
= 𝑥𝐶𝑂 = 0.4, even if depicted in the plot, was not taken into consideration for the 

calculation of the activation energy and the pre-exponential factor, for what previously stated. 
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Figure 5.28. Charge transfer resistance in the anode as a function of the temperature for different syngas 

compositions. 

 

From the slope of the interpolating lines, a mean value of 𝐸𝑎𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒 = 95.57 𝑘𝐽 ∙ 𝑚𝑜𝑙−1  was 

calculated for the activation energy of the oxidation reaction of the fuel. This value is closer to 

that obtained for the oxidation of H2 rather than that for the oxidation of CO, further suggesting 

that the oxidation mechanism of the fuel at the anode side of a SOFC fed with a syngas is similar 

to that occurring when the same cell is fed with humidified hydrogen.  

Thus, it can be assumed that H2 is preferentially electrochemically oxidized at the anode, while 

the CO is rather converted to H2 by means of the water gas shift reaction (WGS), the presence of 

which being evidenced by the presence of the process P5 in the DRT plots. 

A Kromp et al. found a value for the activation energy of the oxidation of the fuel in a syngas of 

𝐸𝑎𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒 = 106.1 𝑘𝐽 ∙ 𝑚𝑜𝑙−1  
76, 79, 86 

which resulted extremely close to that obtained for the 

same cell fed with humidified hydrogen ( 𝐸𝑎𝑐𝑡 ,𝑎𝑛𝑜𝑑𝑒 = 109.03 𝑘𝐽 ∙ 𝑚𝑜𝑙−1 ); being almost 

identical, they also stated that H2 is the only fuel species to be electrochemically oxidized. 
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Nevertheless, in the case examined in this work, the higher value obtained for the oxidation of the 

fuel in the syngas may suggest that the oxidation kinetic is slowed down. An hypothesis can be 

the occupation of Ni catalytic sites for the concomitant occurrence of the water gas shift reaction: 

however, this particular hypothesis needs to be experimentally demonstrated. 

Finally, from the intercept of the interpolating lines with the y axis of the plot in Figure 5.28 

above, a value of 𝑖0,𝑎𝑛𝑜𝑑𝑒
𝑝𝑟𝑒 = 4.25 ∙ 106𝐴 ∙ 𝑐𝑚−2 was found, again very similar to that obtained in 

H2/H2O fuel. 

 

Diffusion coefficients 

 

Figure 5.29 and 5.30 below, depict the trends of 𝑅𝑑𝑖𝑓𝑓 ,𝑎𝑛𝑜𝑑𝑒 as a function of 𝑥𝐻2
(= 𝑥𝐶𝑂) and 

𝑥𝐻2𝑂(= 𝑥𝐶𝑂2
). In Figure 5.29 it is particularly evident how the measurement carried out at T = 

650 °C with 𝑥𝐻2
= 𝑥𝐶𝑂 = 0.4 was affected by some sort of degradation effect on the cell. Again, 

this measurement was not taken into account for the calculation of the diffusion coefficients. 

 

 

 

Figure 5.29. Gas diffusion resistance in the anode as a function of the H2-CO molar fractions at 700 °C, 675 °C and 

650 ºC. 
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Figure 5.30. Gas diffusion resistance in the anode as a function of the H2O-CO2 molar fractions at 700 °C, 675 °C 

and 650 ºC. 

 

Applying the expressions presented in Section 5.2.1, and assuming valid the approximation 

described at the beginning of this Section, the effective ternary diffusion coefficients can be 

calculated. It is worth noting that even in this case the interpolations had a high coefficient of 

determination, both for the H2-CO (r
2
 = 0.95) and for the H2O-CO2 (r

2
 = 0.9) variations. 

The calculations provided the values of 𝐷𝐻2−𝐶𝑂,𝑇
𝑒𝑓𝑓

= 2.75 ∙ 10−4𝑚2𝑠−1  and 𝐷𝐻2𝑂−𝐶𝑂2 ,𝑇
𝑒𝑓𝑓

= 4.8 ∙

10−4𝑚2𝑠−1. 

 

5.2.4. Resume of the estimated parameters 

 

By the application of the synergic approach of in-operando impedance spectroscopy 

measurements under a wide number of different and pre-defined operating conditions, 

distribution of relaxation times method, and CNLS fitting of the experimental EIS measurement 

with an equivalent circuit model defined from the identification of the processes presented in 

Section 5.1, it has been possible to estimate a broad number of physical quantities for each fuel 
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typology, that characterize the principal equations at the basis of the operation of a SOFC. 

Activation energies, reaction orders, and pre-exponential factors provided a complete picture of 

the kinetics of the electrochemical reactions occurring at the anode and at the cathode side, for 

the three fuels tested: H2/H2O, CO/CO2 and syngas.  

Comparing the obtained results in this work in the three cases between them, and with what has 

been reported by other authors in literature, it has been possible to hypothesize that in the case of 

a syngas fuel, the oxidation mechanism of the fuel is similar to that occurring in the case of 

humidified hydrogen, suggesting that H2 is preferentially oxidized at the anode side. The carbon 

monoxide is rather involved in the Water Gas Shift reaction, in order to produce more H2 to be 

further oxidized; this evidence resulted strongly supported in literature. Nevertheless, in contrast 

with the findings of other research groups employing a similar approach for the calculation of 

these physical quantities, a lower activation energy was obtained for the oxidation reaction in 

H2/H2O rather than in syngas: this evidence suggests that, even if H2 is the gas species to be 

electrochemically converted, in the case of syngas fuels a slowdown in the reaction kinetics may 

occur due to the concomitant presence of the Water Gas Shift reaction, which may interfere with 

the catalytic sites at the anode TPB. 

The most important result obtained in this Section, was to prove that this methodology is able to  

quantitatively and fully characterize all the processes (mass transport, charge transfer, ohmic 

conduction) starting from measurements obtained from realistic and in-operando conditions. In 

this way, the estimated parameters will generate new and more reliable computational models 

based on the experimental measurements of these physical quantities, or may be helpful in the 

investigation of novel materials or structural morphology and architecture with the aim of further 

improving SOFC efficiencies and stability. 

It is also important to note that the DRT/CNLS/ECM methodology employed in this work 

provided results that are always comparable and in good agreement with the findings of other 

authors employing the same methodology, with the slight differences mostly related to the fuel 

cell type (standard SOFC respect to IT-SOFC), materials (LSCF respect to LSC cathodes), 

dimensions, morphology and manufacturer. This evidence suggest that the DRT-based analysis 

results in a reliable, reproducible and very informative analysis tool for the investigation of SOFC 

systems. 
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5.3. Endurance performance in syngas 

 

In this Section, the results obtained from an endurance test carried out on a IT-SOFC button cell 

sample fed with a  simulated clean syngas (composition in Chapter 4) under a constant current 

density of 0.5 Acm
-2

 for up to 1000 hours of operation are presented. 

In the first part, the evolution of the performances were investigated by means of the same 

DRT/CNLS fitting approach presented in the previous Sections, and the results obtained were 

analyzed in order to pinpoint the critical processes which degraded most during the test. 

In the second part, by means of a post-mortem analysis, the information provided by the 

DRT/CNLS study were related to possible degradation effects highlighted by XRD and 

SEM/EDX analysis. 

 

5.3.1. Degradation of cell performances 

 

In Figure 5.31 there are reported the polarization curves recorded at different times during the 

endurance test. It can be noted that for the first 530 hours of operation, only a slight reduction in 

the overall performances of the cell can be appreciated, while a significant decrease is observable 

after 800 hours and after 1000 hours of operation. Even though the i-V curves indicates a loss in  

the cell efficiency over time, they do not say anything about the mechanism of degradation and 

which processes are affected the most. 

Analyzing the EIS measurements, collected together with the i-V curves, and calculating the 

DRT functions for each spectrum, more in-depth information about the time evolution of the 

processes was achieved. 

Observing the DRT plots depicted in Figures 5.32 and 5.33, it is evident that for the first 530 

hours, only a minor degradation effect is evident, involving the charge transfer process at the 

cathode side P3; nevertheless, at the same time, a sort of activation phenomenon involving the 

anode charge transfer processes seems to balance the negative effect of the initial worsening of 

the process P3, and thus resulting only in a minor overall performance losses. 
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Figure 5.31. Polarization curves recorded at different operating times, at T = 650 °C, with syngas fuel. 

 

A more pronounced modification of the anodic processes can be appreciated between 530 h and 

1000 h: while process P1 remains unaltered, the intensity of process P2 increases dramatically, 

becoming the most intense one. In conjunction with the increase of P2, a slight increment in the 

magnitude of anodic processes P4 and P5, related respectively to the gas diffusion and the WGS 

reaction in the anode substrate, can be observed. 

Furthermore, the cathodic process P3 continues to increment its intensity during the rest of the 

test. 

By applying the CNLS fitting of the experimental data with the ECM model depicted in Figure 

5.12, the temporal evolution of the single resistances associated to each physicochemical process 

was obtained and reported in Figure 5.34.a; moreover, in Figure 5.34.b there are reported the 

values of the overall resistance to the anodic charge transfer process along with the values of the 

separated processes P1 and P2 which contribute to the overall mechanism. 
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Figure 5.32. EIS measurements (a) and corresponding DRT functions (b) obtained at different operating times 

between 0 hours and 530 hours. 

 

 

 

Figure 5.33. EIS measurements (a) and corresponding DRT functions (b) obtained at different operating times 

between 530 hours and 1000 hours. 

 

Considering the values of the resistances extracted from the CNLS fitting procedure, it appears 

evident that the limiting process for the cell performance is always, in terms of absolute values, 

the anodic charge transfer process (P1 + P2). This process, taken as a sum, increases its 

impedance up to 100% in 1000 hours of operation, and observing the Figure 5.34.b it is evident 
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that the contribution to its increment is all ascribable to the process P2, which was previously 

ascribed to the charge transfer mechanism at the three phase boundary within the anode 

functional layer, while the process P1, previously assigned to the ionic transport of O
2-

 within the 

YSZ lattice, results almost unaffected from the long term operation. 

The other anodic processes, the gas diffusion process in the anode porous matrix and the one 

related to the Water Gas Shift reaction (processes P4 and P5) increase only in the last 200 hours of 

operation and, apparently, as a consequence of the dramatic increase of the process P2. 

The resistance associated to the charge transfer mechanism at the cathode side (process P3) is the 

one that increases its impedance the most, increasing up to 3 times its initial value in 1000 hours. 

 

 

 

Figure 5.34. Polarization resistances of the button cell sample during the long-term test at 650ºC. (a) Extrapolated 

resistances values for the operating processes within the cell; (b) charge transfer resistance at the anode resistances 

associated to its constituent processes P1 and P2. 

 

The following Section will provide the results of some post mortem characterization, and the 

observations collected from both in operando and post mortem analysis will be gathered to 

explain the degradation phenomena that affected the tested sample. 

 

5.3.2. Post-mortem analysis 
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In Figure 5.35 below there are reported the XRD spectra measured at t = 0 hours and after 1000 

hours of operation, of both the anode and cathode layers. 

 

 

 

Figure 5.35. XRD spectra obtained for the anode at t = 0 h and t = 1000 h, and for the cathode at t = 0h and t = 

1000 h of operation. 

 

For what concerns the anode layer, it is very interesting to note that after 1000 hours, the features 

related to the ZrO2 phase completely disappear (marked with the red box), while only the Ni 

features remain. 

Analyzing the XRD patterns for the cathode layer, the features related to LSC and CeO2 

(diffusion barrier) are still present after 1000 hours; however two unrecognized features appear, 

indicating some sort of modification into the phase composition within the cathode. 

Figure 5.36 reports the results obtained from the analysis of the cross section of the cell with 

SEM images coupled with EDX spectroscopy.  

The SEM images of the cross section show that a notable morphology change appears after 1000 

hours, in the form of a densification of the structure on the anode surface (bottom part of the 

image), which is coherent with what was suggested by XRD results. 
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The EDX mapping of the cathode/diffusion barrier/electrolyte/anode functional layers interface, 

depicted on the right of Figure 5.36, show a prominent migration of Sr (and to a lesser extent Gd) 

from the cathode layer through the cell. 

 

 

 

Figure 5.36. (left) SEM images of the cross section of a sample at t = 0 hours of operation, taken as reference, and 

of the sample operated in syngas fuel with a constant current load for t = 1000 h. EDX analysis of the 

cathode/electrolyte/anode functional layers interfaces (right): only the elements of the cathode layer and of the 

diffusion barrier layer are shown. 

 

5.3.3. Resume of endurance performances in syngas 

 

Considering the results obtained from both in-operando DRT/EIS measurements and post-

mortem analysis, the following considerations about the degradation phenomena emerge. 

On the anode side, a densification was observed of Ni particles upon the bottom part of the anode 

support layer. As previously assessed, the process P2 is related to the charge transfer mechanism 

occurring in the AFL, which is catalyzed by Ni dispersed particles, while both processes P4 and 

P5 possess the typical behavior related to mass transport phenomena. According to what is 

observed, it can be hypothesized that a migration of Ni particles from the AFL to the anode 

support occurred, followed by a subsequent densification, thus explaining the dramatic increase 
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in P2 contribution to the impedance, due to the depletion of catalytic active sites, and the 

concurrent increase in both P4 and P5 intensities, due to a reduction of the open porosity within 

the anode substrate. A known anode degradation phenomenon is the Ni agglomeration and the 

loss of Ni-Ni contact, which reduces the Three Phase Boundary length, thus increasing the anode 

polarization resistance 
91, 92

. 

For what concerns the cathodic process P3, the increment of the impedance related to the charge 

transfer mechanism at the cathode side was caused by a migration of Sr form the cathode layer 

through the cell. Furthermore, it is extensively reported in literature that Sr-doped mixed oxides, 

such as LSC and LSCF, suffer from depletion of Sr content, followed by a subsequent migration 

toward the electrolyte layer, when employed as cathodes for SOFC, affecting to some extent their 

effectiveness for the cathode reaction and possibly forming insulating phases at the 

cathode/electrolyte interface
 93, 94

. Thus, the increase in P3 impedance during long term operation 

may be attributed to the depletion of Sr content at the cathode side. 

It is worth noting that both degradation phenomena observed for this cell are not directly 

ascribable to the operation in syngas; the reduced operating temperature does not seem to impede 

the application of IT-SOFC cells with syngas sources. 

 

5.4. Tar contamination 

 

5.4.1. Effects of tar concentrations 

 

A preliminary electrochemical characterization was carried out in order to evaluate the effect of 

different concentrations of toluene, taken as a model tar, in the fuel stream. 

Polarization curves and EIS spectra in OCV conditions were carried out for the four different tar 

concentrations on one button cell sample (hereafter BC_tar), and compared to those obtained 

from a sample fed with the sole syngas and humidified hydrogen (hereafter BC_syngas). The cell 

was operated at T = 650 °C. 

All the four different concentrations of toluene are lower than those employed in other 

experimental works reported in literature, that may reach values up to 10 g·m
-3

 for real product 

gas from biomass gasification systems directly  coupled to an SOFC. However, considering the 

low water content in the fuel stream, the low operating temperature of the IT-SOFCs tested 

samples and the reduced dimensions of the cells, few hundreds mg·m
-3

 of toluene in the anode 
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flow caused an important drop in the immediate performances of the cell, as evident from the 

polarization curves depicted in Figure 5.37. 

It is also important to note that there is not a clear trend between the performance drop and the 

concentration of the contaminant. The reason of this apparent discrepancy in the performance of 

the cell may be explained analyzing the EIS spectra. 

 

 

 

Figure 5.37.  Polarization curves obtained from the sample BC_tar, exposed to the different fuel compositions and 

contaminant concentrations. 

 

In Fig. 5.38.a, the experimental EIS spectra are reported, while in Fig. 5.38.b the impedance 

values for the internal resistance (Rint), the polarization resistance (Rpol), and the total resistance 

(Rtot= Rint+Rpol) are plotted against the increasing toluene concentration. 
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Figure 5.38. (a) Nyquist plots of the EIS spectra. The spectra were recorded in OCV conditions, at T=650°C for all 

the compositions. In figure (b), the values of Rint, Rpol, and Rtot, extracted from the experimental spectra, are plotted 

against the tar concentration in the fuel stream. 

 

Going from composition A to D, the internal resistance Rint, related to the ohmic conduction of 

the cell, increases; an opposite trend emerges for the polarization resistance Rpol, which is in turn 

related to all the charge transfer mechanisms and mass transport phenomena occurring within the 

cell. 

Since the A composition was the first tested, and the D composition the last, the trend of Rint may 

be explained with an initial, very fast deposition of carbonaceous species between the surface of 

the anode and the anodic current collector, which induced the creation of a resistive layer on the 

active surface. This phenomenon may have been caused by the OCV condition in which the cell 

was operated during the EIS measurements. Singh et al. 
95

 reported that the OCV condition may 

cause a very fast carbon deposition on the anode side, if a tar contaminant, such as toluene, is 

present in the fuel stream. 

However, considering these two opposite behaviors of Rint and Rpol, the trend of the Rtot results in 

good agreement with the trend of the polarization curves reported in Figure 5.37. 
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5.4.2. Degradation of cell performances 

 

The BC_tar sample was then exposed to the composition Tar D, and operated with a constant 

current density of i = 0.4 A·cm
-2

 for more than 150 hours. The voltage drop was monitored 

during time, and the obtained results have been compared to the performance of another identical 

button cell, namely  BC_syngas, operated with the same composition and gas flows, with a 

constant current density of i = 0.5 A·cm
-2

. The voltage trend of BC_syngas and BC_tar is 

reported in Figure 5.39. Due to the lower performances of BC_tar, caused by the exposition of 

the cell to the toluene, the current density was reduced in order to have an initial value of the cell 

voltage similar to the voltage of BC_syngas at i = 0.5 mA·cm
-2

 (VBCsyngas = 0.745 V, VBCtar = 

0.712 V). However, as represented in Figure 5.39, during the first 10 hours of operation, a fast 

recovery effect of the voltage of BC_tar occurred, which brought the voltage to be similar to that 

of BC_syngas. 

This recovery effect was probably caused by the intense flow of O
2-

 ions from the cathode side 

due to the application of the high current density, which most likely helped to liberate and oxidize 

carbon deposits formed during the preliminary characterization in OCV, and thus enhancing the 

cell voltage. 

This experimental evidence is coherent with the hypothesis of an initial carbon deposition due to 

the OCV condition, in line with what was stated by Singh et al. with their thermodynamic 

analysis 
95

. 

After the first 10 hours, a very rapid degradation of the voltage of BC_tar occurred, compared to 

that of the BC_syngas. After 150 hours, the voltage reached the value of 600 mV and the long 

term test was stopped. 
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Figure 5.39. Cell voltages (mV) at fixed current density, as a function of time (hours). Tar operating cell 

performance is compared to that obtained from a cell operating in clean syngas with the same composition and 

flows. 

 

The very fast degradation observed for the tar-fed sample has been related to the aggravated 

conditions in which the cell has been operated, rather than the concentration of toluene itself; in 

fact, the operating temperature of T = 650°C and the low steam content in the fuel stream are 

critical conditions for a cell operating with tar containing fuels. However, the measured 

degradation effects are expected to be exacerbated with higher concentrations of tar. Moreover, it 

is reported in literature that model tars, especially those with a low molecular weight, such as 

benzene and toluene, have an enhanced reactivity in forming carbon deposits, compared to the 

mixtures of tars typically contained in real product gasses from gasification of biomass 
48,

 
96,

 
97

. It 

is worth noting that the sample operating with the clean simulated syngas (BC_syngas) operated 

for more than 1000 hours, at a higher current density, with an overall loss in the voltage of about 

10%. 

These observations are confirmed also by the evolution of the EIS spectra as function of time, as 

depicted in Figure 5.40. 

In fact, the long term operation in aggravated conditions, in presence of the model tar, caused an 

important increase in the polarization resistance Rpol, resulting in a worsening of the overall 

performance. 
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Moreover, the recovery effect for the first 10 hours of operation is also observable from the drop 

of Rint, together with a slight increase of this parameter during the rest of the test. 

 

 

 

Figure 5.40. The EIS spectra, in Nyquist plots, are reported in figure (a). The spectra have been recorded in OCV 

condition, at T=650°C during the long-term test. In figure (b), the values of Rint, Rpol, and Rtot, extracted from the 

experimental spectra, are plotted as a function of time in hours. 

 

In order to deeply investigate the effect of the tar contaminant on the electrochemical processes, 

the EIS spectra were analyzed with the DRT method and the values of resistances related to each 

process were extracted from the experimental measurements by means of the CNLS fitting 

procedure described in the previous Sections, using the same ECM model. 
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Figure 5.41. DRT functions  obtained at different operating times during the long term exposure to toluene. 

 

 

 

Figure 5.42. Polarization resistances of the button cell sample during the long-term exposure to toluene at 650ºC. 

(a) Extrapolated resistances values for the operating processes within the cell; (b) charge transfer resistance at the 

anode resistances associated to its constituent processes P1 and P2. 

 

From both the DRT plots and the quantitative analysis of cell resistances, it appears clear that the 

sole process dramatically affected by the presence of tar is the anodic process P2 related to the 

charge transfer mechanism involved in the fuel electrochemical oxidation, which is, as previously 
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mentioned, catalyzed by the Ni particle. As in the case of the endurance test in clean syngas, an 

increase of the impedance of this process may suggest a reduction in the kinetic of this reaction 

ascribable to a reduction of the catalytic effect of the Ni particle; in the case of the endurance test 

in clean syngas, it was demonstrated that this was caused by a diffusion of nickel particle from 

the anode functional layer towards the anode support, followed by Ni clustering, which 

effectively resulted in a reduction of the active surface of the TPB. 

The post mortem analysis presented hereafter will shed light on the phenomena  that caused the 

fast increase in the impedance of the charge transfer mechanism. 

 

5.4.3. Post-mortem analysis 

 

With the aim of investigating the effects caused by the presence of toluene in the fuel stream of 

the BC_tar operating under aggravated conditions (low T, low steam partial pressure), the sample 

has been extensively analyzed by means of a deep post-mortem characterization. 

In this section, results coming from XRD analysis, Raman spectroscopy and SEM/EDS analysis 

are reported, along with the discussion of the results obtained. 

 

XRD analysis 

 

 

Figure 5.43. XRD spectra obtained from the anodes of BC_tar  (top), BC_syngas (middle), and of a cell which has 

been only reduced under manufacturer conditions, taken as  reference (bottom). 
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In Figure 5.43 are reported the results of the XRD analysis on the tested cells. As reference, a cell 

was reduced in the measurement housing. Phase identification was performed on collected 

patterns using the PDF-2 database as reference data 
98

.After the reduction phase, peaks ascribable 

to the presence of Ni (JCPDS card n. 4-850) and tetragonal yttrium zirconium oxide (JCPDS card 

n. 48-224) are evident.  

The sample exposed for 1000 hours in syngas atmosphere exhibits peaks ascribable to the same 

phases. It is noteworthy to observe that the intensity of the Y-ZrO2 peaks is significantly reduced, 

suggesting that nickel segregation and densification at the surface has occurred.  

The cell exposed for 150 hours in the tar contaminated syngas shows instead significant 

differences: beside the presence of Ni and Y-ZrO2 phases, peaks ascribable to NiO (JCPDS card 

n. 47-1049) and monoclinic ZrO2 (JCPDS card n. 37-1484) are evident, suggesting Zr oxide 

segregation from the mixed YSZ phase and Ni oxidation arose during the 150 hours experiment.  

XRD results suggest that the re-oxidation of Ni to NiO and the phase segregation of ZrO2 from 

YSZ are both phenomena related strictly to the presence of the model tar in the fuel stream, since 

the sample BC_syngas, which operated with the clean syngas in similar operating conditions as 

BC_tar for 1000 hours, does not show signs of these effects. 

 

Raman spectroscopy 

 

In order to confirm the XRD results Raman measurements were performed on the anode of the 

sample BC_tar. In Figure 5.44  the Raman spectra measured in the centre and near the boundary 

of the anode are reported, with assignments of relevant peaks. Raman spectra of YSZ 
99

, ZrO2 
100

, 

Y2O3 
101

 and NiO 
102

 reported in the literature were used to assign the observed peaks. In the 

region below 800 cm
-1

, data measured near the centre of the electrode show clear presence of 

pure ZrO2 and possibly also of Y2O3 besides the YSZ phase. The wide band observed above 800 

cm
-1

 is assigned to nickel oxide. Differently, data measured near the electrode boundary show 

only the YSZ phase and a relatively weaker nickel oxide band.  These results clearly confirm and 

strengthen what was suggested by the results obtained from the XRD analysis: the centre of the 

sample, which is the portion of the anode immediately in contact with the fuel stream, and thus 

where the local concentration of the tar contaminant is the highest, shows enhanced degradation 

effects, in terms of nickel oxidation and phase segregation of YSZ, compared to the edge of the 
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sample, where the gas diffuses from the centre through the anode porosity. The formation of 

these phases clearly explains the fast drop in cell performances, as they dramatically affect the 

charge transfer related to the fuel oxidation, due to the re-oxidation of the Ni catalyst. It is to 

mention, however, that  the possible disruption of the anode porosity caused by the formation of 

NiO and segregation of ZrO2 from the YSZ phase had no significant effect on the mass transport 

mechanisms (gas diffusion, water gas shift reaction) occurring within the cell. 

 

 

Figure 5.44. Raman spectra of anode material measured near the anode centre (black line) and at the anode 

boundary (grey line). Data were normalized at the 255 YSZ line. Inset: close up of the low-frequency region. Also 

shown the peak assignments as discussed in the text. 

 

 

SEM/EDS analysis 

 

In Figure 5.45 is reported a comparison between the cross sections of the reference sample (a), 

BC_syngas (b), and BC_tar (c). It can be observed that the only notable morphology change for 

the BC_syngas appears to be a densification of the structure on the anode surface (bottom part of 

the image), which is coherent with what was suggested by XRD results. 

On the contrary, BC_tar shows profound morphological modifications, particles growth, pore 

size reduction and a generalized disordered structure, especially near the anode surface. 
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Figure 5.45. SEM images of the cross section of (a) the reference sample, (b) of the sample BC_syngas and (c) of the 

sample BC_tar. 

 

Moreover, large carbon deposits were found to be distributed in proximity of the anode surface of 

the BC_tar sample: Figure 5.46 reports the SEM image of one of these carbon aggregates on the 

left side, while on the right side, a close-up of the carbon deposit is shown. An EDX analysis has 

been carried out on different spots located over the surface: the elementary composition, reported 

in Table 5.1, confirms the presence of carbon on the anode side. 
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Figure 5.46. SEM image of a carbon deposit on the anode of BC_tar (left). Magnification of the carbon deposit 

(right); numbers indicate the spots where EDS analysis has been carried out, and the compositions obtained are 

reported in Table 4 below. 

 

Elements 1 (wt%) 2 (wt%) 3 (wt%) 4 (wt%) 

C 57.427 36.846 47.027 43.966 

O 27.538 41.063 38.818 21.732 

Ni 9.046 5.341 4.928 20.479 

Y 0.211 0.712 0.567 0.621 

Zr 5.383 15.134 8.261 12.600 

 

Table 5.1. Elementary composition obtained from EDX analysis. Numbers refer to different spots located on the 

surface of the carbon aggregate, as shown in Figure 5.46. 

 

5.4.4. Resume of tar contamination 

 

Experimental results, obtained from in-operando electrochemical characterization and post-

mortem analysis, highlight the formation of carbon deposits within the anode layer. As suggested 
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from the electrochemical behavior of the cell, this impedes an effective supply of H2 to the active 

sites.  

It is likely to suppose that an unbalanced accumulation of oxygen ions occurring in proximity of 

the clogged Ni particles may result locally in thermodynamical conditions favorable to nickel 

oxidation. This transformation is associated to significant volume expansion, and may cause 

uneven stresses propagation,  possibly enhanced by carbon particles blocking pores and thus 

reducing voids, with the formation of cracks. The propagation of fractures results finally in the 

significant and widespread delamination phenomena observed with SEM analysis. 

Nevertheless, in terms of operating processes, the disruption of the anode porous structure did not 

greatly affect the mass transport phenomena, while a dramatic increase in the anode charge 

transfer resistance was the result of Ni clustering and oxidation, which effectively caused the fast 

drop of the cell performances. 

The presence of monoclinic zirconia phase suggests that significant mechanical stresses are built 

locally: it is well known that tetragonal-monoclinic phase transformation can occur in the yttrium 

stabilized zirconia systems as a result of stress application, in particular as consequence of cracks 

propagation 
103

. Similar behaviour is retained in composite materials with stabilized zirconia 

inclusions, as far as the tetragonal phase particles have been subjected to appropriate stresses 
104

.  

It is likely that the observed significant degradation phenomena are originated by local carbon 

deposition due to the presence of tar contaminants. 

 

5.5. Reactions evolution on anode surface 

 

In the main part of the experimental campaign reported so far in this work, the principal focus 

was to address a complete and in-depth characterization of the chemical and electrochemical 

processes occurring in an IT-SOFC cell when it is operated with a syngas fuel or part of it 

(H2/H2O and CO/CO2 only). To do so, an advanced approach was presented to the 

electrochemical analysis involving a novel methodology for the deconvolution of the EIS spectra, 

the distribution of relaxation times method (DRT). It proved to be very instrumental in the 

identification of the processes, in the calculation of fundamental physicochemical quantities 

related to them, thanks to a synergic and systematic application of CNLS fitting of the 

experimental data with an ECM model based on the information obtained from the analysis of the 
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DRT plots at different operating conditions, and for the investigation of the dagration phenomena 

occurring in IT-SOFC samples coupled with clean syngas, or tar contaminated one. 

Nevertheless, all the proprieties investigated so far by means of EIS/DRT/CNLS method are bulk 

proprieties; moreover, in order to simplify and generalize the results obtained from the 

electrochemical investigation, the samples tested were of reduced size (2 cm
2
 active area), in 

order to ensure the homogeneity of the conditions, in terms of chemical and thermal gradients, on 

the tested samples. 

Obviously, the real size of SOFC cells employed in power generating systems are at least 50 

times larger than the sample analyzed with the DRT method in this work. For realistic cell 

dimensions, SOFC cells can experience significant performance degradation due to the 

concentration gradients over the anode where the fuel is diluted by its own reaction products 

during fuel cell operation. This causes a non-homogeneous distribution of the temperature and 

electrochemical performance, which penalizes the efficiency and durability of the fuel cell. Other 

surface effects, such as non homogeneous distribution of reactants, localized hot spots, 

deactivation of part of the cell due to the presence of contaminant in the fuel stream and so on, 

may drastically reduce the lifespan of realistic systems. 

Thus, the access to experimental information coming directly coming from different spots on the 

anode surface of a cell results of crucial importance in order to optimize the operating condition 

experienced by the cell, in order to extend the durability of the entire system. 

 

For this reason, in this work, the novel, in-house, multisampling set-up presented in Chapter 4 

was employed to carry out an investigation about the progress of the reactions occurring in an IT-

SOFC in-operando and in real time. IT-SOFC single cells of realistic dimensions were tested, as 

explained in Chapter 4, on both hydrogen and syngas fuel, coming from the external steam 

reforming of natural gas. 

Thanks to the novel set-up, it was possible to perform concentration and temperature 

measurements with a spatial resolution, that allowed to obtain a complete thermo-chemical 

mapping of the operating cell. 

Interesting information about the evolution of the processes along the anode surface were thus 

obtained in both cases; however, the main goal of this experimental investigation is to present the 

potentiality of this innovative investigating tool developed within this work. 
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5.5.1. Validation of the multisampling set-up 

 

     The first goal of this work is to evaluate the performance of this new set up comparing the 

polarization curve obtained from two cells of different size (10x10 cm
2
 and 12x12 cm

2
), with 

those obtained from an Elcogen 15-cell stack, tested by a project partner, CUTEC, using the same 

operating condition, scaled for the testing of a single cell. 

 

 

 

 

Figure 5.47.  Performance comparison between tested single cells and 15-cell stack. 

 

In the figure above (Figure 5.47.a) the comparison is shown between the polarization curves of 

the 10x10 cm
2
 single cell with the average i-V response obtained from the cells within the 

Elcogen’s stack. It is evident from the plot that the curves are broadly similar, presenting very 

similar values of the voltage for most of the current densities applied. Only a slight difference in 

OCV value is evident. This result validates to some extent this set up, proving that the obtainable 

performances are globally good. 

However, in the Figure 5.47.b, where the comparison with the 12x12 cm
2
 single cell is shown, 

the difference between the obtained curve and the reference one results more pronounced than 

that obtained in the case of the 10x10 cm
2
 cell. This evidence is however imputable to the an 

enhanced ohmic resistance of the anodic current collectors, made of Crofer 22H stainless steel. In 

fact, the distance between the single cell curve and the reference coming from the Elcogen’s 
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stack is more pronounced in the ohmic part of the polarization curve, where it can be appreciated 

that the slopes of the two curves, that are related to the ASR of the system, are different. This 

effect was caused by the previous experiments carried out on other samples in order to optimize 

the experimental set-up; the numerous exposures of the Crofer current collectors to high 

temperatures and ambient air probably caused the growth of a thin chromium oxide scale over its 

surface. Even if the chromium oxide possesses a good conductivity (compared to that of YSZ 

electrolytes) at high temperature (up to 750 °C), it decreases by more than one order of 

magnitude when the operating temperature is reduced to 650 °C. 

Excluding the effect of the surface oxidation of the Crofer current collector, the novel set- up 

proved that the obtainable performances are globally good also for the 12x12 cm
2
 cells. 

 

5.5.2. Hydrogen operation 

 

In this Section, the results obtained from the multisampling set-up employed in the study of an 

IT-SOFC single cell sample fed with dry H2 are presented.  

The composition and temperature distributions on the anodic surface are presented along 3 axes: 

the central horizontal axis of the cell, namely X axis, the vertical axis close to the anodic inlet and 

the vertical axis close to the anodic outlet, namely Y axis and Y’ axis respectively. Every graph 

shown in this work has a sampling point map on the top to show the position of the sampling 

points to which the graph itself is referred. 

Figures 5.48.a, 5.48.b and 5.48.c represent the gas composition analysis, in OCV and under a 

current load of 30 A, obtained from the spots along the X, Y, and Y’ axis respectively. 

Figures 5.48.d, 5.48.e and 5.48.f represent the values of the temperature obtained during the 

stabilization of cell conditions under a constant current load of 30 A. Since in OCV condition, for 

hydrogen operation, no reactions occur, the temperature profiles recorded showed no significant 

result, and are not presented. 

Comparing plots 5.48.a, 5.48.b and 5.48.c, it is evident that the chemical gradient variation is 

more significant along the X axis compared to the vertical ones; for this reason all the 

assessments are referred to X axis (Figure 4a). The only information that can be deduced from 

plots 5.48.b and 5.48.c is that along the Y and Y’ axis the gas composition results quite 

homogeneous, suggesting a uniform distribution of the species perpendicularly to the flow 

direction. 
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In OCV conditions, the composition is the same in all the sampling points, so the chemical 

gradient inside the cell can be considered negligible. Since N2 is an inert gas, its molar fraction 

remains unaltered under current respect to the OCV condition. Instead, when current flows 

through the cell, there is a gradual decrease of H2 along the X axis, corresponding to the increase 

of the molar fraction of H2O, due to the  electrochemical oxidation reaction of the hydrogen 

shown below. 

 

𝐻2 + 𝑂2− → 𝐻2𝑂 + 2𝑒−         (5.29) 

 

The presence of this exothermic reaction is confirmed by the temperature analysis shown in 

Figure 5.48.d, where it is possible to observe a general increase of temperature going from the 

inlet to the outlet of the cell. In the first 300 seconds, in which the current was increased from 

OCV up to 30 A, the increment is more pronounced and rapid for the thermocouples located 

close to the inlet, as evident from the steepness of the inflection located at approximately 300 s.  

Moreover during the equilibrium time it is possible to observe that the increment of temperature 

in the sampling point located close to the anodic inlet (Y axis) is greater than the increment of 

those located close to the anodic outlet (Y’ axis). In this phenomenon plays an important role the 

depletion of H2 in the part close to the anodic outlet, due to the evolution of the electrochemical 

oxidation reaction. 

In fact, in the zones close to the outlet of the cell, the increase of the reaction product (H2O) 

causes a decrease of the Nernst potential (Equation 5.31) and, considering the cell voltage as the 

difference between the Nernst potential and the voltage drop caused by the whole resistance of 

the cell (Equation 5.30), the local current density results lower with respect to that distributed 

closest to the inlet. 

 

𝑉𝑐𝑒𝑙𝑙 =  𝐸𝑛 −  𝑖𝑟          (5.30) 

 

𝐸𝑛 =  𝐸0 +  
𝑅𝑇

𝑛𝐹
𝑙𝑛

𝑝[𝐶]𝑐𝑝[𝐷]𝑑

𝑝[𝐴]𝑎𝑝[𝐵]𝑏
         (5.31) 

 

In Equations 5.30 and 5.31 Vcell is the cell voltage in V (constant), En is the Nernst potential in V, 

i is the current in A, r is the cell resistance in Ω, E0 is the standard reduction potential in V, R is 
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the ideal gas constant, T is the temperature in K, n is the number of electrons, and p are the partial 

pressures of gas species for the general reaction aA + bB → cC + dD. 

 

 

 

Figure 5.48. Composition (a, b, c) and temperature (d, e, f) analysis along the axes. 
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This decrease of the current density in the anodic outlet part is probably the cause of the decrease 

of the temperature measured. This non homogeneous distribution of the current density inside the 

cell has also been verified in another work by DLR (Deutsches Zentrum für Luftund Raumfahrt) 

with a different experimental apparatus. In their work the local behaviour of current and voltage 

in a segmented cell was studied, highlighting a considerable variation of current density for 

different cell segments. In particular, for the segment located close to the fuel outlet, the current 

density results lower than the current density of segment located at the fuel inlet 
105

. 

 

5.5.3. Syngas operation 

 

In this Section, the results are presented obtained from the multisampling set-up employed in the 

study of an IT-SOFC single cell sample fed with a syngas. The simulated syngas fuel represents a 

nominal composition that may result from the steam reforming of the natural gas. 

In Figure 5.49 there are reported the results of the gas analysis carried on the sampling spots 

located on the Y axis (Figures a, b and c) and on the Y’ axis (Figures d, e, and f). Figures 5.49.a 

and 5.49.d refer to the gas sampling performed in OCV conditions. Figures 5.49.b and 5.49.e 

refers to the gas sampling carried out under a current of 15 A (corresponding to a Fuel Utilization 

of the 20 %) flowing through the cell. Figures 5.49.c and 5.49.f reports the results of the gas 

sampling performed while the cell was producing a current of 30 A (corresponding to a Fuel 

Utilization of the 40 %). 

If the plots reported in Figure 5.49 are compared in couples (a with d, b with e and c with f), the 

gas sampling depicts the initial and final phase of the reaction developing along the gas flow 

through the anode surface. 

However, in all the plots it is confirmed the homogeneous distribution of the gas species, thus 

confirming again a uniform distribution of the species perpendicularly to the flow direction. 

Starting from the OCV measurements, it is evident that from the beginning to the end of the cell, 

there is an important production of H2 and CO and a concomitant consumption of CH4 and H2O. 

The CO2 content remains almost unaltered. 

A similar behaviour is also observable in the case of 15 A of current (F.U. 20%): even if the cell 

is consuming H2 to produce the current, an increase in H2 content is still observable. Being the 

product of the H2 electrochemical oxidation, the H2O content in the anode mixture slightly 

increases at the end over the anode length. Again, CH4 is consumed exactly as it happened in the 
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OCV case, while the production of CO appears reduced with respect to the case with no current. 

This time, a slight increase in the CO2 molar fraction is observed in proximity of the anode outlet. 

Considering the case of 30 A, the H2 expected consumption is observable, but still restrained 

respect to what expected from a fuel utilization of 40 %; nevertheless, along with the same 

consumption of CH4, this time also the CO content seems to reduce. A net increase in both H2O 

and CO2 is now evident. 
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Figure 5.49. Gas composition analysis along the Y axis (a, b, c) and Y’ axis (d, e, f) in OCV (a, d), under a constant 

current of 15 A(b, e) and under a constant current of 30 A (c, f). 

 

These results suggest that there are 3 different reactions driving the local concentration gradients 

along the anode surface: the electrochemical oxidation of H2, the methane steam reforming 

reaction (MSR) and the water gas shift reaction (WGS). 

A clearer picture of what is occurring in each of the case studied can be obtained from the 

analysis of the gas compositions along the X axis (parallel to the gas flow field), and from the 

temperature analysis reported hereafter. 

 

 

 

Figure 5.50. Gas composition analysis along the X axis in OCV (a) and under a constant current of 15 A(b). 
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Figure 5.51. Gas composition analysis along the X axis in OCV (a)and under a constant current of 30 A(b). 

 

Observing the trend of the compositions along the gas flow field direction, a number of 

considerations arise. 

At OCV conditions it can be clearly seen that the evolution of the gas composition must be 

ascribed to the sole effect of the methane steam reforming reaction (MSR) which progressively 

consumes water and methane, to produce hydrogen and carbon monoxide. The constant value of 

CO2, which is a product of the water gas shift reaction, implies that this process is not occurring 

or is at a very low degree of progress. 

At 15 A, while the MSR reaction seems not affected by the current flow, the degree of progress 

of the WGS reaction start to increase, as demonstrated from the progressive increase of the CO2 

and the reduced increase in the CO content. Hydrogen is consumed and water is now produced as 

a reflection of the electrochemical oxidation reaction, but the H2 consumed is rapidly restored 

from the occurrence of both MSR and WGS reactions; as a result H2 slightly increases along the 

flow field direction. 

At 30 A the driving process is clearly the electrochemical oxidation of H2, as proven from the net 

increase in the H2O content. However, even if the current density is high, the consumption of H2 

results still mitigated; even though the MSR reaction appears again unaffected from the increase 
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of the current density, the WGS reaction is strongly pushed towards a higher degree of progress, 

as confirmed from the trend of CO2. 

It is to be noted that in both cases under constant current, the electrochemical oxidation of CO 

can be excluded, due to the results obtained from the in-depth electrochemical investigation 

presented for the button cell samples (EIS/DRT analysis). 

To further confirm what is stated above, Figure 5.51. reports the temperature analysis at OCV 

(Figures a, b, and c) and at 30 A (Figures d, e, and f). 

Observing the temperature profile in OCV conditions, all the thermocouples show a reduction in 

the measured temperature during the 3600 seconds of stabilization of the syngas composition. 

This implies that the dominant reaction is the MSR reaction, which is the only process to be 

strongly endothermic ( −∆𝐻0
298 =  − 206

𝑘𝐽

𝑚𝑜𝑙
). Some temperature steps can be observed, 

especially from the thermocouples located in the spots in proximity to the anode inlet, which may 

be the manifestation of the dynamic re-equilibration of the WGS reaction caused by the evolution 

of the dominating MSR reaction. 

When the cell is producing 30 A of current, the temperature profile is completely the opposite, 

denoting that the dominant reaction is, this time, the electrochemical oxidation of H2, which is 

strongly exothermic. Moreover, it can be again observed that the temperature in proximity of the 

outlet of the cell is notably lower than that measured at the beginning, exactly as in the case 

presented for the H2 fuel: again, this must be the effect of the depletion of the fuel (or its dilution 

in its products) which locally decreases the current density, and thus decreasing also the 

temperature. Some fluctuation are again measured, maybe caused by the dynamic equilibria of 

both WGS and MSR reactions. 
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Figure 5.51. Temperature analysis at OCV (a, b, c) and under a constant current of 30 A(d, e, f). 

 

 

5.5.4. Resume of the reactions evolution on anode surface 

 

The novel multisampling set-up proved that good performances are obtainable from cells tested 

with it. 

By means of spatially resolved sampling of both gas concentrations and temperature it has been 

possible to deeply study the course of the reaction in operando. 

From the study in dry hydrogen fuel, it was observed how the sole electrochemical oxidation 

reaction evolves along the anode surface. Its occurrence causes an increase in the cell temperature 
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due to its exothermic nature, but the depletion of the fuel, and its dilution in its product along the 

gas flow field direction, causes a cooling effect towards the proximity of the anode outlet, which 

is probably related to the reduction of the local current density. 

In the case of the syngas fuel, it was observed how, depending on the current generated from the 

cell, the three principal reactions, namely the electrochemical oxidation of H2, the methane steam 

reforming (MSR) and the water gas shift (WGS) reactions affect the concentration and the termal 

gradients. 

In OCV conditions, the MSR reaction dominates the concentration and thermal profile of the 

anode, while the WGS reaction appears to be almost in equilibrium. At high current (30 A), the 

electrochemical oxidation of H2 is the preponderant reaction, and both the MSR and the WGS 

(the latter being this time at a higher degree of progress) provide further H2 for the 

electrochemical reaction, resulting in a net reduced consumption of the fuel. At 15 A, the 

situation is a combination of the two, resulting in a slight production of H2 even if the cell is 

producing current. The thermal profile shifts from a the cooling effect of the endothermic MSR 

reaction at OCV to the heating effect related to the exothermic oxidation reaction. 

This profound analysis of the processes may result very instrumental for the optimization of the 

operating conditions when IT-SOFC based systems are coupled with syngas sources, allowing to 

study the best conditions for co-generative and tri-generative application, or to reduce the 

occurrence of degradation phenomena such as carbon deposition, and it will also provide 

precious information for the build-up of reliable predicting 2D computational models based and 

validated on experimentally available thermo-chemical mapping of the cell.  
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6. CONCLUSIONS 

 

Fuel flexibility is one of the most interesting features of SOFCs systems, especially to achieve 

first entry of this technology into the market of heat and power generating systems. 

Thanks to the high operating temperatures and to the presence of catalytic nickel particles, this 

type of electrochemical devices can produce power starting from syngas fuels, such as those 

produced from the reforming of natural gas or from the gasification of coal and biomasses, with a 

very high conversion efficiency. 

Nevertheless, if the next generation of solid oxide fuel cells aims to achieve a sensible cost 

reduction and enhanced life-span of the systems by decreasing the operating temperature, the 

possibility of the convenient integration of syngas sources with IT-SOFC-based systems needs to 

be verified starting from a profound knowledge of the single chemical and electrochemical 

processes that affect the final performances of the system. 

The simultaneous occurrence of a large number of phenomena that can positively or negatively 

affect the performances of syngas-fed SOFC systems, demands innovative investigation tools 

able to distinguish and deeply analyze the nature and the evolution of the reactions, in order to 

establish the best conditions for safe, reliable, and effective energy production. 

For these reasons, in this work it has been presented a profound characterization of the processes 

related to the operation of IT-SOFC samples fed with simulated syngas. 

 

The experimental campaigns has been divided in two main parts. The first one was aimed to 

identify the number, the nature and the evolution of the different physicochemical processes and 

to extrapolate useful physical quantities related to the fundamental equations regulating each type 

of phenomena from experimental data. The second one was aimed to study the thermal and 

chemical gradients generating along the anode surface due to the different evolution of both 

chemical and electrochemical equilibria at different operating conditions. In both cases, novel 

tools of analysis were specifically employed to study these phenomena. 

 

In the first part of the experimental work, the distributed relaxation times (DRT) method was 

performed on the experimental EIS spectra obtained from several button cell samples fed with 
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three different fuel mixtures: H2-H2O, CO-CO2 and simulated syngas. From the variation of a 

single operating parameter each time, the observed response of DRT peaks was ascribed to 

different electrochemical processes occurring at the anode or at the cathode side.  

Up to six different processes were identified. The high-frequency processes P1 and P2 were both 

ascribed to the electrochemical oxidation of the fuel occurring at the anode side, due to their 

prominent dependency on the operating temperature, and being modestly influenced by the fuel 

composition. In particular, process P1 is related to the transport of O
2-

 ions within the YSZ matrix 

of the anode functional layer. Process P2 is in turn identified with the charge transfer mechanism 

of the electrochemical oxidation of the fuel occurring within the anode functional layer, in the 

three phase boundary (TPB) region. 

Even though the process P3 resulted often convoluted with the anodic process P2, it was 

successfully ascribed to the charge transfer mechanism for the reduction of O2 to O
2-

 at the 

cathode side, due to its thermal activation behavior, independency on the fuel composition and 

being slightly affected by the O2 content in the cathode stream. 

The evident dependency on the composition of the fuel gas and the relatively low or null 

sensitivity to temperature variations for process P4 suggest that this process is associated to gas 

diffusion through the open porosity of the anode substrate. 

Process P5 appears only when the sample is fed with a syngas mixture. It is clearly affected by a 

change in the molar fractions of the fuel, and barely influenced by temperature variation: it has 

been thus attributed to the water gas shift reaction (WGS).  

Finally, process P6 in the lowest frequency region can be associated to the diffusion of the 

cathodic gas in the MIEC porous structure. 

By the application of the synergic approach of in-operando impedance spectroscopy 

measurements under a wide number of different and pre-defined operating conditions, the DRT 

method, and CNLS fitting of the experimental EIS measurements with an equivalent circuit 

model defined from the identification of the processes, it was possible to estimate activation 

energies, reaction orders, pre-exponential factors and effective diffusion coefficients for the three 

fuels tested: H2/H2O, CO/CO2 and syngas.  

Comparing the obtained results in this work in the three cases between them, and with what has 

been reported from other authors in literature, it was possible to hypothesize that in the case of a 

syngas fuel, the oxidation mechanism of the fuel is similar to that occurring in the case of 

humidified hydrogen, suggesting that H2 is preferentially oxidized at the anode side. The carbon 
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monoxide is rather involved in the Water Gas Shift reaction, in order to produce more H2 to be 

further oxidized; this evidence resulted strongly supported in literature. 

The same methodology was then applied to study the evolution of the identified processes during 

a long term operation of the samples in clean syngas, and in a syngas contaminated with the 

presence of tar species, which is known to be one of the most harmful class of species contained 

in the syngas produced by gasification systems. 

The results of the DRT/CNLS fitting approach showed, in the case of the long term test (1000 

hours) with clean syngas, that the processes being most affected from this endurance test were the 

anodic process P2 and the cathodic process P3, followed by a minor increase of the other low 

frequency anodic processes P4 and P5. By means of a post mortem characterization,  it was 

observed a depletion of Ni particles from the AFL and a subsequent migration and densification 

to the bottom part of the anode supporting layer, explaining the increase of the contribution of the 

anodic processes to the overall impedance of the cell, while the observed slow down of the 

kinetics for the cathodic electrochemical reaction was ascribed to the depletion of the Sr content 

in the cathode layer. 

In the case of tar contamination, experimental results, obtained from in operando electrochemical 

characterization and post-mortem analysis, highlight the formation of carbon deposits within the 

anode layer. As suggested from the electrochemical behavior of the cell, this impedes an effective 

supply of H2 to the active sites.  

It was supposed that an unbalanced accumulation of oxygen ions occurring in proximity of the 

clogged Ni particles may result locally in thermodynamical conditions favorable to nickel 

oxidation. This transformation is associated to significant volume expansion, and may cause 

uneven stresses propagation,  possibly enhanced by carbon particles blocking pores and thus 

reducing voids, with the formation of cracks. The presence of a tar contaminant, even in low 

quantities, in the fuel stream of an IT-SOFC cell resulted in a dramatic drop of the cell’s 

performances, which underwent to a failure within approximately 150 hours. 

 

In the second part of the experimental investigations, the novel multisampling set-up developed 

in this work proved that good performances are obtainable from cells tested with it. 

By means of spatially resolved sampling of both gas concentrations and temperature it was 

possible to deeply study the course of the reaction in operando. 
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From the study in dry hydrogen fuel, it was observed how the electrochemical oxidation reaction 

causes an increase in the cell temperature due to its exothermic nature; but the depletion of the 

fuel, and its dilution in its product along the gas flow field direction, causes a cooling effect 

towards the proximity of the anode outlet, which is probably related to the reduction of the local 

current density. 

In the case of the syngas fuel, it was observed how, depending on the current generated from the 

cell, the three principal reactions, namely the electrochemical oxidation of H2, the methane steam 

reforming (MSR) and the water gas shift (WGS) reactions affect the concentration and the termal 

gradients. 

In OCV conditions, the MSR reaction dominates the concentration and thermal profile of the 

anode, while the WGS reaction appears to be almost in equilibrium condition. At high current (30 

A), the electrochemical oxidation of H2 is the preponderant reaction, and both the MSR and the 

WGS (the latter being this time at a higher degree of progress) provides further H2 for the 

electrochemical reaction, resulting in a net reduced consumption of the fuel. At 15 A, the 

situation is a combination of the two, resulting in a slight production of H2 even if the cell is 

producing current. The thermal profile shifts from a the cooling effect of the endothermic MSR 

reaction at OCV to the heating effect related to the exothermic oxidation reaction. 

 

This profound analysis of SOFC processes, by means of the EIS/DRT/CNLS synergic approach 

for the electrochemical bulk proprieties and by means of the novel multisampling set up for the 

investigation of themochemical gradients and surface evolution of the reactions, may result very 

instrumental for the optimization of the operating conditions when IT-SOFC based systems are 

coupled with syngas sources, allowing to study and assess the best condition for co-generative 

and tri-generative application, or to reduce the occurrence of degradation phenomena such as the 

carbon deposition, and it will also provide precious information for the build-up of reliable 

predicting 2D computational models based on and validated by experimentally available thermo-

chemical mapping of the cell. 
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