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ABSTRACT 

 

 

Solid Oxide Fuel Cells are highly efficient and clean energy conversion devices that 

during the last few decades have attracted increasingly interest of investors and 

governmental institutions. This emerging technology exhibits smart properties as 

compared to other type of fuel cells. Above all, characteristic fuel flexibility of SOFCs 

(i.e. hydrogen, carbon monoxide, methane) and the possibility to use high 

temperature exhaust gases for co-generation or hybrid applications are key factors 

for SOFC market introduction. In addition, at high temperature, non precious 

catalysts can be used, thus, reducing costs. In view of these merits, SOFCs 

applicability extends from distributed generation to auxiliary power units in 

transportation. More recently, SOFC miniaturization has opened a new way for its 

use also in portable applications.   

 Even if SOFCs demonstrated high electrochemical efficiencies and 

performances in a variety of cell configurations, cost and durability constraints have 

prevented SOFC commercialization up to now. The high operation temperature that 

SOFCs require, limits material selection fundamentally to metal oxides or ceramics. 

The earliest developed line at high temperatures (HT-SOFCs) is fully based on 

ceramic components (i.e. support, functional layers and interconnects). However, 

ceramics are expensive, susceptible to thermal gradients and very fragile under 

mechanical stress. Therefore, more recently developed efforts pursue to lowering 

operation to intermediate temperature (IT-SOFC), this allowing the use of widely 

adopted cheaper ferritic stainless steel as interconnect material. These steels are 

mechanically robust, exhibit matching TEC with cell components as well as an 

excellent thermal and electronical conductivity. Though anode-supported cell 

configuration with metal interconnects is the preferred design at intermediate 

temperature, an innovative metal-supported SOFC concept which uses similar ferritic 

stainless steels has been introduced in the SOFC field. Currently used ferritic 

stainless steels, whether as interconnect or metal-support, are chromia based ferritic 

alloys which form a protective chromia scale with good conductive properties in the 

surface of steel. This oxide layer is primordial but not sufficient to guarantee 

corrosion resistance and long life of the metal substrate. 

 Nevertheless, reactivity among cell materials and degradation is not completely 

eradicated at intermediate temperature. Chromium evaporation from ferritic 

components (i.e. interconnect or support) during fabrication and operation is 

especially harmful for the electrochemical performance of functional electrodes. 

According to the observed degradation, contact coating and diffusion barrier layers 

have been developed for both, oxidizing and reducing atmospheres, to block the 

chromium diffusion in the cathode and anode, respectively. Among the electrodes, it 
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is commonly accepted that limitations in the electrochemical performance and 

degradation during operation arise mainly at the cathode. Chromium evaporation is 

higher under oxidizing atmosphere and hence, Cr-poisoning is more severe in the 

cathode.  

 This thesis work was born as a collaboration project between two entities 

currently involved in the development and commercialization of IT-SOFC technology, 

IK4-Ikerlan and SOFCpower with a valuable contribution of Materials Department in 

the University of Trento and EPFL. IK4-Ikerlan, is a reference research institution in 

Spain which has largely invested in the development of metal-supported tubular 

SOFCs. SOFCpower, is a newly emerging Italian company currently involved in the 

research and commercialization of anode-supported IT-SOFC technology. Whereas 

IK4-Ikerlan has emphasized in the robustness through a metal-supported cell (MSC); 

SOFCpower, has prioritized electrochemical performance and, thus, it has adopted 

the anode-supported cell (ASC). Both centers pursue the final application of the 

SOFC product in the framework of domestic cogeneration.   

 In relation to degradation issues, cathode stability under operation is a general 

concern for IT-SOFC developers. In the first part of this thesis work, the stability of 

ferritic perovskite cathodes currently implemented at IK4-Ikerlan and SOFCpower 

(LSF-SDC and LSCF-GDC, respectively) was studied in a specific experimental DoE 

design. The influence of cathode processing and operation conditions together with 

intrinsic degradation mechanisms and extrinsic ones related to chromium poisoning 

and air humidification were analyzed in detail. Moreover, the effectiveness of two 

interconnect coating materials, MCO spinel and novel LNC perovskite against 

chromium poisoning of the cathode was studied. With this commitment, anode-

supported half-cells manufactured by SOFCpower were used making profit of the 

verified high reproducibility of these cells.   

 In parallel, work at IK4-Ikerlan in tubular MSC technology demonstrated critical 

instability related to the operation under high fuel utilization and deficient diffusion 

barrier layer (DBL) implementation. This allowed element interdiffusion during the 

manufacturing process between the metal support and the anode. In the second part 

of this thesis work, a second generation (G2) of tubular MSCs based on an 

innovative DBL has been developed in all aspects. This includes processing 

parameters optimization and stability studies. During this work, an intrinsic variable 

degradation mechanism related to the DBL and manufacturing process of MSC 

turned out to be critical in G2 cells stability during operation. At this point, 

understanding such a mechanism and determining its origin became the most 

fascinating challenge of my investigation.  

 Overall, this thesis work focuses in the study of critical parameters in SOFCs 

stability. Factors affecting the stability of cell components over a wide range of 

operation conditions and degradation mechanisms related to the manufacturing 

process and operation are studied. 
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Chapter I 

 

THEORETICAL BACKGROUND/STATE OF THE 
ART 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

1.1 Type of fuel cells  

Fuel cells share the characteristics of high efficiency, no moving parts, quiet 

operation and low (as compared to heat engines) or zero emissions. Potential 

markets of these devices include battery replacement in small portable electronic 

devices, auxiliary power units in vehicles, residential combined heat and power 

(CHP) and large-scale megawatt (MW) electrical power generation [1].  As a general 

rule, fuel cells are classified according to the type of electrolyte that they use. The 

electrolyte material conditions the charge carrier and chemical reaction but also the 

kind of catalysts required and the operation temperature. The later has many 

implications in the functionality and determines the most appropriate application for 

each fuel cell. Figure I - 1 summarizes some of the issues related to operating 

temperature. Main characteristics of each fuel cell technology are presented in Table 

I - 1. 

1.1.1 Low temperature Fuel Cells 

Polymer electrolyte membrane fuel cells (PEM or PEFC), alkaline fuel cells (AFC) 

and phosphoric acid fuel cells (PAFC) operate, in general, at low temperatures. This 

allows fast start-up and therefore causes less wear of system components. However, 

at those temperatures, noble-metal catalyst (i.e. platinum) is required to promote 

hydrogen oxidation. Not only platinum catalyst adds extra cost to the system, it is 
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also extremely susceptible to CO poisoning and makes it necessary to use an 

additional reactor to reduce CO in the fuel gas if the hydrogen is derived from an 

alcohol or hydrocarbon fuel.  

 

 

Figure I - 1. Summary of generic fuel cell issues related to temperature of operation [2].  

 AFCs were one of the pioneer cell technologies used in spacecrafts for 

electricity and water production. Despite the fast electrochemical activity and high 

performance, AFC is susceptible to little amounts of CO2 in hydrogen and air, which 

add extra cost due to purification processes. Cheaper PEM fuel cells work below 

100°C and are mainly used for transportation applications thanks to a favourable 

power-to-weight ratio. AFCs are more tolerant to CO impurities compared to PEM 

but less efficient generating electricity alone. 

1.1.2 High temperature Fuel Cells 

Molten carbonate fuel cell (MCFC) and solid oxide fuel cell (SOFC) work at very high 

temperatures. The electrochemical reaction is faster and no precious-metal catalysts 

are necessary at high temperature, thus reducing costs. High working temperature 

also allows SOFCs to reform fuels internally, which enables the use of a variety of 

fuels and reduces the cost associated with an integrated reformer. SOFCs are 

capable of internally reforming light hydrocarbons such as methane (natural gas), 

propane and butane. However, water must be added to the fuel to avoid carbon 

deposition (i.e. carbon coking) and resultant slowing of internal reforming. MCFC is 

not prone to carbon coking and it is especially attractive to work with coal gases 

thanks to the high tolerance to CO and CO2 gases. However, the development of 

low-cost materials with stable performance at high operating temperatures is still 

challenging. This is especially true for MCFCs as the corrosive electrolyte used 

accelerates component breakdown and corrosion. In addition, MCFCs show lower 

0 100 200 300 400 500 600 700 800 900 1000

HT-SOFCIT-SOFC

http://en.wikipedia.org/wiki/Fossil_fuel_reforming
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efficiencies. Alternative SOFCs can operate over a wide range of temperature 

(500°C to 1000°C). For high-temperature SOFCs (HT-SOFCs), high efficiencies can 

be reached from integration with gas-turbines for large-scale stationary applications.  

 

 

Table I - 1. Comparison of Fuel Cell technologies [3]. 
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 For smaller scale stationary applications, such as micro-CHP, APU and small 

electrical generators, there is a trend to move towards lower temperature of operatio 

operation, into the so called intermediate temperatures (IT-SOFC, 500°C-750°C) [2]. 

Those temperatures are still considered too high for portable applications as they 

involve slow start-up times and thermal shielding that is necessary to ensure 

isolation. However, SOFC can be used as standalone system (APU) to supply 

auxiliary power to selected vehicles. 

 In general, high-temperature fuel cells (MCFC, SOFC) together with PAFC 

produce waste heat that can be use to reform fuels, provide heat and drive engines. 

Those technologies are therefore especially attractive for co-generation and hybrid 

system applications (i.e. gas turbine).  

 On the various cell technologies, PEM (low temperature) and SOFCs (high 

temperature) are currently attracting more attention and development budget. Until 

recently, PEM had the exclusivity of portable applications. In this context, however, 

SOFC supporters are enthusiastic towards newly developed micro-scale cells. 

Thanks to fast start-up times and high volumetric power densities, small-scale 

portable SOFCs aim to compete, in the near future, with PEMs in all fronts. Even 

laptops fuelled with SOFCs are contemplated [4].  

 The end-uses of SOFC systems may be classified into three main groups: 

stationary applications (large stationary power generation of over 10 KW and small 

stationary power generation of under 10 KW), niche transportation applications and 

portable applications. In 2007, the majority of SOFC units installed over the world 

were being used for small stationary applications which include domestic power 

supply, industrial applications requiring uninterrupted power supply (UPS) and 

military applications. The use of SOFC in the niche transport was higher than that in 

large stationary applications [5].  

 

Figure I - 2. Total number of SOFC units installed over the world by 2007.  
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1.2 Solid Oxide Fuels Cells  

1.2.1 Basic principles 

Solid Oxide Fuel Cells (SOFC) consist of an electrolyte made of a non-porous 

ceramic oxide that becomes an ionic conductor for oxygen ions (O2-) as the 

temperature increases. The electrolyte is sandwiched between two electrodes, 

cathode and anode, and together compose the electrochemically functional body of 

the cell. The overall electrochemical reaction is illustrated in Figure I - 3. 

 

Figure I - 3. Operating principle of a Solid Oxide Fuel Cell. 

 Half-cell reactions at the electrodes occur according to 

 
 

 
           (1.1) 

                (1.2) 

 At the cathode, oxygen atoms are reduced according to Eq. (1.1) and resulting 

oxide ions are conducted through the ceramic electrolyte to the porous anode where 

they react with hydrogen according to Eq. (1.2), giving water and electrons which are 

conducted to the cathode through an external circuit. Another way of looking at the 

fuel cell is to say that hydrogen fuel is being “burnt” or combusted in the simple 

reaction: 

 

    
 

 
        (1.3) 

 However, instead of simple heat energy being liberated, electrical energy is 

produced.  
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 This holds for an ideal situation where cells are fed with pure hydrogen. 

However, the actual hydrogen industry is based on steam reforming of fossil fuels 

which renders more attractive their direct use. In effect, fuel flexibility (i.e. hydrogen, 

carbon monoxide, methane) is an essential advantage of SOFCs. For the sake of 

simplicity, electrochemical reaction for hydrogen is described here but in a 

reasonable situation, additional CO and/or methane oxidation must be considered.  

1.2.2 Open Circuit Voltage and Irreversibilities 

At equilibrium, the Open Circuit Voltage (OCV), E, is given by the Nernst equation: 

 

      
  

  
   

      

 
  

    
  (1.4) 

where E0 is the standard potential, R is the ideal gas constant, F is the Faraday 

constant, 2 is the number of exchanged electrons and the terms under the logarithm 

are the partial pressure of reactants and product of the electrochemical reaction 

(Eq(1.3)). The electromotive force (EMF) calculated from such equation, E, is known 

as “Nernst potential” and it is the reversible cell voltage at a given temperature and 

pressure. Note that Nernst potential, E, increases as reactant activities increase. E0 

is the EMF at standard pressure and it is given by the fundamental equation:  

 

     
   

  
 (1.5) 

where G0 is the Gibbs free energy released in 1mol H2 conversion and -2 F E is the 

electrical work done moving the corresponding charge 2 F round the circuit. Even if 

the OCV is lower than the theoretical potential E0, during operation, when current 

flows through the cell, potential is lower than the OCV due to irreversibilities which 

cause the voltage drop. The characteristic voltage versus current density curve takes 

the shape shown in Figure I - 4.  
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Figure I - 4. Typical fuel cell IV curve. 

 Four major irreversibilities or loses are distinguished and the real cell potential, 

Ecell, is expressed as follows: 

 

                                   (1.5) 

 The leakage loss, Eleak, is mainly caused by electrolyte imperfections (i.e. 

porosity, interconnectivity) which are directly related to the manufacturing process. 

This is traduced in a voltage drop from theoretical OCV. Even when non-porous 

electrolyte with excellent quality is processed, this ionic conductor is still able to 

support very small amounts of electron conduction or fuel crossover, typically in the 

order of few mAcm-2. This voltage drop is inevitable but at the high operation 

temperature of SOFCs is modest in the order of few mV.  

 The activation polarization, ηact, is associated with charge transfer processes 

which take place in the electrodes and it is the dominant resistive mechanism at low 

current density. The size of the voltage drop is related to the current density, J, by 

the Tafel equation: 

 

            
 

 
   (1.6) 

where A and b are constants related to the electrode (i.e. composition and 

microstructure) and cell conditions (i.e. temperature). For a given composition, 

activation loses are lower for fine electrode microstructures and high operation 

temperature. While an electrode with fine microstructure extends the 

electrochemically active area, increasing temperature accelerates charge transfer 
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kinetics. Generally, triple phase boundary (TPB) is used to describe the electrode 

zone where oxygen reduction and hydrogen oxidation half-reactions occur. It is 

essentially the meeting point of ion conducting electrolyte, electrically connected 

catalytic regions and gas space.  

 Ohmic polarization, ηohm, is the voltage drop due to ohmic resistance and it is 

mainly produced in the electrolyte. As a matter of fact, thickness but especially the 

ionic conductivity of electrolyte material characterize the operation window of cells as 

it is related later on. Low ionic and electronic conductivity of electrodes (depending 

on material, thickness and microstructure) and poor interface contacts further 

increase ohmic polarization. The size of the voltage drop is simply proportional to the 

current; V=I R.  

 Concentration polarization, ηconc, is the result of practical limitations in the mass 

transport within the electrodes, when reactants are consumed faster than they can 

diffuse into the porous electrode. ηconc is also affected by variations in the bulk 

concentration of reactants. This is particularly important in the anode as the fuel 

utilization increases and hydrogen concentration reduces in the fuel stream due to 

steam production. Electrode microstructure (i.e. pore size and distribution) and 

thickness further influence concentration overvoltage.  

1.2.3 Efficiency 

The efficiency of a fuel-cell system, ε, can be written as the product of three 

contributing efficiencies as described in Eq.(1.7) [6]: the reversible efficiency, εR, the 

voltage or part-load efficiency, εV, and the fuel utilization, εU. 

 

           (1.7) 

The ideal or reversible efficiency, εR, relates the electrical energy produced in an 

ideally reversible system with the energy that would be produced by burning the fuel, 

and can be thermodynamically calculated by  

 

    
  

  
   

   

  
  (1.8) 

where ∆G, ∆H, and ∆S are changes in molar free energy, enthalpy, and entropy, 

respectively, associated with the full oxidation of fuel. This efficiency is thus directly 

related to fuel composition and temperature. As already mentioned, irreversibilities 

within the fuel cell reduce the cell potential when it is operated under load. The 

voltage efficiency, εV, depends on the operating cell potential Ecell and it is defined as  

 

    
     

  
  (1.9) 
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where E0 is the reversible (Nernst) potential. Fuel utilization (FU) strongly affects the 

efficiency. One H2 molecule oxidation liberates 2 electrons and thus hydrogen used 

can be directly calculated by dividing the current generated with 2 F, the current 

generated by 1 mol H2. Fuel utilization can be, thus, expressed as:  

 

    
 
    

   
  (1.10) 

where nH2 is the molar hydrogen supplied to the cell. For high system efficiency, the 

fuel utilization should be as high as possible. However, as the fuel concentration 

decreases along the length of the anode channel, the reversible “Nernst potential” 

decreases at high fuel utilizations according to Eq. (1.4). In Figure I - 5, the typical 

behaviour of the fuel cell efficiency and fuel utilization as a function of operating cell 

voltage is represented. Operating at low cell potential, the fuel can be fully utilized 

and the fuel cell efficiency is a linear function of cell potential Ecell. The slope of this 

function depends on the fuel composition as well as operating temperature and 

pressure. The reversible efficiency, εR, which would be achieved by operating the cell 

at its reversible potential, cannot be reached in practise due to the low fuel utilization 

at high operating potential. The exact conditions for maximum efficiency depend on 

fuel composition, temperature and pressure. In Figure I - 5, maximum efficiency is 

reached around 0.8V at 800°C for a given reformed gas composition (50% CO and 

50% H2).  

 

Figure I - 5. Fuel-cell efficiency and fuel utilizations as a function of operating cell 

voltage in an SOFC operated at 800°C with fuel composed of 50% CO and 50% H2 at 

atmospheric pressure [6]. 

 SOFCs attain efficiencies over 60% when converting fuel to electricity. If the 

heat they produce is also harnessed, the overall efficiency in converting fuel to 

energy can be over 80% in a combined heat and power (CHP) system.  
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1.2.4 SOFC targets 

In addition to efficiency and power density, in general, other requirements such as 

long term stability, thermal and redox cycling capability, short start-up time and 

operation on different fuels at high fuel utilization have to be fulfilled. Table I - 2 gives 

an overview of the estimated targets for stationary and mobile applications. While 

performance requirements for stationary SOFC systems are more flexible, stability is 

an essential prerequisite. Chemical instability in the interface of cell components is 

considered key on this subject. On the other hand, for transportation applications, 

rapid start-up times and thus, lower operation temperature are essential. In addition, 

thermomechanical instability is a key issue because of frequent thermal cycling [7]. 

Regarding the fuel composition, micro-CHP systems fed with natural gas are 

planned for domestic co-generation. On the other hand, auxiliary power system 

designed for transportation should work with gasoline or diesel.  

Table I - 2. Target areas for mobile and stationary SOFC systems [1].  

Application Stationary Mobile 

Operation temperature (°C) 700-1000°C 500-700°C 

Power density >0.25 Wcm-2 >1 Wcm-2 

Lifetime >40000 h > 2000 h 

Degradation rates < 1 μVh-1 < 10 μVh-1 

Fuel utilization >80% >80% 

Thermal cycles >100 >5000 

Heating rates >1 Kmin-1 >100 Kmin-1 

Fuel Natural gas, fuel oil Gasoline, diesel 

Oxidant Air Air 

System costs <$500 kW-1 <$100 kW-1 

 

1.3 State of the art SOFC materials 

Functional layers in the single cell (i.e. electrolyte and electrodes) satisfy different 

requirements. Electrolyte must be gas tight and purely ionic conductor whereas 

electrodes have to be porous to allow inlet and outlet gas transport and electronic or 

mixed conductors. In the case of a pure electronic conductor electrode, 

electrochemical reactions are restricted to electrode-electrolyte-gas interface. Those 

active sites are also called triple phase boundary (TPB) referring to gas, electronic 

conductor and oxygen conductor phase meeting points. It is commonly accepted that 

electrodes with acceptable efficiency should be either composites with ionic and 

electronic conducting phases or mixed conductors to extend the TPB.  
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Figure I - 6. Electrical, thermomechanical and stability requirements of the SOFC single 

cell components [1].  

State of the art materials currently used in most IT-SOFC systems include yttria-

stabilized zirconia (YSZ) electrolyte, LSCF-GDC composite cathode and Ni-YSZ 

cermet anode. In addition, ferritic stainless steels are used to interconnect 

neighbouring cells. In Figure I - 6 principal requirements for single cell constituents 

and interconnect, at stack level, are summarized. In addition, a review of the 

principal component materials is reported in this section. 

1.3.1 Electrolytes 

The basic requirements for a suitable SOFC electrolyte are [8]: 

- High ionic conductivity  
- Electronic insulator 
- Thermal stability 
- Stability under reducing and oxidizing atmospheres 
- Chemical stability to contacting neighbours 
- Ease of manufacturing as a thin gas tight film   
- Low cost and availability 

 The most common electrolyte is yttria stabilized zirconia (YSZ) due to its high 

ionic conductivity and low electronic conductivity. However, other materials such as 

gadolimium doped ceria (GDC) and lanthanum strontium gallium magnesium oxide 

(LSGM) are becoming popular due to their higher ionic conductivity at lower 

temperatures (500-700ºC) [9]. Bismuth oxide systems have high ionic conductivities 

at low temperatures but suffer from high chemical instability, low mechanical strength 

and instability in reducing atmospheres [10]. Main electrolyte materials are presented 

in Figure I - 7. Assuming that the electrolyte component should not contribute more 
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than 0.15 Ωcm2 to the total area specific resistance (ASR) [11], for a 15 μm thin 

electrolyte, then the associated specific ionic conductivity (σ) should be at least 

10-2 S/cm for σ = L/ASR [11].  Ionic conductivity of YSZ is competitive above 700⁰C 

whereas for Ce0.9Gd0.1O1.95 (CGO), the relevant temperature is 500⁰C [12].  If thinner 

electrolyte was used, operation temperature could be further decreased. However, at 

present, 10-15 μm film is the minimum thickness which guarantees dense and 

impermeable films by inexpensive ceramic processing routes. On the other hand, 

150 μm self supporting (ZrO2)(Y2O3)0.1 electrolyte would necessitate 1000ºC for an 

acceptable ionic conductivity. Therefore, the electrolyte material and thickness 

designates the operating temperature of the cell. This is not trivial as in contrast to 

other fuel-cell types, SOFC stacks can be, in principle, operated within a wide 

temperature range as previously mentioned (500-1000ºC).  

 The state of the art solid oxide electrolyte used in SOFCs is yttria-stabilized 

zirconia (YSZ). Y3+ is added to stabilize the conductive cubic fluorite phase of ZrO2, 

as well as to increase the concentration of oxygen vacancies and thus increase the 

ionic conductivity. Highest ionic conductivities for 8YSZ (ZrO2 stabilized with 8 mol% 

Y2O3) are reported but  3YSZ (ZrO2 stabilized with 3 mol% Y2O3), with significantly 

lower conductivity, is widely adopted due to its outstanding mechanical stability [13]. 

Although yttria is the most common dopant, calcium (CaSZ) but especially scandia-

doped zirconia (ScSZ) is very attractive as exhibits higher ionic conductivity [14]. 

ScSZ superiority is attributed to the better matching of Zr4+ and Sc3+ ionic radius, as 

compared to that between Zr4+ and Y3+, leading to a smaller energy for defect 

association and increased mobility [15-18]. Nevertheless, Sc cost, stability and poor 

availability has constrained its use.  

 

Figure I - 7. Specific conductivity versus reciprocal temperature for selected SOFC 

electrolytes [12].  
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 Doped-CeO2 with similar fluorite structure constitutes the most promising 

candidate to be used as electrolyte in SOFC at lower operating temperatures [19]. 

Gadolinia and samaria-doped CeO2 (GDC and SDC) show high conductivity already 

at 500ºC. However, at higher temperature, doped ceria becomes unstable under 

reducing atmosphere. Above 600ºC, significant Ce4+ ions reduction to Ce3+ creates 

lattice expansion stresses and the electrolyte becomes a mixed conductor. The 

associated electronic conductivity produces an internal short circuit or leakage 

current. This lowers the OCV and additional fuel utilization even under OCV 

conditions takes place resulting in a decreased system efficiency [20]. This event 

limits doped-CeO2 electrolytes use to the 500-600ºC range.  

 The perovskite, LaGaO3, can be doped with strontium and magnesium, 

La1-xSrxGa1-yMgyO3 (LSGM), to produce a material with good ionic conductivity at low 

temperatures [21]. The conductivity of LSGM is higher than those of YSZ and ScSZ 

and in magnitude of that of GDC [22]. Though conductivity is slightly smaller than 

GDC at 500ºC, its ionic domain is wider and it could be more appropriate to use this 

electrolyte at temperatures around 600ºC, where the reduction of Ce4+ in GDC is 

becoming significant [11]. However, Ga-evaporation at reducing atmosphere results 

in long-term instability and LSGM reacts with Ni in the anode forming an insulating 

phase [21]. Moreover, the principal challenge for LSGM electrolytes is the 

development of cost-effective processes for fabricating the desired single-phase 

microstructure.   

1.3.2 Anode 

The main requirements for a SOFC anode are listed below [9]:  

- High electronic conductivity 
- Catalytic activity for fuel oxidation/combustion 
- High ionic conductivity 
- Porous structure with mechanical resistance 
- Stability over successive reducing and oxidizing (redox) cycles 
- Thermal stability 
- Chemical stability to contacting neighbours 
- Matched thermal expansion coefficient (TEC) 
- Capability to avoid coke deposition and tolerance to sulphur in fuels 
- Low cost (especially when used as mechanical-support) 

 In order to optimize fuel oxidation efficiency, high triple phase boundaries (TPB) 

concentration at the anode is necessary. This requires a fine microstructure with 

connected porosity for gas diffusion as well as an ionic/electronic conductor matrix 

that supplies oxygen and collects the liberated electrons. In the anode-supported 

design, mechanical robustness is also necessary. Obtaining a material with all these 
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properties is demanding, however composites and ceramic-metal catalyst cermets 

can produce a combination of all these properties.  

 The basic properties of nickel-zirconia cermets have been widely studied since 

the first patent was published in 1970 [19]. Nickel is an excellent catalyst for 

hydrogen oxidation as well as electronic conductor. The mixing of nickel with ionic 

conductor electrolyte material reduces TEC mismatch between anode and electrolyte 

and extends TPBs through the anode. Typically, Ni-cermets contain 30 vol% Ni at 

minimum to guarantee continuous electronic conduction (i.e. percolation threshold) 

and porosities in the 20-40% range. This cermet, however, is not stable under redox 

cycles and suffers from mechanical failure due to dimensional changes during Ni-

NiO oxidation (i.e. 69.9% in solid volume) [23]. On the other hand, it is prone to 

carbon deposition, or coking, when fuel is internally reformed [24]. Low sulphur 

tolerance constitutes another hurdle to the use of natural gas with Ni-YSZ anodes 

[25]. Nevertheless, Ni-YSZ cermet anode is the most employed anode for IT-SOFCs 

working on hydrogen.  

 Ni-Fe alloys are more resistant against cooking and sulphur poisoning. However, 

the redox stability of these compounds is still called into question [9]. La-, Y- and Nb-

doped SrTiO3 perovskites (LST, YST and NbST) have received special attention 

thanks to their high electronic conductivity under reducing conditions [26-30]. Newly 

developed anode concept combines perovskites with good ionic conductors (YSZ or 

SDC) which are impregnated with nickel or other catalyst to improve the 

electrochemical performance. Thanks to the electrical properties those perovskites, 

little nickel is needed. This is essential to reduce anode expansion upon Ni-NiO 

oxidation and improve redox tolerance. Composite anodes such as  Ni/NbST-YSZ 

[31] and Ni/YST-SDC [32] have provided with promising response to redox cycles. 

More recently, Ikebe et al. [33] have reported the high stability of 10 wt% Ni/YST-

YSZ anode in five consecutive redox cycles.  

1.3.3 Cathode 

The essential requirements for the cathode material are [34]: 

- High electronic conductivity (preferably more than 100 S/cm under 
oxidizing atmosphere) 

- Preferred mixed electronic-ionic conductivity 
- High catalytic activity 
- Matched thermal expansion coefficient (TEC) 
- Chemical compatibility with electrolyte and interconnect material 
- Adequate porosity 
- Stability under oxidizing atmosphere 
- Low cost 
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 Two cathode designs are adopted to increase the active sites (TPBs): (i) porous 

composite consisting of an electronic conducting cathode material and an 

appropriate amount of ionic conducting electrolyte material, or (ii) single-phase mixed 

ionic electronic conductor (MIEC) electrode permitting both oxide ion and electron 

mobility within the cathode material. 

 Perovskite oxides with the chemical formula ABO3 are widely used as SOFC 

cathode materials. The ideal cubic-symmetry structure has the B cation in 6-fold 

coordination, surrounded by an octahedron of oxygen ions, and the A cation in 12-

fold coordination. A-site cation is larger and total charge for A+B cations is +6. 

Normally, the A-site cation is a mixture of rare and alkaline earths cations (i.e. 

A=Ln1-xMx where Ln= La, Pr, Nd, Sm and M=Ca, Sr, Ba) and B-site cation is a 

reducible transition metal cation (i.e. Mn, Fe, Co, Ti, Cr, Ni). Therefore, in most 

cases, a redox catalytic mechanism is usually provided by B-site cations [35]. The 

octahedral symmetry around the transition metal cation often promotes a metal or 

semiconducting band structure at high temperatures, leading to high electronic 

conduction. On the other hand, substitution of A-site or B-site cations with lower 

valence cations is charge compensated by introducing vacancies at the oxygen 

lattice sites [36]. Thus, the large majority of perovskite oxides exhibiting oxide ion 

conduction are classified as mixed conductors, which show both ionic and electronic 

conduction. 

 For HT-SOFCs (800–1000⁰C) the preferred choice is the LSM-YSZ composite 

which combines pure electronic conducting Sr-doped LaMnO3 perovskite (LSM) and 

electrolyte material (YSZ). The major inconvenient of this cathode material is the 

formation of La2Zr2O7 and SrZrO3 insulating phases due to the reactivity with YSZ at 

high sintering temperatures [37, 38]. However, the electrochemical properties of LSM 

perovskite are not sufficient for operation below 800°C. Performance of manganite 

perovskites is improved by La replacement with other rare earth elements (i.e. Pr) or 

by doping LSM with cations which promote the formation of oxygen vacancies. The 

most promising manganite perovskites for IT-SOFCs include Pr1−xSrxMnO3-δ (PSM) 

[39], Pr0.7Ca0.3MnO3 (PCM) [40] and La0.8Sr0.2Mn1−xScxO3−δ (LSMS) [41] structures.  
 Cobalt-based perovskites demonstrate higher ionic and electronic conductivity 

than other cathode materials, the most common being Sr-doped LaCoO3 (LSC). 

However, huge TEC increase due to cobalt concentration constrains the 

compatibility with the electrolyte [42]. A decrease in the ASR and TEC is expected by 

La cation substitution with Gd and Pr. Alternative compositions include 

Pr1-xSrxCuyCo1-yO3−δ [43], PrxSr1-xCoO3−δ, La1-xSrxCoyMn1-yO3−δ [44] and more popular 

Sm1−x Sr x CoO3−δ (SSC) [45].  
 Thanks to the stable electronic configuration (3d5) that Fe3+ exhibits, LaFeO3 is 

expected to be more stable than LaCoO3. Sr-doped LaFeO3 (LSF) has shown 

promising power density and stability at intermediate temperatures [46, 47]. In fact, 

reactivity with YSZ is considerably reduced and TEC is very close to common 

http://en.wikipedia.org/wiki/Cation
http://en.wikipedia.org/wiki/Octahedron
http://en.wikipedia.org/wiki/Anion
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electrolyte materials (i.e. YSZ, GDC, LSGM) in the 10 - 12 ppmK-1 range [34]. In the 

usual anode-supported configuration with Ni-YSZ anode and YSZ electrolyte, 

La0.8Sr0.2FeO3 cathode showed power densities as high as 0.9–0.95 Wcm−2 at 750 C 

and 0.7 V [47]. Cu-doped LSF exhibited superior oxygen reduction kinetics and 

(La0.8Sr0.2)0.98Fe0.98Cu0.02O3 cathode on an anode-supported YSZ cell have indicated 

power densities in the range of 1.35 -1.75 W cm−2 at 750 °C and 0.7 V [48]. 

However, it still exhibits chemical reaction with YSZ above 950⁰C. The sole ferritic 

perovskite which has not shown reactivity with YSZ is the Ca-doped LaFeO3 [49]. 

Usually, LSF type cathodes are used as composites with ceria based ionic 

conductors (GDC, SDC). 

 La1-xSrxCoyFe1-yO3-δ (LSCF) is the most popular cathode material at intermediate 

temperatures. The performance of LSCF perovskite is superior than LSF with similar 

A-site stoichiometry [50, 51]. However, it suffers from reactivity with zirconia-based 

electrolytes and forms the pyrochlore-phase La2Zr2O7 and the perovskite SrZrO3 in 

the cathode/electrolyte interface. This may be a limiting factor also for pure ferritic 

LSF perovskites. Therefore, a GDC barrier layer is frequently used to prevent the 

formation of low conducting compounds. The origin of higher degradation is found, 

however, in the strontium depletion out of the LSCF. In chapter III, intrinsic 

degradation mechanisms of ferritic perovskites as well as tolerance to chromium 

poisoning is discussed.   

 Iron-doped nickelate LaFe1-xNixO3-δ exhibits an attractive combination of 

electronic transport properties, a moderate thermal expansion and phase stability in 

air. In addition, being free of nucleation agents (i.e. Mn and Sr) is less reactive with 

chromium species though it still deposits in the cathode/electrolyte interface [52]. 

Unfortunately, reactivity of LNF with ZrO2-based electrolytes is higher than 

conventional LSM at temperatures of sintering [53].  

 Alternative materials with K2NiF4-type structure, usually formulated as A2BO4+δ, 

have also attracted some attention to work as cathodes in a variety of solid oxide 

electrolyte devices. La2-δNiO4+δ and Pr2-δNiO4+δ are potential cathode candidates for 

SOFCs working below 700ºC. However, perovskites maintain the supremacy and in 

Table I - 3 the principal properties of perovskite cathode materials are summarized.  

Table I - 3. Perovskite-type oxide materials: coefficient of thermal expansion (TEC), 
electronic (σe) and ionic conductivity, (σi).  

Conposition TEC (ppmK-1) T(°C) σe (S/cm) σi (S/cm) References 

La0.8Sr0.2MnO3 11.8 900 300 5.93x10-7 [54] 

La0.6Sr0.4CoO3 20.5 800 1600 0.22 [55, 56] 

La0.6Sr0.4FeO3 16.3 800 129 5.6x10-3 [55, 57] 

La0.6Sr0.4Co0.2Fe0.8O3 15.3 600 330 8x10-3 [55, 58] 

LaNi0.6Fe0.4O3 11.4 800 580 ---- [59] 

Note that TEC of electrolytes (YSZ, GDC, LSGM) are 10-12 ppmK-1 [20].  
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 It has been recognized that, as the operation temperature decreases, 

polarization loses in the cathode are limiting overall cell performance. Adding novel 

metal phases such as silver [60] or palladium [61], the catalytic activity for oxygen 

reduction is substantially increased.  

1.3.4 Interconnector 

The interconnect is one of the key components which provide the electrical 

connection between the individual cells in a series or parallel connections to make 

SOFC stacks. In the planar design, the interconnect is sometimes designated as 

bipolar plate, or separator, emphasizing the different polarities of anode and cathode 

which it connects. Interconnect materials for SOFC fall into two categories: 

conductive ceramic (perovskite) materials for operation at high temperature (900 to 

1000 °C) and metal alloys for lower temperature operation. Though the shape of 

SOFC interconnects depends heavily on the cell and stack design, the materials 

choice is almost entirely determined by physical and chemical stability under 

operating conditions [62]. 

 Ceramic interconnect materials used at high temperatures are LaCrO3 based 

perovskites. These perovskites are unique in that they exhibit high electronic 

conductivity and resist reduction under exposure to syngas at high temperatures. 

Main compositions include LaCrO3 doped with Sr or Ca on A-site or Mg on B-site, 

i.e., La1−xCaxCrO3-δ, La1−xSrxCrO3-δ and LaCr1−xMgxCrO3-δ. Siemens-Westinghouse, 

Mitsubishi Heavy Industries, and Rolls Royce are representative users of ceramic 

interconnects which are mostly applied in the tubular design, whereas Argonne and 

the former Dornier company use ceramic interconnects in the planar design.  

 In recent years, the tendency towards lower operation temperatures has made 

possible the use of cheaper metal alloys.  Unlike ceramic processing, fabrication of 

complex-shaped metal interconnects is feasible and inexpensive. In addition, metals 

exhibit excellent thermal and electronic conductivity. An appropriate metal 

interconnector must satisfy the following criteria [63]: 

- Resistance to high-temperature and corrosion 
- Stability in dual atmosphere (oxidizing and reducing) 
- High electronic conductivity (ASR<0.1Ωcm2) 
- Conductive and well adhered oxide layer in its surface 
- Matching TEC with cell components 
- Chemical compatibility with adjacent components 
- Inexpensive 

 Chromia and alumina forming alloys are the only commercially used high-

temperature oxidation resistant alloys. However, alumina-scale insulates current 

collection conversely to chromia-scale, which exhibits good electronic conductivity. 
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On the other hand, ferritic stainless steels exhibit a compatible TEC (10-12 ppmK-1) 

[20] with the cell in contrast to superalloys and austenitic stainless steels with higher 

TEC (15-18 ppmK-1). Therefore, chromia forming ferritic stainless steels are favored 

as IT-SOFC interconnectors. Nevertheless, commercially available ferritic stainless 

steels are not exent of some shortcomings. Poor oxidation behavior and oxide-scale 

properties are identified, especially in the air side. Relatively new ferritic stainless 

steels, some specifically developed for SOFC applications, have improved oxidation 

rate and scale adherence, for example, Crofer 22 APU, ZMG 232 and E-BRITE, and 

HP-441 (SECA)  [64-69]. 

 Metal interconnects have been widely adopted in the planar design [65]. 

Regarding the tubular design, IK4-Ikerlan proprietary MS-SOFC technology [70] had 

the exclusivity of using W-type ferritic stainless steel interconnects for cathode 

current collection in the bundle design [70]. In a recent report by TOTO [71], tubular 

stacks surrounded by metal frames are also mentioned. Alternative concepts include 

rolled Ag wire used by Acumentrics [4, 72]. 

1.4 SOFC designs 

There are two basic SOFC designs that have been studied since 1960s: the planar 

and tubular design (Figure I - 8). In the planar design, the components are 

assembled in flat stacks, with air and fuel flowing through channels built into the 

interconnect. In the tubular design, components are assembled in the form of a 

hollow tube, with the cell constructed in layers around a tubular substrate. In the 

initial design, air flowed through the inside of the tube but at present, inverse designs 

are also used. The main characteristics of planar and tubular designs are compared 

in Table I - 4. 
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Figure I - 8. Schematic illustration of (A.1) planar [73] and (B.1) tubular SOFC design  

together with examples of commercially available SOFC stacks for both configurations. 

[73-76]. 

Table I - 4. Principal characteristics of planar and tubular design.  

Planar design Tubular design 

High volumetric power density  Low volumetric power density 

HT-sealing materials LT-sealing materials* 

Poor thermal cycling Good thermal cycling 

Ease of manufacturing  Higher manufacturing cost 

*Depending on the design 

 

 A further design variation consists in downsizing of the cell to manufacture 

planar and micro-tubular SOFCs. This design offers high volumetric power density as 

well as rapid start-up times. Since its invention in the early nineties, growing interest 

has lead to a rapid progress on this field [77-81].  
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Figure I - 9. Cell generations for planar and tubular SOFC designs.  

1.4.1 Planar design 

As shown in Figure I - 9, a number of cell configurations exist, each classified 

according to the layer that mechanically supports the cell. The supporting element 

has a characteristic thickness >150 µm whereas supported layers are only tens of 

microns [2]. The first generation of planar SOFCs was an electrolyte-supported cell. 

Thick YSZ electrolytes required for high operating temperatures (1000⁰C) and the 

Tubular cellsPlanar cells
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use of ceramic interconnects such as LaCrO3. A second generation of planar SOFCs 

consisted of thin electrolyte supported by the anode or the cathode. Much lower 

resistivity of this configuration permitted to lowering the operation temperature as 

well as introducing cheaper ferritic stainless steels as interconnect material. 

Generally, anode-supported SOFC configuration has been adopted by IT-SOFC 

industrial developers thanks to the lower polarization that this electrode exhibits 

compared to the cathode. More recently, a third generation of metal-supported cells 

has been considered and looks promising thanks to its excellent mechanical 

robustness. This innovative technology is introduced later on, in section 1.6.  

 Main advantages of planar SOFCs include high power density and ease of 

manufacturing. Furthermore, planar cells are easily integrated into stacks in a 

cell/interconnect sandwich geometry as shown in Figure I - 8. However, with planar 

cells, high temperature sealings have to be used to isolate air and fuel. An 

appropriate sealing must be electrically insulator with matching TEC to neighbouring 

elements, stable at high temperatures in both oxidizing and reducing atmospheres, 

tolerant to thermal cycles as well as inexpensive in terms of materials and 

manufacturing process [82]. Though a variety of sealings have been implemented 

(i.e. rigid, compliant and compressive seals) engineering a suitable sealing with high 

long-term stability is still a critical challenge that planar SOFC technology faces. 

 The principal industrial companies which develop planar SOFC concepts 

comprise Mitsubishi Heavy Industries and Tokyo Gas (Japan), Ceramic Fuel Cells 

Ltd. (Australia), Risoe-Topsoe (Denmark), H. C. Starck (Netherlands), Ceres Power 

and Rolls Royce (UK), VTT (Finland), BMW, H C Starck and Webasto (Germany), 

Hexis (Switzerland), HTCeramix/SOFCpower (Italy), SOFCo, Delphi Automotive 

Systems, GE, ZTek (USA) and Versa Power Systems (Canada) [83]. 

 Figure I - 10 shows recently pursued planar SOFC approaches. The planar 

anode-supported SOFC with metal interconnects has benefited from support for 

fundamental science and stack development under DOE’s SECA Program [74]. 

Sulzer Hexis built 1101 kW demonstration units based on its electrolyte-supported 

technology with superalloy interconnects that exhibited 1-2% degradation in 1000h 

[84]. Mitsubishi adopted an all-ceramic MOLB design (15 kW) that was stable for 

almost 10000 hours with degradation rates below 0.5% per 1000 h, but without 

thermal cycles [85]. 
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Figure I - 10. Overview of planar cell designs: (A) planar anode supported SOFC with 
metal interconnects developed in the SECA program [74] (B) electrolyte-supported 
planar SOFC technology with metal interconnects pursued by Hexis [84]  and (C) 
electrolyte-supported design with “egg-crate” shape and ceramic interconnect by 
Mitsubishi [85].  

1.4.2 Tubular design 

The first tubular generation was introduced by Siemens Westinghouse Power 

Corporation (SWPC) in 1980. Originally, this HT-SOFC consisted on a porous CaO 

stabilized zirconia tube. However, it was rapidly substituted by a a second generation 

of tubular cells fabricated on LSM substrates. Cells consisted of YSZ electrolyte and 

Ni-YSZ anode that were deposited by electrochemical vapour deposition (EVD) over 

cathode supports [11]. SWPC configuration was closed in one end tube. This cell 

worked at high temperature (1000⁰C) and used ceramic interconnect material 

(Figure I - 9). 

 Tubular cells exhibit low volumetric power density as compared to planar cells. 

The manufacturing cost is also higher, thus limiting the commercialization of higher 

diameter tubular cells. However, the main advantage of tubular cells is that they can 

be sealed at low temperatures. Generally, as the tube can be made longer than the 

furnace, the sealing at both ends can be done in the cold zone, eliminating 

constringent exigencies of high-temperature sealing materials. This has made the 

performance of tubular cell stack very stable as well as exhibiting good tolerance to 

rapid thermal cycles [86]. However, they represent a special geometric challenge to 

the stack designer when it comes to achieving high power density and short current 

paths. 

(A) Anode-supported rectangular

(B) Electrolyte-supported Circular (C) Electrolyte-supported MOLB
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 At present, the leading group of tubular SOFC developers is integrated in USA 

by Siemens Westinghouse Power Corporation (SPWC) and Acumentrics, and by 

Kyocera, TOTO and Mitsubitsi Heavy Industries in Japan [83].  

 The most advanced concept, developed by Siemens Westinghouse Power 

Corporation, is based on a porous cathode tube, manufactured by extrusion with an 

active area deposited by spray-sintering. The tube length is 1.5 m and outer 

diameter 22 mm. Cells are joined into bundles by nickel felts or using a modified 

concept with flattened tubes with internal ribs for reduced resistance [87, 88]. Toto, in 

Japan, follows an almost identical approach with cheaper manufacturing processes 

in shorter tubes of 0.5 m with an outer diameter of 16 mm [89]. Kyocera adopts the 

flattened tubes concept in an anode-supported design for small-scale CHP systems. 

In the micro-tubular field, the U.S. company Acumentrics is currently working on 

anode-supported cells which collect the current axially using various proprietary 

interconnect systems. In the outside, metallic parts (typically silver) are used to 

collect current from the cathode. A different tubular design is pursued by Mitsubishi 

Heavy Industries. The single cells are positioned on a central porous support tube 

and connected in series via ceramic interconnect rings, which leads to an increased 

voltage at the terminals of a single tube [90]. Fuel is supplied to the tube inside. In 

Figure I - 11, design concepts developed for stack interconnection and current 

collection in tubular cells are shown.  

 In Europe, IK4-Ikerlan S. Coop. (Spain) is a referent centre that develops metal-

supported tubular SOFCs with industrially scalable colloidal processing routes for 

domestic CHP applications. 

 

 

Figure I - 11. Tubular SOFC designs used by (A) Siemens-Westinghouse [88] (B) 
Acumentrics [72] and (C) Mitsubishi Heavy Industries [91].  

(A) Conduction around the tube (B) Conduction along the tube

(C) Segmented in series
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1.5 Stability issues of IT-SOFCs 

1.5.1 Degradation mechanisms of cell components 

Demonstration of total stack durability is crucial for SOFCs commercialization. 

Unfortunately, operating conditions of SOFCs lead to a variety of degradation 

mechanisms and lifetime requirements have not been met yet. The main degradation 

mechanisms at cell and stack level (i.e. with interconnect) are the following for each 

component [92]:  

- Electrolyte 
o decrease in the intrinsic electrical conductivity of YSZ 

electrolyte [93] 
o Mechanical failure (i.e. cracking, delamination) [23] 

- Anode 
o Nickel coarsening [94] 
o Carbon deposition [95, 96] 
o Volumetric changes due to variations in the anode atmosphere 

[23] 
- Cathode 

o Chemical reactivity between cathode and YSZ electrolyte [97] 
o Sr depletion from the perovskite and resistance increases in 

the cathode/electrolyte and cathode/current collector interfaces 
[98, 99]  

o Poisoning by Cr species [99, 100] 
- Metal interconnect 

o Chemical interaction between glass-ceramic sealant and 
ferritic steel interconnects (in the planar design) [101] 

o Oxidation of metal interconnect [102] 

In addition, the impact of various cycling conditions such as thermal, redox and load 

cycles and fuel utilization on the stability of SOFC constituents is critical [23, 103-

105]. Quite recently, negative effect of impurities has been also reported in 

stack/system level after a long term-operation [106]. Among the investigated 

electrolyte materials, YSZ exhibits an excellent ionic conductivity as well as chemical 

stability [107] and degradation originates mainly at the electrodes. In the text which 

follows, main intrinsic and extrinsic degradation mechanisms which take place in the 

anode and cathode electrodes are described.   

1.5.1.1 Anode degradation mechanisms 

For common Ni-YSZ cermet anodes working on hydrogen, it is commonly accepted 

that the main degradation is caused due to morphological changes during operation. 

Sintering and coarsening of nickel particles play an important role on performance 

degradation [108]. Nickel agglomeration is a naturally occurring phenomenon as 
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thermodynamically driven force tends to decrease free energy by minimizing surface 

area. However, the sintering behaviour of Ni-YSZ cermet anodes is highly dependent 

on the wetting properties of Ni particles on YSZ. Under SOFC operating conditions, 

nickel agglomeration leads to a  reduction of electrochemically active-sites (TPB) and 

the limitation of current paths [109]. It has been shown that tailoring Ni-YSZ 

processing parameters, long life anodes with a strong YSZ framework which 

prevents Ni agglomeration can be produced [110]. However, Ni is extremely unstable 

under redox cycles and Ni-YSZ anode suffers huge dimensional changes upon Ni 

oxidation. This anode stresses the electrolyte and mechanical failure occurs via 

crack proliferation and electrolyte delamination [23].  

 Other deactivation mechanisms include carbon deposition [95, 96] and sulphur 

poisoning [111] under operation with natural gas or coal gases. Those degradation 

mechanisms work blocking active sites or the pore network. In addition, impact of 

impurities by accumulation in the anode/electrolyte interface (i.e. Na2O, SiO2) is also 

reported  [112]. 

1.5.1.2 Cathode degradation mechanism 

Cathode overpotential is often the main factor limiting SOFC performance [113]. In 

addition, main degradation mechanisms in the cathode are [92]: 

- Decomposition of the cathode material 
- Chemical reaction with the electrolyte and formation of insulating 

phases at the interfaces 
- Cathode delamination 
- Chromium poisoning  

 All these effects are dependent on each other and may be influenced by cell 

operation conditions (i.e. temperature, current density, overvoltage, air flow and 

humidification). In order to discover the origin of degradation mechanisms, it is 

essential to look at the influence of operation parameters. This is also convenient for 

establishing “safe” operation conditions.  

 For conventional LSM cathode, one potential degradation mechanism is the 

chemical reaction with YSZ and La2Zr2O7 and SrZrO3 insulating phase formation at 

the interface between cathode and electrolyte [97]. Yokokawa et al. [92] assume that 

reaction between LSM and commercial 8YSZ does not occur under high temperature 

thermal treatment in non-operative conditions. However, Heneka and Ivers-Tiffée 

observed strong performance degradation attributed to La2Zr2O7 formation and 

cathode spallation as a result of operation under several current cycles at 

overpotentials above 400 mV [114]. Posterior work demonstrated that degradation 

originated due to the high overpontentials. This is in agreement with findings 

reported by Hagen et al. [115] which found high voltage degradation at low 

temperature and high current densities (>0.5 Acm-2), that is, at high overpotential. In 
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the absence of metal interconnects, however, low degradation rates below 1% are 

reported for cells with LSM. Siemens-Westinghouse has demonstrated more than 

70.000h operation for tubular cells based on such cathodes [116]. Therefore, intrinsic 

degradation mechanisms of LSM-based cathodes are insignificant as far as 

operation conditions are kept away from high overpotential and very low oxygen 

concentrations in the cathode side [92]. 

 LSCF-based cathodes are more performing than LSM/YSZ composites but 

degradation rates are slightly higher [92]. In contrast to LSM-based cathodes, LSCF 

and YSZ react to undesirable phases like La2Zr2O7 and SrZrO3 already firing at 

1210⁰C or 700⁰C for several hundred hours [117]. Even with the incorporation of a 

GDC diffusion barrier layer, Sr diffusion has been observed, especially during 

sintering [98, 117]. However, intrinsic degradation due to Sr migration out of the 

cathode is considered more important as it leads to strontium depletion in the LSCF 

perovskite. Sr segregation involves a deterioration of the perovskite conductive 

properties [58]. Tietz et al. [118] found Sr and to less extent La diffusion to the GDC 

grains surface by SIMS technique. In addition, Simner et al. [98] detected Sr 

enrichment on the cathode surface after operation.  

 In real IT-SOFC systems with metal interconnects, “extrinsic” mechanisms 

related to chromium poisoning dominate degradation at the cathode side. MIEC 

electrodes (i.e. LSF and LSCF) are probably more resistant against electrochemical 

deposition of Cr2O3 due to the extended electrochemically active area that is not 

restricted to the TPB. Still, there is no consensus on this subject; while Matsuzaki et 

al. [119] and Simner et al. [120] support this assumption, Konysheva et al. [121] 

observed similar degradation for LSM/YSZ and LSCF cathode compositions. 

Conversely, it is agreed that chemical reaction with Cr depends upon the cathode 

compositions. Whereas for LSM/YSZ cathodes, chromium reacts near the electrolyte 

partially forming (Mn,Cr)3O4; for LSCF cathodes, SrCrO4 is formed preferentially on 

the cathode surface [122]. 

 In the SOFC operation framework, cathode is fed with ambient air. This air 

contains certain amounts of water vapour that can affect the cathode stability. 

However, the role of air humidification was considered only recently and it is still 

hardly understood.  

1.5.2 Implications of IT-SOFC metal components 

At intermediate temperatures, ferritic stainless steels are used as interconnect 

materials at the stack level but also as mechanical support in the newly developed 

metal-supported (MS-SOFC) concept. In the planar stack configuration, interconnect 

is placed between the anode and cathode electrodes to collect the current from cells 

in series arrangement. In this configuration, ferritic stainless steel must be stable in 

dual atmosphere (i.e. oxidizing and reducing). In contrast, in the metal-supported 
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SOFC configuration, ceramic functional layers (anode, electrolyte and cathode in 

such order) are deposited on a porous metal substrate which is fed with fuel. That is 

to say, metal support is only exposed to reducing atmosphere but can follow high 

temperature processing routes. In addition, high fuel utilization requirement (>80% in 

Table I - 2) involves a highly humidified anodic reducing conditions in both cases.  

 Chromium evaporation from ferritic stainless steel has been proved to be critical 

in both configurations. It is, thus, opportune to revise fundamental aspects about 

chromium evaporation and ambient influence in such a mechanism.   

1.5.2.1 Chromium evaporation and poisoning under operation 

Ferritic stainless steels contain high levels of Cr [64] which evaporate under SOFC 

operation and/or processing conditions. Chromia-rich scales which form in the 

surface of ferritic stainless steel react with water or oxygen molecules and form 

volatile chromium oxyhydroxide and/or Cr (VI) oxides at the high temperature (Figure 

I - 12). Evaporation increases in air and chromium poisoning mainly occurs in the 

cathode. Experimental data on the volatility of chromium from Cr(s) and Cr2O3(s) 

demonstrate that chromium is volatilized preferentially from the oxide scale and that 

it is enhanced in moist air over dry air [123, 124]. In dry air, CrO3 evaporation is 

favored as described in Eq.(1.11) but at relatively low humidity levels (60% RH), 

CrO2(OH)2 oxyhydroxide evaporation in Eq.(1.12) is more stable [3].  

          
 

 
               (1.11) 

                 
 

 
                   (1.12) 

 On the other hand, chromium evaporation occurs at reducing atmospheres even 

with relatively low water vapour (96%H2/3%H2O) and it increases with temperature 

[125]. CrO(OH)2, CrO(OH) and CrO(OH)3 oxyhydroxides are the most stable 

chromium vapours in the pO2 ≈ 10-10-10-23 Pa range.  

 Cr-species evaporation does not significantly affect the chromia-scale oxidation 

rate below 1000°C but it can be detrimental in other ways to fuel cell performance 

[126]. Chromium-containing vapour species can be electrochemically or chemically 

reduced in the cathode. In the air side, chromium poisoning of the cathode drastically 

deteriorates cells performance and has been the subject of many research studies 

[99, 119, 121, 122, 127]. On the other hand, under reducing atmosphere, metal-

supported cells suffer from massive chromium poisoning of the anode during the 

high temperature co-sintering required for full electrolyte densification [70, 128, 129]. 

Coatings which work as chromium barriers have been exclusively developed to work 

at oxidizing or reducing atmospheres and prevent Cr transport to the cathode or 

anode, respectively. A review on interconnect coatings used to protect the cathode 

side is reported below. Detailed description of barrier layers or coatings used in 
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metal-supported cells reducing conditions is reported in section 1.6, dedicated to 

MS-SOFC technology overview. 

 

Figure I - 12. Cr(VI)-species vapour pressure in air and fuel conditions [65]. Calculations 

were made using thermodynamic data from Ebbinghaus [130] and assuming 60% RH at 

room temperature. 

   

1.5.2.2 Metal coatings for oxidizing atmosphere 

The coating material must be a good electronic conductor as well as stable in 

oxidizing atmosphere. Materials with low ionic conductivities are preferred to block 

oxygen transport to the metal interconnect. Main functions that metal interconnect 

coatings must fulfil are [63]: 

- Decrease  oxide growth kinetics of interconnect 
- Increase oxide scale conductivity 
- Improve oxide scale adherence to the interconnect 
- Inhibit chromium evaporation 
- Sufficient electronic conductor and stable in oxidizing atmosphere 

 Addition of small amount of reactive elements such as Y, La, Ce and Hf or their 

oxides (REOs) in the form of dispersed particles is effective to inhibit chromia-scale 

growth and improve its adherence. Perovskite oxides have similar effects as REO 

coatings and improve the oxidation resistance of the interconnect together with the 

contact resistance. Most common perovskite coatings include La1-xSrxCrO3, 

La1-xCrxO3, La1-xSrxMnO3, La1-xSrxCoO3 and La1-xSrxFeO3. In general, however, 

perovskite coatings do not inhibit Cr migration significantly due to the ionic 

conductive nature of most of them. Spinels such as (Co,Mn)3O4, Co3O4 and 
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(Cu,Mn)3O4  show excellent capability for blocking outward diffusion of Cr as well as 

good electronic conductivity for appropriate compositions [63].  

 The techniques commonly used for the deposition of such materials on ferritic 

stainless steels include sol-gel techniques, chemical vapour deposition (CVD), 

pulsed laser deposition, plasma spraying, and screen printing.  

1.6 Metal-supported SOFC overview  

1.6.1 Technology and approach 

Metal-supported cells date from the 1960s, when a cell including a presintered 

austenitic stainless steel substrate with flame-sprayed zirconia based electrolyte was 

first fabricated [131]. At that time, 115 mWcm-2 were recorded at 770°C and fuel 

flexibility demonstration, with cell operation in hydrogen, methanol and kerosene, 

broke down and opened the way for this new SOFC design rapid development. By 

the 1990s, power densities approached 1 Wcm-2 at 900°C with tubular presintered 

NiCrAlY [132] and planar CrFe5Y2O3 [133] coated with plasma sprayed zirconia 

electrolytes. Cost reduction was considered prioritary and in the 2000s, colloidal and 

wet-chemistry methods, already used for anode-supported SOFC, were also 

implemented in metal-supported cells. Those inexpensive deposition techniques 

produced thinner electrolytes that lowered operation temperatures in favor of low-

cost ferritic stainless steels. MS-SOFC concept was pioneered at Imperial 

College/spin-off Ceres Power for GDC electrolyte [134] and at LBNL for YSZ 

electrolyte [135].  

 Metal-supported SOFC is potentially distinguished from alternative anode and 

electrolyte-supported SOFC thanks to the excellent mechanical stability, lower cost, 

robustness under transient conditions and rapid start-up times. Interest in the field 

has rapidly increased during the last 20 years. Significant technical progresses have 

been achieved by Aerospace Research Center and Space Agency (DLR) and 

Plansee [128, 136], Ceres Power and Imperial College [137], Topsoe/Risoe [138], 

Lawrence Berkeley National Laboratory (LBNL) [135] and IK4-Ikerlan [70, 102, 105, 

139].  

 In the intermediary operation temperature, around 500-800°C, High-Cr ferritic 

steels have been favoured as interconnect materials due to their low-cost, TEC 

match to common electrolyte materials, formation of conductive protective layers and 

adequate low oxidation rate. Those steels typically contain between 10.5 wt% Cr to 

form a continuous chromia scale and no more than 26 wt% Cr to avoid brittle sigma 

phase formation at higher Cr content. TEC in 10-12 ppmK-1 range is compatible to 

conventional electrolytes (LSGM, YSZ and GDC) [140, 141]. Main ferritic-stainless 

steels employed comprise Crofer 22 APU [142] and ITM (Planse) [143]. 
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1.6.2  Ceria-based MS-SOFC 

The low operating temperatures and chemical nature of ceria-based electrolytes 

(500-600°C) permit full electrolyte densification through constrained-sintering. This 

means that electrolyte is deposited on a prefabricated support that shrinks very little 

or nothing during processing for full-densification of electrolyte. It has been 

recognized that sintering aids improve GDC sintering at low temperature [144, 145]. 

For instance, with 3 mol% Li as dopant in Ce0.9Gd0.1O1.95, sintering to 99% of full 

density at a record-low temperature of 800°C was achieved [146]. More recently, full-

dense GCO electrolyte with iron-aids was reported by the implementation of wet-

spraying and pressing with posterior sintering at 1050°C [147].  

 The first major industrial initiative on MS-SOFC came from Ceres Power based 

on the work conducted at Imperial College of London by Steele et al. with ceria-

based electrolytes [148]. Maximum power densities of 350 mWcm-2 were obtained at 

600°C with perforated Ti-Nb-stabilized 17%Cr ferritic stainless-steel and fully dense 

10-30 μm GCO electrolyte which was deposited by electrophoretic deposition and 

sintered below 1000°C [134]. Stability is also promising with 2.3% degradation over 

1000 hours for >2500h galvanostatic operation and 5% degradation over the 20 

thermal cycles (10°Cmin-1 heating rates) which were reported in 2005 [149, 150]. 

Ceres Power has recently started MS-SOFC commercialization activities on a natural 

gas fed CHP (1kW) and public update on recent technical advances have not yet 

been provided.  

1.6.3  YSZ-based MS-SOFC 

YSZ offers some advantages over GCO and it is used by many MS-SOFC 

developers. The allowed operation range is favourable for internal reforming (i.e. 

>650°C), which reduces system complexity and eliminates the need of an external 

pre-reformer, generally required for cells based on GCO [134, 149]. Nevertheless, 

YSZ cannot be sintered to full density in a constrained geometry and therefore two 

distinct processing routes are adopted to overcome this limitation: 

i) Near-dense YSZ deposition on a preformed surface 

ii) Colloidal/wet YSZ deposition onto a green substrate followed by 

co-sintering to full density 

1.6.3.1 Plasma-spray sintering  

Near-dense films are deposited on a preformed substrate by techniques that include 

atmospheric plasma spray processing (APS) [151, 152], vacuum plasma spraying 

(VPS) [153-155], suspension plasma spraying (SPS) [156], pulsed laser deposition 

(PLD) [157] and electrophoretic deposition [149]. This is certainly advantageous for 
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the metal-support. First, lower thermal treatment required for full electrolyte 

densification protects ferritic stainless steel from excessive oxidation. Second, 

separated processing of ceramic layers permits metal substrate microstructure and 

porosity to be controlled more easily. However, restrictions related to this processing 

technique still exist. In order to guarantee a gas-tight electrolyte, lower thermal 

treatment demands thicker green YSZ layers (30-70 μm). The apparent ionic 

conductivity of plasma-sprayed electrolyte is also substantially lower than for sintered 

YSZ [158]. Therefore, acceptable efficiencies are restricted to operate above 800°C.  

 Plasma-sprayed concept for cell fabrication was introduced by the German 

Aerospace Center (DLR) in late 90s [128, 129, 133, 158, 159]. Basic cell concept 

includes ferritic stainless steel, La0.6Sr0.2Ca0.2CrO3 or La1-xSrxMnO3 diffusion barrier 

layer (DBL), Ni-YSZ anode, 35-50 μm YSZ electrolyte and LSM or LSCF cathode 

which are deposited by an integrated multistep plasma-spray process and do not 

need any post deposition sintering steps. As an exception, 2-3 μm thin La1-xSrxMnO3 

DBL is deposited by physical vapour deposition (PVD). Performance of a single cell 

has achieved 609 mWcm-2 at 800°C [136, 158]. A proof-of-concept stack design for 

APU is now under development in a consortium with Plansee: performance of 

384 mWcm-2 with 32% fuel utilization is the best result to date [136, 158].  

1.6.3.2 Co-sintering 

 “Wet” or “colloidal” deposition techniques allow 10-20 μm thin gas-tight YSZ 

electrolytes to be produced and therefore a more efficient cell can operate at 

desirable 650-700°C for ferritic stainless steels. Colloidal techniques include dip-

coating, screen printing, tape-casting, aerosol spray-coating, spin-coating and drip-

coating. Deposition occurs at low temperatures and it produces a green porous YSZ 

layer. This is followed by a high-temperature sintering step to achieve full 

densification of the YSZ layer (typically 1200-1400°C).  

 Co-sintering was originally proposed and developed by LBNL [135], and it is 

pursued by IK4-Ikerlan [70, 102, 105, 139] , Riso/Topsoe [138, 160-163] and 

Plansee [143, 164].  

1.6.4 Key problems and degradation mechanisms in 

current MSC concepts 

Independently of the fabrication process (sintering or plasma-spraying), the principal 

degradation mechanisms that are identified in the current MSC concepts are:  

(1) Metal-substrate corrosion 

(2) Ni, Cr and Fe interdiffusion between the metal-substrate and anode 

layer 

(3) Ni coarsening 
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The fabrication process, whether by sintering or plasma-spraying is closely related to 

those events. FeCr substrates have a limited corrosion resistance and any cell 

processing above 900°C requires a non-oxidizing atmosphere (inert or reducing) to 

prevent oxidation of the metal support. Nickel oxide is reduced in-situ during the co-

sintering process leading to nickel coarsening. In addition, high temperatures 

promote element interdiffusion between the metal substrate and anode. 

Nevertheless, those degradation mechanisms still occur under SOFC operation 

conditions.      

1.6.4.1 Metal-substrate corrosion 

Earlier studies [165, 166] have demonstrated satisfactory long-term corrosion 

resistance of ferritic stainless steels with Cr-content >20 wt% and low manganese 

contents (0.02-0.05 wt%) under SOFC operation conditions. However, in the MS-

SOFC field, the corrosion resistance of analogous porous metal substrates 

decreases significantly. This is attributed to the high surface to volume ratio of the 

ferritic steel support, compared to dense metal interconnects [128]. 

 The formation of a protective Cr2O3 chromia scale is critical for longevity of a 

metal-supported SOFC. Chromia-scale protects metal substrate from corrosion but 

gradual growth by outward diffusion of chromium ions leads to spallation (i.e. 

cracking and delamination of the chromia scale), break-away oxidation and 

destruction of the cell after certain time of exposure [126]. Although the oxygen 

partial pressure is low on the anode side (10-24-10-26 Pa), it is high enough for Cr2O3 

to be stable. Corrosion is accelerated at higher temperature, as the chromia growth 

rate increases. Spallation occurs more frequently for chromia layers above 3-5 μm 

and breakdown estimated above 3 μm serves to predict metal-substrates lifetime 

[167]. Oxidation rates are higher for ferritic stainless steels than for nickel-based 

alloys [65] and shows a strong dependence upon temperature. According to Tucker 

[20], both mobile and stationary applications require a limited growth of adherent 

scales below 3 μm. This imposes a relatively narrow operation window. Whilst 

mobile applications specifications (i.e. 5000 h) obliges operation at 800°C, for long 

lasting stationary applications, lifetime requisites (i.e. 50000 h) involve intermediate 

operation temperatures, in the 650-700°C range [20]. 

Fuel utilization and water vapour effect 

During operation, especially at high fuel utilization, moisture affects FeCr substrate 

stability. Efficient SOFCs require high fuel utilization and metal-support must be 

resistant in atmospheres which contain high water concentrations, as iron becomes 

susceptible to corrosion around 50% of water in the ambient (section 4.4.3.1). 

 Experimental evidences exist which confirm the dissimilar influence of moisture 

in oxidizing and reducing atmospheres. Webber et al. found no differences in the 

oxidation rate of FeCr alloys in dry and moist air at 850-1050°C [168]. However, in a 
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more recent publication by Hänsel et al. [169], it was confirmed that the oxidation 

rate of Cr-base alloys change under the influence of water vapour, but only in 

atmospheres with low oxygen partial pressure. pH2O/pH2 ratio increase aggravates 

chromia scale-growth and forms sharp oxide blades. In addition, stainless steel 

scales formed in anodic conditions (850°C, moist hydrogen) display several times 

higher resistance than those formed in air [170, 171]. Conversely, one beneficial 

effect of water vapour is that it can improve chromia scale adherence by reducing 

the porosity in the alloy/scale interface [66, 172]. 

1.6.4.2 Ni, Cr and Fe interdiffusion between the metal substrate 

and anode layer 

FeCr substrate/anode interdifussion during co-sintering 

At the high temperatures necessary for the full densification of the electrolyte, Ni, Fe 

and Cr interdiffusion occurs [70, 128, 129]. In one hand, diffusion of Fe and Cr into 

the Ni-containing anode can cause formation of insulating phases such as Cr2O3, 

NiCr2O4 and FeO, etc. which affect the catalytic activity [20]. Besides, nickel 

incorporation within the ferritic stainless steel may cause austenitization. This 

involves inferior corrosion resistance of the metal-support together with a TEC 

increase. As a matter of fact, austenitic steels have a TEC between 18-20 ppmK-1 

which is not compatible with 10-12 ppmK-1 of main electrolytes (YSZ, GDC, LSGM) 

[20]. Besides, element interdiffusion is not exclusive to co-sintering. It has been 

shown that regardless of electrolyte material and processing choice, interdiffusion 

can occur during operation of the cell [129]. Straight application of pre-oxidized FeCr 

substrates with self-grown Cr2O3 and Cr2MnO4 as diffusion barrier layers was 

evaluated but early results confirmed  still the presence of Cr and Ni interdiffusion 

[173, 174]. Hence, a diffusion barrier layer (DBL) between Ni-based anodes and 

FeCr-alloys is highly recommended.  

Diffusion barrier layer (DBL) 

There are two possibilities to integrate a DBL between the metal substrate and 

anode layer [175]. A diffusion barrier layer can be coated or sintered. Coating 

techniques include plasma-spraying [136] and physical vapour deposition (PVD) 

[136, 143] and are more adequate to obtain a thin DBL with good properties. DBL 

deposition using colloidal techniques (i.e. screen printing or dip-coating) is combined 

with a co-firing process in which metal substrate, the DBL and the anode can be 

fabricated simultaneously [70, 176]. However, in both cases DBL should be relatively 

porous to permit fuel transport to the electrochemically active anode. Alternatively, a 

metal substrate enables the creation of a fine and dense particle coating by means 

of a pre-oxidation process. Self-grown CrO3 and MnCr2O4 oxide-scales [173] were 

proposed but not successful suppression of Fe, Cr and Ni was obtained. Sr- and Ca-
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doped LaCrO3 type perovskites can also be plasma sprayed onto the substrate 

surface [129]. 

 

Figure I - 13. DBL intergration following to methods: (A) coating of the metal substrate 
surface with a porous DBL structure and (B) coating of the substrate particles by a 
dense and passivated oxide scale.   

Independently of the structure, a DBL should satisfy the following requirements 

[129]:  

- Effective barrier against Fe, Cr and Ni diffusion 
- Compatible TEC with adjacent components 
- High electronic conductivity in reducing and humidified anode gas 

atmospheres (1-3 S/cm) 
- Chemical compatibility with metal substrate and anode material   

 Two main anode-barrier groups have been proposed in the literature: ceria-

based and perovskite-based materials.  

Ceria-based DBL 

Ceria-based DBL (CeO2 and Ce0.8Gd0.2O2) demonstrated to be effective against 

interdiffusion [173, 174]. However, doping CeO2 with gadolinium translate in oxygen 

vacancies being introduced in the fluorite and ionic conductivity increases. This is 

also related to Ce3+ decrease and a deterioration of electronic properties. Therefore, 

pure CeO2 has been preferred to work as DBL, initially. Plansee has reported 

chemical stability at 800°C during 1000 h for a 4 μm thick CeO2 DBL and proposed 

to add a complementary Cu layer which successfully decreased contact resistance 

with FeCr-substrate [174].  

 In IK4-Ikerlan, ceria-based materials potential use as DBL has been also 

investigated. It is well known that Sm and Gd-doped CeO2 (SDC, GDC) exhibit better 

electronic conductivities at intermediate temperatures. However, at IK4-Ikerlan´s 

operation temperature (800°C), the effect of the doping element is not significant 

[177, 178] and low cost YDC was seen as an attractive candidate. Investigated 

materials included Sm-doped CeO2 (SDC), Y-doped CeO2 (YDC) and Zr-doped 

CeO2 (ZDC). SDC showed poor chemical stability and a continuous (SmFe)CrO3 

perovskite layer formed due to reactivity at 1350°C in the interface between metal 

substrate and SDC [179]. Moreover, not only dense (SmFe)CrO3 and SDC barrier 

Ni-YSZ anode

DBL

Ni-YSZ anode

DBLFeCr substrate
FeCr substrate

(A) (B)
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were blocking fuel transport, stresses due to (SmFe)CrO3 formation and crack 

proliferation in the SDC barrier were also observed, leading to the mechanical failure 

of the cell. On the other hand, YDC and ZDC also reacted with the metal substrate 

and formed CeCrO3. However, this phase formation is not considered detrimental as 

extensively studied CeO2 protective coatings for ferritic interconnects do not indicate 

any resistance increase [180, 181]. Nevertheless, ZDC densification ability is 

considerable and metal-supported cells with Ni-ZDC cermet DBL showed diffusion 

problems and low performance. Finally, Ni-YDC cermet with incorporated nickel 

(<20% Ni) to improve electronic conductivity was adopted as DBL for a first 

generation of MS-SOFCs at IK4-Ikerlan [179].   

Perovskite-based DBL 

Franco and coworkers at DLR and Plansee consortium [128, 129, 143] have adopted 

the same perovskite-type DBL that they use in the air side to prevent Cr poisoning of 

the cathode. Selected perovskites are essentially lanthanum chromites with different 

dopants and stoichiometries (i.e. La0.6Sr0.2Ca0.2CrO3-δ, La0.7Sr0.15Ca0.15CrO3-δ, 

La0.7Sr0.15CrO3-δ) and lanthanum manganites (La1-xSrxMnO3). Fundamentally, 

plasma-spray techniques which do not require a posterior thermal treatment have 

been used for DBL processing. More recently, thin La1-xSrxMnO3 deposited by 

physical vapour deposition (PVD) was integrated in the manufacturing process. To 

date, best results were attained by DLR and Plansee consortium with 

La0.6Sr0.2Ca0.2CrO3 (10-30 μm) and La1-xSrxMnO3 (2-3 μm) perovskite DBLs [158]. 

Robust MSC degraded 1%/kh when it was operated at 800°C during 2000 h. It was 

stable to withstand 20 full redox cycles with no OCV loss and less than 2.5% 

degradation in power density.  

 At IK4-Ikerlan, a second generation of MS-SOFCs includes a perovskite-type 

DBL. La and Y-doped SrTiO3 perovskites (LST, YST) exhibit excellent electronic 

conductivity under reducing atmospheres [26-30]. However, LST is easier to 

fabricate and it was tested together with lanthanum chromate during an initial 

screening procedure. Selected stoichiometries were La0.7Sr0.3TiOx and 

La0.7Sr0.3CrOx. Reactivity proofs demonstrated that LSC reacted with the metal 

support as well as with Ni-YSZ anode leading to Sr2CrO4 and Ln2NiO4 phases 

formation, respectively [179]. Those phases are not necessarily harmful and Ln2NiO4 

has been proposed in the literature as an alternative cathode material [182]. 

Nevertheless, most of literature data correspond to operation conditions in oxidizing 

atmosphere and are not representative for the anode side. On the other hand, 

reactivity of LST perovskite is practically inexistent with metal substrate and anode. 

As an exception, an unidentified phase which contains Mn-Cr-Ti-O was detected by 

XRD as a minor by-product of FeCr and LST reactivity at 1350°C [183]. Conductivity 

tests were carried out in reducing atmosphere with LST and LSC after a thermal 

treatment that reproduces the cell sintering step. In the 600-800°C temperature 
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range, LST perovskite exhibited electronic conductivity 1-2 orders of magnitude 

higher than LSC; 2-8 S/cm were recorded for LST and 0.03 - 0.08 S/cm for LSC 

[179]. Difference between LST and LSC is in agreement with findings in the literature 

but values are much lower for LST. While at reducing atmosphere 216 S/cm are 

reported for La0.3Sr0.7TiO3-δ [184] at 800°C, conductivity for La0.7Sr0.3CrOx is 0.05-0.1 

S/cm. As a matter of fact, most performing lanthanum chromites, La0.6Sr0.2Ca0.2CrO3-

δ and La0.7Sr0.15Ca0.15CrO3-δ show 1.6 and 1.2 S/cm, respectively [175]. Lower 

conductivity of La0.3Sr0.7TiO3-δ as measured in IK4-Ikerlan was attributed to variations 

in perovskite stoichiometry upon cell fabrication. Finally, La0.3Sr0.7TiO3-δ perovskite 

was adopted as the DBL of second generation MS-SFCs in IK4-Ikerlan. LST 

perovskite demonstrated to be an excellent barrier towards Cr, Ni and Fe 

interdiffusion during sintering as it will be seen later on chapter IV. 

1.6.4.3 Nickel coarsening 

Co-sintering is implemented at high temperature in reducing atmospheres to protect 

the metal-support [128, 138, 185, 186]. However, nickel reduction at high 

temperature promotes sintering and vast agglomeration as NiO is reduced to Ni 

[187]. TPB and thus active area significantly decreases in the coarse Ni-YSZ final 

structure. In many cases, it inhibits electronic percolation through the electrode, 

significantly enhancing ohmic loses [167]. In addition, agglomerated nickel is more 

susceptible to redox cycles. Nickel particles suffer dramatic dimensional changes 

upon reoxidation (69.6% in volume) which stresses the electrolyte causing the 

mechanical failure of the electrolyte.  

Infiltration  

LBNL [186, 188] and more recently Risoe [138, 161, 162] adopted Ni-infiltration to 

avoid nickel agglomeration. For infiltration, the procedure is the following:  

(1) A porous YSZ anode structure is co-sintered with the metal support and 

electrolyte in the standard high temperature and reducing atmosphere.  

(2) Ni catalyst is subsequently infiltrated by the precursor method.  

 Resultant microstructure with nano-scaled Ni particles exhibits high 

performances together with better stability upon redox cycles. Though Ni-infiltration 

excellent initial performances (1Wcm-2 at 650°C) were registered, unfortunately, 

rapid degradation due to nickel agglomeration was observed [186]. Co-infiltration of 

ceria-based catalysts improves stability but still compromises the electronic 

conductivity [167]. Performance limitation can be addressed adding a further 

electronic conductive component in the anode backbone. Risoe-Topsoe has 

proposed metal stainless steel particles addition with promising results [160]. Cu 
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catalyst addition is another option as it has been shown by Ni replacement in the 

newly patented Cu-YSZ cermet anode [189].  
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Chapter II 

 

2. EXPERIMENTAL TECHNIQUES 

 

 

 

 

 

 

 

 

 

 

 

 

2.1 Electrochemical characterization  

IV-curves and Electrochemical Impedance Spectroscopy (EIS) are powerful 

techniques widely used for SOFC electrochemical characterization. In this section, 

both techniques are introduced and experimental equipment in both, SOFCpower 

and IK4-Ikerlan laboratories are described. 

2.1.1 Test furnaces 

The electrochemical characterization of anode-supported cells (Chapter III) was 

carried out in Hobylland horizontal furnaces. Conversely, metal-supported cells 

(Chapter III) were tested in Carbolite VST 12/-/200 vertical furnaces. 

 

 

Figure II - 1. Testing furnaces: (A) Hobylland and (B) Carbolite VST 12/-/200. 

(A) (B)



51 

2.1.2 Air humidification  

Planar ASC air humidification 

In the specific design of experiments used in Chapter III, dry air, 3 or 20% humidified 

air stream was used. Different humidification levels were attained by using a bubbler 

with distillated water. For 3% humidification, the bubbler was introduced in a bath at 

25ºC (Figure II - 2). For 60% humidification, it was put in a heating plate and air 

circuit to the furnace entry was thermally insulated to avoid water condensation.  

Tubular MSC air humidification 

MSCs work with ambient air and thus, air humidification depends upon ambient 

conditions in the laboratory. 

2.1.3 Fuel humidification  

Planar ASC fuel humidification 

Fuel is 3% humidified by circulating the pure hydrogen fuel flow in a bubbler with 

distillated water which is maintained at 25ºC in a bath. Stability tests are performed 

in the same way (Figure II - 2A). 

Tubular MSC fuel humidification 

 For simple electrochemical characterization, the fuel is humidified with a bubbler 

with distillated water at ambient temperature. Thus, 2-3% fuel humidification is 

obtained (Figure II - 2A). 

 For simulated fuel utilization tests, fuel is highly humidified using a Controlled 

Evaporator Mixer (CEM, Bronkhorst) as illustrated in Figure II - 2B. Circuit to the cell 

is thermally insulated to avoid water condensation. In this work, 25-80% H2O in the 

fuel was used for a specific analysis of the water vapor effect in the electrochemical 

performance. For generalized fuel utilization tests, 50% H2O was used in the fuel 

stream. 
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Figure II - 2. Humidification methods: (A) Bubbler with distilated water and (B) 

Bronkhorst Controlled Evaporator Mixer (CEM). 

2.1.4 IV curves 

IV curves, by the simple application of an electrical current and the analysis of the 

potential response, are used to study the cell electrochemical performance. The 

power density of cell at 0.7V is typically used to characterize performance at realistic 

operation conditions. However, IV curves also provide with useful information about 

specific irreversibilities and voltage losses. A detailed description is reported in 

section 1.2.2. 

Planar ASC characterization 

In SOFCpower, every test bench include an Agilent DC power supply with 4A and 

50V limits, fuel and air mass flow controllers and a thermocouple. Current density 

and cell voltage, fuel flow and cell temperature are monitored and controlled with a 

PC which includes an integrated multichannel data acquisition system. 

Tubular MSC characterization  

IV curves were performed with a power source integrated to a data acquisition 

system developed at IK4-Ikerlan and controlled with a PC. This system allows the 

application of electrical current below 3.2 A and potential between 0 and 5V. 

 For long-term stability tests, a special system which permits the simultaneous 

measurement of 16 cells was used. This data acquisition system was developed at 

IK4-Ikerlan and allows applying 6 A maximum current. This system is also able to 

control the furnace temperature and the fuel mass flow in some cases. In addition, a 

UPS system protects the experimental system of the laboratory from eventual power 

cuts in the electrical grid. 

(A) (B)
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2.1.5 Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a powerful method for the 

characterization of electrode processes and complex interfaces. This sensitive 

technique was complemented with IV-curves to elucidate the interfacial processes 

and main contribution to electrochemical performance.  

 Electrochemical impedance is usually a potentiostatic measurement; applying an 

AC potential to an electrochemical cell and then measuring the current through it. 

Inversely, a galvanostatic measurement can be performed by applying an AC current 

and measuring the potential through the cell. In order to obtain a pseudo linear 

response of the cell, a small excitation signal is applied. In a linear (or pseudo-linear) 

system, the current response to a sinusoidal potential will be a sinusoid at the same 

frequency but shifted in phase. 

 

Figure II - 3. Relation between the applied potential, E(t), and the current response, I(t). 

 The excitation signal, expressed as a function of time, has the form 

              (2.2) 

where E is the potential at time t, E0 is the amplitude of the signal, and ω is the radial 

frequency. In a linear system, the response signal, I(t), is shifted in phase (φ) and 

has a different amplitude, I0.  

                   (2.3) 

Analogous to Ohm's Law, the impedance (Z) of the system is calculated as:  

E(t)

V(t)

Linear or

pseudo-linear zone

E+dE

I+dI
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The impedance is therefore expressed in terms of a magnitude, Zo, and a phase 

shift, φ. With Eulers relationship it is possible to explain the impedance as a complex 

function. The potential is expressed as, 

         
                     (2.5) 

and the current response as,  

         
                               (2.6) 

Thus, the impedance expression as a complex number holds as 

      
   

   

   
       

    
                  (2.7) 

Note that the impedance, Z, is a function of the radial frequency, w, because the shift 

in phase, φ, changes with it (φ(w)).  

 The most popular impedance representations include the Nyquist and Bode 

plots. Whereas the Nyquist plot is a representation of the real and imaginary parts of 

the impedance; in the Bode plot, the phase shift, φ, and impedance module, Z0, are 

represented as a function of the frequency (f) (Figure II - 4). Through this work the 

Nyquist representation has been widely used to identify the electrochemical 

resistances; area specific resistance (ASR), ohmic resistance (Ro) and polarization 

resistance (Rp) as indicated in Figure II - 4.  

- Ro is evaluated at high frequencies in the intersection point of 
impedance with the real axes.  

- ASR is evaluated at low frequencies in the intersection of impedance 
with the real axes 

- Rp is the difference between both intersections at high and low 
frequencies, thus, ASR-Ro 

 The meaning of the electrochemical values in the fuel cell context is explained in 

section 1.2.2.  
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Figure II - 4. (A) Nyquist diagram and (B) Bode diagram of a SOFC [190]. 

 The characteristic profile of the Nyquist diagram is a result of the superposition 

of ideal semicircles with a characteristic "time constant". Each semicircle 

corresponds to a specific resistive mechanism in the cell (i.e. electrolyte resistance, 

capacitance in the electrode/electrolyte interface, charge transfer, electrode 

polarization). Thus, EIS data can be also analyzed by fitting to an equivalent 

electrical circuit model using resistors, capacitors, and inductors. However, in this 

work, EIS technique was used to identify the electrochemical resistance values ASR, 

Ro and Rp. The EIS equipment and conditions used during measurement with ASC 

(Chapter III) and MSCs (Chapter IV) are reported in the text which follows.  

2.1.5.1 ASC and MSC characterization 

Impedance spectroscopy measurements were performed by using PGSTAT302N 

(Metrohm Autolab) high current potentiostat/galvanostat combined with the FR2A 

(Metrohm Autolab) frequency response analyzer module (Figure II - 5). Impedance 

was measured in potentiostatic (0.7 V) condition and frequency range was 10 kHz to 

0.1 Hz with signal amplitude of 10 mV. The impedance data were normalized by the 

active contact area between the gold or Crofer mesh and LSC current collector. 

Impedance spectroscopy measurements were carried out at the beginning and at the 

end of the 500 h durability tests. Impedance spectroscopy measurements were 

recorded both at operation (Table III - 2) and standard conditions (150 ml/min cm2 

dry air and 750°C). 

 Two different equipments were used to perform the impedance measurements: 

Solartron 1286 electrochemical interface connected to Solartron 1266 frequency 

response analyzer module and Zanner Zennium electrochemical interface combined 

to a Zahner PP2241 (Figure II - 5). The standard electrochemical characterization of 

metal-supported cells was performed at 800ºC with 3% humidified 200 ml min-1 H2 in 

the anode side and ambient air in the cathode side. The impedance data were 

normalized to the active area (i.e. cathode area). Data were acquired at OCV 

conditions and at 0.7V operational voltage. 
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Figure II - 5. Electrochemical Impedance Spectroscopy equipment: (A) Autolab, (B) 

Solartron and (C) Zanner.  

2.2 Microstructural characterization 

Through this work, the microstructure analysis of anode-supported and metal-

supported cells was carried out using Scanning Electron Microscopy, Energy 

Dispersive X-ray analysis and X-ray diffraction techniques. In this section, 

fundamental aspects and experimental procedure are reported. 

2.2.1 Scanning Electron Microscopy (SEM) and Energy 

Dispersive X-ray analysis (EDS) 

Planar ASC characterization 

Scanning Electron Microscope (SEM) (JSM5500, Jeol - Japan) equipped with EDS 

(Energy Dispersion X-ray Spectroscopy) (EDS2000, IXRF System - USA) was used 

for microstructural analysis (Figure II - 6) of anode-supported cells. Samples were 

prepared by clean manual cracking of the anode-supported cells. Cross sections 

were cleaned-up with compressed air and metalized with Au in vacuum. For 

microstructural analysis of GDC barrier layers surface, chemical etching of the 

cathode was carried out by exposing cells to hydrochloric acid for 1 min and then to 

ultrasonic bath for 10 min. 

Tubular MSC characterization 

The microstructure of metal-supported cells was characterized by a FEI 200 Quanta 

FEG-SEM and EDS EDAX Genesis (Figure II - 6) at CIC-Energigune installations.  

 Samples were prepared following the standardized process at IK4-Ikerlan due to 

the complex nature of porous metal plus fine ceramic multilayered structure. Cells 

are embedded, cut and polished for transversal inspection in the microscope. Cells 

are embedded with an Epofix resin in vacuum (Epovac Chamber-Struers) to promote 

resine penetration in the porous metal substrate. The resine is mixed with hardener 

agent (Epofix Hardener) that produces solid samples in 24h. Embedded samples are 

cut by abrasion with a diamond disk that is refrigerated with an integrated water 

circuit (Secotom 10 - Struers). Next, transversal surface of cells is polished in two 

(A) (B) (C)
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phases in a Tegrapol 11 polisher (Struers). First, sample is polished with SiC 

sandpaper lowering grid sizes (i.e. P600, P800, P1200, P2400, P4000 in sequence) 

and using water as lubricant and refrigerator. In a second phase, samples are 

polished with diamond suspensions (9 µm, 3 µm, 1 µm in sequence). After 

polishing, samples are cleaned-up in an ultrasound machine with ethanol during 10 

min. Finally, they are painted with carbon ink and scotch to guarantee an adequate 

current flow through the cell. Some cells were coated with carbon and gold thin films 

using a metallizer (Structure Probe Inc.). Equipment for sample preparation is shown 

in Figure II - 7. 

 

Figure II - 6. SEM equipment : (A) JSM5500, Jeol with EDS2000 and (B) FEI 200 Quanta 

FEG-SEM and EDS EDAX Genesis. 

 

 

Figure II - 7. Sample preparation equipment: (A) Struers Epovac - vacuum impregnation, 

(B) Secotom-10 precision cut-off machine with diamond wheels (Struers, Inc.) and (C) 

polishing machine Struers TegraPol-11. 

 

 

(B)(A)

(A) (B) (C)
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2.2.2 X-ray Diffraction  

Planar ASC characterization - Surface analysis 

Crystalline phases which form on the surface of anode-supported SOFCs during 

operation were analyzed in a Rigaku D-MAX III diffractometer with monochromatic 

CuK α radiation (Figure II - 8). In this configuration, incident X-rays diffract in the 

vertically mounted sample (i.e. cell surface) and the diffracted or reflected beam is 

focused into a diffracted beam monochromator. The sample holders can 

accommodate 30x30x10 cm in size and cells surfaces are cut to fit the required 

dimensions. The sample and detector are rotated with respect to the incident beam 

at 2θ angles. Data were collected in the Bragg-Brentano (reflection) geometry over a 

range of 10-90º 2θ.  

Tubular MSC characterization - Reactivity of LST and YSZ 

X-ray diffraction technique was also used to analyze the reactivity of LST perovskite 

and YSZ fluorite at high temperatures under different atmospheres. Polycristalline 

samples were prepared by crashing previously sintered LST+YSZ pellets in a mortar. 

Diffraction measurements were carried out in the Energy Research Institute (IER) in 

Albacete (Spain). X’PERT Pro XRD diffractometer with monochromatic CuK α1 

radiation, equipped with an ultra-fast X’Celerator detector was used (Figure II - 8). 

Data were collected in the Bragg-Brentano (reflection) geometry over a range of 10-

90º 2θ. 

 

Figure II - 8. Images of used diffactometers: (A) Rigaku D-MAX III and (B) X'Pert PRO X-

ray diffractometer coupled to an X’Celerator detector. 

(A) (B)
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2.3 MSC fabrication and characterization 

2.3.1 Processing techniques and equipment 

2.3.1.1 Attrition 

During cells processing, Attritor 01HD-CE (Figure II - 9) was used for anode and 

cathode powders preparation; that is, i.e. Ni-YSZ cermet anode and LSF40-SDC 

composite cathode. This technique serves to prepare powder mixtures but also for 

particle size reduction. 

 The functioning principle of this equipment consists in the stirring of powder and 

attrition balls in a tank with rotator blades. Rotation speed is sufficient to promote an 

irregular motion of powder and balls. Resulting wear stress and impact forces allow a 

gradual reduction of the particle size as well as an optimal dispersion. 

 This technique is highly efficient as the rotation energy is directly used in the 

milling process. Balls are typically small to multiply the effect and rotated at high 

speed. Typically, spheres between 1/8´´ and 3/8´´ in diameter include carbon steel, 

stainless steel, chromium steel and zirconia as composition. In this work, zirconia 

balls of 2 mm in diameter were used for anode and cathode processing. 

 Powders are placed in the middle of the milling media strategically to obtain a 

homogeneous mixture. First, half milling media, next, ceramic and metallic powders, 

and then, the other half of milling media are introduced in the tank. 250 ml of 

isopropanol are added at the end. After 3 and 0.5 h operating at 500 rpm for anode 

and cathode preparation, respectively, powder mixtures are separated from milling 

media and put drying below an infrared lamp. Once dried, powder blocks are sieved 

using a nylon mesh with 100 µm aperture. During this process, nickel particle size is 

reduced from 10 μm to 0.5 μm. 

 

Table II - 1. Specifications for Ni-YSZ anode and LSF40-SDCcathode powder preparation 

in the attritor.  

Component Material Quantity (g) 
Milling media 

quantity (g) 
Milling time (h) 

Velocity 

(rpm) 

Ni-YSZ 

anode 

NiO 197.1 
1300 3 500 

YSZ 102.9 

LSF-SDC 

Cathode 

LSF40 210 
1000 0.5 500 

SDC 90 

*YSZ balls with 2mm diameter as milling media 

 



60 

 

Figure II - 9. 01HD-CE wet grinding attritor. 

2.3.1.2 Slurries preparation 

Milling and dispersion. Slurries are prepared in a Labmill 8000© (Figure II - 10) for 

dip-coating deposition. A cylindrical container with slurry and milling media inside 

rotates around the horizontal axis. Milling media (typically spheres or cylinders of 

alumina or zirconia) collision reduces particle size. However, this effect is, in general, 

secondary in comparison to the role in the dispersion of powder and eventual agents 

in the slurry. 

 

Slow roll. Once that LST, NiO-YSZ and LSF40-SDC ceramic slurries are prepared, 

they are conserved rotating in a Mini Tube Roller 7622-30000 (Figure II - 10) at 2-3 

rpm to avoid the decantation of ceramic powders. 

 

Mixture and degasification. Before deposition, ceramic slurries are mixed during 1 

min in a Thinky Mixer Awatori Rentaro AR-250 (Figure II - 10). This technique 

combines rotation and revolution of slurry container. This process guarantees an 

homogeneous mixture of components in the slurry and the elimination of bubbles 

that may generate during the slow roll stage. The centrifuge machine can work in two 

modes: mixing and defoaming. Mixing mode, with 1:2.5 rotation to revolution ratios 

(typically 800:2000 rpm), is used for homogeneous mixtures preparation. Defoaming 

mode, with 1:36 rotation to revolution ratios (usually 60:2200 rpm), is suitable for 

bubble elimination. In Table II - 2, treatment prior to dip-coating is summarized for 

each cell component. 

 

 

 

Refrigeration
cavity

Tank

Blades

YSZ balls
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Table II - 2. Centrifuge parameters of slurries prior to dip-coating. 

Cell component Composition Action Time (min) 

DBL LST Mixing 1 

Anode NiO-YSZ Defoaming 1 

Cathode LSF40-SDC Mixing+Defoaming 1+1 

 

Ultrasound mixture. An ultrasound homogeneizer Branson 450 Analog sonifier 

(Figure II - 10) was used to disperse the YSZ powder in isopropanol for electrolyte 

deposition. This equipment features a load meter, variable power control, 0-15 min 

timer and pulsing mode. Supplied with a converter and 1/2" diameter disrupter horn, 

it is designed to apply high-frequency ultrasonic energy to chemical processing and it 

is used to disperse or mix compounds. 

 

 

Figure II - 10. Equipement for ceramic slurry preparation: (A) Labmill 8000©, (B) Mini 

Tube Roller 7622-30000, (C) Thinky Mixer Awatori Rentaro AR-250) and (D) Branson 450 

Analog ultrasound homogeneizer. 

2.3.1.3 Deposition techniques 

Dip-coating. The deposition of diffusion barrier, anode and cathode layers is carried 

out by dip-coating using a Diptech Automatic Dip Coating Unit (Figure II - 11). In this 

process, the substrate (i.e. porous tubular metal substrate) where layers are to be 

deposited, is submerged in a test tube which contains the slurry. The substrate is 

maintained submerged for a certain time and it is finally extracted in a controlled 

way. The excess liquid is drained and additives in the slurry evaporate creating a film 

in the substrate surface. 

The thickness of layer is determined by the forces that interact in the process 

(i.e. viscosity of slurry, capillarity and gravity). While temperature of deposition and 

solid volume of slurry affect viscosity, immersion time and extraction speed allow the 

balance of different forces. In this way, thicker layers are obtained as immersion time 

and extraction rate increase. Repeated dip-coating combined with drying stages is 

an alternative way to produce thick layers. This technique is adapted for full covering 

(A) (B) (C) (D)
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or deposition in selected zones. Dip-coating parameters for corresponding ceramic 

slurries are specified in Table II - 3. 

Table II - 3. Dip-coating parameters for DBL, anode and cathode deposition. 

Ceramic slurry 
Immersion rate 

(cm/s) 

Immersion time 

(s) 

Extraction rate 

(cm/s) 

LST 1.7 0 1 

NiO-YSZ 0.45 10 0.3 

LSF40-SDC 0.45 10 0.3 

        

 

Figure II - 11. Diptech Automatic Dip Coating Unit 

Robot spray. The electrolyte is deposited using a PVA2000 spray robot (Figure II - 

12) which sprays the YSZ powder dispersed in isopropanol. Spray deposition is 

customized for irregular surfaces and a variety of shapes. For spraying tubular half-

cells, tubes rotate around their longitudinal axis while spray gun moves through its 

length. Thickness and quality of the deposited layer depend on the rheology of 

slurry, surface adherence, amount deposited and spray cycles. 



63 

 

Figure II - 12. PVA2000 spray robot for electrolyte deposition. 

2.3.1.4 Co-sintering 

Cosintering was carried out on three Carbolite STF (16/-/610 or STF/-/610) tubular 

furnaces for cell production (Figure II - 13). The alumina cavity is sealed in both 

edges by combining O-rings and metallic pieces especially designed in IK4-Ikerlan. 

 

 

Figure II - 13. Carbolite STF (16/-/610 or STF/-/610) cylindrical furnaces for tubular half-

cells cosintering. 

Co-sintering atmosphere.  

The sintering atmosphere is critical in the reduction and shrinkage of cell 

components. Thus, a control of the atmosphere is needed and oxygen partial 

tubular cell

spray
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pressure (pO2) and dew point (Td) are systematically measured. Dew point is the 

temperature where condensation begins, and thus, it is essentially a measure of the 

relative humidity. Concretely, it specifies the temperature at which relative humidity 

would be 100% if the gas was cooled.  

 In Figure II - 14, typical pO2 and dew point profiles during co-sintering are 

illustrated. In the standard process, Argon (pO2=-4.21 bar in the bottle) is introduced 

in the furnace at ambient temperature up to 1100°C. During this period, little oxygen 

which is present in the atmosphere is absorbed by the oxygen getter (FeCr) that is 

placed at the furnace entrance. However, this oxygen can also oxidize the metal 

substrate to some extent. Oxygen getter FeCr is activated around 700ºC and it is 

indicated as Tox in the figure. 

  However, some cells have shown an oxygen absorption peak at lower 

temperatures (Tabs) as indicated by the green profile in Figure II - 14. This is 

attributed to the eventual firing of binder residues.  

 At 1100°C, when gas is changed from inert (Ar) to reducing atmosphere (10%H2 

+ Ar with pO2=-26.47 bar in the bottle) this is reflected in additional lowering of the 

oxygen partial pressure from pO2´(Ar) to pO2 (10%H2 + Ar). Simultaneously, an 

increase in the dew point due to the water production from the oxygen getters during 

reduction is accounted. At this point, low pO2 is maintained but dew point gradually 

decreases up to the end of the thermal cycle.  

 Characteristic peaks which are observed at low temperatures in the Td profile 

are water absorption/desorption mechanisms of the alumina tube [191-193].  

 When cells are sintered fully in Argon, pO2 (Ar) ≈ -20 bar is maintained at high 

temperature but after a certain time, oxygen getter is saturated and porous metal 

substrate is oxidized. When further absorption in the oxygen getter and metal 

substrate is not possible, oxygen partial pressure increases at high temperatures 

matching again Argon bottle specifications (pO2=-4.21 bar). After co-sintering, metal-

support oxidation for cells which are sintered fully in Argon can be observed by 

visual inspection. However, sintering fully in Argon, water expulsion which occurs at 

high temperature (1100°C) in the Ar/10% H2+Ar gas change is eradicated.  

 When the sintering process is carried out without cells and getters, humidity in 

the furnace is in general lower and little oxygen in inert atmosphere (Ar) is absorbed 

by the furnace at high temperatures and eliminated during the cooling phase. 
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Figure II - 14. Characteristic evolution of the oxygen partial pressure, pO2, and dew point 

during the thermal cycle, in the presence and absence of G2 half-cells and inert or 

standard atmosphere (with gas change from inert to reducing atmosphere at 1100°C).  

Equipment and humidity conversion 

Metrotec GSM-V6 and Vaisala HMT337 with integrated Shaw humidity sensor are 

connected to the furnace gas stream exit to measure the oxygen partial pressure 

and relative humidity (RH), respectively. pO2 monitoring is automatically registered in 

a PC. At the beginning, RH registration was manual and its evolution was only 

known up to ≈ 350 min of operation. However, data logger was recently integrated to 
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the Vaisala HMT337 system and currently; it allows the registration of the whole 

sintering process. 

 

Figure II - 15. (A) Metrotec GSM-V6, (B) Vaisala HMT337 and (C) Shaw humidity sensor. 

Collected values of relative humidity (RH) are converted to the Dew point 

temperature (Td) using the following two expressions [194]: 

    
  

   
      (2.9) 

    
  

 
 

      
  
 

 
   

 (2.10) 

where Pw and Pws are the actual and saturated water vapor pressure, Tn is the triple 

point temperature and a,m are constants (a=6.1162 ; m=7.5892). 

2.3.2 Processing characterization and equipment 

2.3.2.1 Slurries viscosity characterization  

Rheological measurements of ceramic slurries serve as quality control prior to 

deposition by dip-coating. Viscosity measurements are performed in a Haake Rheo 

Win 3 (Figure II - 16) that allows performing viscosity measurements at different 

temperatures. Standard viscosities for ceramic slurries are summarized in Table II - 

4.  

Table II - 4. Rheology of ceramic slurries at 25°C. 

Slurry Viscosity (Pa s) 

LST 0.025-0.05 

NiO-YSZ 0.2-0.3 

LSF40-SDC 0.05-0.1 

  

  

(A) (B) (C)
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Figure II - 16. Haake RheoWin 3 rheometer. 

2.3.2.2 Shrinkage and weight loss during co-sintering 

Initially, presintered tubes are characterized by green density measurements in 

CEIT-IK4. In order to analyze shrinkage and weight loss of half-cells during co-

sintering at reducing atmospheres, cells are characterized before and after thermal 

treatment. In practice, it is not possible to accomplish an accurate measurement of 

the external diameter without damaging the ceramic layers before sintering. Thus, 

weight and size (i.e. length, external and internal diameter) are measured in the 

metal tube before ceramic layers deposition. Similar calculus holds for the half-cell 

after co-sintering.  

 Even if weight loss (%m), longitudinal (%H), transversal shrinkage (either 

external, %De, or internal, %Di), porosity and density after sintering were considered 

in the analysis of G2 cells through this work, transversal shrinkage of external 

diameter of half-cell during co-sintering was the only parameter which showed 

significant tendencies and it is expressed as:  

      
           

     
     (2.11) 

where (De)i and (De)f hold for the external diameter before and after co-sintering, 

respectively. Porosity values of half-cells which are reported in chapter IV, were 

calculated as follows: 

         
        

   
     (2.12) 
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where 7.7 is the theoretical density of Crofer 22 APU [195] and ρg is the geometrical 

density.  
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Chapter III 

 

3. CATHODE STABILITY IN ANODE-
SUPPORTED CELLS 

 

 

Part of this chapter has been published in: 
 
 

Arregui A., Rodriguez-Martinez L.M., Modena S., Bertoldi M., van Herle J., Sglavo VM.,  

 “Stability of ferritic perovskite cathodes in anode-supported solid oxide fuel cells under 
different processing and operation parameters”, 
Electrochimica Acta, 58 (2011);312-21. 
 
 
Arregui A., Rodriguez-Martinez L.M., Modena S., Bertoldi M., van Herle J., Sglavo VM., 

“Influence of operational parameters on LSF and LSCF cathodes degradation”, 
The American Ceramic Society´s Ceramic Engineerng and Science Proceedings, 32 (2011);  
 
 
Arregui A., Rodriguez-Martinez LM, Modena S., Bertoldi M., Sglavo VM.,  

 “Cathode degradation mechanisms by potassium/chromium poisoning and air 
humidification”,  
Fuel Cells, accepted (2013). 
 
 
 

3.1 SOFCpower ASC-Technology 

3.1.1 Introduction  

SOFCpower is an emerging Italian company devoted to SOFC production and 

development. First R&D activities in SOFCs started in 2002 within the Eurocoating - 

Turbocoating Group, a privately-held group active in the fields of coatings and 

processes for gas turbines, machinery and biotechnology. Short-time research 

activity in the SOFC field crystallized in 2006 and SOFCpower was founded. In early 

2007, SOFCpower acquired 100% of HTceramix SA (Yverdon-les-Bains, 

Switzerland), a spin-off of the Swiss Federal Institute of Technology in Lausanne 

(EPFL). The Pilot Production Plant is located in Mezzolombardo (TN, Italy), where 

the R&D activities on material and process are also conducted in close collaboration 



71 

with the University of Trento. The system engineering group is located in Yverdon-

les-Bains (Lausanne, Switzerland). 

 The assortment of commercialized products include cells, stacks (StackBox ®), 

integrated stacks (HoTbox™) and a microCHP system prototype (EnGen ®500) 

[196] (Figure III - 1). The vision of the company is to become a leading supplier of 

SOFC-based products. In the period between 2010 and 2011 more than 10.000 

cells, 250 stacks and 30 HoTbox™ generators were produced in the pilot plant in 

Mezzolombardo [197]. SOFCpower-HTc focuses on the small size stationary market 

with two distinct products which are elaborated based on the same technology 

platform. The first product is a 1 kW class HoTbox™ generator that provides 

electricity and heat in a Combined Heat and Power (CHP) module running on natural 

gas. Efficiencies above 30% electric and 90% overall are deemed for this product 

segment. The second product is high efficiency co-generator (90%) providing 

electricity in the 50% plus efficiency class, at a 2.5 kW level. Those products seek to 

be part of the future heat appliance market.  

 

 

Figure III - 1. SOFC-based products commercialized by SOFCpower [196].    

 SOFCpower is involved in several national and international programs. In the 

framework of Crisalide project, SOFCpower is currently implementing microCHP 

installations for pilot experimentation in Trentino-Alto Adige. This strategic project is 

a longterm investment supported by the province and European project Ene.field 

[198], which will deliver similar trials in 12 EU Member States. First installations 

fuelled with methane or LPG provided with 6 kW heat and 3 kW electricity and 

microCHP was connected and recognised by the Italian national grid. This project 

aims, however, to give preference to scenes were electricity is not exchanged with 

the network and the heat produced is used all year round through (i.e. swimming 

pool in Arco). 

Stack box HotboxTM EmGen® mCHP SystemCells
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3.1.2 Anode-supported SOFC 

Anode-supported SOFC planar cells are produced in SOFCpower by water-based 

cofiring of anode and electrolyte and screen-printing of barrier and cathode layers 

[197, 199]. This cell architecture, developed in 2005, is in permanent evolution and 

mechanical strength and electrode durability were extensively improved upon late 

years. 

 Anode-supported SOFC manufacturing process in SOFCpower is schematized 

in Figure III - 2. Half-cells are produced by co-casting and sintering Ni/YSZ cermet 

anode and 8YSZ electrolyte. Gadolinia doped ceria (GDC) is adopted as a barrier 

layer between cathode and electrolyte to prevent chemical reaction and resultant 

SrZrO3 formation. GDC powder is screen printed on the electrolyte after dispersing 

the powder in a terpineol and ethyl cellulose solution and fired at 1350°C for 2h. 

Cathode layers are subsequently screen-printed and sintered. Commercially 

available compositions include state of the art LSM-YSZ and LSCF-GDC composite 

cathodes.  

 

 

Figure III - 2. Industrially standardized ASC manufacturing process in SOFCpower [196]. 

LSCF-GDC cathode composition (ASC-700) can be used between 650°C and 800°C 

and present an ASR < 0,3 Ωcm2 at 750°C. Those cells have been tested in single 

cell and stack configurations demonstrating stable performance with insignificant 

degradation for at least 3000 h when polarized at 0.5 Acm-2 [199].  
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3.2 Ferritic cathodes stability study 

3.2.1 Introduction  

In recent years, significant efforts have been done to lower the operation 

temperatures of SOFC.  Operating at intermediate temperatures (600°C-800°C) 

offers the possibility to use cheaper ferritic stainless steels as interconnect material, 

simplifies heat distribution, limits thermal expansion mismatch and inhibits 

thermodynamically activated reactions within the stack. Perovskite-type 

(La,Sr)1-z(Co,Fe)O3-δ mixed ionic-electronic conductors (MIEC) figure amongst the 

most investigated cathode materials for IT-SOFC applications due to their excellent 

surface exchange and chemical diffusion coefficients [200]. Optimized L55SCF 

(La0.55Sr0.4Co0.2Fe0.8O3-δ) and L58SCF (La0.58Sr0.4Co0.2Fe0.8O3-δ) stoichiometries 

have demonstrated power densities nearly twice as high as conventional LSM-YSZ 

at 700-800°C in anode-supported single cells [51]. Nevertheless, LSCF and LSF 

cathodes have revealed intrinsic degradation mainly due to the perovskite instability 

and Sr depletion. In the cathode/electrolyte interface, Mai et al. [201] observed 

SrZrO3 formation due to LSCF-YSZ reactivity already occurring during cathode 

sintering (at 1080°C), or even during prolonged operation at 800°C. LSCF-YSZ 

reaction occurs even in the presence of ceria-based (SDC, GDC) protective layers, 

mainly during sintering [98, 201, 202]. Besides, Sr-enrichement has been also 

identified in the LSCF cathode surface during testing. 

 Although a protective chromia layer prevents corrosion of metal interconnects at 

intermediate temperatures, in the absence of an effective barrier, chromium vapors 

can quickly lead to performance deterioration by blocking of active sites. Chromium 

vapors (CrO3 or CrO2(OH)2) pressure is higher in air [130] and chromium poisoning 

predominantly occurs in the cathode [127, 203-207]. LSCF and LSF mixed 

conductors are possibly more resistant against chromium poisoning than LSM-YSZ 

cathodes, due to the extended electrochemical active area that is not restricted to 

the TPBs.  

 Several researchers have recently shown growing interest in the investigation of 

the effect of humidified air in conventional cathode materials. As a matter of fact, 

water presence can not be excluded in real operation conditions. Encouraging 

results by Nielsen et al. [208] indicated tolerance during 100 h operation to 12.8% 

humidification in the air stream for cells with LSCF-GDC composite cathodes. 

Conversely, LSM-YSZ composite cathodes exhibited partially reversible performance 

degradation. Recent results by Bucher et al. [209, 210] confirm LSCF and LSC 

pellets susceptibility to wet atmospheres and consequent surface exchange activity 

deterioration. In the case of dry pellets, moderate degradation at 600°C is attributed 

to SrO and La2O3 insulating phase [211, 212] formation on the surface. In contrast, 

humidified pellets exhibited pronounced surface exchange activity deterioration that 
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was attributed to Si-poisoning. Based on this finding, Bucher et al. recommend the 

use of pre-dried air in the presence of Si-sources [209, 210].  

  Recently, degradation rate of stacks have been reduced to values around 0.5% 

(with LSM) and 3% (with LSCF) in 1000 h tests, this pointing out the necessity of 

studying the degradation mechanisms of single cells in more detail [213]. It is worth 

saying that the amount and nature of the degradation highly varies with the operation 

conditions; experts in the field, however, have not agreed upon a set of optimal 

operating parameters.  

 In the present work, a detailed comparison of the stability of intermediate 

temperature cathodes LSF-SDC and LSCF-GDC used at IK4-Ikerlan and 

SOFCpower manufacturing plants, respectively, is presented. SOFCpower uses a 

composite cathode which contains high performing cobaltite (LSCF). In IK4-Ikerlan, 

stability is prioritized and a pure ferritic perovskite (LSF) which is processed in-situ at 

low temperatures is used to avoid reactivity with the electrolyte (YSZ). 

 The influence of cathode processing parameters and operation conditions in 

performance stability is studied in 500 h durability tests with anode-supported cells 

(SOFCpower) through a specific experimental design, L18 Taguchi matrix. Following 

this approach, single influence of each studied parameter is determined and most 

favourable conditions for prolonged service are identified. In addition, an accurate 

microstructural characterization carried out on the tested cells is presented, in a new 

approach aiming to connect microstructural changes with performance loss. Specific 

degradation mechanisms (chromium poisoning, humidification effect) are analyzed in 

detail. In a second part, stability studies in realistic operation conditions with coated 

metal interconnect meshes which are used for current collection in the air side are 

reported. The viability of two candidates as metal coating material is analyzed and 

discussed.  

3.2.2 Experimental procedure 

3.2.2.1 Cells fabrication  

Commercially available anode-supported planar half-cells with circular design 

(diameter = 30 mm) produced by SOFCpower S.p.A. were used in this study. The 

long-term stability of two different composite cathodes (i) LSF-SDC and (ii) LSCF-

GDC was investigated. Those compositions were prepared by dispersing the 

composite cathode powders (La0.6Sr0.4)0.95FeO3-δ/ Sm0.2Ce0.8O2 - 70:30 w/w - or 

(La0.6Sr0.4)0.995Co0.2Fe0.8O3-δ/Gd0.1Ce0.9O2 - 50:50 w/w - in terpineol and ethyl 

cellulose and subsequently screen-printing on the GDC barrier layer. The cathode 

area of both types of cell was 1.96 cm2. Two nominal electrode thicknesses were 

used, 30 μm and 50 μm. This yielded to slightly thicker electrode in the case of LSF-

SDC composite powder. La0.5Sr0.5CoO3 layer was screen-printed on both cathode 

types after sintering to facilitate current collection. Cells principal characteristics are 
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summarized in Table III – 1 and Figure III - 3 represents typical cells appearance and 

microstructure.  

Table III - 1. Schematics of the anode-supported SOFC functional layers.   

 
 

 

Figure III - 3. Circular anode-supported SOFC and microstructure used in these tests.  

3.2.2.2 Electrochemical characterization 

Experimental set-up 

Cell characterization was performed through four-point resistivity measurements 

(Figure III - 4) using IV-curves and impedance measurements. Gold and nickel mesh 

in contact with the electrodes served as current-collector at the cathode and anode 

side, respectively. A load of 250 g/cm2 was used to contact the current collectors by 

accommodating an alumina filter placed below the Au/Ni mesh. Two Au/Ni wires 

were welded to the corresponding Au/Ni meshes in the cathode and anode side, 

respectively. 

 In the experiments where chromium poisoning effect at the cathode was studied,  

sheets (14 mm x 14 mm x 0.5 mm) of commercial Crofer 22 APU steel were placed 

between the alumina filter and the mechanical support (refractory material) of the 

current collector. The surface of Crofer 22 APU steel was not pre-treated and was 

insulated from current collection in order to evaluate Cr-VI species diffusion to the 

cathode in 500 h tests.  The cell was then fixed to the edge of an alumina cylinder 

using zirconia based Ultra-Temp 516 and magnesium oxide based Ceramabond 571 

(Aremco Products Inc.) as sealants. The anode was reduced by a stepwise 

Composition Stoichiometry Fabrication route Thickness (μ m)

Anode-substrate Ni-YSZ Co-casting 220±20

Electroly te 8YSZ 8 wt%  Y2O3 – stabilized ZrO2 Co-casting 8±2

Barrir GDC Gd0.1Ce0.9O2 Screen printing ≈4

Cathode LSF40-SDC20 (La0.6Sr0.4)0.95FeO3-δ/ Sm0.2Ce0.8O2 - 70:30 w/w Screen printing 30/50*

LS40CF-GDC (La0.6Sr0.4)0.995Co0.2Fe0.8O3-δ/Gd0.1Ce0.9O2 - 50:50 w/w Screen printing 30/50*

Current collector LSC La0.5Sr0.5CoO3 Screen printing ≈15

(*) Nominal thickness

Functional layer

1 μm

Cathode
LSF/SDC or LSCF/GDC

GDC barrier

8YSZ electrolyte

Ni-YSZ 
anode/support
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replacement of N2 by H2 at 800°C, the latter being humidified at 3 mol % with a 

bubbler using standard SOFC test conditioning procedure. 

  

 

Figure III - 4. Experimental set-up. 

IV curves and EIS measurements 

Impedance spectroscopy measurements and IV curves were carried out at the 

beginning and at the end of the 500 h durability tests. Measurements were recorded 

both at operation (Taguchi matrix in Table III - 2) and standard conditions (150 

ml/mincm2 dry air and 750°C). The impedance data and IV curves were normalized 

by the active contact area between the gold mesh and LSC current collector. 

Experimental conditions and equipment are described in section 2.1. 

Microstructural characterization  

Cells microstructure was characterized by means of SEM, EDS and XRD. 

Experimental procedure is described in section 2.2.  

3.2.3 Overview of cathode processing and operation 

parameters under analysis - Considerations on 

degradation 

After revisiting the existing literature, eight parameters have been identified and 

ranked in terms of relevant influence in the long-term stability of ferritic cathodes 

were selected: 

- 3 cathode processing parameters 

o Composition 
o Thickness  
o Sintering temperature 

Mechanical

support

Nickel mesh

Alumina filter

Air

Gold mesh

Mechanical

support

Alumina

filter

Anode

Electrolyte

Cathode

Aremco

Crofer22APU piece

Alumina tube

Alumina tubeAlumina tube

Aremco

250gcm-2 Fuel250gcm-2

V(+)

I(+)

V(-)

I(-)
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- 5 operation parameters  

o Chromium presence 
o Air flow  
o Air humidification 
o Current density 
o Temperature of operation 

 The overall objective is to determine the main influential parameters that affect 

cathode stability under a wide representative range of conditions. The reliable 

comparison is made under the premises of efficient experimentation and impact of 

analysed factors on cells degradation. The factors analyzed and levels chosen are 

described below.  

Factor A: Cathode composition 

Levels: A1= LSF-SDC, A2=LSCF-GDC 

 The primary aim of the Taguchi matrix is to compare long-term stability of 

LSF-SDC and LSCF-GDC composite cathodes. Pure ferrites with the same A-site 

stoichiometry exhibit inferior performances than LSCF cathodes due to the lowered 

electronic and ionic conductivity when iron concentration in B-site is increased [56, 

214, 215]. In addition, perovskite structures containing two different transition metal 

ions in the B site are catalytically more active towards oxygen reduction than those 

with one single transition metal ion [56]. Though La and Zr interdiffusion has been 

proved to occur at cathode/electrolyte interface in the case of pure ferrites [47, 49], it 

is assumed that (La,Sr)FeO3±δ is thermodynamically more stable against Sr 

segregation [50]; accordingly, lower performance loss is expected in long-term 

operation for LSF cathodes.  

Factor B: Presence of chromium source 

Levels: B1= presence of Cr, B2= no Cr 

 Two mechanisms of chromium - induced degradation have been distinguished; 

the electrochemical reduction of Cr-VI species and chemical reaction [121]. The 

former competes with oxygen reduction; therefore, cell performance will be affected 

by blocking of active sites. It depends on cathode polarization and it is kinetically 

slow at low temperatures [122]. On the other hand, the decomposition of cathode by 

formation of chromium containing oxides is thermodynamically controlled without any 

influence of electrical potentials. For LSCF cathodes, experimental evidences of 

SrCrO4 formation preferentially in the cathode surface and uniform chromia 

deposition in the cathode have been widely described [99, 119-121]. SrCrO4 

formation is thermodynamically favored for cathodes containing less stable 

tetravalent ions (Fe4+ and Co4+); it is kinetically rather fast but does not lead to rapid 

degradation [122].   
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Factor C: Air flow 

Levels: C1=30, C2=75, C3=150 ml cm-2min-1 

 Air flow levels were selected in order to cover an extended region from 

commonly used air flow, 150 mlcm-2min-1, to rather static conditions, 30 ml cm-2min-1. 

When 0.75 A/cm2 current density and 20 mol% H2O on air are selected as control 

factor levels, oxygen utilization is maximum, stoichiometric air flow is 16 ml cm-2 min-1 

and the oxidant utilization is 52%. The anode was fed with 75 ml cm-2 min-1 H2 with 3 

mol% H2O in every experiment.  

Factor D: Water vapor in cathode  

Level: D1=0, D2=3, D3=20% H2O 

 Recently, detrimental effect was confirmed for LSM cathodes exposed to air 

humidification [208, 216]. Nielsen et al. [208] reported a partially reversible 

performance loss for Riso 2G LSM-YSZ composite cathodes. Degradation 

mechanism was attributed to microstructural changes in the cathode/electrolyte 

contact area. However, cells including LSCF-GDC composite cathodes deposited on 

GDC protection layer exhibited humidification tolerance even at 12.8 mol % H2O.  

Factor E: Current density 

Levels: E1=0.25, E2=0.5, E3=0.75 Acm-2 

 

Factor F: Operation temperature  

Levels: F1=700, F2=750, F3=800°C 

 Operation temperature differs with current due to additive contribution from cell 

constituents. Nickel coarsening is promoted in the anode as temperature increases 

[122], though it has not a relevant effect in comparison to performance losses 

caused by cathode degradation. The effect of operation temperature is described 

differently for different state of the art cathode materials [217]. In the case of LSM 

cathodes, zirconate formation caused by overpotential has been suggested to induce 

major degradation rates and thus, to stay away from low temperatures and high 

current loads is preferable. For these reasons it is recommended to operate the cell 

at intermediate temperature and at low polarization to avoid any significant cathode 

overpotential and further degradation [92, 218, 219]. Nevertheless, in the case of 

LSCF cathodes, Mai et al. [201] found that the degradation rates at 800°C are twice 

as high as for cells operated at 700°C but no clear influence of current density was 

identified. Under realistic operation conditions cell voltage is commonly maintained 

between 0.7 V – 0.8V, above the failure threshold that is established at 0.6V. 

Working with optimized LSF-SDC and LSCF-GDC cathodes at intermediary 

temperatures, 700°C - 800°C, operation requirements are satisfied under the 

selected current density range, 0.25 - 0.75 Acm-2. However, in the present study, 
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cathode processing parameters influence (composition, thickness and sintering 

temperature) was studied simultaneously and less performing cathodes failed to 

reach the cell working threshold. Nevertheless, more severe operation conditions 

were suitable to accelerate degradation processes in limited durability tests (500 h) 

of the actual characteristics, permitting a premature quantification of the degradation.  

Factor G: Cathode thickness 

Levels: G1=30, G2=50 μ m 

 Oxygen flux through the mixed conductor is promoted when electrode thickness 

is reduced.  Below a specific electrode thickness, surface exchange reactions 

become rate limiting. Bowmeester et al. [220] calculated LC (characteristic thickness) 

values ranging between 20 μm - 3000 μm, for ferrite and cobaltite perovskites, in a 

situation where oxygen potential gradient is controlled in a balanced manner by 

diffusion and surface exchange reaction. On the other hand, Adler et al. [221] 

suggested that oxygen reduction region extends few microns from the mixed 

conductor/electrolyte interface (2-3 μm for La0.6Sr0.4Co0.2Fe0.8O3-δ) and the outer 

region is electrochemically inert and acts essentially as a current collector. Improved 

sheet resistance and lateral current distribution is expected, however, for thicker 

cells. The expected lower Ro for thicker cells was confirmed by impedance 

measurements in Figure III - 5.   

Factor H: Cathode sintering temperature 

Level: H1=950,H2=1000, H3=1050°C 

 The cathode sintering range selected includes the temperature of choice in both 

centres, SOFCpower and IK4-Ikerlan. Those companies employ different SOFC 

architectures; anode - supported planar cells developed by SOFCpower allow iron-

perovskite cathodes to be optimized at higher sintering temperatures (1050˚C) 

whereas metal - supported tubular cells developed by IK4-Ikerlan demand lower 

cathode sintering temperatures (950˚C or less) that allow only in situ processing 

without damaging the metal support.  

3.2.4 Design of experiments and durability tests 

3.2.4.1 DoE – Taguchi matrix 

Ferritic perovskite cathodes stability was studied by a specific design of experiments 

(DoE). Table III – 2 summarizes the performed experiments which combined cathode 

processing parameters (composition, thickness and sintering temperature) and 

operation conditions (temperature, current density, air flow rate, air humidification 

and chromium presence) in 500 h durability tests. This table of experiments is, in 

reality, a L18 Taguchi matrix which combines 8 control factors in 18 experiments. The 
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property of orthogonality guarantees that the effect of each parameter is equilibrated 

and separated with respect to the considered parameters and are useful for fair 

comparison [222, 223]. Refer to Appendix III.A for detailed information about Taguchi 

method, L18 matrix and orthogonality. 

Table III - 2. Design of experiments based on a L18 Taguchi matrix.  

 
Processing parameters Operation conditions 

Exp# Cathode t / μm Ts / °C Cr Φair / ml cm-2 min-1 H2O / % J / A cm-2 T / °C 
  Ai Bi Ci Di Ei Fi Gi Hi 

1 LSF-SDC 30 950 Yes 30 No 0.25 700 
2 LSF-SDC 50 1000 Yes 75 3 0.5 750 
3 LSF-SDC 50 1050 Yes 150 20 0.75 800 
4 LSF-SDC 50 1050 No 30 No 0.5 750 
5 LSF-SDC 30 950 No 75 3 0.75 800 
6 LSF-SDC 50 1000 No 150 20 0.25 700 
7 LSF-SDC 50 1050 No 30 3 0.25 800 
8 LSF-SDC 50 950 No 75 20 0.5 700 
9 LSF-SDC 30 1000 No 150 No 0.75 750 
10 LSCF-GDC 50 950 Yes 30 20 0.75 750 
11 LSCF-GDC 50 1000 Yes 75 No 0.25 800 
12 LSCF-GDC 30 1050 Yes 150 3 0.5 700 
13 LSCF-GDC 50 1000 No 30 3 0.75 700 
14 LSCF-GDC 30 1050 No 75 20 0.25 750 
15 LSCF-GDC 50 950 No 150 No 0.5 800 
16 LSCF-GDC 30 1000 No 30 20 0.5 800 
17 LSCF-GDC 50 1050 No 75 No 0.75 700 
18 LSCF-GDC 50 950 No 150 3 0.25 750 

 

3.2.4.2 Analysis of results 

a) Reproducibility of the measurements 

Figure III - 5 reports the obtained results in terms of P (power density), Ro (ohmic 

resistance), Rp (polarization resistance) as calculated from impedance spectroscopy 

measurements at 0.7 V and 750ºC for cell combinations designed by the Taguchi 

matrix (Table III – 2). Electrochemical values were corrected by using the effective 

cathode area from the contact between cathode and Au-mesh. Over the reported 

temperature range, data regarding power density fluctuate of 0.06 W/cm2 at the 

highest except for 30 µm thick cathodes sintered at 950˚C. This demonstrates the 

high reproducibility of the cells manufacturing process and the test bench set-up. 

Long-term reproducibility was further studied by the repetition of two of the durability 

tests that led to results in good agreement with each other. 
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b) Initial performance: influence of processing parameters 

Combinations of cathode processing parameters specific to the Taguchi matrix 

(Table III – 2) are listed in Table III - 3. Note that not all possible combinations were 

used; LSF-SDC/30μm/1050°C and LSCF-GDC/30μm/950°C combinations are 

missing in the Taguchi matrix.  

 In agreement with the literature, better performance of LSCF-GDC cathode is 

experimentally confirmed in Figure III - 5(A). Power density increases for thick (50 

μm) cathodes in spite of the composition. In general, higher sintering temperatures 

are also beneficial. As an exception, lower power density is recorded for thin LSF-

SDC cathode when sintering temperature is increased from 950°C to 1000°C.   

Table III - 3. Cathode processing parameters combinations in the Taguchi matrix (Table 

III – 2).  

Composition Thickness (μm) Ts (°C) 

LSF-SDC 30 950 

  1000 

 50 950 

  1000 

  1050 

LSCF-GDC 30 1000 

  1050 

 50 950 

  1000 

  1050 

 

 Impedance spectroscopy measurements revealed lower polarization and ohmic 

resistances for thicker cathodes, as shown in Figure III - 5 (B), (C). Despite of some 

scattering, the general trend was unaffected for cathodes with similar composition 

and sintering temperature. Experimental results can be fitted with the model 

proposed by Liu by using an equivalent circuit which describes the porous mixed 

ionic-electronic electrode behaviour [224]. In the cited work, it was proposed that an 

improvement of the MIEC/gas interface efficiency is accounted for an increase of 

electrodes thickness, when ionic transport is sufficiently fast. 

 From the results in Figure III - 5, one can observe that ohmic resistance 

decreases when sintering temperature increases. Improved ohmic resistance at 

higher cathode sintering temperatures is attributed to a contact enhancement at the 

cathode/barrier interface. Conversely, no correlation between sintering temperature 

and polarization resistance can be pointed out; the data show large scattering for 

different combinations of cathode composition and sintering temperature. Not all 

possible cell processing parameters have been used through the Taguchi matrix, this 

leading to additional difficulty in sintering temperature effect clarification. 
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Nevertheless, in the range between 1000°C and 1050°C, both LSF-SDC and LSCF-

GDC cathodes display similar behaviour and Rp is lower when sintering at 1050°C. 

  

 

 

Figure III - 5. Performance at 750°C as a function of processing parameters: (A) power 

density, (B) polarization resistance and (C) ohmic resistance. Cells were fuelled with 150 

ml cm-2min-1 air and 3% humidified 75 ml cm-2 min-1 H2 flux.  

 To sum up, the superior performance for the LSCF-GDC composition compared 

to LSF-SDC was confirmed; both Ro and Rp values are lower using LSCF-GDC 

cathode composition with analogous processing parameters. Better Ro for LSCF was 

expected as it exhibits better mixed ionic conductivity. Better Rp for LSCF is also in 

agreement with the superior catalytic activity for this perovskite. Thicker cathode 

(≈50 μ m) exhibits higher power density at 0.7 V, as a consequence of both ohmic 

and polarization resistance decrease. Moreover, cathodes sintered at higher 

temperatures demonstrate higher performances directly after sintering. 

Cathode/GDC barrier contact and Ro are systematically improved when sintering 

temperature increases from 950°C to 1050°C.  
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Microstructural analysis of the cathodes in the as-produced state revealed 

dissimilar behavior for LSF-SDC and LSCF-GDC cathodes with respect to the 

sintering temperature, as shown in Figure III - 6. In the case of LSF-SDC cathode, 

finer particles sinter already at 950°C and grain growth can be observed up to 

1050°C. Interconnectivity increases with temperature but during the first 100 h of 

operation time considerable activation effect has been observed for cells sintered at 

950°C. Conversely, for LSCF-GDC type cathodes, finer grains observed at 1050°C 

are expected to deliver higher active surface where electrochemical reaction occurs.  

Experimental results reported here do not match with conclusions made by 

Bebelis et al. [225], who attributed the improved performance of 

La0.78Sr0.2Co0.2Fe0.8O3-δ with respect to La0.58Sr0.2Co0.2Fe0.8O3-δ to the decrease of 

sintering temperature from 1100°C to 1060°C. Nevertheless, it is worth saying that in 

the mentioned work, cathodes with different thicknesses (as estimated from SEM 

images) were considered, ≈40 µm and ≈30 µm for La0.78Sr0.2Co0.2Fe0.8O3-δ and 

La0.58Sr0.2Co0.2Fe0.8O3-δ, respectively. Such difference was not discussed by Bebelis 

and can contribute to cell performance.  

  

 

Figure III - 6. LSF-SDC and LSCF-GDC composites cathodes microstructure as a function 

of the sintering temperature.  

c) Long-term activation/degradation analysis 

Results from cell potential monitoring during long-term tests are presented in Table 

III - 4.  Cell potential versus time was characterized here by evaluating cell potential 

at zero, activation and 500 h points, as illustrated for experiment #1 and #15 in 

Figure III - 7. Experiment #1 underwent appreciable activation during the first 200 h 

operation, followed by a period of constant voltage; afterward, gradual performance 

loss occurred. Degradation rate measurements using zero point as reference do not 
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distinguish however this degradation initiated at 200 h. In that sense, a second 

measurement from the maximal activation point is desirable to point out the 

degradation region that would otherwise be hidden in long-term tests of the actual 

characteristics.  

 Three measured potentials V0, Va, Vf with the corresponding time t0, ta, tf 

characterizing initial, maximal activation and final instant are summarized for each 

experiment in Table III - 4. Note that not all experiments were performed up to 500 h 

and in experiment #13 t0 is set up at 175 h when temperature was adjusted from 

720ºC to 700ºC. In the first 175 h of operation at 720ºC no activation/degradation 

phenomena was observed, thus experiment #13 performance evolution is fairly 

traduced in Table III - 4.  

Table III - 4. 500h durability tests monitoring data. Eighteen experiments were performed 

under cathode processing and operation conditions specified in the Taguchi matrix 

(Table III – 2).  

 

V(t) operation data  

Exp# t0 (h) V0 (V) ta (h) Va (V) tf (h) Vf ( V) 

1 0 0.396 200 0.676 500 0.588 
2 0 0.797 12 0.822 499 0.480 
3 0 0.757 5 0.770 190 0.626 
4 0 0.802 83 0.816 478 0.795 
5 0 0.696 90 0.710 500 0.551 
6 0 0.917 30 0.926 500 0.917 
7 0 0.924 53 0.930 500 0.922 
8 0 0.530 200 0.539 500 0.525 
9 0 0.672 48 0.672 481 0.580 

10 0 0.660 280 0.660 504 0.228 
11 0 0.913 50 0.926 500 0.712 
12 0 0.678 50 0.729 500 0.515 
13 175 0.491 400 0.501 400 0.501 
14 0 0.945 0 0.945 504 0.904 
15 0 0.858 500 0.869 500 0.869 
16 0 0.867 84 0.900 378 0.775 
17 0 0.627 500 0.672 500 0.672 
18 0 0.949 0 0.949 478 0.938 
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Figure III - 7. Degradation rates evaluation using initial, t0, and activation time, ta, as 

reference. Experiment #1 and #15 in the Taguchi matrix are used to illustrate the 

advantage of the dual degradation measurement.  

d) Effect of the processing/operation parameters on activation 

Activation time and magnitude for each specific parameter combination in the 

Taguchi matrix (Table III – 2) are plotted as a function of the corresponding number 

of experiment in Figure III - 8. Cell performance stability extended up to 500 h 

operation time for experiments #5, #15 and #17. Experiments #8, #10 and #13 

exhibited activation/stability regions in the range between 200 h – 300 h and the 

remaining started to lose performance before reaching 100 h of operation. The 

magnitude of performance activation does not coincide with its duration in time. The 

major performance enhancements during activation were registered for experiments 

#1, #5, #12, #16 and #17. The substantial improvement (≈275 mV) in experiment #1 

was anticipated since the cell showed initial poor performance that originated the 

highly scattered ohmic resistance data for 30 μm thick LSF cathode in Figure III - 5. 

The large activation is essentially attributed to the contact enhancement between the 

LSC current collector and Au mesh. Activation in terms of potential increase was not 

further analyzed because highly dispersed data in experiment #1 could change 

tendencies. 
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Figure III - 8. Activation time, ta, and the activation voltage, (Va-Vi) values for the eighteen 

experiments in the Taguchi matrix (Table III – 2).  

 The activation time is analyzed by calculating the average for each level of the 

control factors and individual tendencies for each parameter are represented in the 

effect diagram (Figure III - 9). The maximum difference between the factor levels 

represents how relevant the factor is and it is useful to identify the relative 

importance of the factorial effects, as shown in Figure III - 10.  

 Current density and sintering temperature are classified as the most influencing 

parameters of the activation time (21%) in Figure III - 10. The average activation time 

for cells operated at 0.75A cm-2 is ≈250 h, in contrast with the ≈70 h of activation 

measured for cells operated at 0.25 A cm-2, as shown in Figure III - 9. The effect of 

the current density on the activation time is linear. When cathodes are sintered at 

950°C, the activation region is prolonged to ≈280 h. On the other hand, cathodes 

sintered at 1000°C and 1050°C exhibit reduced stabilities, ≈85 h and ≈120 h, 

respectively. The non-linear relation between the cathode sintering temperature and 

activation time is attributed to the specific properties of each cathode composition. 

As a matter of fact, cathode microstructural analysis revealed dissimilar sintering 

behaviour for both LSF-SDC and LSCF-GDC composite cathodes (Figure III - 6). 
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Figure III - 9. Individual effect of cathode processing and operation factors in the 

activation time, ta. The average of activation for the sum of all experiments in the 

Taguchi matrix is represented by the dashed lines.  
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Figure III - 10. Cathode processing and operation factors influence on the activation 

time, ta.  

 The operation temperature is classified as the third most relevant parameter of 

the activation in the ranking (15%), as shown in Figure III - 10. Non-linear peak-

shape tendency with a substantially short stability region (≈70 h) for cells operated at 

750°C can be observed. The trend is discussed as the sum of opposed 

activation/degradation mechanisms. In the initial time of cell operation, potential 

cathode sintering as well as contact enhancement between cathode/ceria barrier and 

current collector/cathode interface may lower the area specific resistance and 

improve performance. The effect of further cathode sintering and contact 

enhancement is reflected in a reduction in polarization and ohmic resistance, 

respectively. On the other hand, chromium partial pressure augments substantially in 

the range of temperatures under study causing premature degradation. The 

involvement of both phenomena may be reflected in the lower activation times 

observed at 750°C.  

 Air humidification has moderate influence on activation time (13%); the trend is 

rather linear and the stability/activation region is extended when dry air is used 

(≈230 h).  

 Chromium poisoning and air flow rate display slightly lower activation power 

(10%). Cells exposed to chromium vaporization show shorter stability/activation 

region and cells performance start to degrade around 100 h earlier. The air flow rate 
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trend is non-linear with a maximal activation time of ≈210 h when 75ml cm-2 min-1 is 

introduced.  

 As far as cathode composition is concerned, prolonged activation region (≈50 h) 

is observed for LSCF cathodes.  

 Cathode thickness has no appreciable effect (2%) in activation. 

e) Effect of the processing and operating parameters on degradation 

Degradation rate, normalized to 500 h in order to guarantee fair comparison during 

data analysis, was calculated from experimental data by using as reference point 

time zero voltage, V0 (Eq. 3.1) or the maximal activation time, Va (Eq. 3.2), by the 

following expressions: 

  
   

      
       

       
  (3.1) 

 
   

      
       

       
  (3.2) 

being ta the maximal activation time and tf, Vf the final time and potential. Final time is 

defined here to distinct final measurements that were carried out before reaching 

500 h of operation. The aim of the dual measurement of degradation rates is to 

distinguish the activation phenomena that occur in the first hundred hours of 

operation due to cathode sintering and contact improvement between the cathode 

and current collector. Both activation phenomena can strongly affect tendencies in 

500 h operation tests.  

 The degradation rate with the zero point as reference furnishes important 

information about the initial behavior of the cell, describing general contribution of 

simultaneous activation and deactivation processes; conversely, degradation rate 

calculated with respect to activation time focuses on long-term behavior even if 

500 h tests are undersized to predict long-term stability. Over periods as long as 

1000 h, the degradation rates are generally smaller than over the initial 100 h but the 

qualitative effect is expected to be similar. In order to confirm long-term trends, 

however, prolonged tests should be performed. 

 In Figure III - 11, individual degradation rates obtained are plotted as a function 

of the corresponding number of experiment in the Taguchi matrix (Table III – 2). The 

two minimum regions for experiments #1 - #3 and #10 - #12 correspond to LSF-SDC 

and LSCF-GDC electrodes, respectively, in contact with a chromium source. Also 

experiments #6 and #16 show considerable degradation rates, around 200 mV in 

500 h, which are presumably due to air humidification. Degradation rate increases 

considerably in the case of experiments #1 and #10 when it is evaluated from the 

activation point instead of zero time. According to results in the previous region, the 
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extended stability/activation region for cells including cathodes sintered at 950°C and 

operated at the maximal current density (0.75 A/cm2) is understandable.  

 

Figure III - 11. Degradation rates for the eighteen durability tests in the Taguchi matrix 

(Table III – 2). ∆V1 and ∆V2 are calculated by using time zero and maximal activation time 

as reference, respectively (Eq. 3.1 and 3.2). 

 The individual effect and relative influence of cathode processing parameters 

and operation conditions in performance degradation is represented Figure III - 12 

and Figure III - 13, respectively.  

 The presence of chromium vapours is identified as the principal factor that 

triggers degradation of cell performance (∆V1: 22 %; ∆V2: 31 %), as seen in Figure 

III - 13.  

 The second factor in the ranking is air humidification (∆V1: 20% ; ∆V2: %21) and 

an average degradation rate as high as -300 mV/500h was evaluated from the 

maximum activation point for 20 mol% humidified air, as observed in Figure III - 12. 

This result does not match with experimental data reported by Nielsen et al. [208] 

who showed good tolerance for LSCF-GDC cathode with 12.8 mol% humidified air 

during 100 h. Two differences can be however pointed out between Nielsen 

experiments and the configuration used in the present work; stoichiometric LSCF 

perovskite was used instead of 0.5% A-site deficient LSCF perovskite used here. 

Nielsen also used LSCF as current collector whereas LSC current collector was used 

in the present work. A-site deficiency inhibits strontium segregation; accordingly, 

major stability is expected for cells tested here. On the other hand, at fixed Sr 
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concentrations, SrO activity is considerably high for LSC perovskites as a result of 

weaker valence stability of Co4+ with respect to Fe4+, as reported in detailed 

thermodynamic analysis by Yokokawa et al. [50]. 

 

Figure III - 12. Cathode processing parameters and operation conditions effect in the 

degradation rates. ∆V1 and ∆V2 were calculated by using time zero and maximal 

activation time as reference, respectively (Eq. 3.1 and 3.2). The average of degradation 

for the sum of all experiments in the Taguchi matrix is represented by the dashed line. 
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Figure III - 13. Cathode processing and operation conditions influence in degradation 

rates ∆V1 and ∆V2. ∆V1 and ∆V2 are calculated by using time zero and maximal activation 

time as reference, respectively (Eq. 3.1 and 3.2).    

 Higher thermodynamic stability in reducing atmospheres is expected for LSCF 

perovskite in comparison to LSC current collector. Inversely to the acceptor doping 

mechanism in LSCF system, whose structural and electrical properties were widely 

studied by Tai et al. [58], when Sr segregation occurs, electroneutrality is 

compensated both electronically (electron hole elimination) and ionically (by oxygen 

vacancy suppression) with the proportion being temperature dependent. At the same 

time, the thermal expansion coefficient decreases and related thermal stresses 

induce the delamination of the current collector. Further analysis is required to 

determine air humidification influence for LSCF based cathodes.  

 The third most influent parameter is the operation temperature (∆V1: 17 %; ∆V2: 

14%). The maximum degradation was observed at 750°C as shown in Figure III - 12. 

This is probably the consequence of the overlay of two phenomena that show 

inverse trend with temperature; electrode polarization and chromium poisoning. The 

polarization resistance increases when temperature is lowered. However, chromium 

poisoning from the alloy is favoured at higher temperatures. Such simultaneous 

degradation mechanisms could cause the observed maximum of degradation at 
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750°C. However, the magnitude of the degradation rates estimated at 750°C 

remains surprisingly high.  

 Air flow rate has little influence on the degradation rates (∆V1: 5%; ∆V2: %5). 

The minimum degradation was found for 75 mlcm-2min-1. With regard to the current 

density, the optimal operation condition is 0.25 Acm-2, the degradation tendency is 

rather linear and increases with the current load. In this case, results are in good 

agreement with previous results [92, 217, 218].    

 Cells sintered at 950°C are optimal if time 0 is taken as reference for 

degradation calculations but 1050°C becomes the most suitable sintering 

temperature from the activation point suggesting an enhanced stability in prolonged 

tests.  

 Influence of cell thickness, air flux and cathode composition on degradation is 

not substantial but stability should be improved when 30 μm thick cells in 

combination with 75 mlcm-2min-1 air through an LSF-SDC cathode are used.  

3.2.4.3 Overall discussion and conclusions 

Design of experiments demonstrated to be a powerful instrument for SOFC long-

term operation analysis. Operational and processing parameters influence on long-

term stability/degradation of ferritic composite cathodes was successfully evaluated 

through a Taguchi matrix in 500 h duration tests.  

 The superior performance of LSCF-GDC cathodes was experimentally 

confirmed. Thicker cathodes (50 μm) were systematically higher performing than thin 

ones (≈30 μm). Lower ohmic and polarization resistances were registered regardless 

the cathode composition and sintering temperature. As a general rule, cathode 

sintering temperature increase from 950°C to 1050°C improved the power density. 

Cathode contact with GDC barrier and ohmic resistance were systematically 

improved as the sintering temperature was raised. Microstructural analysis revealed 

that finer microstructure for LSF-SDC and LSCF-GDC cathodes at 950°C and 

1050°C, respectively.  

 Current density and sintering temperature were classified as the most 

influencing parameters of the activation time. Also operation temperature was 

significant and activation time was substantially lowered at 750°C.  

 Chromium poisoning and air humidification were classified, in such order, as first 

and second most important parameter for cathode performance degradation.  

Temperature influence on degradation was also considerable and highest 

degradation rates were observed at 750°C. Further stability improvement was 

evaluated for low current loads, higher sintering temperatures and average air fluxes 

through the cathode. Modest influence of cathode composition was observed but 

LSF-SDC cathodes exhibited superior stability. Optimal parameters for minimum 

degradation in the investigated range can finally be classified in Table III - 5.  
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Table III - 5. Optimal cathode processing parameters and operation conditions for long-

term stability of ferritic based composite cathodes.   

Cathode t / μm Ts / °C Cr Φair / ml cm-2 min-1 H2O / % J / A cm-2 T / °C 

LSF-SDC 30 1050 No 75 0 0.25 700 

 

3.2.5 Degradation mechanisms  

3.2.5.1 Introduction 

In this section, degradation mechanisms inherent to ferritic perovskite cathodes are 

studied by the post-mortem analysis of cells which suffered the most significant 

degradation in the Taguchi matrix. Selected cells coincide with the stability tests 

which were performed in contact with a chromium-source or otherwise, in the 

presence of 20% humidified air. In fact, as described earlier, the essential role of 

chromium-sources and air humidification in the premature degradation of ferritic 

cathodes performance was confirmed. Though chromium poisoning has been 

extensively studied, this analysis provides with experimental evidences of a specific 

chromium-assisted degradation mechanism which was not reported in the literature 

until now. Regarding the scarcely studied humidification effect, cells post-mortem 

analysis identifies a degradation mechanism that could be directly associated to air 

humidification.  

3.2.5.2 Chromium poisoning  

Electrochemical characterization 

Samples corresponding to experiments #1-3 (LSF-SDC) and #10-12 (LSCF-GDC) in 

the Taguchi matrix (Table III – 2) were exposed to chromium vapours from Crofer 22 

APU sheets in 500 h tests as illustrated in the experimental set-up (Figure III - 4). 

Potential evolution of those experiments is shown in Figure III - 14. Additional 

electrochemical Impedance spectroscopy (EIS) measurements at the beginning (ti) 

and the end (tf) of the durability tests allowed to separate ohmic and polarization 

contributions. EIS measurements recorded at realistic operation conditions (0.7V) 

are summarized in Table III – 6. 

.  
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Figure III - 14. Potential evolution for 500h durability experiments in contact with a 

chromium source in the Taguchi matrix. In experiments #1-3 and #10-12, LSF-SDC and 

LSCF-GDC cathodes were tested, respectively. Specific processing and operation 

conditions for each experiment are summarized in Table III – 2.  

The initial impedances of experiment #1 correspond to recordings at ti = 74 h and 

final ones to tf = 570 h. Cell #1 activation during the first 100 h operation was ≈ 250 

mV but after 200 h gradual performance loss occurred. During the initial activation, 

polarization but especially ohmic resistance decreased substantially due to load 

accommodation and better cathode/Au-mesh contact, as already mentioned. This 

trend is out of the range for initial activation mechanisms and it affects chromium 

vapours effects evaluation. Therefore, experiment #1 was shifted of 70 h. Still, 

polarization and, in particular, ohmic resistance are high at 74 h. On the other hand, 

experiment #3 (20% H2O) underwent an abrupt potential improvement at ≈ 250 h; 

after that, a more pronounced degradation occurred. According to this, impedance 

measurements were recorded directly after the activation and are included in Table 

III - 6. The degradation evolution was evaluated in the second part of the experiment. 
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Table III - 6. EIS measurements for experiments in contact with chromium vapors; 

impedances are recorded at 0.7V at the specific operation conditions for each 

experiment in Table III – 2.  

  Xi Xf 

Exp# ti(h) 

ASR 

(Ωcm2) 
Rp 

(Ωcm2) 
Ro 

(Ωcm2) 
P 

(Wcm-2) ti(h) 

ASR 

(Ωcm2) 
Rp 

(Ωcm2) 
Ro 

(Ωcm2) 
P 

(Wcm-2) 

1 74 1.36 0.50 0.87 0.15 570 1.73 0.72 1.01 0.11 
2 0 0.49 0.19 0.30 0.41 500 1.14 0.38 0.76 0.20 
3 0 0.92 0.77 0.14 0.45 455 0.49 0.24 0.25 0.37 
  282 0.35 0.16 0.19 0.56           

10 0 0.49 0.19 0.30 0.43 505 1.05 0.55 0.50 0.19 
11 0 0.38 0.20 0.18 0.54 520 1.23 0.73 0.50 0.11 
12 0 0.66 0.23 0.43 0.31 570 0.96 0.45 0.52 0.20 

  

 Electrochemical resistance evolution after 500 h was assessed by data 
conversion from Table III – 6 by the following expression: 
 

        
       

  

    

       
     (3.3) 

where X  holds for ASR, Rp and Ro and Xi and Xf  correspond to the resistance 

measurements at the beginning, and at the end of 500 h tests, respectively. The 

three resistances evolution is represented in Figure III - 15 for the six experiments in 

contact with a chromium source. 

 

Figure III - 15. Resistance percentual increase for experiments #1-3 (LSF-SDC) and #10-

12 (LSCF-GDC) in contact with a chromium source (Table III – 2). ∆ASR, ∆Rp and ∆Ro in 

500h are measured at 0.7V, through transformation of impedance data- 

The electrochemical reduction of chromium vapors and TPB blockage in the cathode 

surface limits the charge transfer reaction in the cathode. This is therefore reflected 
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in a gradual increase in the activation polarization. If results in Figure III - 15 are 

analyzed separately for each cathode composition, for the experiments including 

LSF-SDC cathodes, polarization resistances increase significantly from experiment 

#1 to #3 at operation conditions (Table III – 2). Referring to previous results, this 

tendency can be explained as the simultaneous effect of increasing operation 

temperature (from 700°C to 800°C), air humidification (from 0% to 20%) and current 

density (from 0.25 Acm-2 to 0.75 Acm-2). However, in the case of LSCF-GDC 

cathodes, control factor combinations do not follow a parallel trend and the highest 

∆Rp (around 260%) is estimated for experiment #11 (dry air, 800°C and 0.25 A/cm2) 

followed by experiment #10 (20% humidified air, 750°C, 0.75A/cm2). On the other 

hand, moderate ∆Rp is observed at 700°C for both experiments #1 and #12. It is 

worth mentioning that in those experiments performed at 700°C, LSF-SDC sintered 

at 950°C and LSCF-GDC 1050°C exhibit fines microstructures (Figure III - 6). All 

summed up, it seems that the main factor that affects ∆Rp and associated chromium 

deposition is the operation temperature. This is reasonable as the partial pressure of 

the principal Cr-species at oxidizing atmosphere, CrO3 and CrO2(OH)2, increases 

with temperature [125]. This effect is better illustrated in Figure III - 16, where the 

polarization resistance percentual increase, ∆Rp, in 500 h is represented as a 

function of operating temperature for both cathode compositions. In particular, 

LSCF-GDC cathodes exhibit higher ∆Rp with stronger dependency on temperature. 

This trend with temperature is visible despite the processing and operating 

conditions specific to each experiment. This is significant as the essential role of 

temperature in chromium poisoning is confirmed above certain parameters such as 

current density, cathode microstructure or humidification. However, cathode 

composition is important and LSCF-GDC cathodes show major susceptibility to 

chromium vapors compared to LSF-SDC cathodes which were used in this work. 

 On the other hand, experiments #2 and #11 exhibited outstanding increment in 

the ohmic resistance with ∆Ro > 150% in 500h (Figure III - 15). For experiment #11, 

maximum ∆Ro and ∆Rp account for the particularly elevated ∆ASR above 200%.   
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Figure III - 16. Polarization resistance percentual increase, ∆Rp (%), in 500h as a function 

of the operating temperature for experiments #1-3 (LSF-SDC) and #10-12 (LSCF-GDC) in 

contact with a chromium source (Table III – 2). 

Microstructural characterization 

In most cases, chromium was found homogeneously distributed through the 

cathode; but in experiments #2 and #11, localized high Cr concentrations were 

identified at the cathode/GDC barrier interface. In Figure III - 17, the elemental 

mapping of cell #11 indicates the coexistence of chromium, potassium and strontium 

on the surface of GDC barrier layer. As a matter of fact, Ceramabond 571, used for 

sealing, contains significant amounts of potassium as observed by Ingram et al. 

[226]. 

 

Figure III - 17. Maps of the chemical elements on the cross section of cell #11. Illustration 

of Cr, K and Sr deposition in the cathode/GDC barrier interface.    
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 Further analysis was carried out at higher magnification at the cathode/barrier 

interface for both cells #2 and #11, as illustrated in Figure III - 18. Line scans were 

recorded orthogonally through the interface and Cr, K and Sr concentration zones 

could be detected. Cell #1 cross-section is also shown in Figure III - 18 for 

comparison.  In the case of cell #2, cathode delamination was observed and Cr, K 

and Sr directly diffused to the ceria barrier partially blocking its porosity. On the other 

hand, in the case of cell #11, Cr, K and Sr elements crystallized preferentially at the 

cathode/GDC barrier interface. Perovskite instability can be also accounted for by 

strontium depletion to the surface of the current collector.  

 

Figure III - 18. GDC barrier SEI (x.1) and BS (x.2) micrographs with line-scan elemental 

analysis for cell a) # 1 with standard microstructure and b) # 2 and c) # 11 with Cr, K and 

Sr element poisoning in the barrier.  

 Figure III - 19 shows the surface of cells #1-3 and #10-12 directly after testing. In 

the case of experiment #1, EDS analysis revealed the presence of strontium and 

cobalt oxides on the surface of LSC current collector. According to the literature 

[209, 210, 227], SrO (σ ≈ 10-5 S/cm at 800°C [211]) and Co2O3 (σ ≈ 3.35 x 10 S/cm 

at 800°C [228]) secondary phases were identified. These oxides are white and blue, 

respectively, and they form in free spaces where the current collector is not in direct 

contact with the gold mesh, giving a characteristic spotted pattern to the cell surface. 

In cells #3 and #10, combined white and blue spotted pattern is equally identified 

even if strontium oxide formation predominates. During cells cross-section analysis, 

strontium diffusion was identified though there was no evidence of cobalt migration. 

Cobalt concentration is especially high in LSC, the cathode contact layer and 

concentration inhomogeneities might be limited to the near surface in LSC surface 

[209, 210].  
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Figure III - 19. Surface image of cells after chromium evaporation experiments. Images 

correspond to cell a) #1 b) #2 c) #3 d) # 10 e) #11 and f) #12. 

 Regions containing Cr, K and Sr are detected on the surface of cells # 2, # 11 

and # 12. For cells #2 and #12 surface features are similar. Two specific regions are 

distinguished in Figure III - 19: a dark-blue core and a clearer grayish external zone. 

In the core, air stream is introduced and high Cr and K concentrations are detected 

(Figure III - 20). Strontium is also present in the inner zone, but preferentially 

crystallizes in the adjacent area in the form of SrCrO4. In the case of cells #2 and 

#12, massive chemical reaction occurring on the surface accounts for the formation 

of K2Cr2O7 triclinic phase as detected by XRD in agreement with those results 

reported by Weakley et al. [229]. In the case of cell #11, the surface appearance is 

completely different (Figure III - 19); black background is partially covered by a 

grayish zone and yellowish deposits are evenly distributed through the electrode. 

However, EDS characterization revealed Cr, K and Sr deposits also on its surface.  

 

Figure III - 20. Element distribution in the surface of cell #12; K and Cr in the core and Sr 

and Cr in the external zone. 
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3.2.5.3 Humidification effect 

The six experiments carried out in contact with chromium registered considerable 

degradation in comparison to the rather stable performances of chromium free cells 

(Figure III - 11). As an exception, experiments #6 and #16 showed high degradation 

rates even in the absence of chromium and are matter of study in this section. In 

both experiments, high humidification (20% H2O) was introduced in the air stream 

which is presumably in the origin of the registered instability during operation. 

Voltage evolution for those cells is presented in Figure III - 21 for the specific 

cathode processing parameters and operation conditions in Table III – 2. Note that 

LSF-SDC and LSCF-GDC composite cathodes were used in experiment # 6 and 

# 16, respectively. After the first 50 h of operation, both cells followed relatively 

constant voltage degradation but experiment #16 suffered a drastic voltage loss at 

≈ 380 h. After operation, the surface of cell #6 did not show any specific feature 

whereas cell #16 was covered with the characteristic white-blue spotted pattern and 

a partially peeled off cathode. In addition, anode was oxidized for cell #16. White and 

blue zones associated with SrO and Co2O3 phases, respectively, are not related to 

air humidification as Bucher et al. [18,19] confirmed in a recent study with  LSCF and 

LSF pellets. Besides, in the mentioned work, it was stated that strontium and cobalt 

(III) oxide insulating phases do not substantially alter cells stability. This is 

experimentally corroborated here, as the characteristic blue-white pattern was also 

identified after operation in dry air for cells with stable performance (i.e. exp # 5).   

 

Figure III - 21. 500h durability tests for experiments #6 and #16 with 20% H2O 

concentration in the air stream and specific cathode processing parameters and 

operation conditions in the Taguchi matrix (Table III – 2).  
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 During sample preparation for SEM analysis, even limited bending caused 

immediate cathode delamination in cells #6 and #16, as illustrated in Figure III - 22. 

GDC barrier layer appeared brown/reddish below the peeled region but EDS could 

not detect the migration of any impurities to this zone. Cathode elimination by 

chemical etching confirmed, however, morphological transformations in the GDC 

barrier surface. A complete barrier analysis was carried out by chemical etching of 

cells at time 0 and after testing. GDC barriers microstructure was essentially the 

same before and after operation and characteristic GDC morphology is shown in 

Figure III - 23a. As an exception, crack propagation in the GDC barrier surface was 

confirmed in cells #6 and #16.  Crack propagation through the barrier could be the 

starting point of a catastrophic failure in experiment #16. As a matter of fact, cross-

section analysis confirmed crack proliferation through the electrolyte (Figure III - 24) 

and this could end by oxidizing the anode. 

 Overall, 6 experiments were carried out in the presence of 20% humidified air in 

the Taguchi matrix (Table III – 2). Two of them, experiments #3 and #10, were put in 

contact with Crofer 22 APU pieces and underwent substantial degradation mainly 

due to chromium poisoning (Figure III - 11). Other two, experiment #6 and #16, 

tested in Cr-free air atmospheres, suffered high degradation. Brittleness and cathode 

delamination as well as crack propagation in the GDC barrier and electrolyte were 

observed. In contrast, experiments #8 and #14, also tested in Cr-free air with 20% 

water concentration, were rather stable after 500h.  

 

 

Figure III - 22. Illustration of LSCF-GDC composite cathode delamination in cell #16, 

operated with 20% humidified air during 500h and specific cathode processing 

parameters and operation conditions in the Taguchi matrix (Table III – 2).  
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Figure III - 23. GDC surface with a) standard microstructure for as-produced cell and 

crack propagation in the cells b) #6 and c) #16 after 500h durability test in 20% 

humidified air ambient and cathode specific processing and operation conditions in the 

Taguchi matrix (Table III – 2). 

 

Figure III - 24. Cell #16 SEM cross-section micrograph with crack propagation through 

the 8YSZ anode after operation in 20% humidified air and specific cathode processing 

parameters and operation conditions in the Taguchi matrix (Table III – 2). 

3.2.5.4   Overall discussion and conclusions 

Sr massive diffusion occurs from LSF-SDC and LSCF-GDC composite cathodes to 

the LSC current collector surface during cells operation. In fact, Sr segregation is 

already reported in the literature [230, 231]. SrO and Co3O4 insulating phases have 

been observed on the surface of the LSC current collector regardless of dry/wet air 

and chromium vapors presence during operation. However, Sr segregation and SrO 

and Co3O4 phases are confirmed to be minor degradation mechanisms. This is in 

agreement with findings by Bucher et al. [209, 210].  

Chromium poisoning 

 When cells were subjected to chromium vapors from Crofer 22 APU pieces, 

SrCrO4 deposits were identified on the surface of LSC current collector. For the rest, 

chromium homogeneous deposition occurred through LSF-SDC and LSCF-GDC 

composite cathodes. Blocking of active sites with chromia deposition was more 
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severe at higher temperature and ∆Rp during operation gradually increased as the 

operating temperature increased. Those observations are already documented for 

ferritic perovskites in the literature [99, 119-121]. Nevertheless, polarization 

resistance increase was more pronounced in the case of LSCF-GDC composite 

cathodes, this suggesting a major susceptibility of LSCF-GDC cathodes to the 

electrochemical reduction of chromium vapors. 

Potassium assisted Cr poisoning   

 Thermodynamic equilibrium calculations by Sakai et al. [232] have predicted 

high reactivity of chromium components in lanthanum chromite or oxide scales 

(Cr2O3, (MnCr)3O4) of alloys with alkaline metal components such as potassium or 

sodium, with the formation of K2CrO4 and Na2CrO4 under oxidizing atmosphere. In a 

work by Ingram et al. [226], drastic increase in degradation rates was observed in a 

single cell with LSM cathode when a potassium source was present. Such 

degradation was attributed to the electrochemical reduction of highly volatile K2CrO4 

[233] and no evidence of potassium deposits were found in the cathode. 

Furthermore, Ceramabond 571 used also here was identified as the potassium 

source.  

 Whereas Ingram et al. [22] suggested potassium assisted chromium evaporation 

(K2CrO4) with no K deposits on LSM cathodes, here, K2Cr2O7 is detected on the 

surface of LSC current collector and on the interface of LSF-SDC and LSCF-GDC 

composite cathodes with GDC barrier layer. The presence of strontium in K2Cr2O7 

containing sites stimulates the hypothesis of the role of strontium as nucleation agent 

for K2Cr2O7 crystallization. In cells were K2Cr2O7 crystallized at the cathode/GDC 

barrier interface, maximum degradation rates were observed (%ASR). K2Cr2O7 

insulating phase formation at the cathode/barrier interface was correlated to huge 

ohmic resistance increases. 

 

Humidification effect 

 In the previous section, air humidification was classified as the second most 

important parameter of degradation behind chromium poisoning. Humidification 

influence on the potential degradation was 21%, high as compared to other factors 

such as cathode composition, thickness or air flux, which influence in degradation 

was well below 10%. The effect was evaluated in average through the 18 

experiments thanks to the specific Taguchi design based on an orthogonal matrix. 

However, when experiments were analyzed independently, opposite effects under 

high air humidification were confirmed. Whereas experiments #6 and #16 suffered 

severe degradation, experiments #8 and #14 were stable with similar 20% water 

concentration in the air stream. Though the influence of cathode processing 
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parameters and operation parameters is not excluded, interaction with humidification 

could not be identified.  

 Microstructural analysis reported here suggests a correlation with degradation 

mechanisms in the cathode/GDC interface. Two of the cells that were 20% 

humidified exhibited high degradation rates. This was connected to cracks 

propagation on the surface of GDC barrier layers. Cathode delamination and 

characteristic brown color of the barrier below the cathode suggest a possible 

impurity diffusion that could not be identified. One of the cells exhibited crack 

proliferation also in the electrolyte and anode was completely oxidized. Hence, 

degradation mechanisms related to air humidification are most probably generated in 

the cathode/GDC interface. This is in agreement with Nielsen et al. [208] 

investigations in a 2G cell (LSM:YSZ cathode) which suffered substantial 

degradation even under low air humidification. Microstructural analysis revealed 

accelerated cathode interface degradation and nano-sized impurities (Si, S, Ca, Mn) 

in the electrolyte/cathode interface. However, similar cell with LSCF:GDC cathode, 

2.5 G, was stable under high 12.8% air humidification.  Si-impurity diffusion in wet 

atmosphere was also reported by Bucher et al. [209, 210]. In this work, no impurities 

are detected by EDS in the GDC barrier surface of cells #6 and #16. The precise 

effect of air humidification is still uncertain and further specific investigations remain 

necessary.   

3.3 Metal interconnect coatings against chromium 

poisoning 

3.3.1 Introduction 

At intermediate temperatures, ferritic interconnects used at stack level require 

coatings to protect the metal substrate from corrosion but also to work as a barrier 

and suppress chromium poisoning of the cathode. In fact, stability studies in the first 

part of this chapter demonstrated the harmful effect of chromium evaporation 

sources in the cathode performance. 

 With this aim, a variety of oxide coatings have been developed. However, 

material requirements are demanding. A good coating should enhance electric 

connection between the interconnect and cathode contact paste, decrease oxide 

growth kinetics of the interconnect and retard Cr volatilization. Perovskite and spinel 

materials have been extensively explored for such applications [234-236]. 

 Among the perovskites, pure electronic conductors such as (La,Sr)MnO3 and 

(La,Sr)CrO3 offer relatively low conductivity, with required 50 S/cm that are reached 

at high 800°C or above. MIEC perovskites such as (La,Sr)FeO3, and (La,Sr)CoO3 

exhibit excellent conductivities and low initial contact resistance. However, the 

resistance of such coated materials increases rapidly, due to chromia scale growth in 



106 

the metal surface and reactivity with the coating [237]. Although compatibility 

between the coating and the cathode material is advantageous, it is difficult to obtain 

a dense coating and these materials require the use of specialized deposition 

technologies including sputtering, PVD and pulsed laser deposition. Therefore, the 

use of highly conductive perovskite materials is somewhat limited [238].  

 More recently, spinel coatings such as Mn1.5Co1.5O4 (MCO) and MnCo1.9Fe0.1O 4 

(MCF) demonstrated efficacy on retarding oxidation and inhibiting chromia 

vaporization for ferritic steels [235, 239, 240]. Unfortunately, the low bulk conductivity 

of spinels demands coating application by redox firing. TEC matching with cell 

components is also somewhat compromised. 

 In this section, the effectiveness of two coatings developed by Nextech Materials 

for Crofer 22 APU ferritic mesh interconnects was studied. The first material was a 

spinel with Mn1.5Co1.5O4 (MCO) composition. The second was a novel perovskite 

material with LaNi0.6Co0.4O3 (LNC) composition and promising physical properties. 

This perovskite is n-type conductor which exhibits high electronic conductivity (>500 

S/cm at 800°C) and TEC of 14.3 ppmK-1. Unlike the conventional alkaline earth 

doped perovskites, LNC has few oxygen vacancies in the crystal lattice, thus, 

reducing oxygen diffusion to the metal/oxide interface. In this work, stability of the 

two candidate materials for interconnect coating is reported in 500 h durability tests 

performed in anode-supported cells. Crofer 22 APU mesh coated with such materials 

is used as current collector in the cathode side to reproduce stack operation 

conditions. Nextech Materials has kindly sent their coated and uncoated Crofer 22 

APU meshes for their evaluation as cathode metal interconnect. 

 With this commitment, the specific set-up used for electrochemical 

characterization of ASCs in SOFCpower (Figure III - 4) was transferred to IK4-

Ikerlan. Set-up used for tubular MSCs at IK4-Ikerlan has a different configuration 

which is not compatible for planar ASCs characterization. Based on the know-how of 

SOFCpower, an ASC testing bench was designed and built in a horizontal furnace 

especially acquired for planar ASCs electrochemical characterization. In order to 

optimize testing capability, a 4 cell testing design was integrated in this furnace 

(Figure III - 25). 
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Figure III - 25. Illustration of IK4-Ikerlan set-up for planar ASC characterization: (A) four 

cell testing design, (B) test-bench furnace and (C) four cell montage in the furnace 

cavity.  

3.3.2 Experimental procedure 

In this study, experimental results reported in the Ferritic Cathodes Stability Study 

(section 3.2) were used; cathode processing parameters and operation conditions 

were selected to optimize the stability and operate at “safe” conditions. 

-  30 μm thick LSF-SDC and LSCF-GDC composite cathodes were 
sintered at 1050°C 

- 500 h durability tests were performed at 700°C; 75ml/cm2 dry air; 

75ml/cm2 H2 (3% H2O) ; 0.25 A/cm2 

 Anode-supported cells manufactured at SOFCpower were similar to the used in 

the previous section (Table III - 1); Ni-YSZ supported cells with YSZ electrolyte 

included either LSF-SDC or LSCF-GDC composite cathodes with a GDC barrier and 

thin LSC layer for current collection. 500 h durability tests were carried out with three 

different interconnect configurations (Table III - 7); Crofer 22 APU mesh was used 

uncoated and coated with LNC and MCO. Analogue tests were performed using Au 

mesh and served for comparison of the electrochemical performance at initial time.  

Table III - 7. 500h durability tests as a function of cathode composition and metal 

interconnect coatings. 

Cathode Contact paste Mesh Mesh-Coating 

LSF/SDC LSC Crofer 22 APU Uncoated 

  
 LNC 

  
 MCO 

LSCF/GDC  LSC Crofer 22 APU Uncoated 

 
 LNC  

     MCO 

(A) (B) (C)
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 The experimental set-up was essentially the same as the one described in 

Figure III - 4. The only difference was the Crofer 22 APU which was used as current 

collector  instead of gold (Figure III - 26).  

 

Figure III - 26. (A) Illustration of cell configuration and (B) cathode side current collectors 

with uncoated and coated (LNC or MCO) Crofer 22 APU meshes from Nextech Materials. 

 

3.3.3 Analysis of results 

Initial performance 

IV curves revealed excellent OCVs above 1.09 V and quite similar trends for both 

cathode compositions (Figure III - 27). In general, contact between metal and contact 

paste (LSC) enhanced and performance increased significantly when Crofer mesh 

was coated. Best performance was attained for LNC coating. A detailed 

characterization in the 700-800°C range provided with exceptional power densities at 

high temperatures; at least 1640 mW/cm2 were recorded at 800°C for LSCF-GDC 

cathode when LNC-coated Crofer mesh was used as current collector (Figure III - 

28). This is a remarkable result. Performance was also high when MCO coating was 

used and 1310 mW/cm2 were recorded with LSCF-GDC cathode composition. Lower 

performing LSF-SDC cathode also exhibited high 1260 mW/cm2 at 800°C with LNC 

coating. Performance with uncoated Crofer was especially low when it was combined 

with LSF-SDC cathode composition and it improved using gold mesh. Tendencies 

were similar regardless the operation temperature (Figure III - 28). At low 

temperature selected for stability tests (700°C), for LSCF-GDC cathode, power 

densities above 750 and 700 mW/cm2 were recorded for LNC and MCO coatings, 
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respectively. In the configuration with LSF-SDC cathode, power densities above 590 

mW/cm2 for LNC and 396 mW/cm2 for MCO coatings were registered. 

 

 

Figure III - 27. IV curves at 700°C at the initial time for (A) LSF-SDC and (B) LSCF-GDC 

composite cathode as a function of the current collector (Au, Crofer) and coating 

material for Crofer (MCO or LNC). 

 
Figure III - 28. Power density at the initial time as a function of temperature (700°C, 750°C 

and 800°C), cathode composition (LSF-SDC or LSCF-GDC), current collector (Au or 

uncoated Crofer) and coating material for Crofer (MCO or LNC). 

 During Impedance Spectroscopy measurements, LNC coated Crofer mesh 

showed lowest ohmic resistance (Figure III - 29); Ro was lower than using Au mesh 

regardless the cathode composition. When MCO spinel was used as interconnect 

coating, trend was different depending on the cathode composition; as compared to 
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results with Au mesh, higher and lower Ro depending on the LSF-SDC and LSCF-

GDC cathodes was measured, respectively. Rp was also higher for LSF-SDC 

cathode. Regarding the uncoated Crofer mesh, Nyquist diagram in Figure III - 29 

further demonstrates the substantially scattered impedance for LSF-SDC cathode 

composition. This is most probably related to poor contact and problems in air 

diffusion.  

 Overall, Crofer mesh exhibits excellent contact with LSC contact paste in the 

cathode surface when it is coated with LNC perovskite. 

 

Figure III - 29. EIS measurements at 700°C and 0.7V at the initial time for (A) LSF-SDC 

and (B) LSCF-GDC composite cathode as a function of the current collector (Au or 

uncoated Crofer) and coating material of Crofer 22 APU (MCO or LNC). 

 

Table III - 8. EIS measurements at 700°C and 0.7V as a function of cathode, current 

collector and coating material. 

Cathode Contact paste Mesh Mesh-Coating 
Ro 

(Ωcm2) 
Rp 

(Ωcm2) 
ASR (Ωcm2) 

LSF/SDC LSC Au Uncoated 0.35 0.32 0.66 

  
Crofer 22 APU Uncoated 0.77 0.37 1.14 

  
 LNC 0.33 0.12 0.45 

  
 MCO 0.57 0.18 0.75 

LSCF/GDC LSC Au Uncoated 0.33 0.33 0.66 

  
Crofer 22 APU Uncoated 0.58 0.15 0.73 

 
 LNC 0.25 0.05 0.33  

  
 MCO 0.32 0.07 0.39 
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Durability tests (500 h) were performed at 700°C and thus, EIS measurements are 

reported at such temperature in Table III - 8. However, it is worth to mention that 

ASR of cell was in the 0.15 - 0.2 Ωcm2 range for LNC coating and 0.32 - 0.35 Ωcm2 

range for MCO coating at 800°C and 0.7V.  

Performance under steady state operation 

During the 500 h durability tests, cells with uncoated Crofer mesh underwent rapid 

voltage degradation decrease (Figure III - 30). Degradation was particularly high for 

the cell with LSF-SDC cathode composition and it broke before reaching 200 h of 

operation. Cells performance with LNC or MCO coatings were stable as compared to 

experiments performed with uncoated Crofer mesh. However, an abrupt voltage loss 

was observed simultaneously at 300 h for cells with LSF-SDC/LNC and LSCF-

GDC/MCO cathode and coating combinations. Those cells were tested together and 

this loss is attributed to problems in the data acquisition system (i.e. eventual contact 

in the circuit). In fact, after a certain time voltage was recovered and performance 

was once again stable.  

 

Figure III - 30. Voltage evolution during the 500 h durability tests as a function of cathode 

composition (LSF-SDC or LSCF-GDC) and uncoated or coated (LNC or MCO) Crofer 22 

APU current collector. (Operation at 700°C and 0.25 A/cm2; 75ml/mincm2 H2 (%3 H2O); 

75ml/mincm2 air).  
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At the end of the durability tests (≈500 h), cells were again electrochemically 

characterized. However, IV-curves demonstrated that cells which use LNC and MCO 

coatings also degrade to some extent (Figure III - 31). 

 

Figure III - 31. IV curves at 700°C at the initial and final time of 500h durability tests tests 

for (A) LSF-SDC and (B) LSCF-GDC composite cathode as a function of uncoated 

(indicated as Crofer) or coated (LNC or MCO) Crofer 22 APU current collector. 

EIS measurements revealed that main degradation is caused by different 

mechanisms for the uncoated and coated (i.e. LNC or MCO) Crofer meshes (Figure 

III - 32). While degradation of cells with uncoated Crofer mesh is mainly reflected in 

an Rp increase, for cells tested with coated mesh (i.e. LNC or MCO), it is mostly 

related to Ro increase. In the first case, huge Rp increase when Crofer mesh is 

uncoated is reasonably related to chromium poisoning and deposition in the cathode. 

In contrast, for coated Crofer meshes, major Ro degradation could be related to 

coating reactivity with interconnect (Crofer) or contact paste (LSC). This should be, 

however, confirmed by microstructural analysis. As an exception, when MCO coating 

was used combined with LSCF-GDC cathode composition, Ro increase was very low 

≈ 0.03 Ωcm2 in 500 h. In fact, for this configuration, the lowest ASR increase 

≈ 0.07 Ωcm2 in 500 h is reported. 
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Figure III - 32. EIS measurements at 700°C and 0.7V at the initial and final time of 500 h 

durability tests (700°C; 0.25 A/cm2) for (A) LSF-SDC and (B) LSCF-GDC composite 

cathode as a function of uncoated (indicated as Crofer) or coated (LNC or MCO) Crofer 

22 APU current collector. 

 

Table III - 9. Ro, Rp and ASR increase in the 500 h durability tests as a function of 

cathode, current collector and coating material. (EIS measurements at 700°C and 0.7V) 

Cathode 
Contact  
paste 

Mesh 
Mesh- 

Coating 
∆t 

∆Ro 

(Ωcm2) 
∆Rp 

(Ωcm2) 
∆ASR 
(Ωcm2) 

LSF/SDC LSC Crofer 22 APU Uncoated 280 0.05 0.37 0.42 

  
 LNC 500 0.10 0.03 0.13 

  
 MCO 512 0.21 0.03 0.24 

LSCF/GDC LSC Crofer 22 APU Uncoated 500 0.18 0.13 0.31 

 
 LNC 512 0.10 0.07 0.14  

  
 MCO 500 0.04 0.03 0.07 

 

Voltage degradation as measured from the maximal activation point during 

operation, ∆V2, shows rather similar stability for LNC and MCO coatings regardless 

the cathode composition; 5-10% kh-1 for LNC and 3-10% kh-1 for MCO coatings. 

However, lowest degradation of 3%kh-1 was registered when MCO coating was 

combined with LSCF-GDC composite cathode.  
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Figure III - 33. Degradation rates during the 500 h durability tests. ∆V2 is calculated by 

using maximal activation time as reference and degradation rates are normalized in 1000 

h using analogous equation to Eq. (3.2). 

3.3.4 Overall discussion and conclusions 

In this section, the performance and stability of candidates for metal interconnect 

coatings, novel LNC perovskite and MCO spinel, have been tested. Nextech 

Materials provided with Crofer 22 APU meshes coated or uncoated with such 

materials and they were used as current collector in the air side of anode supported 

cells, thus, reproducing the real operation conditions with metal interconnect.  

 Initial characterization of cells showed extensively improved electrochemical 

performance when Crofer mesh was coated with LNC or MCO materials. Power 

density was especially high for LNC coating and exceptional 1640 mW/cm2 were 

recorded at 800°C when LSCF-GDC cathode was used. This is attributed to the high 

electronic conductivity of LNC but also to the excellent contact properties that it 

exhibits.  

 Additionally, performance stability improved significantly during 500 h tests when 

Crofer mesh current collector was coated with LNC or MCO. Tests which were 

performed using uncoated Crofer mesh showed high Rp increase due to chromium 

poisoning at the cathode. In contrast, when LNC or MCO coated Crofer mesh was 

used as current collector, cell was rather stable but little degradation mainly related 

to ohmic resistive effects were still detected. The variation of polarization resistance 

are below 0.07 Ωcm2 for all coated meshes, showing the effectiveness and quality of 

coating against chromium poisoning. Ro increase might be related to chemical 
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reaction between coating material and neighbouring components, however, this 

assumption should be verified by SEM inspection. MCO coating combined with 

LSCF-SDC cathode exhibited the lowest degradation of 3%kh-1. However, 

combinations with different cathode compositions lead to degradation rates between 

3-10% kh-1 for MCO and 5-10% kh-1 for LNC. Therefore, it seems that stability and 

effectiveness for MCO spinel and LNC perovskite interconnect coatings is 

comparable. However, high performance and extremely low contact resistance that 

LNC coating exhibits makes this material a suitable candidate for interconnect 

coating.  

 As a matter of fact, while this experimental work with LNC and MCO coatings 

was ongoing, Nextech Materials decided to patent the LNC coating and processing 

techniques for its use as protective layer in metal alloys [241]. 
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3.4 Appendix III 

Taguchi matrix 

Taguchi methodology is a widely used approach for systematic analysis of impact 

factors in a cost and time efficient way. It is widely applied in industrial processes 

and its applicability has been evaluated in this work. 

 The original L18 orthogonal matrix which was used in the cathodes stability study 

(section 3.1.2) consists of one control factor at two levels and seven control factors 

at three levels. Two of the control factors at three levels were downgraded to two 

levels preserving the orthogonality of the matrix. Taguchi matrix in coded variables is 

presented in Table III - A.  

Table III - A. L18 Taguchi matrix in coded variables with Dummy treatment in two 

variables which are downgraded from three to two levels.  

Exp# 
        

 
ai bi ci di ei fi gi hi 

1 -1 -1 -1 -1 -0.50 -1.0 -1 -1 
2 -1 0.5 0 -1 0.13 -0.7 0 0 
3 -1 0.5 1 -1 0.50 1.0 1 1 
4 -1 0.5 1 0.5 -0.50 -1.0 0 0 
5 -1 -1 -1 0.5 0.13 -0.7 1 1 
6 -1 0.5 0 0.5 0.50 1.0 -1 -1 
7 -1 0.5 1 0.5 -0.50 -0.7 -1 1 
8 -1 0.5 -1 0.5 0.13 1.0 0 -1 
9 -1 -1 0 0.5 0.50 -1.0 1 0 
10 1 0.5 -1 -1 -0.50 1.0 1 0 
11 1 0.5 0 -1 0.13 -1.0 -1 1 
12 1 -1 1 -1 0.50 -0.7 0 -1 
13 1 0.5 0 0.5 -0.50 -0.7 1 -1 
14 1 -1 1 0.5 0.13 1.0 -1 0 
15 1 0.5 -1 0.5 0.50 -1.0 0 1 
16 1 -1 0 0.5 -0.50 1.0 0 1 
17 1 0.5 1 0.5 0.13 -1.0 1 -1 
18 1 0.5 -1 0.5 0.50 -0.7 -1 0 

 

L18 can be converted to coded variables uj, instead of the natural variables used in 

the experimental design Uj, (Table III - 2), by the following transformation: 

 

   
          

  
  (3.3) 

being Uj(0), the center of the interval of the natural variable and ∆U the half of the 

natural interval. In the case of control factors with Dummy treatment the duplicated 
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levels natural value is half weighted. Orthogonality can be expressed in coded 

variables as follows:  

 

       
  
               

  
      (3.4) 

 

These standardized variables allow to work with variables centered at zero and 

varying in the interval [-1, 1]. Columns (rows) are linearly independent; the scalar 

product is equal to zero for any combination of columns (rows). One can observe 

that for the experiments where a factor is at the level a1=-1, the levels of g factor (g1, 

g2 and g3) appear three times and the same holds for level a2=1, for which the levels 

of g factor appear again balanced. 

 Therefore, to build an experimental design on the basis of a coded Taguchi 

matrix (L18 in Table III – A in this case), variables for analysis are first selected (i.e. 

cathode processing parameters and operation conditions in this work) and they are 

assigned to columns in the Taguchi matrix. Then, levels for each variable are set. 

For instance, for coded variable a with two levels (ai =1 or -1), cathode composition 

(A) was assigned in natural variables with levels for A are A1=LSF-SDC and 

A2=LSCF-GDC. 
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Chapter IV 

 

4. METAL-SUPPORTED CELL FABRICATION 
AND OPERATION 

 

Part of this chapter has been published in: 
 
 
Lide M. Rodriguez-Martinez, Laida Otaegui, Amaia Arregui, Mario A. Alvarez, Igor Villarreal 

“Tubular metal supported solid oxide fuel cell resistant to high fuel utilization”, 
10th European SOFC Forum, A0905 (2012) 1-10. 
 
 
Amaia Arregui, Laida Otaegui and Lide M. Rodriguez-Martinez 

“Stability under severe operation of tubular metal supported SOFCs”, 
In preparation. 
 
 
 
 
 
 

4.1 IK4-Ikerlan MSC-Technology  

4.1.1 Introduction  

In the early 2000, IK4-Ikerlan S. Coop commenced the research and development of 

low cost tubular metal-supported SOFC in close cooperation with Lawrence Berkeley 

National Laboratory (LBNL), from which a pioneering metal-supported cell design 

was transferred [135, 242]. The know-how acquired under planar configuration in 

LBNL and new further developments were used to produce tubular MS-SOFCs at 

IK4-Ikerlan. The ultimate application pursued for those fuel cells was a small 

domestic gas fired Combined Heat and Power Unit (CHP) below 2.5 kW. 

Commercialization of this product was set in 2001 within the strategic plan of 

Mondragon, Fagor, Copreci and MCC Components, four partners involved in the 

production and innovation of home appliances.  

 Market introduction of this technology implies advances in different knowledge 

areas and IK4-Ikerlan has largely invested in system components, power electronics, 

control system, fuel processing, stack and CHP system design for the tubular MSC 
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application. Nevertheless, materials development is the key factor to obtain viable 

cells with good efficiency and stability. In this field, IK4-Ikerlan S. Coop. has worked 

in continuous collaboration with Materials Science reference research centres and 

universities (CEIT-IK4, Nextech Materials, Polymer Innovations, Fraunhofer IKTS, 

Forschungszentrum Jülich, ICMA, ULL, UPV/EHU, CIC-Energigune). Tubular MSC 

production was addressed in partnership with CEIT-IK4.  

 In collaboration with LBNL, an attempt to incorporate catalyst infiltration 

technique in the manufacturing process was made also at IK4-Ikerlan. The 

configuration was essentially the same as that described by Tucker et al. [188]. Five 

layer configuration consisting of porous metal-support/porous YSZ/dense YSZ 

electrolyte film/porous YSZ interlayer/porous metal current collector was fabricated. 

After co-sintering of the cell framework, Ni and LSM catalysts were infiltrated in the 

anode and cathode, respectively. However, complexity added in the fabrication 

together with poor preliminary results persuaded as to continue with this route.  

 First generation tubular MSC developed at IK4-Ikerlan with own know-how 

includes a yttrium doped ceria and nickel cermet DBL, Ni-YDC, to prevent the 

interdiffusion of Ni, Cr and Fe that takes place during the high co-sintering 

temperatures necessary for the densification of the electrolyte.  

 Early experience with first generation cells (G1) includes an extensive 

optimization process with the metal tube and analysis of metal raw materials in cell 

performance  [179]. FeCr-support porosity, surface roughness and shrinkage during 

co-sintering result key parameters that affect the final electrochemical performance. 

Those control factors strongly depend on processing parameters such as FeCr 

particle size and morphology and they have been studied in detail [179]. A variety of 

crofer batches (Crofer 2, 3+, 4, 6, 6´) which were combined with different flake 

fractions, produced G1 cells with an assortment of shrinkage (7 to 17%), porosity (25 

- 60%) and power densities (150 – 450 mW/cm2) [105].  

 In a first approach, robustness of first generation cells was successfully proved 

under low fuel utilization conditions. G1 tubular MSCs demonstrated good 

efficiencies as well as robustness under steady current load and thermal cycling. G1 

cells were stable under constant current load during 2000 h and more than 500 

thermal cycles under 4% and 5% hydrogen utilization, respectively [102]. However, 

these values are far below the initial aim to reach 70% fuel utilization. Subsequent 

stability tests with slightly higher fuel utilizations (9-17% FU) caused the drastic 

failure of cell performance in few hours (Figure IV - 1).  
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Figure IV - 1. Illustration of the stability of first and second generation cells as a function 

of the  fuel utilization. (Reproduced under permission of Laida Otaegui [102]).   

 This failure is related to the catastrophic corrosion of the metal-support as 

illustrated in Figure IV - 2. Post-mortem analysis revealed that poor stability of first 

generation cells even at low fuel utilization (9 to 17% H2O) is directly connected to 

element interdiffusion during co-sintering [102]. In one hand, chromium, manganese 

and iron released in the Crofer 22 APU stainless steel diffuse to the anode. These 

invasive elements preferentially crystallize on the surface of nickel particles affecting 

their catalytic activity. On the other hand, nickel present in the barrier layer and 

anode migrates to the metal-support. Nickel incorporates into the ferritic stainless 

steel causing the austenitic transformation. This phase is more susceptible to 

corrosion and when G1 cells are subjected to even low fuel utilization, water 

resulting from fuel electrochemical oxidation causes the immediate catastrophic 

corrosion of the metal support. It is worth to mention that detailed analysis with ceria-

based DBL in first generation SOFC carried out at IK4-Ikerlan demonstrated that, 

element interdiffusion still occurs during operation at 800°C [102].  

G1 cells

G2 cells

G2 cell
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Figure IV - 2. a) Oxidized-support of G1 cell after 9 to 17% FU during 12 h operation 

shown in Figure IV - 1. Illustration of the stability of first and second generation cells as 

a function of the  fuel utilization. (Reproduced under permission of Laida Otaegui [102]). 

(Reproduced under L. Otaegui permission [102]) and b) classification of stainless steels 

according to chromium and nickel content (Reproduced from The European Stainless 

Steel Development Association manual). 

 Phase diagram in Figure IV - 2b shows the austenitization of ferritic stainless 

steel that takes place above certain nickel concentration. This transformation occurs 

for lower nickel concentrations when chromium concentration is also lower in the 

steel. Hence, chromium migration and nickel incorporation which occur during co-

sintering, promote ferritic stainless steel austenitization above a certain value. 

 Recently, preliminary tests with a second generation of MSCs provided with 

promising results under realistic operation conditions of fuel utilization [102]. Second 

generation cells (G2) differ from G1 cells basically in the perovskite-based DBL used 

and they have been specifically selected to prevent element interdiffusion during co-

sintering. This perovskite is a La-doped SrTiO3 (La0.3Sr0.7TiO3-δ) which exhibits 

excellent electronic conductivity under reducing atmospheres [184]. In contrast to G1 

cells, the LST DBL is nickel free and Ni-YSZ cermet anode is the only Ni diffusion 

source during co-sintering.  First stability tests with G2 cells showed a rather stable 

performance during at least 700 h at more realistic 25 to 50% fuel utilization 

conditions (Figure IV - 1). This is already a very encouraging starting point for 

second generation cell development.  

 The second part of this thesis focuses in the development of a second 

generation of MSC technology, related to manufacturability, performance 

optimization and detailed analysis of cell robustness under severe operation 

conditions. The following research activities have been carried out during this thesis: 

a) b)

Substrate 
corrosion
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- Basic processing parameters optimization (i.e. particle fraction of the 
metal substrate and sintering temperature)  

- Influence of LST-DBL thickness in characteristic features (i.e. spots or 
stains in the electrolyte surface) after co-sintering and electrochemical 
performance of cells 

- Influence of electrodes thickness (i.e. anode and cathode) in the 
electrochemical response of MSCs 

- Analysis of degradation during fabrication  
- Analysis of degradation during operation 

 During the optimization phase of G2 cells, the standardized manufacturing 

process demonstrated significant variability under an uncontrolled factor during the 

co-sintering process. This variability was reflected in dark stains which were 

frequently observed in the electrolyte surface after co-sintering. Therefore, in a 

second part, degradation mechanisms that occur during the manufacturing process 

of G2 cells (i.e. half-cell co-sintering at high temperatures) have been investigated. 

Despite the interdiffusion mechanism already recognized for G1 cells [179], G2 cells 

present an inherent degradation mechanism related to subtle variations in the co-

sintering atmosphere. This degradation is related to the titanium segregation in the 

LST diffusion barrier layer and migration to the anode and electrolyte. Titanium 

diffusion is related to stains in the electrolyte surface and it is easily recognized after 

co-sintering. This phenomenon turns out to be critical in the electrochemical 

performance and stability of G2 cells. However, titanium diffusion is a variable 

mechanism that deteriorates G2 cells during co-sintering only when it is activated. 

Therefore, the main challenge of this work was to understand the factor that 

activates titanium diffusion during co-sintering. 

 In the final part of this work, G2 cells ageing and degradation under operation 

were investigated. Accelerated ageing techniques which include redox and thermal 

cycles were used to study G2 cells degradation in prolonged service. In addition, 

particular emphasis was put in the analysis of G2 cells stability under fuel utilization. 

4.1.2 Fabrication of tubular metal-supported SOFC 

Fabrication of IK4-Ikerlan proprietary tubular MS-SOFCs is divided in two phases: 

metal-support fabrication at CEIT-IK4 and ceramic coatings, cell processing and 

characterization at IK4-Ikerlan (Figure IV - 3). 
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Figure IV - 3. Manufacturing process of tubular metal-supported SOFCs in IK4-Ikerlan.  

 Porous metallic tubes are produced with Crofer 22 APU, a ferritic stainless steel, 

at CEIT-IK4 by an innovative processing technique which is called free-fall powder. 

Presintered tubes are transferred to IK4-Ikerlan for cell fabrication. Functional 

ceramic layers are deposited by low cost industrial scalable routes that can be 

classified as “wet” or “colloidal” deposition techniques and include dip-coating and 

spray-coating. First, a diffusion barrier layer (DBL) is deposited by dip-coating to 

prevent Cr, Fe and Ni interdiffusion which occurs between the FeCr metal support 

and anode during co-sintering. Second, Ni-YSZ cermet anode is deposited by dip-

coating. At this point, organic additives of ceramic slurries are burnt at 400°C. Third, 

8YSZ electrolyte is deposited by automated spray. This is followed by co-sintering at 

high temperatures in reducing atmosphere to attain the full densification of the 

electrolyte (Figure IV - 3). Finally, LSF-SDC composite cathode is deposited by dip-

coating and sintered in-situ at 950⁰C to avoid the reactivity of LSF and YSZ at higher 

sintering temperatures. Tubular cell configuration and microstructure followed by the 

processing route and layers thickness are summarized in Figure IV - 4 and Table IV - 

1. 

Metal-
support

DBL and anode 
deposition

Electrolyte 
deposition

Co-sintering 
in reducing 
atmosphere

Cathode 
deposition

(Dip-coating) (Dip-coating)(Automated 
spraying)

Tubular 
MS-SOFC

CEIT-IK4 IK4-Ikerlan
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Figure IV - 4. Basic tubular metal-supported SOFC configuration and SEM cross section. 

 

Table IV - 1. Summary of the functional layers of the MS-SOFC and their fabrication 

route. 

Functional layer Composition Fabrication route Thickness (μm) 

Substrate Crofer 22 APU Free Powder 4200-4300 
G1-DBL Ni-YDC Dip coating 0-30 
G2-DBL La0.3Sr0.7TiOx Dip-coating 60-80 
Anode NiO-YSZ (%50 vol. Ni) Dip-coating 40-50 

Electrolyte 8mol% YSZ Automated spraying 10-15 
Cathode LSF40-SDC20 Dip-coating 15-30 

 

 In the following sections, a detailed description of tubular metal substrates 

production (CEIT-IK4) and cell processing (IK4-Ikerlan) is provided. 

4.1.2.1 Metal support manufacturing at CEIT-IK4  

Crofer 22 APU, a ferritic chromium-based stainless steel especially developed for 

SOFC applications by Forschungszentrum Jülich, is used to produce porous metal 

supports using atomized powders manufactured by HcStarck/IKTS (several 

batches).  This alloy contains 20-24 wt.% Cr, 0.3-0.8 wt.% Mn, 0.5 wt.% Si, 0.02 

wt.% S (max), 0.05 wt.% P, 0.03 wt.% C, 0.03-0.02 wt.% Ti, 0.04-0.2wt.% La [243]. 

At temperatures up to 900°C, a chromium-manganese mixed oxide layer - Cr2O3 and 

Cr2MnO4 - is formed on the surface of Crofer 22 APU, which is thermodynamically 

stable and possesses high electrical conductivity [171]. This alloy contains relatively 

low level of impurities and Ti and La as reactive elements; La improves scale 

adhesion and reduce oxidation rate and Ti forms internal oxides which results in 

strengthening of near surface alloy region [244].  A TEC of 12 ppmk-1 is compatible 

with adjacent ceramic components. At IK4-Ikerlan, cells based on Crofer 22 APU 

substrates with final porosities between 25-40% stability have been proved under 

operation at 800°C for more than 4500 h in 50% humidified hydrogen [245]. In the 

present study, a single batch of Crofer 22 APU, the so called Crofer3+ has been 

used for cell fabrication [179]. 

Crofer 22 APU

DBL (Ni-YDC or LST)

Ni-YSZ anode 

YSZ electrolyte

LSF40-SDC cathode

100 μm
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 Tubular metal support is fabricated by an innovative technique called free-fall 

powder in CEIT. First, Crofer 22 APU is agglomerated at 1050°C for 1h in a 

reductive atmosphere in a Jones hydrogen furnace. Agglomerated bars are crashed 

and subsequently characterized via particle size distribution and C/O2 concentration 

determination. Desired FeCr particle fraction is sieved for tube preparation. In a 

second step, metallic tubes are presintered. Alumina molds with tube shape are filled 

with the selected powder fraction. Standardized vibration protocol during powder 

filling guarantees a homogeneously distributed powder within the mold. Alumina 

tubes are then introduced in hydrogen furnace at 1100-1150°C for 1h. Final 

characterization of presintered tubes in terms of green density and porosity is listed 

in Table IV - 2 for selected FeCr particle fractions <45 μm, <53 μm and <80 μm. 

Finest FeCr fraction (<45 μm) was the optimal for G2 cells and has been used in the 

production of standard tubular metal-supports all through this work. Micrograph in 

Figure IV - 5 illustrates the typical microstructure of a standard presintered tubes 

(FeCr<45 μm).  

Table IV - 2. Characteristics of presintered C3+ tubular supports. (SE holds for the 

standard error).  

FeCr particle fraction Green density Green porosity 

(μm) ρ (gcm-3) SE p (%) SE 

<45 3.09 0.01 59.9 0.1 

<53 3.04 0 60.5 0 

<80 2.32 0.01 69.9 0.1 

 

 

 

Figure IV - 5. Microstructure of the standard presintered C3+ tube cross section with fine 

(<45 μm) FeCr particle fraction. 

4.1.2.2 SOFC fabrication in IK4-Ikerlan 

In this work, the second phase of the manufacturing process was carried out in IK4-

Ikerlan by the author to produce second generation (G2) cells. Every stage of the 

manufacturing process is described in this section. 

200 μm
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Metal tube preparation and labelling  

The first step is to cut and label the tubes (Figure IV - 6). Presintered tubes (≈ 10 

cm) are transferred in batches from CEIT-IK4 (batch 202 in Figure IV - 6). Every tube 

in the batch is enumerated based on the mould that was used during the free-fall 

powder sintering and it has its own green density. We select tube 12 with 3.12g/cm3 

green density in Figure IV - 6. Depending on the desired dimensions, the tube is 

directly used or cut in several pieces. This is also specified in the label with an up to 

down enumeration of pieces. Thus, cell label gives information about batch, 

processing technique, mould and tube segment. Tube dimensions (i.e. length, 

internal and external diameter) and weight are registered to analyze shrinkage and 

weight loss after co-sintering (section 2.3.2.2). Finally, metal tube surfaces are 

cleaned-up with compressed air before ceramic layers deposition. 

 

 

Figure IV - 6. Tube classification and cell labelling.   

Ceramic layers processing  

Ceramic slurries are water based environmentally friendly suspensions and contain, 

in addition to the ceramic powder, binder, plasticizer, pore-former (if porosity is 

desired), and other organic additives necessary for the fabrication process. Whilst 

first generation cells include a ceria-based Ni-YDC cermet as barrier layer (G1-DBL), 

second generation cells use a perovskite-type La0.3Sr0.7TiOx (LST) barrier (G2-DBL). 

Anode material is the conventional Ni-YSZ cermet with 8% mol Y2O3 stabilized 

zirconia (8YSZ) and 50 vol% Ni after processing. Electrolyte material is also the 

widely used 8% mol Y2O3 stabilized zirconia (8YSZ), a pure ionic conductor with 

excellent stability. Finally, cathode contains (La0.6Sr0.4)0.95FeO3-x  ferritic perovskite 

combined with 30 wt% Ce0.8Sm0.2O2. 

BATCH 202
Tubes pre-sintered
by free powder -FP

1

2

1

2

3

202.FP.12.1

202.FP.12.2

202.FP.12.1

202.FP.12.2

202.FP.12.3

TUBE 12
Cut in two pieces

TUBE 12
Cut in three pieces

≈ 5.5 cm

TUBE 12

12

≈11 cm

11

9
10

202.FP.12

≈ 3.5 cm

or
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Characteristic of commercial powders 

Particle size (d50) and specific surface area (SSA) of powders is strategically 

selected to fulfill the specific requirements for each cell component (Table IV - 3). 

Similar 8YSZ composition used for electrolyte and anode processing differ 

substantially in the SSA. While SSA is 6 m2/g for 8YSZ used in the anode, it is 13 

m2/g for 8YSZ used in the electrolyte to promote full densification during co-sintering. 

As LSF40-SDC cathode is sintered in-situ at low temperatures (950°C), 

morphological characteristics are adjusted to meet this criteria and small 0.32 μm 

LSF40 and 0.37 μm SDC particles are used with 8.7 and 10.8 m2/g SSA, 

correspondingly. However, some powders do not exhibit adequate morphological 

characteristics. In particular, SSA for commercial La0.3Sr0.7TiOx (LST) perovskite is 

very high (29 m2/g) and 10 μm NiO particles are too large. Hence, those powders are 

pre-treated before slurry preparation.  

Table IV - 3. Commercial supplier, stoichiometry, particle size (d50) and surface specific 

area (SSA) of commercial powders.  

Component Material Stoichiometry Commercial supplier d50 (μm) 
SSA 

(m2g-1) 

LST-DBL LST La0.3Sr0.7TiOx AGC SEIMI CHEMICAL 0.26 29 

Ni-YSZ 

 

Anode 

NiO NiO Sigma Aldrich/Panreac 10 90 

YSZ 

(TZ-8YS) 
8%Y2O3 stabilized ZrO2 TOSOH 0.5 6 

YSZ 

Electrolyte 

YSZ 

(TZ-8Y) 
8%Y2O3 stabilized ZrO2 TOSOH 0.5 13 

LSF-SDC 

Cathode 

LSF40 (La0.6Sr0.4)0.95FeO3-x Nextech Materials 0.32 8.7 

SDC Sm0.2Ce0.8O2-x Nextech Materials 0.37 10.8 

Adaptation of powder properties 

Commercial powders are modified by means of mechanical and thermal treatments 

to adjust their properties. In this section, specific treatment for each cell component 

is described. 

Diffusion barrier layer - LST 

Commercial LST powder is agglomerated to reduce high SSA (29 m2/g) which 

promotes barrier densification during co-sintering. In fact, barrier layer must be 

porous to allow fuel diffusion to the anode. In this commitment, 50g of LST powder 

are introduced in an alumina pot and are fired at 1150°C in air during 2h. 

Agglomerated powder is subsequently sieved using a nylon mesh with 120 µm 



128 

orifice. As a result of the thermal treatment particle size growths to 0.6 μm and 

specific surface area is reduced to 5 m2/g. 

Ni-YSZ cermet anode and LSF40-SDC composite cathode 

Before the preparation of slurries, Ni-YSZ cermet anode and LSF40-SDC composite 

cathode mixtures are prepared in an attritor (Attritor 01HD-CR) that reduces particle 

size distribution at 500 rpm for 3h and 0.5h, respectively (section 2.3.1.1). Powder 

mixtures give NiO-YSZ cermet anode with 50 vol% Ni cermet anode after reduction; 

LSF-SDC composite cathode is 30 wt% SDC. 

YSZ electrolyte 

YSZ (TZ-8Y) powder used for electrolyte processing does not require any treatment 

prior to slurry preparation.  

DBL and electrodes slurry preparation and deposition by dip-coating 

LST diffusion barrier layer, Ni-YSZ cermet anode and LSF40-SDC composite cathode 

are deposited by dip-coating using the Diptech Automatic Dip coating unit. This 

technique consists in the immersion of the substrate surface in liquid slurry which 

contains the material for deposition. This simple and fast deposition technique is cost 

effective and industrially scalable. However, it is limited to produce very thin coatings 

(<10-15 μm). In this work, uniform coatings were attained following a proper control 

of slurries viscosity and dip-coating parameters (i.e. immersion rate, dwell and 

extraction rate).  

Ceramic slurries preparation 

Barrier layer (LST), anode (Ni-YSZ) and cathode (LSF40-SDC) slurries are water 

based solutions with organic additives (i.e. binder, plasticizer, pore-former). Those 

additives permit a better powder dispersion in the solution; they eliminate bubbles 

that might cause imperfections as well as providing with porosity when required. 

Standard formulations were optimized by Polymer Innovations for IK4-Ikerlan and 

they figure in Table IV - 4.  

 Slurries preparation is carried out in two phases. In the first phase, solvent, 

powder and additives are mixed (Table IV - 4) and mixtures are milled at 92 rpm 

during 16h in milling machine (Labmill 8000©) with 350g of YSZ cylinders (3/8”). In 

the second stage, some organic additives are newly introduced (indicated in 

brackets in Table IV - 4) and ceramic slurry is milled at 92 rpm during additional 4h. 

Finally, cylinders are removed and slurries are maintained fresh by rolling at 2-3 rpm 

in a Mini Tube Roller 7622-30000. Before deposition on the tube surface, slurries are 

mixed in a centrifugator (Awataori Rentaro AR-250) to guarantee homogeneous 

mixture and eliminate bubbles which may form during the slow roll. At this point, the 
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ceramic slurries viscosity is characterized at 25°C using a rheometer (Haake 

RheoWin 3). Viscosity measurements serve for quality control of the ceramic slurries 

(section 2.3.2.1). 

Table IV - 4. Standard formulation of LST barrier, NiO-YSZ anode and LSF-SDC cathode.   

Components LST NiO-YSZ LSF-SDC 

Powder    

 50.82 LST 61.4 NiO-YSZ 72 LSF-SDC 

Solvent    

DI water 25.77 38.6 26 

Additives    

WB4101 6.18 (7.23) 9 (15.34) 10(9.14) 

D-3005  1.52  

DF002 0.18(0.09) 0.27(0.27) 0.15(0.15) 

PL005 0.51 1.2  

NH4OH   0.1 

PF002 (3.09)   

PF007 (6.18)   

Second stage additives are indicated in brackets (). 

 

 Pre-sintered tubes cut into the desired dimensions are fixed into metallic pieces 

for dip-coating. Tube edges are covered with teflon to avoid slurry penetration on the 

inner face of the tube. Diffusion barrier layer and anode are deposited through the 

entire surface whereas cathode is deposited in a smaller central zone. This limits the 

electrochemically active area to the zone where cathode is deposited. This is 

advantageous, as cathode can be tactically placed in electrolyte areas with good 

quality (i.e. without defects, stains, cracks). Little cathode area facilitates current 

collection but introduces a higher error in the electrochemical measurements. 

According to this, optimal cathode area is set up in the 3-4 cm2 range. As an 

exception, cells for fuel utilization tests are strategically prepared with larger efficient 

areas; 7-8 cm2 cathodes. This approach is adopted to obtain high fuel utilizations 

with a flow-system with lack of precision under 30 ml min-1 fuel flow. 

 Ceramic slurries are deposited by dip-coating (Diptech Automatic Dip Coating 

unit). In the process, the metal porous tube is introduced in a test tube with 50 ml 

capacity which contains about 35-40 ml of ceramic slurry. This slurry volume 

guarantees the complete immersion of tube and invariance in the immersion time. 

Find dip-coating parameters for ceramic slurries and equipment in section 2.3.1.3.  
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Removal of organic components 

Before electrolyte deposition, the organic additives that DBL and anode contain are 

burnt at 400°C during 1h in air. The heating ramp pursued is 1°C/min-1 to attain a 

gradual burning and avoid the defects that could arise from a sudden heating profile.  

Electrolyte deposition by automatic spraying 

YSZ deposition is carried out by automated spray (PVA spray robot). Finest YSZ 

particles are selected by dispersing 2.5g of YSZ in 350 ml of isopropanol in an 

ultrasound machine (Branson Sonifier 450) and collecting 220 ml after 24h of 

decantation.  

 The electrolyte thickness is controlled with the deposited volume. In a 

standardized YSZ spraying process, 10 μm thick YSZ electrolyte is obtained after 

co-sinterization for 10 ml of YSZ slurry which are deposited in 2.5 cm length tube. 

Thus, for typically 5.5 cm long tubes, 20 ml of YSZ slurry are deposited. Find spray 

robot working principle in section 2.3.1.3. 

Half-cells co-sintering 

FeCr/LST/Ni-YSZ/YSZ half-cells are co-sintered in a Carbolite STF furnace which 

contains in its core a long alumina tube as device. Half-cells lie down in parallel in an 

alumina bed and are sintered two by two in the central zone, with minimal 

temperature gradients (15 cm long space). 

 The standardized co-sintering process of half-cells is carried out between 1330-

1370°C depending on the type of cell, G1 or G2 (Figure IV - 7). A non-oxidizing 

atmosphere is employed to prevent the oxidation of the metal support. The heating 

ramp is conducted in 200 ml min-1 Ar inert atmosphere before reaching 1100°C. At 

this point, 10% H2 + Ar reductive atmosphere is introduced maintaining the gas flow 

rate. This procedure prevents nickel reduction previous to the shrinkage of the metal-

support that starts at 1100°C (bare metal substrate is presintered at 1100°C in 

reducing atmosphere to provide sufficient strength for handling). Therefore, gas 

change at this temperature promotes the simultaneous shrinkage of metal substrate 

and ceramic layers. 

 For first generation cells, the incorporation of a FeCr-getter in the furnace 

entrance demonstrated to be effective against cell bending during the sintering 

process. Also with G2 cells, a device with FeCr oxygen getter is incorporated to 

protect the metal-support from eventual oxygen impurities. 

 After the co-sintering process, half-cells dimensions (i.e. length, internal and 

external diameter) and weight are measured to analyze shrinkage and weight loss 

after co-sintering (section 2.3.2.2). In addition, half-cell photos are systematically 

registered. 
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Figure IV - 7. Standardized co-sintering cycle of FeCr/DBL/Ni-YSZ/YSZ tubular half-cells. 

 

4.1.3 Differences between G1 and G2 cells 

 Enhanced electrochemical efficiency is expected in practice for cells with 

perovskite-type LST DBL as the electronic conductivity is two orders of magnitude 

higher (Table IV - 5). In addition, TEC matches better with Crofer (11.9 ppmK-1 [195]) 

and YSZ (10.5 K-1 [140]) adjacent components.  

Table IV - 5. Main characteristics for ceria and perovskite-based DBLs used in G1 and G2 

cells, respectively. Conductivities are measured at 800°C under reducing atmosphere. (*) 

refers to manufacturers data and (**) are experimental data obtained at IK4-Ikerlan. 

 Composition Thickness (μm) Conductivity (S/cm) TEC(ppmK-1) 

G1-DBL Ni-YDC 0-30 YDC: 1* 14.5 [246] 

   Ni: 20000 [247] 16.9 [23] 

   Ni-YDC: 2 **  

G2-DBL La0.3Sr0.7TiOx 60-80 216 [184]  11-12 [26] 

  

 Shrinkage and electrochemical characteristics of G1 and G2 cells are 

summarized in Figure IV - 8. G2 cells are compared to corresponding G1 cells with 

Crofer C3+ metal-support with similar green densities in the 2.8-2.9 g/cm3 range. 

Despite the promising stability during long-term operation with fuel utilization, 

0

200

400

600

800

1000

1200

1400

1600

0 200 400 600 800 1000 1200

Te
m

p
er

at
ur

e(
 C

)

Time(min)

Ts; t=4h

1 C/min

5 C/min

5 C/min

T=150 C;1h

Ar %10 H2+Ar



132 

electrochemical performance of G2 cells was worse than expected. Power densities 

below 100 mW/cm2 obtained for G2 cells are in contrast with the average 250 

mW/cm2 obtained with G1 cells. This was attributed to higher Ro and Rp. Higher 

shrinkage of G2 cells during co-sintering leads to a final porosity of 32%. This is low 

in comparison to G1 cells with 46% in average. However, electrochemical 

characterization (IV-curves) demonstrated that fuel diffusion is not affected in G2 

cells.  In fact, G2 cells OCV values above 1.09 V were recorded at 800°C. YSZ 

electrolyte densification is favored at higher shrinkage and better gas tightness of G2 

cells was confirmed.  

 Shrinkage of FeCr/DBL/Ni-YSZ/YSZ configuration was also studied by 

dilatometry in FeCr pins with comparable green densities of presintered tubes. 

Experimental results are summarized in Figure IV - 9. FeCr pin alone shrinks 25%. 

First deposition of DBLs inhibits FeCr pin shrinkage during co-sintering. Little 

difference is observed with LST barrier (∆L/Lo ≈ 22-23%) but shrinkage with Ni-YDC 

is much lower (∆L/Lo ≈12%). When Ni-YSZ layer is first deposited there is no 

practical difference. Overall, cell shrinkage during co-sintering is mostly driven by the 

composition of the barrier layer. Therefore, there is no substantial difference 

between FeCr/DBL, FeCr/DBL/Ni-YSZ and FeCr/DBL/Ni-YSZ/YSZ configurations. 

 

 

Figure IV - 8. Comparison of principal characteristics of G1 and G2 cells: a) transversal 

shrinkage (%De) during co-sintering and b) electrochemical performance at 800°C and 

0.7V. (G1 data analyzed from Laida Otaegui thesis work [179]). 
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Figure IV - 9. Shrinkage of Crofer 22 APU pins and functional ceramic layers after 

standard cell sintering procedure. (Data analyzed from Laida Otaegui thesis work [179]). 

 Shrinkage is directly related to final thickness and microstructure of functional 

layers.  Nominal thickness of G2 cells has been systematically measured by SEM, 

however, scarce information of specific G1-C3+ cells exist (Table IV - 6). First 

generation DBL, Ni-YDC, is much thinner than the second generation initial LST 

layer. Little data with G1-C3+ cells is available but Ni-YSZ cermet anode is also 

thinner. Thinner DBL and anode explain more probably the superior electrochemical 

performance of G1 cells.  

 During this work, an attempt to improve the electrochemical performance of G2 

cells through the reduction of DBL and anode thickness was carried out. Results are 

discussed in section 4.2.  

Table IV - 6. Functional layer thicknesses in G1 and G2 cells. 

 MSC cell Functional layer Thickness (μm) 

G1 Ni-YDC barrier 5-30 
  Ni-YSZ anode ≈ 30 
  YSZ electrolyte 10-15 

G2 La0.3Sr0.7TiOx barrier 70-90 
  Ni-YSZ anode 40-50 
  YSZ electrolyte 10-15 
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4.2 Second generation cells optimization 

4.2.1 Introduction 

In this section, optimization studies with G2 cells are presented. Some of the 

processing parameters which were studied are directly related to the shrinkage of 

half-cells during co-sintering and decide the final microstructure of half-cells. The 

microstructure is, in turn, directly related to the electrochemical performance. These 

processing parameters include the particle fraction of FeCr metal substrate, co-

sintering temperature and DBL thickness. Other processing parameters (i.e. anode 

and cathode thicknesses), do not have an effect on the shrinkage but have a 

straightforward influence on the electrochemical performance.  

 Through this work, the influence of these processing parameters was 

characterized by means of shrinkage measurements during co-sintering (section 

2.3.2.2), electrochemical characterization (section 2.1) and post-mortem analysis of 

cell microstructure (section 2.2). The experimental set-up used for the 

electrochemical characterization of is described in the next section.  

4.2.2 Experimental set-up 

The experimental set-up is shown in Figure IV - 10. SOFC cell is attached in the top 

of an alumina cylinder which is fed with fuel from in the inside part. In the exterior, 

the oxygen for cathode reaction is provided from the ambient air. Before mounting 

the assembly, nickel mesh in contact with two nickel wires is welded to the metal 

support to collect current in the anode side. Cell is subsequently sealed to the 

alumina cylinder using Ultra-Temp 516 (Aremco). This sealant is also used to cover 

the superior edge with a little alumina piece which gives a mushroom shape to the 

cell. Finally, platinum mesh in contact with two platinum wires is stack with platinum 

paste to the cathode surface to facilitate the current collection.  

  For standard electrochemical characterization, cells are fed with 200 ml H2 and 

3% humidified using a bubbler which is maintained at 25°C. Fuel flow will be lower 

for fuel utilization experiments. This set-up has been used for the electrochemical 

characterization and stability studies of cells carried out all through this work. As an 

exception, a more robust montage containing metallic parts was used for the thermal 

cycling experiment as described in section 4.4.1. 
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Figure IV - 10. Experimental set-up: (A) schematic design and (B) image. 

4.2.3 Effect of sintering temperature and metal powder 

particle fraction 

4.2.3.1 Introduction 

During sintering, the electrolyte typically shrinks as much as 10-25%, depending on 

the green density reached after deposition [20]. Shrinkage of the metal support must 

be compatible to that of the electrolyte; otherwise, the electrolyte layer is stressed 

during co-sintering causing mechanical failure or in the opposing situation, it rests 

insufficiently densified. YSZ co-sintering approach demands a metal-support that 

matches shrinkage constraints as well as retaining adequate porosity after sintering. 

This largely depends on the metal composition, particle size, surface roughness, 

initial packing density and processing atmosphere and temperature [248].  

 For the ferritic stainless steel adopted as metal-support, Crofer 22 APU, those 

parameters were largely optimized for first generation cells leading to gas-tight 

electrolytes and porous FeCr substrates with good electrochemical characteristics 

[102, 105]. At the beginning of second generation cell development, optimized 

processing parameters from G1 cells were adopted. However, first trials with 

perovskite-type DBL showed largely superior shrinkage and poor electrochemical 

properties, as shown earlier in Figure IV - 8.  

 In this section, the effect of critical processing factors (sintering temperature and 

metall powder fraction) is analyzed in G2 cells shrinkage, microstructure and 

electrochemical performance. 
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4.2.3.2 Experimental procedure 

Cells manufactured for experimentation combined two FeCr particle fractions: fine 

<45 μm and coarse <53 μm. FeCr/LST/Ni-YSZ/YSZ half-cells were sintered at 

1330°C, 1350°C and 1370°C as it is shown in Table IV - 7. Two cells with the same 

configuration were processed from the same presintered tube. (Find detailed 

information about cells labelling in section 4.1.2.2).  

Table IV - 7. Experiments table with Crofer 22 APU powder fraction and sintering 

temperature combinations together with the main characteristics. (OCV is measured at 

800°C; find electrolyte surface appearance classification in Figure IV - 39). 

Particle fraction 
(μm) 

Sintering temperature 
(°C) Cell # 

Surface 
appearance OCV(V) 

<45 1330 202.FP.2.1 Plain  1.113 
    202.FP.2.2 Plain  1.111 
  1350 202.FP.14.1 Plain  1.111 
    202.FP.14.2 Plain  1.111 
  1370 202.FP.22.1 Stains 1.077 
    202.FP.22.2 Stains   

<53 1350 203.FP.2.1 Crack 1.067 
    203.FP.2.2 Crack 1.1 

 

4.2.3.3 Analysis of results 

Shrinkage and physical appearance 

Cells surface appearance was different after the sintering process and it is compared 

here with the OCV because it is an excellent indicator for gas tightness and works as 

a reliable quality control factor. Cells with fine fraction (<45 μm) sintered at 1330°C 

and 1350°C exhibited a plain electrolyte surface and optimal OCV. In contrast, cells 

sintered at 1370°C appeared covered with dark spots and OCV was lower for the 

single cell that could be tested. On the other hand, cells with coarse FeCr fraction 

presented some cracks propagating within the surface. Shrinkage during co-sintering 

varied with FeCr particle fraction and sintering temperature as expected. In Figure IV 

- 11, finer fraction sintered at 1330°C and 1350°C presented similar shrinkage (De 

≈16-17%) and final porosity (p=29-32%). Shrinkage increased (De ≈17-18%) for cells 

sintered at 1370°C and final porosity was significantly lower (p=25-27%). When 

coarse fraction was used, which was sintered only at 1350°C, shrinkage was low (De 

≈14%) and final porosity very high (p=38-41%) in comparison to analogous cells with 

fine fraction sintered at the same temperature.  
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Figure IV - 11. Half-cells a) transversal shrinkage, De(%), and b) porosity, p(%), as a 

function of the sintering temperature, Ts,  and FeCr particle fraction. 

Electrochemical characterization 

Most representative data from IV-curves and EIS measurements are shown in Figure 

IV - 12. Highest power densities (110-120mW/cm2) were recorded for cells with fine 

fraction sintered at 1350°C. Ohmic resistance was lower as sintering temperature 

increased and similar regardless the fine/coarse fraction used. In the third diagram 

(C), polarization resistance shows a minimum (≈ 0.7 Ω/cm2) at 1350°C with fine 

fraction but it increased substantially with coarser FeCr fraction.  

 

Figure IV - 12. (A) Power density, (B) ohmic resistance and (C) polarization resistance as 

a function of sintering temperature and Crofer 22 APU fraction used. (Measurement at 

800°C and 0.7V. Anode fed with 3% humidified 200 ml min-1 H2 and cathode with 

atmospheric air)   
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Microstructural analysis 

SEM analysis presents FeCr-supports with clearly differentiated porosities in Figure 

IV - 13 . Coarser FeCr fraction exhibits most porous microstructure. It is followed by 

cells with fine fraction sintered at 1330°C and 1350°C. Those sintered at 1370°C are 

denser, especially in the DBL boundary zone. Previous porosity estimations by 

simple cell size and weight measurements (Figure IV - 11) can be compared to 

tendencies observed in the metal support. Provided that metal substrate constitutes 

96-97% of the cell cross-section, preceding porosity estimations are expected to be 

directly correlated to ps, the metal-support porosity. SEM observations confirm 

previous tendencies and are summarized as follows:  

- ps (<45 μm) < ps (<53 μm) when Ts=1350°C 
- ps (1330 °C) ≈ ps (1350 °C) > ps (1370 °C) 

 

 

Figure IV - 13. Metal support micrographs combining different sintering temperatures 

(1330°C, 1350°C and 1370°C) and Crofer 22 APU particle fractions (<45 μm, <53 μm).  

 Functional layers were also analyzed with SEM. In Figure IV - 14, thickness of 

LST barrier, Ni-YSZ anode and YSZ electrolyte which are directly influenced by 

shrinkage during co-sintering are listed. LST barrier becomes thinner as the sintering 

temperature increases. The trend is rather linear and, with finer fraction, LST is 
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reduced ≈ 40 μm when sintering temperature increases from 1330°C to 1370°C. Ni-

YSZ cermet anode thickness remains stable around 55 μm when sintered at 1330°C 

and 1350°C, but it is slightly thinner at higher sintering temperature. Electrolyte 

thickness is stable around 13 μm and it is not influenced by the sintering 

temperature.  

 When coarser FeCr fraction (<53 μm) is used, every functional layer (LST, 

anode and electrolyte) thickness reduces to some extent compared to the analogue 

with fine fraction sintered at 1350°C. Difference is more apparent for the LST barrier 

which is ≈ 10 μm thinner with coarser FeCr fraction.  

 

Figure IV - 14. Thickness of LST diffusion barrier layer, Ni-YSZ anode and 8YSZ 

electrolyte for different sintering temperature and Crofer 22 APU particle fractions as 

measured from SEM observations.   

 LST barrier and Ni-YSZ anode porosity decreases gradually as the sintering 

temperature increases (Figure IV - 15). In particular, an abrupt densification of LST 

barrier and anode is observed when cells are sintered at 1370°C. Elimination of 

characteristic closed porosity also confirms further densification of the electrolyte at 

high sintering temperatures (Figure IV - 16). This is comprehensible as shrinkage is 

higher at 1370°C. In addition, DBL/anode delaminating is observed for cells sintered 

at 1370°C. This is better appreciated in Figure IV - 15, where cracks propagate 

along the DBL concentric to the tube perimeter. However, delaminating is also 

observed for fine fraction cells sintered at lower 1350°C. Crack origin is not 

completely clear but experimental observations point toward its formation during 
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samples polishing prior to SEM analysis. Thus, it is not considered as a potential 

source of mechanical failure in G2 cells. Ohmic resistance values of these cells are 

too low for the cracks to be present during operation, supporting the idea of sample 

handling issues prior to SEM observations.  

  Ceramic layers (DBL, anode and electrolyte) microstructure does not exhibit 

major differences depending on the fine/coarse FeCr fraction used during the 

sintering at 1350°C (Figure IV - 15). LST barrier and Ni-YSZ anode are thinner 

(Figure IV - 14) but porosity and nickel particles size are very similar. Note that 

inhomogeneous anode microstructure is observed regardless the fine/coarse FeCr 

fraction for cells sintered at 1350°C; anode is denser in the DBL vicinity and more 

porous near the electrolyte. This in-homogeneity is further observed in Figure IV - 

16, where micrographs illustrate anode and electrolyte at higher magnifications. 

  

 

Figure IV - 15. Micrographs illustrating LST barrier and Ni-YSZ anode microstructure for 

cells combining different sintering temperatures (1330°C, 1350°C and 1370°C) and 

Crofer 22 APU particle fraction (<45 μm, <53 μm).   

 Ni particles agglomeration increases together with sintering temperature (Figure 

IV - 16). At 1350°C particles are larger, more regular and round. At 1370°C, even if 

having irregular morphologies, nickel particles are immense. Nickel agglomeration is 

prominent but the most distinguishing attribute is the outstanding densification that 
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YSZ microstructure experiences. In addition, dark points on the surface of nickel 

particles are essentially chromium oxides but little amounts of manganese and iron 

are also detected. 

 

 

Figure IV - 16. Micrographs Ni-YSZ anode and 8YSZ electrolyte microstructure for cells 

combining different sintering temperatures (1330°C, 1350°C and 1370°C) and Crofer 22 

APU particle fractions (<45 μm, <53 μm). 

4.2.3.4 Overall discussion and conclusions 

The influence of the sintering temperature has been analyzed in the range between 

1330-1370°C for cells consisting of a fine FeCr fraction (<45 μm). Tendency with G2 

cells is not linear in that range. Half-cells shrinkage is constant between 1330-

1350°C (16-17%) and final microstructure of the metal-support is very similar. 

However, at 1370°C, shrinkage increases (17-18%) and this is reflected in a denser 

metal-support. On the other hand, when coarse FeCr fraction is used final porosity of 

the metal-support increases significantly.  

 Electrochemical characterization of those cells revealed that Ro decreases with 

the sintering temperature but remains similar regardless the FeCr fraction used. Fine 

and coarse FeCr substrates sintered at 1350°C, with final porosities around 24-26% 
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and 30-32% respectively, exhibit similar Ro. This demonstrates that in this range, 

current collection is not affected by the metal-support shrinkage and final porosity.  

 Best electrochemical results around 110 - 120 mW/cm2 are reported for cells 

with fine fraction (<45 μm) sintered at intermediate temperatures (1350°C). Within 

the fine fraction cells, Ro decreases conversely to the sintering temperature. This is 

primarily attributed to thinner and denser functional layers that enhance current 

collection as sintering temperature increases. However, there is a minimum in the Rp 

at 1350°C that accounts for the optimal performance. As sintering temperature 

increases between 1330-1350°C, YSZ and Ni phases interconnectivity within the 

anode is favored and TPB efficiency is better. However, at 1370°C, Rp drastically 

increases. LST barrier and Ni-YSZ anode overdensification blocks fuel transport and 

reduces active-sites (i.e. TPB length) available for fuel oxidation in this case.  

 For coarser FeCr fraction, power density is reduced to half (60-70 mW/cm2). Ro 

is similar but Rp is high in comparison to the analogue with fine fraction sintered at 

1350°C. According to microstructural observations, metal-substrate is more porous 

for coarser FeCr. However, equivalent Ro with both FeCr fractions indicates that 

current collection is not affected by the support. Comparable ceramic layers are 

thinner with coarser FeCr fraction, especially the LST barrier. To be precise, no 

physical evidence is found that explains the better performance with fine FeCr 

fraction. Only, one expects better surface roughness that affects the quality of the 

layers deposited on top of metal substrates.  

 To conclude, FeCr particle fraction and sintering temperature have successfully 

been optimized. Going forward, fine FeCr fraction (<45 μm) combined with 1350°C 

sintering temperature have been used as processing parameters for second 

generation cells.  

4.2.4 Diffusion barrier layer thickness 

4.2.4.1 Introduction  

As its own name indicates, the scope of the DBL is to stop the element diffusion that 

occurs during co-sintering and operation between the anode and the metal support. 

An efficient DBL must be porous to allow fuel diffusion to the anode, must have a 

TEC that matches with adjacent components and a good electronic conductivity 

under reducing atmosphere. In practice, a DBL as thin as possible to minimize the 

overvoltage is demanded; 4 μm thin CeO2 [174], 10-30 μm La0.6Sr0.2Ca0.2CrO3 and 2-

3 μm La1-xSrxMnO3 [158] DBLs are reported in the literature with that purpose. Initial 

poor performance of G2 cells is partially associated to the 70-90 μm LST barrier, 

which is very thick in comparison to first generation 5-30 μm Ni-YDC DBL (Table IV - 

6). Thus, once that sintering temperature and crofer particle fraction were optimized, 

the second objective was to optimize perovskite-based DBL thickness. This is 

pursued in two ways. In a first attempt, the original LST barrier formulation (Table IV 
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- 4) was diluted in 3 successive formulations. In a second attempt, two LST 

formulations were analyzed taking into account reproducibility aspects of cell 

fabrication and characterization.  

4.2.4.2 1st attempt: Gradual dilution of the original LST barrier 

formulation 

4.2.4.2.1 Experimental procedure 

Thinner LST barrier are expected by the systematic dip-coating of LST slurries with 

lower viscosities. Thus, original LST formulation, F1, associated with a 70-90 μm 

DBL, which contains specific amounts of LST powder, binder, plastizier, defoaming 

and water content (Table IV - 4), was diluted in three successive formulations (F2, F3 

and F4) by simply adding 2g more of water each time. Presintered tubes were cut in 

two pieces which were dip-coated with the same LST slurry. After anode and 

electrolyte standard deposition both FeCr/LST-Fx/Ni-YSZ/YSZ half-cells (x=1-4) were 

sintered together at 1350°C in the same furnace. Table IV - 8 illustrates cells initial 

characteristics together with the appearance after co-sintering and OCV at 800°C. 

LSF40-SDC composite cathode was subsequently dip-coated over lengths of 2 cm of 

the tubular cell, which corresponds to an efficient area of ≈ 7.5 cm2 except for 

204.FP.37.2, which efficient area was 3.8 cm2. For simplicity in terminology, cells 

from standard F1 to most diluted F4 formulations are named LST-F1 and LST-F4, 

respectively. (Find detailed information about cells labelling in section 4.1.2.2). 

Table IV - 8. Table of experiments related to dilution of the LST barrier layer formulation. 

(OCV is measured at 800°C; find electrolyte surface appearance classification in Figure 

IV - 39)  

FeCr 
Fraction 

(μm) 

Sintering 
temperature 

(˚C) 

LST slurry 

Cell # 

Electrolyte 
surface 

appearence OCV(V) 

Efficient 
area 
(cm2) 

LST-
Fx 

H2O 
(%) 

Η 
(Pa s) 

<45 1350 F1 25.8 0.164 204.FP.32.1 Plain  1.111 7.38 
          204.FP.32.2 Plain  1.11 7.45 
    F2 27.2 0.118 204.FP.37.1 Few stains 1.111 7.60 
          204.FP.37.2 Few stains 1.108 3.81 
    F3 28.6 0.084 204.FP.38.1 Stains 1.097 7.62 
          204.FP.38.2 Stains 1.106 7.47 
    F4 30.0 0.060 204.FP.53.1 Many stains 1.102 7.47 
          204.FP.53.2 Many stains 1.102 7.25 

 

4.2.4.2.2 Analysis of results 

Shrinkage and physical appearance 

The physical appearance of cells after sintering was not homogeneous. Spots or 

stains over the surface of the electrolyte started to become visible as LST 
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formulation, was diluted in water with F2 formulation but they became more obvious 

for F3 and specially F4 formulations. No explicit images of electrolyte surface after 

co-sintering exist for this batch. However, in Figure IV - 17, cells after LSF40-SDC/Pt 

paste deposition illustrate the electrolyte appearance to some extent. Note that most 

diluted LST-F4 cell is covered with dark spots in the lower zone. OCV was optimal 

above 1.09V for every cell. 

 

 

Figure IV - 17. Image of cells prepared with LST barrier formulations at different dilution 

levels. 

Shrinkage during co-sintering increased in average with dilution (Figure IV - 18). 

Values for standard cells (De≈15-16.5%) are comparable to previous results with 

equivalent cells (Figure IV - 11). Note that variability increased considerably as LST 

formulation was diluted from F1 to F4. Inversely to shrinkages, average final porosity 

decreases from p ≈ 36% with LST-F1 cells to p ≈ 30% with LST-F4 ones. However, 

variability was high and for each LST formulation there was a high and a low porosity 

cell. 

 

Figure IV - 18. Cell transversal shrinkage, %De, and final porosity as a function of the 

dilution of LST formulation. 
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Electrochemical characterization 

IV-curves at 800°C did not confirm the expected enhanced performances for more 

diluted LST formulations (Figure IV - 19). As LST formulation was diluted from F1 (in 

yellow) to F2 (in violet), performance decreased. At this point, variability increased 

considerably for LST-F3 cells (in green).  LST-F4 cells followed a similar trend and 

variability further increased; concretely, best (190mW/cm2) but also worst 

(63mW/cm2) power densities were recorded with most diluted LST slurry. This is 

better appreciated in Figure IV - 20, where power density is represented together 

with ohmic and polarization resistance as a function of LST formulation. Comparable 

Ro with LST-F1 and LST-F2 cells decreases for LST-F3 and LST-F4. In effect, 

thinner LST barrier expected for more diluted formulations should reduce ohmic 

resistance and facilitate current collection. Nevertheless, Ro variability gradually 

increases with F3 and F4 formulations. On the other hand, Rp trend is not clear from 

the diagram but cells with F4 formulation exhibit highly scattered Rp (σ ≈ 0.93 Ωcm2) 

compared to the Ro variability (σ ≈ 0.22 Ωcm2). In fact, direct correlation between 

power density and polarization resistance is confirmed in Figure IV - 21. Rp vs p is 

comparable with ASR vs p diagram; rather linear relation observed in ASR vs p 

diagram is more curved in the Rp vs p. In Rp <1 Ωcm2 region, power density rapidly 

increases when Rp is reduced. In contrast, when Rp>1 Ωcm2, power density is 

vaguely altered in equivalent Rp intervals. Conversely, power density does not 

present a direct relation with the ohmic resistance; resistances in the 0.5-0.8 Ωcm2 

region have been observed with the exception of cell 204.FP.53.1 with F4 

formulation with Ro = 0.32 Ωcm2.  

 

Figure IV - 19. IV-curves for cells with F1-F4 LST formulations. (Measurement at 800°C 

and 0.7V. Anode fed with 3% humidified 200 ml min-1 H2 and cathode with atmospheric 

air)   
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Figure IV - 20. a) Power density, b) ohmic resistance and c) polarization resistance as 

function of the LST formulation. (Measurement at 800°C and 0.7V. Anode fed with 3% 

humidified 200 ml min-1 H2 and cathode with atmospheric air)   

 

Figure IV - 21. Power density as a function of ASR, Ro and Rp. (Measurement recorded at 

800°C and 0.7V. Anode fed with 3% humidified 200 ml min-1 H2 and cathode with 

atmospheric air) (Lines are guides to the eye) 

Microstructural characterization 

Given the high variability observed for LST-F3 and LST-F4 cells, no conclusions can 

be extracted from a simple data analysis. That is why in order to investigate LST 

formulation dilution effect more deeply, cells with lowest porosity were selected from 

each LST formulation (Figure IV - 18); 204.FP.32.1, 204.FP.37.1, 204.FP.38.2 and 

204.FP.53.2 were analyzed by SEM equipment. In parallel, LST-F4 cells, 

204.FP.53.1 and 204.FP.53.2, were compared to clarify the basis of the observed 

highly scattered results.  

 In Figure IV - 22, SEM observations reveal that LST-F3 and LST-F4 cells with 

lowest porosity are dense in the middle exterior part of the diameter whereas 

porosity in the support core is similar to LST-F1 and LST-F2 cells. Porosity 
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estimations, by means of mass and volume calculations for a homogeneous tube, 

predicted porosities higher than %30 for LST-F1 and LST-F2 whereas it was lower 

than 30% for LST-F3 and LST-F4. Post-mortem analysis demonstrates, however, 

that metal support porosity is not homogeneous for LST-F3 and LST-F4 cells.   

 In line with the diffusion barrier layer, in the second row of Figure IV - 22, porous 

microstructure for specific 3 μm and 7 μm pore formers in the LST slurry is observed 

with standard LST-F1 cell. LST-F2 DBL is denser in the vicinity of the FeCr substrate 

and porous in the anode nearby region. Crack that propagates in the FeCr/DBL 

interface during sample polishing is again observed in both cells. On the other hand, 

for most diluted F3 and F4 formulations, LST barrier is completely delaminated and 

suspended from both sides. In this case, barrier deterioration was not attributed to 

damage caused during sample polishing. Thickness measurements (Figure IV - 23) 

demonstrate that LST barrier becomes thinner as LST is diluted from F1 to F4 

formulation. Unexpected 124 μm thick layer estimated for F2 is probably due to 

drops that are from time to time stack in cells surface during dip-coating.  

 In the third row of Figure IV - 22, anode microstructure follows a similar trend to 

the DBL; whilst it is porous for cells with F1 and F2 formulation it appears extremely 

dense for LST-F4 and LST-F3. Despite the different microstructures, anode 

thickness is stable ≈ 49 μm regardless the LST formulation. On the other hand, 

characteristic closed pores in the electrolyte, are present in 12-14 μm thick LST-F1 

and LST-F2 cells while they disappear for slightly thinner 10 μm thick LST-F3 and 

LST-F4 electrolytes. Even if preferentially dense electrolyte with no pores is looked 

for in SOFC technology, electrolyte with closed pores is already optimized since it 

has demonstrated gas tightness and typical OCV higher than 1.1V. The same holds 

here and OCVs higher than 1.1V were registered for every cell.  
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Figure IV - 22. Micrographs of cells with lowest porosity within the couple of samples 

processed for each LST formulation; 1st row) metal supports, 2nd row) functional layers 

and 3rd row) anode and electrolyte comparison. 

 

 

8YSZ

8YSZ Ni-YSZ Ni-YSZ 8YSZ 8YSZ Ni-YSZ

F4_204.FP.53.2

Ni-YSZ LST Ni-YSZLST Ni-YSZLSTFeCrFeCrFeCr

FeCr FeCr FeCr FeCr

FeCr Ni-YSZLST LST

Ni-YSZ 8YSZ

500μm 500μm 500μm 500μm

50 μm 50 μm 50 μm 50 μm

Metal-support

Functional layers

Anode and electrolyte

10 μm 10 μm 10 μm 10 μm

LST-F1 LST-F2 LST-F3 LST-F4

LST-F1 LST-F2 LST-F3 LST-F4

LST-F1 LST-F2 LST-F3 LST-F4



149 

 

Figure IV - 23. Thickness of LST diffusion barrier layer, Ni-YSZ anode and 8YSZ 

electrolyte as a function of the dilution of LST formulation as measured from SEM 

observations. 

 

Figure IV - 24. SEM micrographs of two cells with diluted F4 formulation. Left) metal 

support, centre) LST barrier and anode and right) anode and electrolyte. 
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Table IV - 9. Functional layer thichness and electrochemical characteristics at 800°C and 

0.7V. (Anode is fed with 3% humidified 200 ml min-1 H2 and cathode with ambient air) 

LST Cell # 
OCV 

(V) 

LST 
(μm) 

Ni-YSZ 
(μm) 

8YSZ 
(μm) 

Ro 

(Ωcm2) 

Rp 

(Ωcm2) 

ASR 
(Ωcm2) 

P 
(mW/cm2) 

F4 204.FP.53.1 1.092 58 40 9 0.32 0.47 0.79 191 
  204.FP.53.2 1.102 50 48 10 0.63 1.78 2.41 63 

 

The electrochemical values for two cells with most diluted formulation (LST-F4) differ 

significantly. Actually, best 191 mW/cm2 but also worst 63 mW/cm2 efficiencies were 

recorded with F4 formulation. This difference was mainly attributed to Rp divergences 

even if Ro varied at some extent (Table IV - 9). Similar FeCr/LST-F4/Ni-YSZ/YSZ 

configurations, in theory, appear very different in practice. Post-mortem analysis of 

both cells has revealed, however, a completely different microstructure (Figure IV - 

24). While the high performing cell (204.FP.53.2) exhibits a suitable porous support 

and LST diffusion barrier layer, the low performing cell (204.FP.53.1) presents a 

metal support largely densified in the external zone. Thinner LST layer is also dense 

for 204.FP.53.2 cell and it is completely separated from both the support and anode 

side. Anode is dense for both cells even if thinner for 204.FP.53.1. Anode 

microstructure resembles that observed for cells sintered at 1370°C in the previous 

section (Figure IV - 16). Nickel agglomeration and most remarkable YSZ sinterization 

are observed. Anode is poisoned fundamentally with chromium but little amounts of 

manganese and iron also crystallize in form of oxides in the nickel particles surface.  

 The immense variability found for both cells with identical processing parameters 

evidences the existence of an uncontrolled factor in G2 cells manufacturing process.  

4.2.4.3 2
nd

 attempt: Reproducibility of cells with F1 and F4 LST 

formulation  

4.2.4.3.1 Experimental procedure 

Previous experiments failed in proving the electrochemical superiority of thinner LST 

DBL. Even if thinner LST barriers were systematically obtained with more diluted F3 

and F4 formulations, electrochemical performance was subjected to a large 

variability.  Thus, a new set of experiments was designed combining two unique LST 

formulations; F1 and F4. In order to eradicate the potential variability from 

presintered tube and sintering furnace, a couple of cells with F1 and F4 formulations 

respectively, were manufactured from a single presintered tube and they were 

sintered together in the same furnace. This process was repeated six times with six 

different presintered tubes from 209 and 213 tube batches. After that, LSF-SDC 

composite cathode and Pt paste were deposited in a 2 cm high central diameter, 

leading to ≈ 7.3 cm2 efficient areas. In Table IV - 10, tested cells are summarized 
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with the corresponding processing parameters. Cell 209.FP.6.1, with divided 

stained/plain electrolyte surface, was taken apart to carry out a specific dual 

measurement to understand stain formation. This analysis is presented in section 

4.3.2. Cell 213.FP.3.2 could not be tested electrochemically. (Find detailed 

information about cells labelling in section 4.1.2.2). 

Table IV - 10. LST-F1 and LST-F4 departure characteristics. (OCV is measured at 800°C; 

anode is fed with 3% humidified 200 ml min-1 H2 and cathode with ambient air; find 

surface appearance images in Figure IV - 39) 

Fraction 
(μm) 

Ts 
(˚C) 

 LST slurry 

Cell # 

Electrolyte 
surface 

appearence OCV(V) 

Efficient 
area 
(cm2) 

Tube 
Batch 

LST-
Fx 

H2O 
(%) 

<45 1350 209 F1 25.8 209.FP.5.1 Stains 1.107 7.42 
     F4 30.0 209.FP.5.2 Stains 1.107 7.44 
     F1 25.8 209.FP.6.1 Stains   * 
     F4 30.0 209.FP.6.2 Stains 1.098 7.49 
    213 F1 25.8 213.FP.2.1 Plain 1.097 7.38 
     F4 30.0 213.FP.2.2 Stains 1.097 7.24 
     F1 25.8 213.FP.3.1 Stains 1.044 6.51 
     F4 30.0 213.FP.3.2 Stains   * 
     F1 25.8 213.FP.4.1 Plain 1.102 7.46 
     F4 30.0 213.FP.4.2 Stains 1.099 7.33 
     F1 25.8 213.FP.5.1 Plain 1.06 7.46 
     F4 30.0 213.FP.5.2 Stains 0.983 7.33 

 

4.2.4.3.2 Analysis of results 

Shrinkage and physical appearance 

 LST-F4 cells in batch 209 exhibit substantially lower transversal shrinkage (%De) 

than cells from batch 213 (Figure IV - 25). Main observations are divided as follows: 

- %De (209) < %De (213) for LST-F4 

 Cells with 209 and 213 batches were prepared with two months of difference, in 

September and November of 2011. Apart from variability between presintered tubes, 

variability among batches and the influence of environmental conditions during tube 

processing (CEIT-IK4) and posterior cells manufacturing/sintering (IK4-Ikerlan) has 

to be considered. 

 Further divergences exist between 209 and 213 tube batches during sintering 

(Figure IV - 25). In the case of batch 209, transversal shrinkage (%De) is lower with 

LST-F4 cells, and every cell is covered with dark stains after sintering regardless the 

LST formulation. Cell images, including front and rear views of each cell are shown 

in Figure IV - 26. 
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- Batch 209:  

i. %De (LST-F1) > %De (LST-F4) 

ii. Stains in every cell.  

 In contrast, for batch 213, the majority of LST-F4 cells underwent higher 

transversal shrinkage than their LST-F1 couple (Figure IV - 25). Plain LST-F1 and 

spotted LST-F4 pairs were observed. As an exception, couple 213.FP.3.1 and 

213.FP.3.2 experienced a similar transversal shrinkage in spite of the LST 

formulation but both cells were covered with stains.  

- Batch 213:  

iii. Three couples with plain LST-F1 and stained LST-F4 pairs: 

%De (LST-F1) < %De (LST-F4) 

iv. One couple with stained surface for both LST formulations: 

%De (LST-F1) ≈ %De (LST-F4) 

 The experimental result with cells from batch 213 suggests a possible 

connection between a higher transversal shrinkage during co-sintering and spots in 

the surface of the electrolyte.  

 

Figure IV - 25. Transversal shrinkage (%De) of LST-F1 and LST-F4 cells in which tubes 

were made out of the same tube from batch 209 and 213. Plain and stain refers to the 

electrolyte surface appearance after co-sintering, as it is shown in Figure IV - 26. 
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Figure IV - 26. Cells appearance after co-sintering. (Front and rear view of each cell)  

Electrochemical characterization  

Better performances for cells with LST-F1 formulation were obtained (Figure IV - 27). 

LST-F1 cells showed higher electrochemical performance regardless the batch used 

and their superiority was reproduced with every comparable pair of cells (i.e. same 

original tube and sintered together). Highest power densities (≥180mW/cm2) were 

registered for cells exhibiting a plain electrolyte surface; 213.FP.2.1, 213.FP.4.1 and 

213.FP.5.1. The remaining cells were covered with stains after sintering. The overall 

withdrawn tendencies are summarized as follows: 

- P(LST-F1) > P(LST-F4) for every comparable cell couple 
- Plain surface ≥180mW/cm2 > Stained surface 

 Cells in batch 213 exhibited better electrochemical results than cells in batch 

209 for both LST-F1 and LST-F4 cells.  

- P (209) < P(213);  
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Figure IV - 27. Power density for LST-F1 and LST-F4 cells as measured at 800°C and 

realistic operation conditions (0.7V). (Anode fed with 3% humidified 200 ml min-1 H2 and 

cathode with atmospheric air) 

 EIS measurements demonstrated the lower ohmic resistance of LST-F1 cells 

(0.39 ± 0.02 Ωcm2 in average) with respect to LST-F4 cells (0.54 ± 0.06 Ωcm2 in 

average). This difference was independently reproduced in every comparable pair of 

cells (Figure IV - 28). Cells with plain surface exhibited lowest ohmic resistance 

(≤0.42 Ωcm2). Polarization resistance followed a similar trend but Rp was 

remarkably higher for LST-F4 cells (1.44 ± 0.21 Ωcm2 in average) in comparison to 

LST-F1 cells (0.51 ± 0.06 Ωcm2 in average). Uncertainty was also higher and Rp 

emerged widely distributed for LST-F4 cells. Cells with plain surface exhibited lowest 

polarization resistances (≤ 0.61 mΩcm2). General trends are summarized as follows: 

- Ro (LST-F1) < Ro (LST-F4) ; σRo (LST-F1) < σRo (LST-F4)  
- Plain surface ≤ Ro = 0.42 Ωcm2 < Stained surface 
-  Rp (LST-F1) < Rp (LST-F4) ; σRp (LST-F1) < σRp (LST-F4)  
- Plain surface ≤ Rp = 0.61 Ωcm2 < Stained surface 

Better electrochemical property of cells in batch 213 was a sum of both reduced 

ohmic and polarization resistance.  

- Ro (209) > Ro (213) ; Rp (209) > Rp (213) 
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Figure IV - 28. Ohmic and polarization resistance for LST-F1 and LST-F4 cells as 

measured at 800°C and realistic operation conditions (0.7V). (Anode fed with 3% 

humidified 200 ml min-1 H2 and cathode with ambient air)  

 In Figure IV - 29, power density as a function of the polarization and ohmic 

resistance is presented for both LST-F1 and LST-F4 cells. This representation 

makes obvious the direct relation of power density with the polarization resistance; it 

has certainly more influence in the power density. LST-F1 cell values fall in the 

region where power density rapidly increases with Rp reduction. LST-F4 cells values 

fall in the relaxation region where analogous Rp reduction translates in slight 

improvements in power densities. On the other hand, when power density is plotted 

as a function of Ro, general trend is similar but ohmic contribution to resistance is 

much lower. Note that whereas Rp values extend from 0.4 to 10 Ωcm2, Ro is less 

distributed from 0.3 to 1.1 Ωcm2.  
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Figure IV - 29. Power density as a function of the polarization and ohmic resistance at 

realistic operation conditions (0.7V) and 800°C. (Anode fed with 3% humidified 200 ml 

min-1 H2 and cathode with ambient air)  

4.2.4.4 Overall discussion and conclusions 

In a first attempt, LST DBL thickness was effectively reduced by the LST slurry 

gradual dilution. However, variability increased as LST thickness decreased and 

FeCr/LST-F4/Ni-YSZ/YSZ configurations, similar in theory, exhibited highly scattered 

power densities. SEM analysis revealed that whereas best performing LST-F4 cell 

contained a porous metal-support and DBL, for the poor performing LST-F4, metal-

support was extremely dense in the external zone and DBL was delaminated from 

both sides. High Rp for poor performing LST-F4 is almost certainly associated to the 

dense support and functional layers. In addition, moderate Ro increase due to the 

DBL delamination is also reasonable. Therefore, better performance of cells with 

thinner DBL could not be demonstrated due to variability in the microstructure.  

 In a second attempt, a statistically more reliable analysis was accomplished with 

6 pairs of LST-F1 and LST-F4 cells with similar processing parameters (i.e. 

presintered tube and sintering batch). Contrary to expectations, LST-F1 cells 

demonstrated better electrochemical performance than LST-F4 cells. However, best 

performances were related to cells with stainless electrolytes. Even if the origin of 

those stains is not well understood, yet, experimental data suggest a negative effect 

of stains in the electrochemical performance. Lower power densities were 

systematically registered for cells with spots. Uncertainty was also higher. In 

addition, it seems that thicker LST barrier is more stable during co-sintering with no 

spots or stains formation. Experimental evidences further exist to suspect a 

connection between higher transversal shrinkage and spots or stains formation.  
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 In conclusion, stains formation during co-sintering is a catastrophic event that 

deteriorates cells performance and it is necessary to investigate the mechanism that 

triggers this phenomenon. As far as the origin of stains is not well understood 

second generation cells viability is uncertain. 

4.2.5 Optimization of electrochemically active electrodes 

4.2.5.1 Introduction  

MS-SOFC design permits to make use of functional ceramic layers as thin as 

necessary to provide the maximal electrochemical performance. 8YSZ electrolyte 

developed for G1 and G2 cells is (12,6 ± 1,7) μm thick and it contains closed pores 

and high OCV values guarantee gas tightness.  

 Nevertheless, it has been recognized that an electrochemically active layer, δ, 

exists in SOFC electrodes where electronic conductivity is typically orders of 

magnitude higher than ionic conductivity. Electrons are rapidly delivered in 

comparison to the oxygen ions and therefore TPBs close to the electrolyte are the 

preferred reaction sites. This is particularly true for Ni-YSZ cermet anodes, as a 

result of the high difference between electronic and ionic conductivity.  

 Determination of the electrochemically active layer thickness, δ, is necessary in 

designing a cell with optimum cell performance but δ estimations reported in the 

literature differ substantially. Regarding the anode, Moon and coworkers [249] 

estimated 20 μm thick electrochemically active Ni-YSZ anode, whereas for Primdhal 

and Mogensen [250] it was <20 μm. Additional results by Kong et al. [251] with a 40-

50 μm Ni-YSZ active anode are in contrast with the 5 μm Ni-YSZ reported by Chen 

et al. [252]. Perovskites used as cathodes have also been studied. Adler et al. [221] 

estimate a 2–3 μm thick La0.6Sr0.4Co0.2Fe0.8O3−δ electrode, whereas Juhl et al. [253] 

report a 10 μm thick LSM/YSZ cathode. The variability in results is understood as 

active electrode thickness depends on manufacturing parameters such as 

composition (volume fraction) and particle size, but also on the operation conditions 

of the SOFC. In fine electrode microstructures, the amount of TPB is high and active 

layer is thin. Making use of this property, most anode-supported cells consist of a 

coarse Ni-YSZ for mechanical support combined with a ≈ 20 μm functional anode 

with fine Ni-YSZ in the anode/electrolyte interface. 

 The aim in this section was to optimize cathode and anode thicknesses by 

estimating the electrochemically active layer for each electrode.  

LSF40-SDC composite cathode 

 Regarding the cathode, early studies summarized in chapter III, demonstrated 

the superior electrochemical performance of 50 μm thick LSF40-SDC composite 

cathodes in comparison to 30 μm thick ones in anode-supported cells. Better 
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performance was a sum of both lower ohmic and polarization resistance and the 

effect was repeated regardless the cathode sintering temperature.  

 For metal-supported SOFCs developed in IK4-Ikerlan, similar LSF40-SDC 

composite cathode is used but typical thicknesses with the standard formulation are 

thinner, around 25 μm. Given the successful optimization attained by increasing the 

cathode thickness with anode-supported cells in chapter III, here too, similar 

approach was pursued. The electrochemical performance of standard metal-

supported cells with thicker LSF-SDC cathode was analyzed.  

Ni-YSZ cermet anode 

Standard Ni-YSZ anode is 40-50 μm thick for G2 cells. According to literature, Ni-

YSZ active layer is probably thinner [249, 250, 252]. In addition, less nickel in a fine 

anode is probably advantageous against nickel diffusion which was identified for G1 

cells during co-sintering [102]. Therefore, contrary to the cathode, the strategy was 

to decrease anode thickness to improve the electrochemical performance of the cell. 

The idea was to move towards the electrochemically active layer (δ) that is 

presumably thinner. The electrochemical performance of standard metal-supported 

cells with thinner Ni-YSZ anode (<40-50 μm) was analyzed. 

4.2.5.2 Experimental procedure 

Study of LSF40-SDC composite cathodes thickness 

Standard metal-supported tubular cells produced in IK4-Ikerlan include a (24.4 ± 3.6) 

μm thick LSF40-SDC composite cathode. In order to obtain thicker electrodes, 

LSF40-SDC was dip-coated twice leading to 40-60 μm thick electrodes. However, 

those cells did not show significant electrochemical improvement. This result 

contrasts with previously reported better performance of 50 μm thick LSF40-SDC 

cathodes in anode-supported cells.  

Study of Ni-YSZ cermet anodes thickness 

Anode thickness was reduced by the systematic dilution of the original Ni-YSZ 

formulation with 20% vol. in solids. Two new Ni-YSZ slurries were 19% and 18% vol. 

in solids. Two cells were prepared with each Ni-YSZ slurry: 20%, 19% and 18% vol. 

in solids, using three different presintered tubes from batch 220. From each tube, 

two cells were prepared covering every Ni-YSZ slurry combination; %20 and %19 

vol. sol. in 220.FP.4, %20 and %18 vol. sol. in 220.FP.7 and %19 and %18 vol. sol. 

in 220.FP.8 were prepared and subsequently sintered together in the same furnace. 

This approach was adopted in order to minimize the effect that metal tube and 

sintering batch may have in the final microstructure. For electrochemical 

characterization, LSF40-SDC composite cathode and Pt paste were deposited along 

2 cm2 in the central area of the tube, leading to 7.6–7.7 cm2 efficient areas. Optimal 



159 

OCV values between 1.09V – 1.1V were registered at 800°C. Summary of cell 

characteristics is presented in Table IV - 11. (Find detailed information about cells 

labelling in section 4.1.2.2) 

Table IV - 11. Main characteristics of manufactured cells. (OCV is measured at 800°C; 

anode is fed with 3% humidified 200 ml min-1 H2 and cathode with ambient air) 

FeCr 
Fraction 

(μm) 
Ts 
(˚C) 

LST -
Fx 

Ni-YSZ slurry 

Cell # 

  
Efficient 

area 
(cm2) 

Ni-YSZ 
 (%vol. 

sol.) 

η 
(Pa s) 

OCV 
(V) 

<45 1350 F1 20 0.307 220.FP.4.1 1.10 7.7 
          220.FP.7.1 1.10 7.7 
      19 0.158 220.FP.4.2 1.11 7.6 
          220.FP.8.1 1.10 7.7 
      18 0.126 220.FP.7.2 1.12 7.7 
          220.FP.8.2 1.09 7.6 

 

4.2.5.3 Analysis of results 

Shrinkage and physical appearance 

As Figure IV - 30 demonstrates, cells production was optimal and stainless 

electrolytes were obtained after the sintering process. This guarantees a fairer 

comparative for any parameter under study.   

 

 

Figure IV - 30. Illustration of the stainless electrolyte for batch 220 cells. 

 Cells exhibited transversal shrinkages between 14-15%. This value is especially 

low as compared to standard cells with 16% in average (Figure IV - 8). However, 

transversal shrinkage is still in the 95% confidence interval (CI) as compared to 42 

standard cells which showed the following dispersion: 
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- For standard half-cell: FeCr (<45μm)/LST(F1)/Ni-YSZ(%20 vol.sol.) 
sintered at 1350°C 

o %De=(15.9±2.6)% 

 In fact, this is comparable to shrinkages observed for cells with coarse FeCr 

fraction (< 53 μm) (Figure IV - 11). For every couple of cells from the same 

presintered tube, shrinkage increases slightly as anode slurry is diluted. This is in 

agreement with previous observations with FeCr pins (Figure IV - 9) where a 

shrinkage decrease is reported as Ni-YSZ anode and YSZ electrolyte are deposited 

in the FeCr/LST pin.  

 

Figure IV - 31. a) Transversal shrinkage, %De, and b) anode thickness as a function of the 

Ni-YSZ vol. solids in the anode slurry. 

Microstructural characterization 

Thinner anode is successfully obtained by the straightforward dilution of the original 

Ni-YSZ formulation (Figure IV - 31). As compared to standard 40-50 μm anodes for 

G2 cells (Table IV - 6) standard anode is thicker (55-75 μm) most probably due to 

the lower transversal shrinkage during co-sintering. With most diluted anode (%18 

vol. solids), anode thickness between 35-50 μm are obtained, 20 μm thinner than for 

standard anode.  

 The microstructural analysis of cells did not reveal significant differences 

between cells with different anode formulation (Figure IV - 32). Metal-support and 

DBL are porous for every cell and anode microstructure very similar. In addition, 

typical electrolyte with closed pores is observed.  
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Figure IV - 32. Micrographs of cells for different Ni-YSZ (% vol. sol.) slurries. 

Electrochemical characterization 

Once that functional layer was measured by SEM, characteristic electrochemical 

values P, Ro and Rp were analyzed as a function of the anode thickness (Figure IV - 

33). Cell performance improves when anode thickness decreases and highest power 

densities are recorded for finest 40-45 μm anodes. In addition, EIS measurements 

demonstrate that both ohmic and polarization resistance are lower when anode 

thickness is reduced in the range between 40-45 μm.  

 

Figure IV - 33. a) Power density, b) ohmic resistance and c) polarization resistance at 

realistic operation conditions (800ºC; 0.7V) as a function of the anode thickness. (Anode 

is fed with 3% humidified 200 ml min-1 H2 and cathode with ambient air) 
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4.2.5.4 Overall discussion and conclusions 

In contrast to previous results in anode-supported cells, with similar LSF40-SDC 

cathode layers, no evidences of an improvement was observed when 40-60 μm thick 

cathode was used instead of the standard 25 μm thick one. On the other hand, 

electrochemical efficiency was successfully improved by anode thickness reduction 

from 70 to 40 μm.  

 Figure IV - 34 shows schematically, three configurations in which active MIEC 

electrodes were studied: a) LSF40-SDC in ASC, b) LSF40-SDC in MSC and c) Ni-YSZ 

in MSC. The main results obtained with these configurations are described as 

follows:   

 

Figure IV - 34. Interpretation of experimental results for cathode, tc, and anode thickness, 

ta, variation on the basis of the electrochemically active layer, δc and δa, for each 

electrode, respectively. (Dashed lines in blue correspond to the initial or standard 

electrode thickness and dashed lines in grey illustrate the increase or decrease of 

electrode thickness). 

LSF40-SDC composite cathode thickness in ASC 

In the case of anode-supported cells, better electrochemical performance of 50 μm 

thick LSF40-SDC cathode was demonstrated as compared to 30 μm thick ones. 

Lower ohmic and polarization resistance systematically observed for 50 μm thick 

electrodes. This result was corroborated for cathodes sintered at different 

temperatures (950⁰C, 1000⁰C, 1050⁰C). This corresponds to a situation where the 

effective electrochemically active cathode, δc, is larger than the physical MIEC 

electrode (Figure IV - 34). In that case, when electrode thickness increases, more 

active TPB are available and a faster surface-exchange reaction is traduced in a 

polarization resistance decrease. In this situation, surface reaction in the cathode is 

rate limiting. Higher surface reaction in a thicker cell unblocks and regulates the 
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whole electrochemical reaction in the cell as far as it remains the rate limiting 

mechanism. Lower ohmic resistance is justified by sheet resistance improvement.   

 LSF40-SDC composite cathode thickness in MSC 

A similar approach with metal-supported cells using the same LSF40-SDC 

composite cathode did not lead to better performances with 40-60 μm thick cathodes 

with respect to standard (24.4 ± 3.6) μm electrode. As Figure IV - 34 illustrates, in 

this case the electrochemically active cathode, δc, is thinner than the physical MIEC 

electrode and when cathode thickness increases beyond the active layer this is not 

traduced in a significant performance improvement.  The outer part is 

electrochemically inert and acts essentially as a current collector.  

 The reason of such difference is in all probability originated by the dissimilar rate 

limiting mechanism in both designs. In the case of anode-supported cells, Ni-YSZ 

cermet with tailored nanostructure exhibits an excellent electrochemical activity 

(Figure IV - 35). High-quality anode provides with an efficient distribution of active 

sites that improve overall cell performance through cathode processing adjustment. 

The electrochemically active cathode, δc, is large and, increasing cathode thickness, 

better performance is obtained. In the case of metal-supported cells, however, nickel 

agglomeration during co-sintering deteriorates electrochemical properties in the 

anode (Figure IV - 35). Electrochemically active cathode, δc, is thinner; less 

performing anode demands lower performance at the cathode, lowering active 

cathode thickness. In this situation, mechanisms related to the half-reaction in the 

anode are rate limiting. Summarizing, cathode optimization studies are useless as 

far as they are combined with poor anode quality. That means that improvements in 

MSC anode are needed before attempting for cathode optimization.  

 

 

Figure IV - 35. Standard microstructures for a,b) ASC-SOFCpower Ni-YSZ cermet anode 

compared to c) MSC-IK4-Ikerlan Ni-YSZ cermet anode. 

Ni-YSZ cermet anode thickness in MSC 

In the case of metal-supported SOFC with coarse Ni-YSZ microstructure developed 

at IK4-Ikerlan, better performance of finest 40-45 μm Ni-YSZ cermet anode was 

demonstrated with respect to ≈64 μm Ni-YSZ anodes with analogous 

10 μm10 μm 5 μm
c)a) b)

ASC_SOFCpower ASC_SOFCpower MSC_Ikerlan
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microstructures. In this case, the electrochemically active anode thickness, δa, is 

lower than the physical anode, ta (Figure IV - 34). When anode thickness decreases 

concentration overpotential reduces and current collection improves. Accordingly, Rp 

and Ro decrease and better electrochemical efficiency is achieved with 40 μm 

anode. We assume that few micron thick δa reported in literature [249, 250, 252] is 

thicker here due to the coarser Ni-YSZ microstructure. In a 3D modelling of porous 

Ni-YSZ microstructure, δa between 5-15 μm is predicted for an electrode with particle 

sizes between 0.5 and 1 μm [254]. Poor quality anode with MSC contains Ni 

particles in the 3-5 μm range (Figure IV - 35) and therefore we predict an active 

anode above 20 μm.   

 To sum up, we have seen that the electrochemical performance of G2 cells is a 

strong function of anode thickness. G2 cells optimization requires further tailoring by 

lowering anode thickness till the electrochemically active layer, δa. In addition, this 

conclusion helps to explain the dissimilar electrochemical properties of first and 

second generation cells; 30 μm thick Ni-YSZ anode for G1 cells will certainly show 

higher performance than 40-50 μm thick ones for G2 cells (Table IV - 6).  

4.3 G2 cells degradation mechanisms during 

fabrication 

4.3.1 Introduction  

 This section refers specifically to the degradation occurring while co-sintering the 

half-cell at high temperature (above 1330⁰C) and under reducing atmosphere 

required for MSC technology. The MSC fabrication route causes severe degradation 

of metal substrate, barrier layer and anode. In particular, Ni agglomeration, Ni-Fe-Cr 

interdiffusion and formation of dark stains have been related to poor electrochemical 

performance. The detailed analysis of stains is treated in this section.  

 Significant efforts were addressed all through this work to discover the factor 

that originates the stains during sintering. In fact, it is hardly understood how plain 

and stained cells are arbitrarily produced during the standardized manufacturing 

process. It seems that a subtle factor is in the origin of stain formation. Many factors 

have been considered and studied.   

 In early days, titanium diffusion was unidentified but stain formation was 

observed in the electrolytes and associated to the poor quality of G2 cells. Factors 

which failed proving any connection with the specific degradation mechanism are the 

following:  
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- Binder quality 
- Surface interaction in the FeCr substrate/LST interface 
- Laboratory conditions (T, RH) during dip-coating 

 However, during this investigation, as potential factors under the stain formation 

were rejected one by one, increasing information was collected and stain formation 

was exclusively related to the co-sintering process. Parameters that guided the 

investigation and moved closer to the origin of stains are the following:   

- Sintering furnace 
- pO2 and dew point (DP) monitoring during co-sintering 
- Influence of the oxygen getter 

 In the following sections, early studies and more specific ones related to the co-

sintering processes together with reactivity proofs are presented. 

4.3.1.1 Early studies in stain formation  

Binder quality 

 At the very beginning, the potential influence of residual organic components 

after firing (400°C) was considered in the stain formation. WB4101 binder is a water 

based with organic additives which is used for LST barrier and anode slurries 

formulations. This binder is a viscous liquid which is maintained in a tank (20 l). 

Binder pot (1 l) which is used for slurry processing is filled up periodically with fresh 

binder from this tank. In fact, binder shows some degradation and small particles 

solidification after a certain time of use. In order to eliminate binder option as stain 

former, a new binder pot was prepared from the tank and new slurries and cells were 

manufactured. New binders showed high viscosity (1.14 Pa s) as compared to the 

measurements with the old one (≈ 0.8-0.9 Pa s). In contrast, slurries viscosity 

decreased substantially with the new binder. However, stains appeared once more in 

the electrolyte surface during co-sintering, this finally rejecting binder influence 

assumption. 

LST penetration in the FeCr substrate 

 LST barrier penetration in the metal substrate during dip-coating was also 

investigated as a potential source of porous FeCr near surface densification that is 

observed in stained zones of cells. In order to prevent LST penetration, metal 

substrate was lubricated with different organic compounds before dip-coating. First 

of all, the wettability of a variety of lubricants was studied. Different pieces of the 

same FeCr tube were submerged during 10 s in glycerol, vaselin oil, PEG 300, 

Terpineol, mineral oil and ethylene glycol. Lubricants with the best wettability, vaselin 

oil and terpineol, were select by visual inspection (Figure IV - 36). 
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Figure IV - 36. Illustration of the wettability of some organic agents in the FeCr substrate 

surface. (After 10 s of submersion in the agent).   

 New G2 cells were produced following the standard manufacturing process of 

previously lubricated FeCr substrates. Metal tubes were submerged by dip-coating in 

vaselin oil or terpineol. After LST barrier deposition, surfaces with lubricant were 

more transparent as compared to a standard cell simultaneously manufactured 

without wetting agent (Figure IV - 37). Following anode deposition and drying in air, 

some points became visible in the surface of the cell processed with terpineol, and 

cells with vaseline oil were radically covered with points. After de-binding at 400°C, 

cells with vaseline oil exhibited a peeled-off anode. In this phase, difference with 

stained cells was apparent as stained cells do not show any distinguishing mark prior 

to co-sintering. However, the process was concluded by electrolyte deposition and 

co-sintering of two standard cells and other two with terpineol. One of each type was 

sintered in argon and the other, following the standard sintering cycle with gas 

change at 1100°C from inert to reducing atmosphere. Regardless the sintering 

atmosphere, surface of cells with terpineol was completely dark (Figure IV - 37). In 

contrast, standard cells with good quality had plain surfaces. Cells sintered in argon 

were brownish as compared to the greyish cell sintered in reducing atmosphere 

above 1100°C. Most probably, brownish colour is related to the partial reduction of 

the metal substrate.  

Glycerol Vaselin oil PEG 300 Terpineol Mineral oil Ethylene

glycol
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Figure IV - 37. Processing phases of G2 cells with lubricant in the FeCr substrate/LST 

barrier interface. 

For standard cells sintered in argon or following the standard cycle, similar 

transversal shrinkage was calculated (%De≈15-16%). The electrochemical 

performance was also comparable; 157 and 197 mWcm-2 were recorded for cells 

sintered in argon and standard reducing atmosphere, respectively. Conversely, cells 

with terpineol did not show OCV.  

 Finally, this approach was also rejected in the stain formation investigation.  

Laboratory conditions (T, RH) during dip-coating 

  Local temperature and relative humidity during dip-coating of ceramic slurries is 

usually registered. Potential influence of those parameters in the barrier and anode 

slurry viscosity and stain formation during co-sintering was also analyzed. However, 

no correlation was identified.     

Furnace influence 

 During G2 cells manufacturing, three furnaces are used for sintering of half-

cells (section 2.3.1.4). In order to analyze if sintering furnace variability is related to stain 

formation, 12 cells with standard configuration were manufactured from 6 tubes by 

cutting them into two pieces. Cells processed from the same tube were strategically 

sintered in different furnaces covering possible combinations (furnace nº1-2, 2-3 and 1-

3) twice ( 

Table IV - 12). 

Terpineol Vaselin oil Nothing

LST barrier deposition
(dip-coating)

Ni-YSZ anode deposition
(dip-coating)

Terpineol Vaselin oil Nothing

Terpineol Vaselin oil Nothing

(A) (B)

(C) (D)

Debinding at 400 C

Terpineol TerpineolNothing Nothing

Co-sintering at 1350 C
in inert and reducing

atmosphere

Ar Ar/10%H2+Ar
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Table IV - 12. Batch, tube and sintering furnace of manufactured cells.  

Tube Batch Tube Cell # Furnace (nº) 

215 15 215 FP 15 1 1 

  215 FP 15 2 2 

 16 215 FP 16 1 1 

  215 FP 16 2 2 

 17 215 FP 17 1 2 

  215 FP 17 2 3 

 18 215 FP 18 1 2 

  215 FP 18 2 3 

 19 215 FP 19 1 1 

  215 FP 19 2 3 

 20 215 FP 20 1 1 

  215 FP 20 2 3 

      

 From the surface appearance of the half-cells after co-sintering two conclusions 

can be extracted in Figure IV - 38. First, stain/plain surface of half-cells is 

independent of the sintering furnace. Second, stain formation is most probably 

related to sintering process parameters at high temperature. Similar cells 

manufactured from the same cell tube can appear stained or plain after a different 

co-sintering process. In the case of tube 17 from batch 215, cell 215.FP.17.1 

sintered in the furnace nº2 appears stained, whereas analogous 215.FP.17.2 with 

similar processing parameters sintered in furnace nº3 is plain. The same holds for 

partner cells in the sintering cycle 215.FP.18.1 and 215.FP.18.2. Therefore, within 

the same sintering cycle and independently of the furnace used, the appearance of 

two cells is mostly influenced by the sintering cycle. That indicates that there are 

subtle variations within each cycle that markedly influence stain formation. Further 

analysis of this and other parameters is carefully attempted in the following sections. 
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Figure IV - 38. Surface appearance of half-cells as a function of the sintering furnace. 

4.3.2 Stains identification  

4.3.2.1 Introduction 

During the optimization study with second generation of metal supported cells, dark 

irregular regions were occasionally observed in the electrolyte surface after co-

sintering. Sometimes little spots, other times stains and in an extreme situation, 

completely dark extensions became visible (Figure IV - 39). Besides, cracks were 

observed in a couple of cells.  

 In principle, there were no premises against stains. However, after extensive 

experience with G2 cells, our experimental perception indicated higher performance 

of stainless cells. According to previous observations (section 4.2.3 and 4.2.4), it is 

reasonable to think that stains negatively affect the electrochemical performance of 

G2 cells and create more variability. It is also presumably related to larger shrinkage 

during co-sintering and enhanced during higher sintering temperatures (1370⁰C).  

 In this section, an accurate stain formation analysis is presented. Elemental 

features related to stains are identified by SEM and EDS and finally, correlation with 

electrochemical performance is established.  

  

Furnace n 1 Furnace n 2 Furnace n 3

215 FP 15 1 215 FP 16 1 215 FP 15 2 215 FP 16 2

215 FP 19 1 215 FP 20 1 215 FP 19 2 215 FP 20 2215 FP 17 1 215 FP 18 1

215 FP 17 2 215 FP 18 2
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Figure IV - 39. G2 half-cells classification according to the physical appearance after co-

sintering. 

4.3.2.2 Experimental procedure 

One of LST-F1 cells, 209.FP.6.1, initially prepared for experimental work in section 

4.2.4, showed particular surface appearance after sintering. Whilst one side was 

plain the other side appeared completely dark (Figure IV - 26). This singular cell was 

used to analyze stain formation on electrolyte surface. Results for cell 209.FP.6.1 

were then compared with a statistically reliable group of plain/stained G2 cells to 

confirm that observations match with the general trend for G2 cells.  

 Procedure was simple; 1cm2 of LSF40-SDC cathode was dip-coated in each 

characteristic zone of cell 209.FP.6.1 prior to Pt-paste application. Pt mesh attached 

to two Pt wires was stack in each efficient area and 4-point measurement was 

carried out in both plain and stained zones (Figure IV - 40).  

4.3.2.3 Analysis of results 

Electrochemical characterization 

IV-curves demonstrate the very poor electrochemical characteristics of the stained 

zone (Figure IV - 40). Whereas in the plain zone 153 mW/cm2 were registered at 

0.7V, in the dark zone only 18 mW/cm2 were collected at 800°C. In addition, optimal 

OCV of 1.1V in the plain zone contrasts with the low 0.99V in the dark zone. Gas-

tightness in the system is guaranteed by the optimal OCV that plain zone exhibited 

and therefore OCV fall in the stained zone was not caused by an external factor (i.e. 

poor sealing quality).  

 

Stainless or 
plain 

electrolyte

Spotted 
electrolyte

Stained 
electrolyte

Dark 
electrolyte

Half-cells physical appearance after co-sintering

Cracked 
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Figure IV - 40. IV-curve at 800°C for plain and stained or dark zone in 209.FP.6.1 cell. 

(Anode is fed with 3% humidified 200 ml min-1 H2 and cathode with ambient air) 

This result was compared with a statistically reliable G2 cells population. The 

characteristics of the analyzed group are summarized as follows: 

- 8 Batches: 202, 203, 204, 207, 208, 209, 212 and 213  
- Crofer fraction: fine (<45 μm) except for two cells with coarse (<53 μm) 

fraction.  
- Sintering temperature: 1350°C except for two cells sintered at 1330°C 

and other two at 1370°C.   

- LST formulation: Standard F1 except for two cells for each F2, F3 and 
F4 (Refer to section 4.4.2. for F1-F4 labelling details).  

Statistical trend is consistent with observations in cell 209.FP.6.1 (Figure IV - 41). 

While plain cells exhibit high and stable OCVs (1.1V), mean value is lower (1.07V) 

for stained cells and extensive divergence exist. OCV variation is reasonable given 

that stains are irregularly distributed over the electrolyte surface. If stains are in truly 

related to lower OCVs, OCV loss will be more pronounced as stains proliferate in the 

electrochemically efficient area. Thus, in the dark zone of 209.FP.6.1, extremely low 

OCV of 0.99V is explicable for a completely stained 1cm2 active area. Besides, little 

number of cells presented cracks in the electrolyte. Even if cracks that are visible by 

simple inspection are isolated before cathode dip-coating, imperceptible micro-

cracks can account for the observed lower OCV of one of the three cells. The 

negative effect of dark stains in the OCV, however, is extensively corroborated in the 

statistical population.  

 On the other hand, better performance of stainless cells is confirmed. Cells with 

plain electrolyte give 133 mW/cm2 power densities in average, whilst those with 

stains produce around 85 mW/cm2 (Figure IV - 41).  
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Figure IV - 41. a) Open Circuit Voltage, OCV and b) power density for G2 cells as a 

function of the surface appearance. (The confidence interval of the mean is of 95% in 

both cases). 

 Plain and stained zone of cell 209.FP.6.1 was also studied with EIS technique. 

Nyquist diagrams at OCV and 0.7V are shown for both plain and stained zones in 

Figure IV - 42. At OCV, ohmic resistance (≈ 0.44 Ωcm2) was similar but higher 

polarization resistance ≈ 7.5 Ωcm2 was recorded in the stained zone as compared to 

the plain zone with ≈ 5 Ωcm2. Well defined semicircle observed in the plain zone at 

low frequencies is substituted for a larger semicircle at the spotted zone. At 0.7V, 

ohmic resistance is slightly different; 0.44 Ωcm2 in the plain zone is reduced to 0.39 

Ωcm2 in the stained zone. However, polarization resistance diverges substantially; 

0.87 Ωcm2 in the plain zone is converted into the surprisingly high 6.5 Ωcm2 in the 

stained zone.  

 This was again consistent with results from statistical analysis (Figure IV - 43). 

Comparable ohmic resistance values are slightly lower in stained cells; average 0.65 

Ωcm2 and 0.6 Ωcm2 are recorded for plain and stained G2 cells, respectively. 

Conversely, polarization resistances are much higher and dispersed for stained cells; 

average 0.8 Ωcm2 for plain and 2.1 Ωcm2 for stained cells is estimated. 
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  . 

 

Figure IV - 42. Nyquist diagram for plain and stained zone in cell 209.FP.6.1. Impedances 

were recorded at OCV and realistic 0.7V between 1KHz - 0.1Hz. 

 

Figure IV - 43. (A) Ohmic and (B) polarization resistance for the analyzed G2 cell 

population as a function of the surface appearance. 

 

Shrinkage during co-sintering 

In cell 209.FP.6.1, plain/stained zones shrinkage could not be independently 

measured due to shape limitations. Hence, shrinkage trend was directly studied in 

the G2 cells population. Higher shrinkage of stained G2 cells is suggested. As a 

general rule, shrinkage variability is high but average ≈ 17% is higher for stained 

cells in comparison to an average shrinkage of ≈15.8% for plain cells (Figure IV - 

44). 
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DBL thickness 

In section 4.2.4, stain proliferation was higher for thinnest DBL which was prepared 

with diluted F4 formulation. This trend was statistically analyzed in the group of 

plain/stained cells produced with FeCr(<45μm)/LST-Fx/Ni-YSZ(20%vol.sol)/YSZ 

standard configuration, being x=1 or 4 (Figure IV - 44). Plain/stained cells 

proportions with the standard F1 and most diluted F4 formulations used in the DBL 

are the following:   

 

     

       
         

  

  
         

  
     

       
         

 

  
      

 

 For LST-F1, 66% of cells are plain and 34% are stained, against 26% plain and 

74% stained for LST-F4. Thus, stain formation is favoured as DBL thickness 

decreases.  

 

Figure IV - 44. (A) Transversal shrinkage, %De, of G2 cells as a function of the physical 

appearance and (B) number of plain/stained G2 cells as a function of LST barrier 

formulation. (F1: thicker and F4: diluted and thinner DBL).  

Microstructural Characterization 

Microstructural differences between plain and stained cells were investigated by 

post-mortem analysis of the characteristic cell 209.FP.6.1; support and functional 

layers of plain/stained zones were systematically compared. 

 Detailed analysis of the metal-support did not reveal any significant difference 

between plain and stained zones. In Figure IV - 45, central image shows 209.FP.6.1 

tube divided in five inspection areas (001-005) in each side. This image was 
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obtained using a specific SEM application called Navigation Montage that permits to 

construct a general vision of large samples. In this way, metal support was analyzed 

in each independent zone. FeCr substrate was dense near the active region in some 

zones but there was no distinction between plain and stained regions.  

 

 

Figure IV - 45. Microstructure of the metal support of (A) plain and (B) stained zones in 

cell 209.FP.6.1.  

 Analysis of ceramic functional layers, however, revealed significant differences 

between plain and stained zones. In the first row of Figure IV - 46, functional layers 

appearance in plain/stained zones is presented. Thickness difference of DBL and 

anode is apparent. Diffusion barrier layer reduces from 86 μm in the plain zone to 49 

μm in the stained zone. In addition, the anode is 10 μm thinner in the stained zone 

with 49 μm. Electrolyte is 15 μm in both cases. Thicknesses of ceramic functional 

layers are summarized in Figure IV - 47. Significant differences in the metal-support 

can be pointed out by comparison of first micrographs (Figure IV - 46). In the stained 

zone, metal-support is slightly denser in the DBL vicinity. More significant is that 

chromia scale which protects the metal substrate in the plain zone is almost 

inexistent in the stained zone.  

 Second row micrographs in Figure IV - 46 compare LST-DBL and Ni-YSZ anode 

in the stained and plain zones, respectively. Whereas in the plain zone, porous 

standard microstructure of LST barrier and Ni-YSZ anode is observed, the stained 

zone shows both layers dense, specially Ni-YSZ anode. This densification yields to 

thinner LST and Ni-YSZ functional layers (Fig. III - 47).   

 Third row micrographs in Figure IV - 46 illustrate anode and electrolyte in the 

stained and plain zones, respectively. Anode exhibits the standard porous 

microstructure with relatively agglomerated nickel particles after co-sintering in the 

plain zone. In contrast, in the stained zone, nickel particles over agglomeration and 

YSZ massive sinterization are evident. Anode densification is outstanding with no 

visible porosity. Surface of nickel particles is covered with dark phases which are 

identified as chromium, iron and manganese oxides by EDS in the text which follows. 

(A) (B)

001

002

003

004

005

001

002

003

004

005

Plain zone Stained zone

500μm500μm



176 

Regarding the electrolyte, typical closed micro pores in the plain zone disappear in 

the stained zone. The electrolyte is completely dense and grain growth significantly 

larger.  

 

Figure IV - 46. SEM micrographs in the characteristic stained and plain zone in cell 

209.FP.6.1. 
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Figure IV - 47. Thickness of functional ceramic layers in plain and stained zones in 

209.FP.6.1 cell.  

 In order to understand the origin of such massive densification in the stained 

zone, a more exhaustive analysis was carried out in the characteristic zones of cell 

209.FP.6.1 by means of EDS.  

In the third row of Figure IV - 46, red numbers indicate points in the anode and 

electrolyte of plain/stained zones whose composition was studied by EDS. Spectrum 

of those points is presented in Figure IV - 48. In the stained zone (b.3), peaks found 

around 4.5 keV in the anode (Point 1) and electrolyte (Point 2) are identified as 

titanium. Note that point 1 is essentially situated on top of YSZ even if little nickel 

amounts have been observed. Titanium is also observed in the electrolyte (Point 2) 

but at lower extent. In the stained zone, titanium to zirconia proportion from EDS 

quantification is the following: 

 

              
  

   
              

  

   
                   

 

 Titanium was also present in the anode of the plain zone. This is evident from 

EDS spectra examination; there is a titanium peak around 4.5 KeV in the anode. In 

the electrolyte no titanium was identified but element quantitative analysis accounts 

for little amounts of titanium. This is an error during element fitting because titanium 
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is not a precise quantitative characterization technique. Error is particularly higher 

when little element concentrations are quantified. In the plain zone, titanium to 

zirconia ratio from EDS quantification is 

 

            
  

   
               

  

   
                

 

 Thus, we conclude that in the stained zone substantial amount of titanium 

migrates to the electrolyte and especially the anode. In the plain zone, titanium is 

present just in the anode but to a lesser extent. Titanium incorporation in the 

electrolyte is most probably associated to the surface darkening.  

 

 

Figure IV - 48. EDS spectra of points specified in a.3 and b.3 images of Figure IV - 46. 

 Further exhaustive EDS analysis was carried out in the stained zone. The 

elemental composition of characteristic points in the densified anode (Figure IV - 49) 

are analyzed in Table IV - 13. The coarse Ni-YSZ microstructure is more apparent. 

Previously mentioned dark points are essentially chromium oxide, Cr2O3, but 

manganese is also found and Cr2MnO4 spinel additional formation is expected. In 

point 4, traces of oxygen and iron are also identified in the surface of massively 

agglomerated nickel particles. Migration of those species has been previously 

identified in G1 cells [102]. 

  

a.3_Point 1

a.3_Point 2 b.3_Point 2

b.3_Point 1
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Figure IV - 49. Illustration of anode and electrolyte microstructure in the stained zone of 

cell 209.FP.6.1. 

 

Table IV - 13. EDS analysis of points in Figure IV - 49. 

 Element Point 1 (at%) Point 2 (at%) Point 3 (at%) Point 4 (at%) 

OK 47.5 51.46 16.89 7.21 
SiK 2.32 1.27 1.42 0.81 
SrL 0.49 0.34 1.28 0.11 
Y 1.07 0.73 4.62 0.17 
P 0.09 0 0.3 0 

ZrL 7.37 5.01 32.63 1.87 
CaK 0.17 0.18 0.28 0.04 
TiK 0.43 0.38 2.21 0.11 
LaL 0.03 0.1 0.32 0.06 
CrK 20.63 29.67 1.63 0.69 
MnK 5.39 3.3 0.64 0.14 
FeK 0.6 0.33 0.22 1.73 
NiK 13.66 7.24 3.22 87.05 
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 Protective scale in the surface of FeCr substrate contained essentially chromium 

and titanium as measured in the plain zone of cell 209.FP.6.1 (Figure IV - 50) by 

EDS (Table IV - 14). This is in agreement with observations for Inconel 601 alloy 

oxidized in air [255]. The composition of oxide scale formed on its surface included 

titanium oxides (TiO2 and Ti2Cr7O17) and chromia (Cr2O3) mixed together. 

Mn1.5Cr1.5O4 was also detected at the external interface of Inconel 601. This might be 

related to the unidentified phase including Mn-Cr-Ti-O which was detected by XRD 

as a minor byproduct of FeCr and LST reactivity at 1350°C [183]. LST barrier layer 

contained little amounts of chromium (1-2 at%). In the stained zone, chromium was 

also identified in DBL but concentration was slightly higher in the 2-3 at% Cr range. 

No nickel was present in the metal substrate.  

 Therefore, microstructural characteristics of the stained zones can be 

summarized as follows:  

- Metal-support: 

o Densification in the DBL vicinity 

o Lack of protective chromia scale 

- LST barrier: 

o Densification and thickness reduction 

o Slightly higher chromium incorporation (2-3 at% Cr)  

- Anode: 

o Densification and thickness reduction 

o Ni-YSZ microstructure coarsening 

 Nickel agglomeration 

 YSZ sinterization 

o Cr, Mn and Fe poisoning in the nickel particles 

o Ti diffusion to YSZ  

- Electrolyte: 

o Overdensification and particle grain growth 

o Titanium incorporation  
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Figure IV - 50. FeCr/LST interface and protective scale in the plain zone of cell 

209.FP.6.1.  

 

Table IV - 14. EDS analysis of points analyzed in Figure IV - 50. 

 Element Point 1 (at%) Point 2 (at%) Point 3 (at%) Point 4 (at%) 

OK 47,. 49.5 7,7 41.14 
AlK 1.44 0.72 0.89 0.78 
SiK 0.09 0.48 0.68 1.42 
SrL 0.03 16.89 0.3 18.86 
Y 0 0.78 0.25 1.15 
P 0.02 0 0.07 0 

ZrL 0.04 0 0.22 0 
CaK 0.16 0.13 0.15 0,.2 
TiK 21.73 20.74 0.27 22.4 
LaL 0.38 7.77 0.31 8.96 
CrK 27.42 2.73 19.88 4.26 
MnK 0.58 0 0 0.09 
FeK 0.19 0.17 69.28 0.75 
NiK 0 0.1 0 0.07 
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4.3.2.4 Overall discussion and conclusions 

Stain features  

Specific characteristics related to stained cells have been identified and corroborated 

in a statistically reliable G2 cells population. The following conclusions are withdrawn 

from this analysis: 

- Stains formation is related to OCV loss and lower electrochemical 
performance.  

- Stains formation is traduced in little Ro decrease but huge Rp increase 
at operation conditions (0.7V).  

- Stains formation is related to a higher transversal shrinkage during co-
sintering.   

- Thinner LST layer increases stain formation probability.  
- It is most probably favored at higher sintering temperature (1370°C, 

section) 

 SEM analysis provided an explanation to particular features observed with 

stained cells. Higher transversal shrinkage is reflected in thin and denser functional 

layers. In particular, massive anode densification with vast agglomeration of Ni and 

YSZ phases is detrimental for the electrochemical performance of the cell. This 

blocks fuel transport and the amount of TPB decreases dramatically due to the 

coarse Ni-YSZ microstructure. Little contact points between agglomerated Ni and 

YSZ, with practically inexistent porosity is added to the worse catalytic activity of Ni 

particles due to massive chromium poisoning. The activation barrier for the 

electrochemical oxidation of hydrogen is high and this is reflected in a huge 

activation polarization. IV-curve in the characteristic plain/stained zones (Figure IV - 

40) of 209.FP.6.1 cell shows that activation losses extend beyond the linear region. 

At 0.7V, slope should be less abrupt for the stained zone as Ro is slightly lower. 

However, activation losses predominate and other effects are hindered in the IV-

curve. Nevertheless, concentration losses are also expected given the dense anode 

microstructure.  

Stain identification: Ti-YSZ fluorite 

Titanium identification in YSZ can be considered as the potential trigger for 

densification and consequent poor performance of characteristic stained zones. In 

fact, a detailed work by Mori et al. [256] confirmed these premises. Mori´s group 

studied Ti-YSZ fluorites and Ni-Ti-YSZ cermets structural, electrical, thermal and 

mechanical properties for SOFC anode application. Concretely, they studied xTi-YSZ 

system with x<10% mol TiO2. In the text which follows, main properties of Ti-YSZ are 

discussed, compared to titanium active G2 cells and situated in the SOFC 

framework.  
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Ti-YSZ crystallography 

Firstly, Mori discovered that YSZ fluorite (cubic symmetry) and TiO2 rutile (tetragonal 

symmetry) reaction preferentially creates Ti-YSZ fluorites with cubic symmetry. 

Tetragonal domains were also observed but in a lower degree. In addition, they 

observed that lattice parameter and cell volume of fluorite decreases increasing TiO2 

content in YSZ (a=5.1439 Å) at least up to 10 mol% TiO2 (a=5.1238 Å). This effect 

was explained as a consequence of the smaller ionic radius of Ti4+ (88 pm) respect 

to Zr4+ (98 pm). 

Electrical properties 

Secondly, Mori observed that oxide-ion conductivity decreases with increasing Ti 

content and they related this effect to tetragonal-like domains formation by Ti-doping. 

However, electrical properties differ in the oxidant and reductive atmosphere. While 

Ti-YSZ conductivity in air is attributed to simple oxide-ion conduction; in reductive 

atmospheres, Ti-YSZ works as a mixed ionic-electronic conductor at high 

temperatures; Ti4+ can convert to Ti3+ ions and ionic valence change is charge 

compensated via oxygen release and oxygen vacancy formation or by electron hole 

formation. Therefore, Ti-YSZ acquires mixed conducting properties at reducing 

atmospheres and ionic conductivity is higher than in oxidizing atmosphere.  

 Lower Ro observed in stained zones of G2 cells is partially ascribed to the MIEC 

properties that YSZ acquires when Ti incorporates in the anode; Ti-YSZ works also 

as a current collector and ohmic resistance is lower. In addition, when Ti 

incorporates in the electrolyte, mixed ionic-electronic conductivity causes a leakage 

current that reduces the OCV from the theoretical (Nernst) value. This has been 

extensively studied with GDC electrolytes [2, 11, 257, 258]. The situation for GDC is 

analogous to Ti-YSZ  above 500°C, as  Ce4+ extensively reduces to Ce3+ at reducing 

atmosphere; GDC becomes a MIEC and OCV loss is acknowledged.  

 As doped SrTiO3 perovskites are attracting growing attention as possible SOFC 

anode materials, titanium diffusion to the YSZ electrolyte is a critical concern. In fact, 

researchers form Jülich detected Ti diffusion to YSZ electrolyte in a half-cell 

configuration containing Y-substituted SrTiO3-YSZ composite anode with infiltrated 

Ni. Half-cells were sintered in reducing atmosphere at 1400°C for 5h [259]. Even if 

the novel anode was not electrochemically tested in a cell, possible OCV loss due to 

mixed conductivity in the electrolyte was contemplated in the article. Existing 

literature for doped SrTiO3 anode and YSZ electrolyte was revised but no evidences 

of OCV decrease were found [26, 27, 260-263]. Finally, it was argued that Ti 

diffusion was limited in those cases due to either thick electrolytes (50 μm) or 

different anode processing (i.e. sintered in air at 1200°C). In a recent publication, it 

was demonstrated that for MIEC electrolytes OCV is strongly related to its thickness 

[264]. When MIEC GDC electrolyte thickness decreases, OCV and thus the 

convertible energy also decrease. Hence, if an attempt to use MIEC electrolytes is 
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made, thickness should not be arbitrarily thin to preserve the OCV. However, in such 

a case, a compromise between the need of lower ohmic losses and the desire to 

maximize the convertible energy (OCV) exist. Up to now, MIECs are not considered 

to be feasible as electrolyte materials.   

Sintering behaviour  

Mori et al. observed remarkable Ti induced grain growth in the Ni-Ti-YSZ system. 

That is, Ti-doping enhances the sintering characteristics of YSZ particles. In addition, 

a recent work by H. Kishimoto et al. [265] demonstrated that TiO2 doping in YSZ 

improves the wettability of Ni particles in its surface when Ni particles diameter is 

larger than ≈ 550 nm. This grain size is comparable to the starting nickel particle 

≈500 nm in our manufacturing process. Hence, titanium incorporation in the YSZ 

fluorite causes Ti-YSZ sintering and Ni agglomeration. Thus, evidences are enough 

to confirm that coarse anode microstructure and electrolyte densification are 

originated by titanium diffusion at the stained regions of the cell. 

Ti migration in YSZ 

Kowalski et al. [266] studied  titanium diffusion in yttria stabilized zirconia between 

1200-1400°C in air and found that grain boundary diffusion (≈ 10-14-10-12 m2/s) is 

about 5 orders of magnitude faster than bulk diffusion (≈ 10-19-10-17 m2/s).  Thus, 

once that titanium depletion from LST barrier is activated, titanium diffusion should 

occur preferentially via YSZ grain boundary. Nevertheless, the factor that induces 

titanium depletion from LST perovskite is unknown up to now.  

4.3.3 Titanium activation mechanisms 

4.3.3.1 Introduction  

In the previous section, titanium diffusion to the anode and electrolyte has been 

identified as the main degradation mechanism in G2 cells during fabrication. As a 

result, anode microstructure becomes coarse and dense and electrolyte acquires 

mixed-conducting properties. For stained or titanium active cells, poor protective 

chromia scale in the FeCr substrate surface and significant chromium poisoning in 

the anode has also been observed. This poisoning during co-sintering is well known 

and has been extensively reported in the literature [70, 128, 129]. Conversely, 

studies about titanium diffusion are not that frequent. Researchers from Jülich have 

reported Ti diffusion and incorporation in YSZ electrolyte for a Y-substituted SrTiO3-

YSZ anode [259]. The origin of such mechanism is not studied in that work, however, 

and titanium activation mechanism is unidentified as far as it is known by the author.  

 Earlier studies in this work pointed towards the influence of sintering atmosphere 

in the formation of stains. Therefore, prevailing conditions in the furnace during the 
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co-sintering process were analyzed by pO2 and dew point (DP) measurements in a 

group of G2 cells. As a matter of fact, hermetical sealing of the furnace is manual 

and requires physical effort. Difference during sealing can introduce a variability 

which may affect cell sintering. 

  Characteristic parameters which are analyzed in pO2 and DP profiles include 

the oxidation temperature (Tox), absorption at low temperature (Tabs), oxygen partial 

pressure before gas change at 1100°C, pO2 (Ar), and oxygen partial pressure and 

dew point in reducing atmosphere after gas change, pO2 and DP (10%H2 +Ar) 

(section 2.3.1.4). Those parameters are represented in Figure IV - 51 and Figure IV - 

52 as a function of stained/plain cells after co-sintering. 

 At the very beginning, it was thought that oxygen absorption which is sometimes 

observed at low temperatures could be related to stain formation. However, cells with 

plain surfaces also exhibited this absorption and this assumption was rejected. 

Unfortunately, substantial differences between stained and plain cells could not be 

discerned from this analysis.  Dew point measurement after gas change (t=450 min) 

also failed establishing any correspondence with stains (Figure IV - 52).  

 

  

 

Figure IV - 51. (A) Oxidation temperature, Tox, (B) absorption temperature, Tabs, (C) 

oxygen partial pressure in argon before gas change at 1100°C and (D) in reducing 

atmosphere (10% H2 + Ar) after gas change.  (Oxygen partial pressure in (C) and (D) is 

measured in average between 320-340 min and 400-500 min in the thermal cycle, 

respectively) 
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Figure IV - 52. Dew point, (DP) as a function of the surface appearance. (Measurement 

carried out after gas change, at t=450 min in the thermal cycle). 

 However, when the influence of the FeCr oxygen getter was looked at closely, 

experimental results indicated that it could be related to stain formation. FeCr getter 

is added to the sintering process at the gas inlet; one or two trays of FeCr powder 

are placed to remove gas impurities. FeCr oxygen getters (<53 μm) release water as 

the inert gas is changed to reducing 10%H2 + Ar at 1100°C. Sudden increase in 

water vapour is reflected in the dew point peak, as illustrated in Figure IV - 53 for cell 

2 and 3 which were sintered with FeCr getters. Note that those cells are stained in 

the top zone of the tube. In contrast, for a single cell sintered with no FeCr getters, 

there is no such a peak and stainless cell was obtained after co-sintering. This 

suggests that small water vapour emissions due to reduction of oxygen getters 

occurring during gas change (1100°C) in the sintering process could be in the origin 

of the stain formation.  

 However, it has been observed that stainless cells are obtained even with 

oxygen getters, indicating that there is a processing parameter still out of control. 

Dew point is measured periodically but not at every sintering cycle. From dew point 

measurements, no relation with the surface appearance after co-sintering is 

discerned (Figure IV - 52). 
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Figure IV - 53. Dew point (DP) evolution during the sintering cycle and final cell surface 

appearance as a function of the oxygen getter. (Red arrows indicate temperature at 

which gas change occur. Cell 1 was co-sintered with no oxygen getter whereas cells 2 

and 3 had one and two containers of FeCr oxygen getter, respectively) 

 The identification of titanium diffusion (section 4.3.2) in the origin of stain 

formation conducted the investigation towards specific reactivity studies of half-cell 

components. Studies which are presented in this section include: 

- Analysis of reactivity of LST and YSZ powders under different sintering 
atmospheres by XRD 

- Analysis of reactivity of FeCr, LST and Ni-YSZ sintering under 
reducing atmosphere with the presence and absence of water vapour 
by SEM and EDS 

4.3.3.2 Reactivity of LST and YSZ under different atmospheres 

Introduction  

In this section, reactivity between LST and YSZ was studied by XRD reproducing the 

thermal cycle during co-sintering under different atmospheres. Two LST+YSZ 

mixtures were prepared with different weight proportions: 50:50 or 10:90 LST/YSZ 

and they were sintered at 1350°C and 1400°C, respectively.  

 XRD patterns recorded for LST/YSZ (50:50 wt.) mixtures, were compared with 

those recorded for pure LST and YSZ pellets processed under analogous conditions. 

In addition, cell parameters of YSZ were contrasted with Ti-YSZ system cell 

parameters [256] under different Ti(%)-doping to investigate titanium diffusion into 

the YSZ fluorite during the sintering process at different atmospheres.   
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Experimental results 

LST-YSZ (50:50 wt.) powder mixture was prepared with 5 g of LST and 5 g of YSZ 

(TZ-YSZ, 5.8m2/g) which were dispersed in 30 ml of isopropanol and milled with 10 

YSZ cylinders during 5h at 500 rpm. LST-YSZ (10:90 wt.) mixture, with 1g of LST 

and 9g of YSZ was prepared following similar processing conditions. After drying and 

sieving, powder mixtures were shaped into 1g disks and pressed in a cold uniaxial 

press at 2 ton for 1 min. LST-YSZ (50:50 wt.) powder was sintered at 1350°C and 

LST-YSZ (10:90 wt.) at 1400°C. Those samples were sintered under reducing (10% 

H2 + Ar), inert (Ar) and oxidizing atmospheres (open furnace) (Table IV - 15).  

Table IV - 15. Experimental table of pellets prepared with corresponding composition, 

sintering temperature and atmosphere. (*) is the average as calculated for two pellets.  

Ts (°C) Composition Sintering atmosphere ρ (g/cm3) 

1350 LST-YSZ  

(50:50 wt.) 

10% H2 + Ar 4.95* 

 Ar 4.1 

  Air 4.45* 

 Ar/10% H2 + Ar (Standard) 4.4* 

 10% H2 + Ar (3% H2O) 4.9 

1350 LST 10% H2 + Ar 4.75* 

  Ar 3.3 

  Air 3.6 

  Ar/10% H2 + Ar (Standard) 4.75* 

 YSZ  10% H2 + Ar 5.5 

  Ar 5.5 

  Air 5 

  Ar/10% H2 + Ar (Standard) 5.7 

1400 LST-YSZ  

(10:90 wt.) 

10% H2 + Ar 4.9  

 Ar 5 

  Air 5.1 

  Ar/10% H2 + Ar (Standard) 5 

  10% H2 + Ar (3% H2O) 4.5 

Theoretical densities: ρ(LST= 5.19 g/cm3); ρ(YSZ= 5.9 g/cm3); ρ(LST+YSZ 50:50wt. = 5.55 

g/cm3); ρ(LST+YSZ 10:90wt. = 5.82 g/cm3) 

 

Analysis of results 

Pellets color and size after sintering changes depending on the powder (LST, YSZ) 

and sintering atmosphere. While YSZ powder is clear after sintering (grayish in 

hydrogen, yellowish in argon and white in air) LST powder is very dark in reducing 

atmosphere, grey in Argon and yellow-orange when sintering in air. However, color 

of LST+YSZ cells is a mixture of the characteristic color that LST and YSZ powders 

exhibit after sintering in each atmosphere. Therefore, simple color inspection of cells 
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does not reveal any reactivity between LST and YSZ powders. However, there are 

some differences related to powder proportions and sintering temperature. While 

LST-YSZ (50:50 wt.) sintered at 1350°C tends more to LST colors, LST-YSZ (10:90 

wt.) sintered at 1400°C is grey in hydrogen but yellow when sintered in Argon. This 

is attributed to YSZ color at 1400°C, which becomes yellow. In Figure IV - 54, 

however, pure YSZ pellet sintered at 1350°C in Argon is still slightly yellowish.     

 

 

Figure IV - 54. Pellets surface appearance as a function of composition (LST, YSZ or 

LST+YSZ mixture), sintering temperature and atmosphere. 

 In order to analyze reactivity, LST+YSZ (50:50 wt.) pellets sintered at 1350°C in 

three atmospheres (i.e. oxidizing, inert and reducing) were crushed in a mortar and 

polycrystalline samples were analyzed by XRD diffraction. In addition, untreated LST 

and YSZ powders were also measured and were used as reference in the posterior 

analysis.  

 In the X-ray pattern, YSZ peaks for every sample were fixed at similar Bragg 

angles. However, LST peaks were shifted to the left for every LST+YSZ (50:50 wt.) 

pellet as compared to the untreated LST powder. This phenomenon was 

independent of the sintering atmosphere (Figure IV - 55; Figure IV - 56).  
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Figure IV - 55. Diffraction patters of LST+YSZ (50:50 wt.) pellets sintered at 1350°C in (A) 

Argon, (B) 10% H2+Ar, (C) air as compared to (D) YSZ and (E) LST commercial powders.   

 

Figure IV - 56. Characteristic LST and YSZ peaks between (A) 2θ ≈28-33º, (B) 2θ ≈45-52º 

and (C) 2θ ≈75-90º.  

 

All data sets were run using the standard “routine” program (which collects data between 10- 90 deg 2theta in 40 min)
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Cell parameters of YSZ fluorite and LST perovskite (i.e. both with cubic structure) 

were calculated for each sample following Rietveld refinement (Figure IV - 57) 

carried out in a collaboration with J. Van Duijn (Albacete). As for the observed LST 

shifting to the left, LST cell parameter for different pellets was in the 3.91- 3.92 Å 

range after refinement, slightly higher than for untreated LST powder (≈ 3.90 Å). In 

contrast, YSZ lattice parameter in the 5.141- 5.147 Å range was similar for every 

sample including the untreated YSZ powder (Table IV - 16).  

 

 

Figure IV - 57. Rietveld refinement of diffraction patterns for LST+YSZ (50:50 wt.) pellets 

sintered at 1350°C in (A) 10% H2+Ar, (B) Argon and (C) air and untreated (D) LST and (E) 

YSZ powder.  (For all fits, background, lattice parameters, thermal factor (fixed to be the 

same for all atoms in one phase) and the usual profile parameters (U, V, W and LY) were 

fitted. The occupancies were fixed to their theoretical values.)   

Therefore, YSZ lattice parameter in the 5.141- 5.147 Å range was compared with 

data reported by Mori et al. [256] in the Ti-YSZ system. In section 4.3.2, it was 

mentioned that when Ti incorporates in the YSZ fluorite the lattice parameter 

decreases due to the lower ionic radius of Ti4+ (88 pm) as compared to Zr4+(98 pm).  

Here, this difference was used to verify if there is any titanium diffusion to the YSZ 

fluorite and if it depends in the sintering atmosphere. However, theoretical values 

reported for Ti-YSZ system suggest that there is no titanium diffusion in the 

LST+YSZ pellets sintered at 1350°C. For lowest 2% Ti-doped YSZ, lattice parameter 

(A) (B)

(C)

(D) (E)

LST+YSZ(50:50wt.)_10% H2+Ar_1350 C LST+YSZ(50:50wt.)_Ar_1350 C
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is lower than 5.14 Å and it continues decreasing down to 5.12 Å at 10% Ti-YSZ. 

Experimentally calculated lattice parameter fits perfectly with pure YSZ.      

 

Table IV - 16.  (A) Lattice parameter of LST and YSZ powders untreated and after 

sintering LST+YSZ (50:50 wt.) pellets at 1350°C in reducing, inert and oxidizing 

atmosphere and (B) lattice parameter of YSZ fluorite as a function of the Ti% doping. (Ti-

YSZ lattice parameters calculated after firing at 1600°C for 72h in air).  

(A) Experimental data (B) Ti-YSZ system [256] 

Sample 
YSZ-Lattice 

parameter (Å) 

LST-Lattice 

parameter (Å) 
Sample 

Lattice 

parameter (Å) 

YSZ powder 5.1446  YSZ 5.1439 

LST powder  3.9075 2Ti-YSZ 5.1376 

LST+YSZ_%10H2+Ar 5.14719 3.92280 4Ti-YSZ 5.1361 

LST+YSZ_Ar 5.14602 3.91985 6Ti-YSZ 5.1310 

LST+YSZ_Air 5.14125 3.92129 8Ti-YSZ 5.1301 

 
 

 
10Ti-

YSZ 
5.1238 

 

Overall discussion and conclusions 

LST+YSZ (50:50 wt.) pellets sintered at 1350°C in reducing, inert and oxidizing 

atmosphere did not show any marked reactivity. By simple visual inspection this was 

expected as the color of LST+YSZ pellets was a combination of colors that LST and 

YSZ pellets receive separately. It was concluded that surface coloration of those 

mixed LST+YSZ pellets depends on the powder proportion, sintering atmosphere 

and temperature. However, lack of reaction was confirmed by XRD. During stain 

formation, when titanium incorporates the YSZ fluorite, this is reflected in a lattice 

parameter decrease due to the lower ionic radius of titanium. Thus, this trend was 

used to verify if there is some titanium diffusion in our pellets. However, XRD 

analysis showed fixed YSZ peaks for every pellet regardless the sintering 

atmosphere. In addition, experimentally calculated lattice parameter for YSZ 

(Rietveld refinement) corresponds to pure YSZ reported by Mori and collaborators 

[256]. Hence, there is no titanium diffusion in these pellets. However, diffraction 

peaks shift to the left and slight increase in the lattice parameter of LST perovskite is 

observed for every pellet as compared to the untreated LST powder. There is no 

identification of secondary phases.   

 From this analysis, it can be concluded that titanium diffusion and incorporation 

in the YSZ fluorite is not a simple mechanism between YSZ and LST under high 

temperature and specific atmosphere. There is an unidentified partner that 

participates to it.  
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4.3.3.3 Reactivity of FeCr, LST and YSZ under the effect of 

humidification in reducing atmospheres  

On the basis of previous results, there is enough evidence to believe that ambient 

humidification at high temperatures can be related to stain formation during sintering. 

In the mentioned work, gradual increase in stain formation was observed as more 

oxygen getter was used in the sintering process (Figure IV - 53). In contrast, cell 

surface came out plain when oxygen getter was taken away.  On the other hand, in 

section 4.3.2, microstructural analysis in the stained zone demonstrated chromia 

scale evaporation and little amounts of chromium in the LST barrier. This suggests 

that metal substrate interaction with LST barrier could be related to titanium 

segregation from the perovskite. It is believed that the study of titanium activation 

mechanisms requires a complete analysis of the half-cell. 

   In this section, the reactivity of half-cell components FeCr, LST and Ni-YSZ is 

studied under the effect of moist/dry reducing atmospheres.   

Experimental procedure 

Three powder blends were prepared by the combination of standard anode Ni-YSZ 

cermet with little amounts of pure LST and FeCr (<53 μm) powders (Table IV - 17). 

The first mixture combined the three powders; Ni-YSZ, LST and FeCr. The second 

one only Ni-YSZ and FeCr. Finally, the third one was a mixture of only Ni-YSZ and 

LST. Powder mixtures were dispersed in 30 ml of isopropanol and milled with 10 

YSZ cylinders during 24h at 500 rpm. After drying and sieving, powder mixtures were 

shaped into 1g disks and pressed using a cold uniaxial hydraulic pellet press holding 

1 ton during 1 min. Pressed disks were sintered at 1400°C during 4h under dry and 

moist reducing atmospheres. Reducing atmosphere, 10% H2+Ar, was 3% humidified 

by passing the fuel through a water bubbler at ambient temperature. Pellets 

composition and sintering atmosphere are summarized in Table IV - 17.  

Table IV - 17. Specifications for pellets combining different anodic cell components 

under the effect of dry and humidified reducing atmosphere during the sintering process 

at 1400°C for 4h. (Absolute density (full dense pellets): ρ(FeCr+LST+Ni-YSZ)=7.23g/cm3; 

ρ(FeCr+Ni-YSZ)=7.43 g/cm3; ρ(LST+Ni-YSZ)=7.18 g/cm3. 

Ts(°C) Atmosphere Original composition ρ(g/cm3) 

1400 %10H2+Ar 9g NiO-YSZ+1g FeCr+1g LST 6.41 
    9g NiO-YSZ+1g FeCr 6.9 
    9g NiO-YSZ+1g LST 6.37 
  (%10H2+Ar)(3%H2O) 9g NiO-YSZ+1g FeCr+1g LST 6.4 
    9g NiO-YSZ+1g FeCr 6.79 
    9g NiO-YSZ+1g LST 6.49 
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Analysis of results 

Samples microstructure  

Microstructural characterization of pellets provided interesting information about 

components reactivity and the influence of humidification in the final microstructure. 

During pellet processing, crack proliferation within the pellets due to overpressure is 

usual. However, appearance of FeCr+Ni-YSZ pellets sintered in humidified 

atmosphere is markedly distinct from others, with localized and evident porosity 

which is missing in the rest of samples (Figure IV - 58).  

 

 

Figure IV - 58. SEM cross section (x50) images for pellets after sintering at 1400ºC for 4h. 

(Mixed material proportions specified in Table IV - 17). 

 Analysis at higher magnifications made visible nickel and LST clusters formation 

as shown in Figure IV - 59. Nickel clusters are observed for FeCr+LST+Ni-YSZ and 

FeCr+Ni-YSZ powder mixtures, regardless the dry/moist reducing atmosphere. 

However, when humidified atmosphere is introduced, nickel clusters create an empty 

space in the surroundings. This is especially true for FeCr+Ni-YSZ pellets and 

accounts for the localized porosities in Figure IV - 58. On the other hand, no Ni 

clusters are present in LST+Ni-YSZ blend, which points towards the possible 

influence of FeCr powder in the formation of nickel clusters. Besides, a similar 

phenomenon is observed with LST clusters. Whereas they are clearly visible in 

FeCr+LST+Ni-YSZ mixture, for LST+Ni-YSZ pellets, LST agglomeration is smaller. 

Hence, the possible effect of FeCr in LST agglomeration is also considered. 

Observations in Figure IV - 59 are summarized as follows: 

- Nickel clusters:  

o Formed in the presence of FeCr  
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o In humidified sintering atmospheres associated to pore/hole 

formation  

- LST clusters:  

o More pronounced in the presence of FeCr 

 

 

Figure IV - 59. SEM cross sections (x2000) showing nickel and LST clusters formation as 

a function of powders combinations and sintering under dry or humidified atmosphere. 

 

Figure IV - 60. SEM cross sections (x5000) showing pellets background microstructure 

as a function of powders combinations and sintering under dry or humidified 

atmosphere. 
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 If nickel and LST clusters are obviated and background microstructure is looked 

at, additional variation within the pellets is discerned, as shown in Figure IV - 60. 

Nickel particles wettability and agglomeration increases when FeCr particles are 

present. Nickel particles grow additionaly as FeCr+LST+Ni-YSZ and FeC+Ni-YSZ 

pellets are sintered in humidified atmosphere as compared to analogous pellets 

sintered under dry conditions. However, Ni wettability and agglomeration is larger for 

FeCr+LST+Ni-YSZ mixture as compared to FeCr+Ni-YSZ mixture with no LST, 

regardless the moist/dry sintering atmosphere. FeCr+LST+Ni-YSZ under humidified 

sintering atmosphere contains all the ingredients (i.e. FeCr, water and LST) that 

promote Ni wetting/agglomeration and hence, it shows the largest nickel particles. 

Observations in Figure IV - 60 are summarized as follows: 

- Nickel agglomeration and wetability: 

o Increase when FeCr is present 

o Under the presence of FeCr, nickel agglomeration increases when 

sintering atmosphere is humidified 

o It is further enhanced by the presence of LST 

 

 Densification also differs among the different samples. When cells are sintered 

in dry atmosphere, Ni-YSZ+FeCr is particularly dense in Figure IV - 60. When pellets 

are sintered in humidified atmosphere, significant modifications are not appreciable, 

concerning the porosity for FeCr+Ni-YSZ and LST+Ni-YSZ mixtures. However, 

densification of Ni-YSZ+FeCr+LST pellet is apparent. Those observations are 

consistent with geometrical density estimations (Table IV - 17). Observations are 

summarized as follows:  

- Densification  

o In dry sintering conditions densification is higher when LST is not 

present 

o When LST is present, it increases when sintering atmosphere is 

humidified 

o Highest densification for humidified FeCr+LST+Ni-YSZ (above 

94%) 

Titanium segregation analysis 

In order to analyze titanium diffusion, a statistically representative amount of LST 

clusters (20 points) was analyzed by EDS on every LST containing pellet. EDS 

analysis and spectrum in LST clusters are illustrated in Figure IV - 61.  
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Figure IV - 61. Micrographs illustrating EDS analysis in LST clusters (a.1&b.1) and 

corresponding EDS spectra (a.2&b.2). 

 Titanium segregation from the perovskite was estimated making reference to the 

theoretical stoichiometry La0.3Sr0.7TiOx [Table IV - 3] and assuming that additional Sr 

and La segregation does not occur during sintering. If initial LST stoichiometry is 

preserved, the following relation should be satisfied:  

 

  

     
    

 

However, EDS analysis revealed titanium segregation in every sample (Figure IV - 

62). Titanium segregation was 10% in most cases. As an exception, pellets 

containing FeCr+LST+Ni-YSZ sintered under humidified atmosphere suffered 

titanium segregation above 20%. In the presence of FeCr, little amounts of chromium 

were also observed. For FeCr+LST+Ni-YSZ mixture, sintered in moist ambient, 

chromium concentration is higher as compared to the analogue FeCr+LST+Ni-YSZ 

sample, sintered in dry atmosphere (Figure IV - 63). This corresponds to 0-2% and 
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3-6% Cr-concentrations in dry and wet conditions, respectively. Titanium segregation 

is represented as a function of chromium fraction in Figure IV - 64. A linear trend 

connecting both phenomena is observable; titanium segregation increases as 

chromium incorporates into LST clusters. It is well known that SrCrO3 exhibits, like 

SrTiO3, a cubic perovskite structure and segregation occurs most probably by Cr 

substitution in the B-site of the LST perovskite. Cr substitution is in 0-5% range in dry 

atmosphere and 10-23% in wet atmosphere. However, estimations suggest that Cr 

substitution is lower than Ti segregation. For FeCr+LST+Ni-YSZ mixture sintered in 

dry atmosphere, 0-5% Cr substitution and 5-13% Ti segregation are calculated. On 

the other hand, for FeCr+LST+Ni-YSZ mixture sintered in wet atmosphere, 10-23% 

Cr incorporation and 15-30% Ti segregation is observed. Thus, there is a part of 

segregated titanium that is necessarily not related to chromium poisoning. This 

titanium diffusion can be related to the phase shift and increased lattice parameter of 

LST observed in the LST+YSZ reactivity work (Figure IV - 56; Table IV - 16).  

 

Figure IV - 62. Titanium segregation in LST clusters as a function of powders 

combinations and sintering under dry or humidified atmosphere. 
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Figure IV - 63. Chromium incorporation in the LST clusters in FeCr+LST+Ni-YSZ samples 

sintered in dry and humidified reducing conditions. 

 

Figure IV - 64. Titanium segregation as a function of chromium incorporation in LST 

clusters for FeCr+LST+Ni-YSZ samples sintered in dry and humidified reducing 

conditions.   
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Nickel clusters analysis 

Nickel clusters morphology was different depending on the moist/dry sintering 

atmosphere (Figure IV - 65). Nickel agglomeration was remarkable under dry 

sintering conditions. In contrast, when FeCr+LST+Ni-YSZ and FeCr+Ni-YSZ 

mixtures were sintered in humidified atmosphere, nickel clusters were more irregular 

and surrounded by empty spaces where chromia particles proliferation was 

frequently observed. Previously, it has been mentioned that Ni clusters with adjacent 

void holes are massively distributed in FeCr+Ni-YSZ mixture sintered in humidified 

atmosphere. Chromia particles proliferation is also more widespread in those 

samples as evidences Figure IV - 65.  

 During the elemental analysis, iron and chromium were identified in the nickel 

particles. In general, iron fraction in the 10-20% range was higher in Ni particles for 

FeCr+LST+Ni-YSZ mixtures as compared to FeCr+Ni-YSZ blends without LST with 

iron fraction in the 5-10% range (Figure IV - 66). No correlation connecting iron 

diffusion and moist/dry sintering atmosphere was established. Moreover, iron 

concentration difference between background nickel and clusters was not significant.  

 For FeCr+LST+Ni-YSZ and FeCr+Ni-YSZ samples sintered in dry atmosphere, 

chromium fraction around 2-3% was similar for background nickel particles and 

agglomerated ones. In contrast, Cr concentration differed for background/cluster 

nickel when samples were sintered in humidified atmosphere. Background particles 

contained little Cr fraction < 0.5% as compared to nickel clusters with higher and 

more scattered Cr fraction. Difference was more significant in FeCr+Ni-YSZ samples 

sintered in humidified condition, with Ni clusters containing 0-6% Cr fraction. 

Furthermore, in this sample, chromia particles massive proliferation was frequently 

observed in Ni-clusters surroundings (Fig. IV – 65).  

 

 

Figure IV - 65. Nickel clusters characteristics as observed for FeCr+LST+Ni-YSZ and 

FeCr+Ni-YSZ mixtures sintered in dry and humidified reducing 10%H2 + Ar at 1400°C 

during 4h. 
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Figure IV - 66. Iron fraction in the nickel particles for FeCr+LST+Ni-YSZ and FeCr+Ni-YSZ 

samples sintered in dry and humidified atmosphere under reducing conditions. 

 

Figure IV - 67. Chromium fraction in nickel particles for FeCr+LST+Ni-YSZ and FeCr+Ni-

YSZ samples sintered in dry and humidified atmosphere under reducing conditions. 

Overall discussion and conclusions 

Titanium segregation during the high temperature co-sintering is related to the effect 

of vapour. When the reducing atmosphere is humidified, chromium incorporation 

proliferates in LST clusters and Ti diffusion occurs more probably via chromium 

substitution at the B-site of the perovskite. It was estimated, in average, that around 
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mixture is sintered in 3% humidified reducing atmosphere at 1400°C. When the 

same mixture is sintered under dry atmosphere, Ti is also substituted with Cr to 

some extent and 10% Ti diffusion was estimated. However, Ti segregation is 

comparable around 10% regardless the moist/dry atmosphere when chromium is not 

present in the mixture. Therefore, although discrete titanium segregation is observed 

as a general rule, in a Cr-containing humidified conditions, Ti substitution and 

segregation from the LST perovskite are favoured. Segregated titanium incorporates 

in the neighbouring YSZ fluorite and characteristic features already identified in 

section 4.3.2 are once more detected (microstructure is coarse and denser, Ti-YSZ 

sinters and Ni wetttability and agglomeration increases). In contrast, under dry 

atmosphere, even if Ti diffusion occurs to some extent, it is not reflected in a 

significant densification. In fact, in dry atmosphere, denser sample is obtained in the 

absence of LST. This suggests titanium diffusion becomes critical for the 

microstructure above a certain concentration in the YSZ fluorite. Thus, little Ti 

diffusion is not necessarily alarming but water vapor activates massive titanium 

diffusion which may affect the anode microstructure as it is the case here for 

FeCr+LST+Ni-YSZ pellet sintered under reducing atmosphere. In a real situation, 

fuel side components disposition is sequential (FeCr/LST/Ni-YSZ) but FeCr and LST 

weight is much higher. Hence, G2 cells might be susceptible to even little water 

contents in the sintering atmosphere. 

 We conclude, therefore, that titanium massive diffusion is related to the 

humidification during co-sintering. Titanium segregation mainly occurs due to Cr 

substitution in the B-site of the LST perovskite. In fact, in the previous section it was 

observed that in the titanium active regions of manufactured cells, protective chromia 

scale was missing over the surface of FeCr substrate and chromium was identified in 

the barrier layer. Chromium evaporates preferentially from the chromia scale [124]. 

Moreover, chromium vaporization is higher in moist air than in dry air [123]. At the 

high co-sintering temperature, little moisture effect in chromium vaporization is most 

probably critical as oxygen partial pressure is very low (10-22-10-24 bar). This 

chromium replaces titanium in the perovskite. Segregated titanium is afterwards 

incorporated in the YSZ fluorite through the anode and electrolyte. In order to avoid 

titanium activation, oxygen getters must be removed if standard sintering cycle with 

gas change at 1100°C is maintained. However, we cannot affirm that titanium 

massive diffusion and stain formation is completely suppressed with this correcting 

action. In fact, this should be experimentally proved by the production of a 

statistically reliable number of G2 cells without oxygen getter and minimizing water 

vapour during cosintering. 

 Titanium activation analysis also provided with extra information about fuel side 

components behaviour. High iron concentrations were detected in the nickel particles 

regardless the wet/dry sintering atmosphere. When LST was present, iron fraction 

was especially high with the Fe/Ni ratio in the 10-20% range. Chromium was also 
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detected in the Ni particles to a lesser extent. Under dry conditions, Cr/Ni ratio in the 

2-3% range was found in homogeneously distributed Ni particles. Conversely, when 

atmosphere was humidified, chromium selective migration was observed. While 

background nickel particles were Cr free, the Ni clusters showed significant amount 

of chromium. Cr diffusion to form clusters was also associated to extensive empty 

spaces where chromia particles regularly formed.  

  Overall, Ti diffusion into the YSZ produces stain formation. This process is 

enhanced by the presence of Cr that diffuses from the metal substrate and 

substitutes Ti in the La0.7Sr0.3TiOx perovskite barrier layer. This Ti substitution by Cr 

is furthermore enhanced by the presence of humidity during fabrication. This water 

vapour may come from gas impurities or can be generated by FeCr oxygen getters 

reduction during gas change at 1100ºC. So far, statistical analysis of cells is required 

to further corroborate this assumption but the identification of a possible mechanism 

of stain formation during cell fabrication has been successfully achieved after 

considering several other alternatives.  
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4.4  Robustness of second generation cells under 

operation 

4.4.1 Thermal cycles 

4.4.1.1 Introduction 

Thermal cycling tolerance is a basic prerequisite for SOFC cells especially devised 

for distributed power generation or auxiliary power units (APU) in transportation 

applications. Those systems require to be brought into operation rapidly from 

ambient temperature, preferably in a matter of minutes [156, 267-269]. Hence, in the 

context of intermittently operating systems, cells must be able to withstand repeated 

and rapid thermal cycling. However, rapid cycling may cause thermal stress due to 

temperature gradients and TEC mistmatch between adjacent materials.  

 Metal-supported cells with substrates usually made from stainless steels are 

much more robust than the ceramic of electrolyte-supported cells or the cermet of 

anode-supported cells [156]. Furthermore, their thermal conductivity minimizes 

thermal gradients. Despite the effort to taylor materials properties, ceramics are still 

thermal shock susceptible. For instance, Rolls Royce Fuel System propietary IP-

SOFC [270], including ceramic-based tubes, shows mechanical failure after 5 

thermal cycles [271]. Also for widely adopted anode-supported SOFCs, the porous 

Ni-YSZ cermet substrate and the thin YSZ film offer relatively low mechanical 

strength [185].  

 Tubular design is advantageous for transient operation because it can be sealed 

more easily and lower stress result from thermal cycles [272]. Rapid thermal cycling 

for LBNL tubular MS-SOFC, with infiltrated Ni anode as described elsewhere [20, 

188], has been demonstrated. First, a braze-sealed cell was subjected to over 30 

extremely rapid thermal cycles (300-500°C min-1) without OCV loss. In contrast, an 

anode-supported cell subjected to similar thermal cycling exhibited structural failure 

after only one cycle. In a posterior work, ≈100 mWcm-2 performance drop after 5 

thermal cycles was attributed to fine nickel coarsening and not to thermal cycling 

[186]. First generation tubular MS-SOFC developed at IK4-Ikerlan have 

demonstrated excellent thermal shock tolerance. G1 cell was stable at 800°C for at 

least 2000h under 524 thermal cycles at 10°Cmin-1 heating/cooling rates [105, 139]. 

As far as it is know, this is the most emphatic result reported up till now in the MSC 

field. 

 Prospective for second generation cells is hopeful since perovskite-based LST 

diffusion barrier layer offers better TEC compatibility with adjacent FeCr substrate 

and anode materials (Table IV - 5). In this section, the first long-lasting proof with 

second generation cell under thermal cycling is presented.  
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4.4.1.2 Experimental procedure 

G2 cell 222.FP.6.2, tested under thermal cycling, included a standard configuration 

with a FeCr/LST-F1/Ni-YSZ (20%vol.sol.)/8YSZ half-cell which was co-sintered at 

1350°C in reducing atmosphere (10%H2 + Ar). A specific metal housing made of 

Crofer 22 APU was used in the experiment (Figure IV - 68). Two alumina tubes were 

introduced inside the metal housing. The first served to supply fuel to the cell (blue 

tube) and the second (green tube) contained two nickel wires for current collection. 

Conventional four-point measurement with Ni mesh+2Ni wires in the anode and Pt 

mesh+Pt wires in the cathode side respectively, was used. The cell support was 

brazed to the metal housing and metal tube served for reference voltage 

measurement. In the text which follows M-T refers to V(-) measure from the metal 

housing tube and M-W to V(-) measure from nickel wire, as illustrated in Figure IV - 

68. Conventional Ceramabond 516 (7.4 ppmK-1) sealing was substituted here by 

G018-311 (9.8 ppmK-1), a glass-ceramic sealant which is more resistant to thermal 

shock and compatible with cell materials.  

 

 

Figure IV - 68. Experimental set-up for thermal cycling: (A) Metal housing design and (B) 

cell assembly illustration. 

Glass-ceramic sealant G018-311 curing was carried out following data sheet 

specifications; holding times at 450°C (30 min), 850°C (30min) and 810°C (90min) 

and heating rate of  2°Cmin-1 were used. Thermal cycling was carried out by rising 

and lowering the temperature through the use of 10°Cmin-1 heating/cooling ramp. 

Cycling was controlled directly by the furnace program and the high 10°Cmin-1 
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heating rate permitted to reach the operation temperature at 800°C in merely 1h 20 

min. The holding time was 30 min at 800°C and 4h at 0°C cooling stage. One 

thermal cycle was completed every 7 h 8 min (Figure IV - 69).  

 

Figure IV - 69. Illustration of the thermal cycling. 

4.1.2.2 Analysis of results 

G2 cell was stable under rapid thermal cycling during more than 3900 h. 550 thermal 

cycles were successfully completed with minor OCV loss. In Figure IV - 70, OCV 

evolution is represented together with temperature upon thermal cycling. Maximal 

OCV is stable with the exception of two regions where it increases due to water 

consumption of the bubbler. According to Nernst equation (Eq. 1.4), OCV is higher in 

dry hydrogen ambient. OCV was recovered by water introduction in the bubbler. 

During operation, IV-curves and impedance measurements were frequently 

performed. 
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Figure IV - 70. OCV evolution in 550 thermal cycles. (A) Furnace temperature and (B) 

OCV as measured from the housing metal-tube (M-T) is presented here. 
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Figure IV - 71. OCV and power density at 800°C as a function of thermal cycles. OCV and 

measurement from the tube (M-T) or wire (M-W).   

 Little OCV drop observed from 1.165V to 1.095V during the first thermal cycling 

is presumably related to sealing and little leakage accommodation. OCV evolution 

was very stable and after 500 cycles it was still as high as 1.076V. At this point, cell 

surface appearance was optimal and little OCV loss was attributed to sealing quality 

degradation. New sealing was applied after 500 thermal cycles and OCV was again 

optimal around 1.129V (M-W) and 1.112V (M-T) after curing.  

 Regarding the electrochemical performance, initial power density around 40 

mW/cm2 is very low as compared to conventional G2 cells but it improves up to 400 

thermal cycles giving 76 mW/cm2. From here on, power density gradually decreased 

and after curing at 500 cycles it was comparable to initial performance (37 mW/cm2). 

However, after 550 thermal cycles best result with 88 mW/cm2 was recorded (Figure 

IV - 71). IV-curves for indicated points in Figure IV - 71 are shown in Figure IV - 72 .  

 Power density improvement was a consequence of both ohmic and polarization 

resistance reduction. At 0.7V, (Ro)0tc = 0.9 Ωcm2 and (Rp)0tc = 3.47 Ωcm2 before 

thermal cycling reduced to (Ro)550 = 0.41 Ωcm2 (Rp)550tc = 1.54 Ωcm2 after 550 

thermal cycles.  

 Currently, experiment is still ongoing and post-mortem analysis will be done 

when finalized.  
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Figure IV - 72. V-I curves and power density at 800°C as a function of the thermal cycles. 

 

Figure IV - 73. EIS measurements at 800°C and 0.7 V as a function of the thermal cycles. 

4.4.1.3 Overall discussion and conclusions 

G2 cells robustness under thermal cycling was demonstrated during at least 3900h 

when the cell was subjected to 550 rapid thermal cycles with 10°Cmin-1 

0

20

40

60

80

100

120

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

0 20 40 60 80 100 120 140 160 180 200

P
o

w
er

 d
en

si
ty

 (m
W

cm
-2

)

C
el

l p
o

te
n

ti
a

l (
V

)

Current density (mA/cm2)

0 1

50 114

154 200

250 358

400 450

500 501_New sealing

550

Thermal Cycles

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0 1 2 3 4 5 6 7

Im
z

(Ω
cm

2
)

Re z (Ωcm2)

0_MH 1_MH 50_MT

154_MH 200_MH 35_MH

400_MH 450_MH 550_MH

Thermal Cycles



210 

heating/cooling rates among ambient and 800°C operation temperature. Little OCV 

loss (30mV) after 500 thermal cycles was attributed to the sealing quality 

degradation and after re-sealing and curing, optimal OCV above 1.12V was recorded 

at 800°C. This long-lasting experiment demonstrates the excellent mechanical 

robustness of G2 cells upon thermal cycling. Furthermore, as far as it is known by 

the author, it contributes with most severe thermal cycling data (550 cycles) ever 

reported in SOFC´s.  

4.4.2 Redox tolerance 

4.4.2.1 Introduction  

In conventional SOFC application conditions, occasional system shut down is 

unavoidable and RedOx tolerance of the anode is a basic prerequisite for SOFC 

commercialization. When gas fed is interrupted, system shut down implies that the 

cell will undergo a complete or partial RedOx cycle. That is, anode oxidation due to 

air flow during the shutdown by constant air transfer in the electrolyte or leakage in 

the sealing is followed by the reduction due to system restart and a shut down is 

traduced in a RedOx cycle. In particular, combined heat and power (CHP) systems 

demand cells able to survive to a significant number (>5/year) of RedOx cycles 

without significant degradation [273].  

 Unfortunately, conventional Ni-YSZ and Ni-GDC cermet anodes are susceptible 

to Redox cycles due to dimensional instability during oxidation. Nickel suffers an 

immense expansion (69.9% in solid volume) when it is oxidized [23]. Accordingly, the 

composite anode expands in dimensions. When NiO is reduced back to metallic Ni, 

however, the initial state is rarely recovered (i.e. irreversible oxidation). Those 

dimensional changes generate internal stresses in the anode and stresses in 

adjacent constituents of the cell. In anode supported cells, cracking through the 

cathode and/or electrolyte and/or delamination at the anode/electrolyte interface are 

the main failure modes described in the literature [273-275]. For a given electrolyte 

thickness, it will crack if the oxidation strain is greater than a critical value. Resulting 

fuel leak and OCV loss is inadmissible and two approaches can be adopted to 

overcome this difficulty: system engineering or material development. The former 

involves extra cost and system complexity and it is not attractive for small 

applications. The latter is addressed either by alternative materials investigation or 

by subtle microstructural modifications in the currently used Ni-YSZ cermet. Indeed, 

stresses at the anode-electrolyte are partially alleviated by modification of the 

microstructure and distribution of the Ni and YSZ phases within the cermet [103, 

273, 276].   

 Regarding SOFC design, evidences of the superior stability of MSC have been 

presented by several authors [138] [186]. In contrast, RedOx cycles become critical 

for anode-supported cells, as the anode works not only as an electrochemically 
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functional component but also as the mechanical support of the cell. Furthermore, 

microtubular geometry presents an inferior resistance towards redox cycles as 

oxidation kinetics are relatively fast due to the small anode thickness in a diffusion 

limited regime [277].  Nevertheless, even if lower, performance degradation in MSC 

was unavoidable to date.  

 In this section, second generation cells tolerance to redox cycles is analyzded. 

Moreover, implications in the redox behavior of G2 cells which arise due to titanium 

diffusion during co-sintering are also discussed.  In section 4.3.2, stains correlation 

with titanium diffusion and incorporation into the YSZ fluorite was identified. Ti 

doping enhances the sinterability of the YSZ particles and forms a solid Ti-YSZ 

framework in the anode [256]. Furthermore, it improves nickel wetability [265]. Even 

if Ni-Ti-YSZ provides a coarser microstructure, there is no reason to believe that it 

cannot be mechanically more resistant to redox cycles, on the contrary; a more solid 

Ti-YSZ framework may withstand more easily local stresses caused by nickel 

particles re-oxidation. However, massively agglomerated Ni may suffer oversized 

growth upon oxidation. Thus, in this part, the redox tolerance of a standard G2 cell is 

compared to its titanium active counterpart. 

4.1.2.3 Experimental procedure  

Two standard FeCr(<45μm)/LST-F1/Ni-YSZ(%20vol.sol.)/8YSZ cells sintered at 

1350°C during 4 hours were used to study G2 cells redox tolerance. LSF-SDC 

composite cathode was dip-coated in 1cm high cell stripes leading to ≈3.8cm2 

efficient areas and Pt paste was painted prior to in-situ sintering at 950°C. As Figure 

IV - 74 illustrates, cell 221.FP.4.2 exhibited a plain surface after sintering whilst cell 

221.FP.4.1 was covered with stains in the upper part. In the latter, efficient area was 

deposited in a stain free area to overcome excessive densification of the anode. 

However, some spots were still present. Samples were systematically prepared and 

labelled using procedure described in section 4.1.2.2.  

   

 

Figure IV - 74. Electrolyte surface of a) standard 221.FP.4.2 and b) titanium active 

221.FP.4.1 after co-sintering under identical standard conditions. 
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4.4.2.2 Analysis of results 

Voltage evolution during operation is shown in Figure IV - 75  for both tested cells. 

Steady-state operation tests were performed at 800°C with moderate 200 mA/cm2 

current load and low fuel utilization (3% H2) to guarantee stable performance. 

Current load was removed during redox cycling. IV-curves in Figure IV - 76 and 

electrochemical characterization in Table IV - 18 correspond to the enumerated 

points in the voltage evolution diagram (Figure IV - 75). 

 

 

Figure IV - 75. Redox cycle analysis under steady operation at 800ºC and 200mA/cm2 (3% 

humidified 200 ml min-1 H2 in the anode and atmospheric air in the cathode).  

 

Figure IV - 76. IV curves for a) standard cell 221.FP.4.2 and b) titanium active 221.FP.4.1, 

corresponding to points in Figure IV - 75. 
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Table IV - 18. Electrochemical characterization during operation. (Point column 

corresponds to operation point in Figure IV - 75. Power density and resistances 

correspond to IV-curve and EIS measurements at realistic operation voltage, 0.7V). 

Cell # Point* t(h) OCV(V) P(mW/cm2) Ro(Ωcm2) Rp(Ωcm2) ASR(Ωcm2) 

222 FP 4 2 1 0 1.105 229 0.55 0.37 0.93 

 
2 72 1.105 241 0.49 0.37 0.85 

 
3 72+Redox1 1.06 463 0.21 0.19 0.4 

 
4 261 1.091 318 0.32 0.32 0.64 

 
5 307 1.1 294 0.37 0.34 0.71 

 
6 307+Redox2 0.89 224 0.32 0.32 0.64 

 
7 405 0.89 220 0.27 0.29 0.56 

222 FP 4 1 1 0 1.005 250 0.18 0.45 0.63 

 
2 37 1.034 265 0.18 0.48 0.66 

 
3 37+Redox1 1.025 370 0.16 0.33 0.49 

 
4 110 0.986 219 0.24 1.37 1.61 

 
5 110+Redox2 0.89 143 0.23 0.48 0.71 

 
6 445 0.81 43 0.44 1.65 2.1 

 

Standard cell (221.FP.4.2) 

 First experiment was carried out with the standard cell 221.FP.4.2, which 

exhibited optimal initial OCV (1.105V) and performance (229 mW/cm2). During the 

first 70h of operation, performance was stable with small activation (≈ 10 mW/cm2) 

due to ohmic resistance improvement (Table IV - 18). Cell 221.FP.4.2, was first 

oxidized in contact with ambient air during 20 minutes and subsequently reduced 

during 1h in H2 (3% H2O). Fuel side was maintained in argon during 30 min in the 

transitory step between reduction/oxidation and vice versa for safety considerations.  

After the first redox cycle, an increase of 213mW/cm2 was registered. As a matter of 

fact, the best result with second generation cells up till now, with 463 mW/cm2 at 

800°C, was recorded. First redox cycle was traduced in an extensive reduction of 

both Ro and Rp. Nevertheless, it was accompanied by a significant OCV loss (46 

mV), even if resultant 1.06V was still acceptable for operation (for operation OCV is 

considered low under 1.02V). Far above the ground electrochemical efficiency after 

first redox cycle was not stable and slight degradation commenced when 0.2 A/cm2 

current load was restored. EIS measurements demonstrated that Ro and Rp 

gradually increase in this region (point 3, 3´, 4 in Table IV - 18). Performance 

degradation during further 230 h of operation was accompanied by OCV restoration. 

In point 4, as IV-curve in Figure IV - 76 demonstrates, optimal 1.1 V was attained 

and cell performance was still about 50 mW/cm2 higher than before the redox cycle 

(point 1 and 2); Rp was roughly the same but Ro was ≈ 0.1 Ω cm2 lower (Table IV - 

18).  
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 Performance evolution upon redox cycles can be interpreted in the following 

way. During the first redox cycle, dimensional changes induced in the anode during 

Ni to NiO oxidation stress the electrolyte and micro-cracks are propagated in the 

transversal direction. Accordingly, gas leakage through the electrolyte generates the 

observed OCV loss. When reducing atmosphere is recovered, anode shrinkages and 

stress in the electrolyte is relaxed permitting those micro-cracks to seal and recover 

the initial OCV after a certain time. When there is gas leakage and OCV loss, direct 

combustion of hydrogen makes local temperature higher and therefore higher activity 

is expected. However, the surprisingly high power density observed cannot be 

explained by simple combustion of hydrogen. Thus, microstructural refinement in the 

anode during the redox cycle is most probably in the origin of such electrochemical 

efficiency improvement. Subsequent performance degradation during ≈ 200 h is in 

one side attributed to electrolyte sealing and local temperature reduction. However, 

nickel sintering in reducing atmosphere leads most probably to TPB length reduction 

in the anode. When gas tight electrolyte is recovered, however, electrochemical 

performance is still ≈ 50 mW/cm2 better than in point 2, before the redox cycle. This 

demonstrates that microstructural modifications upon the redox cycle improve the 

electrochemistry in the anode. Lower Ro ≈ 0.2 Ωcm2 observed in point 4 might be 

related to enhanced Ni percolation.   

 During the second redox cycle, compressed air (53 mlmin-1cm2 air) was 

introduced in the fuel side during 20 min instead of the atmospheric air. During this 

time, cell underwent a full re-oxidation and OCV rapidly fell to zero (Figure IV - 77). 

Once that second redox cycle was completed, OCV fell to 0.89V. This OCV is 

unacceptable in the SOFC operation threshold. Further operation at 0.2 A/cm2 

demonstrated that OCV loss due to the second redox cycle was irreversible. In this 

region, degradation rates were similar to the previous region (0.04 mWcm-2h-1).  

Titanium active cell (221.FP.4.1) 

 In the second experiment with the titanium active cell (221.FP.4.1), softer redox 

conditions were adopted but operation conditions were maintained.  The scope was 

to improve cell performance without unchaining the irreversible degradation of the 

cell during redox cycles (i.e. cracking of the electrolyte, electrolyte/anode interface 

delamination). With this aim, anode was re-oxidized in argon during 30 min and it 

was reduced in %10 H2+Ar during 1 h prior to electrochemical characterization 

(Figure IV - 77).  

 Titanium active cell, exhibited excellent initial efficiency (250 mW/cm2) thanks to 

a very low Ro, which is attributed to the unusually thin electrolyte as it will be seen in 

the microstructural analysis. OCV (1 - 1.03 V) was low as expected for titanium 

active cells (Figure IV - 76). Nevertheless, it demonstrated to be less resistant to 

redox cycles than the standard 221.FP.4.2 cell. After the first redox cycle, cell 

performance improved ≈110 mW/cm2. Both Ro and Rp were lower and OCV was 
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reduced 9 mV. Trend was similar to that observed with the standard cell 221.FP.4.2. 

When current load was restored, however, cell exhibited significant degradation 

rates (0.17 mWcm-2h-1) and additional OCV loss which lead to inadmissible 0.98 V 

after 110 h operation. At this point cell degradation was permanent but after a 

second redox cycle, huge OCV dropped to 0.89 V and performance to 143 mWcm-2. 

Further operation was detrimental and after 445 h of operation, in point 6, power 

density was as low as 43 mWcm-2 (Figure IV - 76, Table IV - 18).  

 

 

Figure IV - 77. OCV evolution during the redox cycles for a) 221.FP.4.2 and b) 221.FP.4.1 

cells. (Enumeration corresponds to the evolution in Figure IV - 75). 

Microstructural characterization  

Post-mortem inspection revealed extensive crack proliferation over the surface of 

221.FP.4.2 standard cell, as shown in Figure IV - 78. In contrast, for titanium active 

cell (221.FP.4.1), plain electrolyte was in one piece whereas titanium active dark 

zone at the top suffered the catastrophic oxidation of the metal-support. In Figure IV 

- 79, SEM analysis illustrates the characteristic electrolyte cracking for cell 

221.FP.4.2. Cracks which form in the anode/electrolyte interface, propagate 

perpendicularly through the electrolyte and cathode and it is evenly distributed all 

through the electrolyte surface. On the other hand, in the plain zone of titanium 

active cell (221.FP.4.1) no micro-crack proliferation was detected but the 

anode/electrolyte interface delamination was broadly extended (Figure IV - 80a). 

Note that electrolyte (4 μm) is especially thin.  
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Figure IV - 78. Post-mortem appearance of a) standard 221.FP.4.2 and b) titanium active 

221.FP.4.1 cells.  

 

Figure IV - 79. Degradation mechanism under redox cycles for the standard cell 

221.FP.4.2: crack proliferation in the electrolyte as illustrated by SEM images in the a) 

cross-section and b) electrolyte surface. 

 

Figure IV - 80. Degradation mechanisms under redox cyles for the titanium active cell 

221.FP.4.1: a) electrolyte delamination and b) oxidation of the metal-support. 
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4.4.2.3 Overall discussion and conclusions 

Ni-YSZ refinement via redox cycle 

Electrochemical improvement upon redox cycles in MSCs has already been reported 

by Blennow et al. [138]. In the cited work, performance improvement upon redox 

cycles (1 min redox cycle) was moderate and no interest was addressed to explain 

the mechanism under this effect. In this work, however, after the first redox cycle, 

power density was about 200 and 100 mW/cm2 higher for standard and titanium 

active cells, respectively, compared to the initial performance. We promptly 

hypothesized that this could be related to modifications in the Ni-YSZ cermet 

microstructure during the redox cycle, as we know that the electrochemical 

performance of our cells is highly susceptible to microstructural changes in the 

anode. Revision of an early experiment with cell 202.FP.14.1, which was accidentally 

left without flux during 10 h, demonstrated our premises. For this cell, power density 

increased from 110mW/cm2 to 230 mW/cm2 during the accidental redox cycle but 

OCV was 0.89 V after reduction. In Figure IV - 81, anode microstructure after the 

redox cycle is compared with that for a standard cell after co-sintering. In cell 

202.FP.4.1, fine Ni-YSZ microstructure is observed after the first redox cycle in 

comparison to the typical anode microstructure with agglomerated nickel already 

after co-sintering. Thus, we conclude that Ni-YSZ microstructure refinement during 

the first redox cycle is reflected in a power density improvement. Current collection 

improves due to a better percolated nickel matrix and Ro is reduced. In addition, TPB 

length extends in the anode and this is reflected in lower Rp. 

 Therefore, nickel agglomeration due to co-sintering at high temperatures and 

reducing atmosphere can be partially diminished by tailored nickel reoxidation. If 

nickel reoxidation kinetics were controlled in such a way to supress mechanical 

damage (i.e. crack proliferation in the electrolyte), we could design a protocol with a 

sequence of rapid redox cycles to fine tune Ni-YSZ microstructure. As a result, more 

performing cells with improved tolerance to full redox cycles would probably be 

achieved.  
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Figure IV - 81. Ni-YSZ microstructure for a) a standard cell (202.FP.14.1) oxidized during 

10 h and b) standard cell (220.FP.4.1) after co-sintering. (First photograph reproduced 

with the permission of Laida Otaegui) 

Conventional degradation mechanisms 

 Tensile stress exerted in the electrolyte as a result of dimensional changes in 

the anode was manifested in different ways in the two types of cells tested under 

redox cycling conditions. In the standard cell (221.FP.4.2), stored elastic energy 

during redox was released by electrolyte cracking, whereas anode/electrolyte 

interface delamination was observed for the titanium active cell (221.FP.4.1). There 

are two possible explanations for the different degradation mechanism observed in 

both cells. Firstly, dissimilar redox cycling conditions were used. Secondly, 

electrolyte is much thinner (≈ 4 μm) for titanium active cell. The criterion for cracking 

(i.e. channel cracking) for a single layer on a thick substrate states that, for a given 

anode oxidation strain, the electrolyte will crack if it is thicker than a critical thickness, 

hc [278]. Given that electrolyte is 3 times thinner for titanium active cell, it is 

reasonable to think that as the electrolyte is mechanically more resistant, criterion of 

cracking is not satisfied in this situation. Thus, as it demands less energy, 

delamination in the electrolyte/anode interface is favoured. Of these degradation 

mechanisms, however, the most significant for the cell is electrolyte cracking, since 

through-crack results in air leaking to the fuel side. Thin electrolytes, however, are 

difficult to manufacture systematically under high yield for this technology. It is 

difficult, in practise, to reproduce thin electrolytes without surface defects (i.e. gas 

leakage).  

Susceptibility of titanium active cells 

 Highest degradation rate for titanium active cell (221.FP.4.1) was attributed to 

the rapid oxidation of the metal-support in the stained zone (Figure IV - 80). In 

section 4.3.3, detailed analysis in stained cells and titanium diffusion issues 

demonstrated that it is related to massive chromium diffusion. Metal-support 
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becomes vulnerable to corrosion as the protective chromia scale and the Cr content 

of the alloy decrease.  

 Ti diffusion is activated due to chromium incorporation to the LST perovskite of 

the barrier, but chromium and little amounts of iron and manganese also migrate to 

the anode. This situation is analogue to that observed with G1 cells [102]. However, 

no traces of nickel were identified in the FeCr substrate of G2 cells up to now. 

Stained zones exhibit partially bare metal-support. In view of that, poor resistance of 

titanium active zones to fuel utilization is also predicted.  

Comparison with other MS-SOFC developments 

 At first sight, one could conclude that cell failure only after two redox cycles is a 

negative result. However, when compared to recent dvances reported by competitive 

manufactures in the MSC field, they do not seem to be necessarily that discouraging. 

Blennow and collaborators [138] at Risoe accounted a MSC which withstands 100 

redox cycles without detrimental degradation. Active anode comprised a FeCr-YSZ 

cermet backbone that was infiltrated with 10 wt. % Ni-GDC20 after sintering. Cell 

improved during the first redox 50 cycles (1 min redox cycles) and little OCV loss 

was reported. In the following 50 redox cycles (10 min redox cycles) cell showed a 

20% degradation in power density and OCV loss. On the other hand, Tucker et al. 

[186] at LBNL, presented a MSC concept that does not fail after 5 redox cycles (10-

15 min redox cycles). Tubular MSC comprising porous FeCr/porous YSZ/dense 

YSZ/porous YSZ/ was infiltrated with NiO and LSM perovskite in the anode and 

cathode side, respectively. Performance loss of 200 mW/cm2 after 5 cycles was 

attributed to Ni coarsening. Note that in both cases, Blennow [138] and Tucker [186] 

use much softer redox conditions that those reported here.  

 In close collaboration along with Materials Science Division at Berkeley, an 

attempt to produce an analogous Ni-infiltrated MSC was performed at IK4-Ikerlan 

few years ago. However, infiltration did not lead to promising results. Given the extra 

complexity introduced in cells manufacturing and unsatisfactory preliminary results 

obtained, infiltration was promptly abandoned in favor of a new DBL development.  

 Despite the constraints related to manufacturing, nano-scale Ni-infitration offers 

many advantages. More performing cells with infiltrated Ni exhibit improved tolerance 

towards redox conditions. TPB concentration is higher and since nickel does not 

work as a structural element, mechanical stability is superior. However, infiltrated Ni 

rapidly agglomerates upon redox cycles or even during steady operation. As Ni 

agglomerates, the anode becomes progressively more susceptible to redox cycles. 

Therefore, Ni-infiltration solves only partially the limitations related to redox cycles.  
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4.4.3 Performance and stability under fuel utilization 

4.4.3.1 Introduction  

Fuel utilization is one of the most important parameters for fuel cells and has a 

significant impact on the cell output voltage and system efficiency (section 1.2.3). 

Even if ferritic stainless steel is the preferred material for metal-supported SOFC, 

little information is available in the literature about fuel utilization effect on MSC 

technology. Good results have been reported for cells containing ANSI-430 (Fe17Cr) 

or SUS-447J (Fe-30Cr-2Mo) (not specified in the article) ferritic stainless steels and 

ceria-based functional electrolyte and anode [147]. Cell operated at 600°C was 

stable for at least 1400h in hydrogen with 50% water vapor. However, no 

degradation values were specified.  

 Alternative SOFC configurations did not demonstrate better results with high fuel 

utilization to date. Rolls Royce proprietary integrated planar design, IP-SOFC [270], 

underwent 1.3 and 1.5% degradation at 900°C with 14% fuel utilization [271]. This 

configuration consisted of two ceramic-based tubes including YSZ electrolyte and Ni-

YSZ anode functional layers. An anode-supported tubular SOFC with conventional 

Ni-YSZ/YSZ/LSM-YSZ configuration was tested at 70% FU and 800°C but steady 

operation resulted for very short period of just 50 h [279]. Also the stack developed 

by Ceres Power operated at rather low 35% fuel utilization on simulated reformate 

gas with 4.2% loss in performance over 960 hours of operation [150].  

 The primary scope with tubular metal-supported SOFC developed at IK4-Ikerlan 

is to reach stability at high 70% fuel utilization. However, this objective is directly 

correlated to a good performing DBL between the FeCr substrate and Ni-YSZ anode. 

In the introduction of this chapter (section 4.1.1), a detailed description of tubular 

MS-SOFC progress was presented. First generation cells with ceria-based DBL did 

not succeed; fuel utilization stability failed as a result of a deficient DBL which allows 

element interdiffusion during co-sintering. Thus, operating even at low fuel utilization 

catastrophic corrosion of the metal-support rapidly occurred (Figure IV - 2). New 

perovskite-based DBL, LST, was considered as an attractive candidate thanks to its 

high electronic conductivity and optimal TEC under reducing atmospheres. In fact, 

already during preliminary testing, a qualitative leap was made and performance was 

stable during more than 700 h at reasonable high 25-50% fuel utilization conditions 

(Figure IV - 1).  

 Research with second generation cells, which adopted this new DBL, has been 

reported all through this chapter. Processing parameters optimization, susceptibility 

to titanium diffusion and robustness were studied. However, G2 cells must 

demonstrate the real long-stability at high fuel utilization. This is the principal 

challenge that perovskite-based DBL faces prior to its ultimate implementation in the 

tubular MS-SOFC technology concept definition.  
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Ellingham diagram 

At the fuel side, as increasing hydrogen is electrochemically consumed more water 

concentration is generated in the atmosphere. Nevertheless, high water production 

can affect the chemical stability of the fuel side components. Phase stability of 

elements was studied using an Ellingham diagram [280] that is presented in Figure 

IV - 82. In the anode side, oxygen partial pressure fluctuates between 10-24–10-26 bar 

O2 and typical H2/H2O ratios vary from 3 at rather low 25% FU to 0.43 at high 70% 

FU.  

 From the Ellingham diagram the following conclusions can be extracted: 

- Low pO2 (10-24–10-26 bar) is sufficient for a stable protective scale to 
form in the FeCr substrate surface via chromium and manganese 
oxidation [65].  

- Metallic nickel is not oxidized by water. At 800°C, extremely high 
humidifications, H2/H2O ≈ 10-2 -10-4, would be necessary to cause 

nickel oxidation at simple reducing conditions.  
- Iron becomes susceptible to corrosion around 50% of H2O 

 

 

Figure IV - 82. Ellingham diagram [280] for the possible operation conditions in the fuel-

side atmosphere using H2 as fuel and considering several levels of utilization. 

50% H2O

≈ 25% H2O

≈ 78% H2O

≈ 3% H2O
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 Therefore, metal support is vulnerable under high fuel utilization due to the high 

humidification which prevails in the atmosphere. Even if protective chromia scale 

forms in the surface of ferritic stainless steel during the co-sintering process, 

passivation before operation under fuel utilization can be beneficial to further protect 

the metal support. 

4.4.3.2 Experimental procedure  

Fuel utilization stability of G2 cells has been analyzed in the totality of eight 

experiments. Most cells had the standard FeCr (<45 μm)/LST-F1/Ni-YSZ (%20 vol 

sol)/8YSZ configuration and were sintered at 1350°C in reducing atmosphere as 

described in section 4.1.2.2. As an exception, cell 207.FP.9.1 comprised a thinner 

DBL by dip-coating of the most diluted F4 formulation (Figure IV - 23) and cell 

222.FP.5.3 was sintered fully under Argon. In addition, cell 222.FP.18.3 and 

222.FP.5.3 were passivated prior to the FU experiment by passing 250 mA during 

100 h at very low fuel utilization conditions (1% FU). In this period, cells showed little 

activation and power density improved 26 and 38 mW/cm2 for cell 222.FP.18.3 and 

222.FP.5.3, respectively.  

 Every cell exhibited a plain electrolyte except cell 221.FP.8.1, which was 

partially stained after co-sintering. In order to avoid the titanium active zone, just 1 

cm2 of efficient area was dip-coated in a stain free zone. At first electrochemical 

characterization, optimal OCV was recorded for every cell. Main characteristics of 

cells used in FU experiments are summarized in Table IV - 19. Cells 199.FP.38.2 

and 202.FP.14.1, in orange, are those initially tested by Laida Otaegui [102]. (Find 

detailed information about cells labelling in section 4.1.2.2). 

Table IV - 19. Initial characteristics of G2 cells tested in FU experiments. (*) indicates 

previous passivation at 1% FU by 250 mA current load during 100h at 800ºC.  

FeCr 
(µm) 

Ts (˚C) 
Sintering 

atmosphere 
LST-
Fx                    

Cell # 
Surface 

appearance 

Efficient  
area 
(cm2) 

OCV 
(V) 

P 
(mW/cm2) 

<45 1350 %10 H2 + Ar F1 199 FP 38 2 Plain 7.45 1.117 108 
        202 FP 14 1 Plain 7.46 1.111 111 
        213 FP 4 1 Plain 7.46 1.102 217 
        213 FP 5 1 Plain 7.46 1.106 211 
        221 FP 8 1 Stained 1 1.115 340 

        222 FP 18 3* Plain  3.78 1.107 223 
      F4 207 FP 9 1 Plain 7.64 1.101 174 
    Ar F1 222 FP 5 3* Plain 3.76 1.0925 195 
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4.4.3.3 Analysis of results 

Humidification and temperature effect 

The effect of fuel humidification in cell performance was investigated in the 700°C-

800°C range with cell 222.FP.18.3. Different water concentrations (25%, 35%, 50% 

and 78%) were introduced in the fuel stream through a CEM. IV curves are 

represented in Figure IV - 83 as a function of water content and temperature.   

 Nernst equation relates temperature and reactant/product concentrations to the 

OCV (Eq. 1.4). Temperature has a negative effect in the OCV and it decreases as 

temperature increases from 700°C to 800°C. However, significant influence of 

temperature is not discernible here in the OCV (Figure IV - 83). When dry fuel is 

used, OCVs above 1.2 V are recorded. Those values are theoretically forbidden and 

are attributed to the CEM measuring system, which introduces an experimental error 

due to internal currents in the mA range.  

 According to Nernst equation (Eq. 1.4), fuel humidification has also a negative 

influence in the OCV. This is observed in Figure IV - 83 regardless the temperature 

as fuel humidification increases from 0% to 78%.   

 

 

Figure IV - 83. Effect of water concentration on the performance of cell 222.FP.18.3 at 

different temperatures: (A) 800°C, (B) 750°C and (C) 700°C. 

 The effect of temperature and fuel humidification (simulated fuel utilization) in 

performance is more visible in Figure IV - 84A, where characteristic power density at 

0.7 V is represented as a function of both parameters. An increase in water 

concentration from 0% to 78% H2O results in a performance decrease of 
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approximately 65% at 800°C. However, when temperature decreases from 800°C to 

700°C, performance decreases 75%. At 800°C, performance is also compared with 

a G1 cell. Even if G2 cell is more performing in dry atmosphere, G1 and G2 cells 

follow a similar trend as fuel is humidified above 35% H2O.   

 

 

Figure IV - 84. Effect of temperature and fuel humidification in (A) power density, p, (B) 

area specific resistance, ASR, (C) ohmic resistance, Ro, and (D) polarization resistance, 

Rp, at realistic operation conditions at 0.7V. 

 ASR and Ro in Figure IV - 84B,C are measured from the slope of the IV-curves 

linear region (Figure IV - 83) and EIS at 0.7V, respectively.  Rp in Figure IV - 84D is 

calculated by ASR-Ro subtraction as a simple estimation of Rp with EIS is difficult 

due to fluctuations that high water levels produce at low frequencies. 

 The increase in water concentration from 0% to 78% H2O results in a Ro and Rp 

increase of approximately 54% and 200% at 800°C, respectively. On the other hand, 

when temperature decreases from 800°C to 700°C, Ro and Rp increase 133% and 

393%, respectively. The influence of both parameters is huge in the final 

performance but temperature is more significant. In addition, performance 

degradation is mainly connected to polarization losses, which become highly 

activated at low temperature and high water vapour, above 50%.   
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Steady operation fuel utilization experiments 

In this section, fuel utilization experiments have been performed in two ways. In one 

side, real fuel utilization experiments were accomplished by lowering the hydrogen 

flow from 200 to 30 mlmin-1cm-2. Nevertheless, the stoichiometric H2 flux required to 

run cells with moderate performances is much lower than the experimental 

capacities in the laboratory; G2 cells require just 1-3 mlmin-1cm-2 to reach power 

densities between 100-300 mW/cm2. Our mass flow controller works with accuracy in 

the range between 30-300 ml and thus it is not possible to control high fuel 

utilizations with this instrument. The alternative option is to simulate high fuel 

utilization conditions by introducing hydrogen with high water vapour contents in the 

anode side. This is attained via a CEM, from which gas mixture is delivered at 

temperatures around 100°C at the gas entrance to avoid water condensation 

(section 2.1.3). In both real and simulated FU experiments, cells were operated at 

800ºC and 0.7V. 

 FU experiments with G2 cells are summarized in Table IV - 20, with the 

corresponding operation conditions and degradation rates. The FU approach, 

whether by real or simulated (CEM) operation is expressly indicated for each 

experiment. Performance evolution/degradation is expressed in %Vkh-1, the relative 

voltage evolution in 1000 h.  

Table IV - 20. Fuel utilization conditions and degradation rates for G2 cells tested using 

real and simulated (CEM) fuel utilization. 

Cell # FU 
ФH2  

(ml/min) 
J 

(mA/cm2) 
%H2/%H2O (i) Real FU (%) 

%H2O 
(out) 

∆t %Kh-1 

199 FP 38 2 Real 45 181 97/3 21 23 650 -3.8 
  CEM 600 115 50/50 1 51 100 -8.2 

202 FP 14 1 CEM 600 137 50/50 1 51 912 -3.5 
213 FP 4 1 Real 30 270 97/3 47 48 620 -9.9 
213 FP 5 1 Real 30 250 97/3 43 45 620 -21.9 
221 FP 8 1 Real 15 460 97/3 21 24 69 -62.3 

    15 300 97/3 14 17 96 -12.6 
222 FP 18 3 CEM 600 250 50/50 1 51 1000 -1.0 

              1161 -11.6 
207 FP 9 1 Real 30 195 97/3 35 37 1000 -8.5 

              1510 -14.1 
222 FP 5 3 CEM 600 182 50/50 1 51 313 -11.7 

 

 Note that cell 199.FP.38.2, which was tested by Laida Otaegui [102] in the 

starting point, used both methods. During the first 650 h, cell was operated at real 

21% fuel utilization leading to 3.8% kh-1 voltage degradation. Then, fuel gas was 

introduced with a CEM and it was operated under simulated 50% FU by passing 600 

ml H2 and 29 ml H2O giving 50%H2/50%H2O ratio. During this period, the 
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degradation rate increased to 8.2% Kh-1, presumably due to the higher water 

concentration in the fuel atmosphere. For cell 202.FP.14.1, also tested by Laida 

Otaegui [102], stability was superior during 912 h at similar simulated %50 FU and 

converted degradation was 3.5%Kh-1. This result was considered a very good 

starting point of the following experiments performed within this work. 

 Three cells with plain surface (i.e. 213.FP.4.1 and 213.FP.5.1 and 207.FP.9.1) 

were tested under real fuel utilization conditions in the 35%-47% FU range (Figure IV 

- 85). Two experiments exhibited high degradation rates (9.9% and 21.9 %kh-1) in 

620 h long tests. One of those cells underwent a rapid deterioration after 400 h of 

operation (213.FP.5.1). A third cell (207.FP.9.1) reached 1500 h of operation. During 

the first 1000 h cell voltage decreased 8.5% under 35% FU. For G1 and G2 cells, 

this is the first true degradation value in 1000 h under fuel utilization. However, 

degradation augmented to 14%Kh-1 after 1500 h of operation. 

 Other two cells with plain surface were operated at simulated 50% FU in the 

CEM. Those cells correspond to the previously passivated ones (222.FP.18.3 and 

222.FP.5.3). The cell sintered in argon (222.FP.5.3) exhibited rapid deterioration 

(>10%kh-1). After 300 h of operation experiment was concluded due to an abrupt gas 

leakage that irremediably oxidized the cell. In contrast, cell 222.FP.18.3, sintered in 

the standard reducing atmosphere, exhibited excellent stability and voltage degraded 

just %1.0 during the first 1000 h of operation under 50% simulated FU. However, this 

cell suffered a rapid degradation after reaching 1100 h of operation. 

 Stained cell suffered out of range 62% Kh-1 degradation rate. It was very 

unstable already with moderate 21% FU during 69h. In a second part of the 

experiment, cell was running at lower 14% FU; degradation decreased to 12%Kh-1 

but it was still high.  

 In Figure IV - 86, G2 cells potential degradation is expressed as a function of the 

exit water concentration. The majority of cells show degradation rates between 

1-15%Kh-1 regardless the real/simulated FU and water concentration. In contrast, the 

stained cell is completely out of range with highest degradation rates between 60-

70% Kh-1 at relatively low fuel utilizations.  
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Figure IV - 85. G2 cells steady state operation with fuel utilization variable conditions at 

800ºC. 

 

Figure IV - 86. Degradation rates of G2 cells as a function of the water concentration at 

the cell outlet. (222.FP.18.3 and 222.FP.18.3´ indicate degradation measurement at 1000 h 

and 1161 h of operation, respectively) 
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Surface appearance after the FU experiment 

Whilst the physical appearance of one cell (213.FP.4.1) was perfectly normal after 

the FU experiment, the remaining cells showed specific signs of severe degradation 

(Figure IV - 87). Two cells (213.FP.5.1 and 222.FP.18.3) exhibited an oxidized metal-

support through the top region and ceramic layers which were all together peeled off. 

However, peeling was clean and proliferated around a hot point. Localized defects or 

sealing (Ultra-Temp 516, Aremco) stress are most probably in the origin of those hot 

points and account for the abrupt degradation which was observed for both cells 

after a certain time of operation (Figure IV - 85). As a matter of fact, it is observed 

that hot points form in the contact zone with sealing. 

 The metal-support of cell which underwent an accidental fuel leakage 

(222.FP.5.3) was also oxidized but this time oxidation was homogeneous through 

the whole cell.  

 At first sight, good surface quality of stained cell was observed. The stainless 

zone was clean and the efficient area seemed to be intact. However, when platinum 

mesh was removed, the whole cathode delaminated. In addition, even if this cell 

included a limited zone with stained electrolyte, more accurate inspection revealed 

clusters formation in its surface (Figure IV - 87). 

 

 

Figure IV - 87. Surface appearance of G2 cells after operation under real and simulated 

fuel utilization conditions (except for cell 209.FP.7.1). 

Microstructural characterization 

G2 cells which were used for FU experiments had different processing parameters 

(i.e. passivation, LST barrier thickness, sintering atmosphere). Furthermore, they 

were tested under different conditions (i.e. FU, ∆t). Accordingly, it is difficult to 

correlate different microstructures. Therefore, we limited our analysis to the 

microstructure of passivated cell with stable performance under high FU 

Real FU 50% H2O
(simulated fuel utilization)

Corrosion-
Hot point 

propagation

Good surface quality

47% real FU
(620 h)

43% real FU
(620 h)

Corrosion-
Hot point 

propagation

Corrosion-
Due to gas 

leakage

222 FP 5 3 222 FP 18 3

50% H2O
(313 h) 

50% H2O
(1161 h)

213 FP 4 1213 FP 5 1

Plain cellsStained cell

221 FP 8 1

21/14% real FU
(69/96 h)

Plain zone :
Cathode

spallation

Stained zone: 
Clusters formation in 

the stains

clusters



229 

(222.FP.18.3) and specific degradation mechanisms in the titanium active cell 

(221.FP.8.1).  

Passivated cell with 1.0% kh-1 degradation 

Passivated cell 222.FP.18.3 exhibited excellent stability under 50% simulated FU 

with 1.0% voltage degradation in 1000h of operation. However, after reaching this 

point fast degradation occurred due to hot point propagation through the top region 

and the metal-support appeared partially oxidized after cooling down. 

  The microstructural characterization of the cell revealed that degradation due to 

metal substrate corrosion was limited to a small area. In general, cell exhibited 

suitable microstructural properties; porous metal substrate, good adherence of the 

oxide-scale, porous LST and Ni-YSZ anode and gas-tight electrolyte with typical 

closed pores (Figure IV - 88). However, some oxidation clusters were recognized in 

the metal substrate. In addition, extensive cathode delamination was observed. In 

fact, cathode delamination was also identified in G2 cells after operation under fuel 

utilization by Laida Otaegui [179].  

 Protective oxide scale morphology and thickness was evaluated in the FeCr 

substrate/LST-DBL interface to analyze the effect of passivation (Figure IV - 88). 

3 μm thick chromia scale exhibited a multilayered microstructure and no signs of 

spallation. Chromia scale adhesion to the metal substrate and LST barrier was 

excellent.  

 Inspection of the anode microstructure showed partial sinterization of YSZ that 

occurs in the DBL neighbouring region. This is attributed to moderate titanium 

diffusion with incorporation in the YSZ fluorite. In the sintered zone, chromium 

poisoning of nickel particles is also apparent. However, this was a plain cell and the 

electrolyte still preserved the characteristic closed porosity with no Ti contamination. 
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Figure IV - 88. SEM images for passivated cell 222.FP.18.3 after the fuel utilization 

experiment (50% H2O; 1161 h): a) metal-support, b) functional ceramic layers, c) chromia 

scale and d) Ni-YSZ anode. 

Titanium active cell 

The microstructural analysis of stained cell 221.FP.8.1 is presented in Figure IV - 89. 

General observations in the stain free zone are first revised. Metal-support was 

overdensified but chromia scale in the contact surface with LST barrier layer was 4 

μm thick in average. Electrolyte delamination and crack proliferation through the 

electrolyte and cathode were observed. In the anode, little nickel agglomeration was 

detectable.  
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Figure IV - 89. SEM images in the plain zone for cell 221.FP.8.1 after the fuel utilization 

experiment (21% FU; 69 h and 14% FU; 96 h): a) metal-support, b) functional ceramic 

layers, c) chromia scale and d) Ni-YSZ anode. 

 Microstructure was completely different in the stained zone. Metal-support was 

also dense but little protective chromia scale was present in its surface. A 

reconstruction of the corrosion process in the stained zone is presented in Figure IV 

- 90. In phase 1, a dark phase proliferates between the anode and electrolyte. This 

new phase pushes and lifts the electrolyte away. Above a certain bending force, 

electrolyte does not withstand the stress and it breaks into pieces. In a second 

phase, dark phase propagates within the anode and electrolyte disappears below. In 

a third phase, also anode vanishes and only the dark layer is discernible in the 

surface of the LST barrier layer.  

 Dark phase and functional layers were analyzed in the propagation zone to 

study the exact mechanism that produces the catastrophic degradation (Figure IV - 

91). Anode microstructure was extremely coarse and massively poisoned. 

Oversintering of YSZ particles and huge amounts of titanium were identified. Nickel 

particles were also agglomerated and radically poisoned with chromium. In the 

electrolyte, multiple micro crack propagation was observed. Typical closed pores 

were missing and EDS indicated huge amounts of titanium also in the electrolyte. 

500 μm 221 FP 8 1a) 50 μm 221 FP 8 1b)

10 μm 221 FP 8 1d)

Cracks in the 
electrolyte

10 μm 221 FP 8 1c)
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The dark face between the anode and electrolyte was nickel surrounded by huge 

amounts of chromium oxide but iron was also detected to a lesser extent. 

 

 

Figure IV - 90. Degradation caused during the fuel utilization experiment (21% FU; 69 h 

and 14% FU; 96 h) in the stained zone of cell 221.FP.8.1. 
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Figure IV - 91. EDS analysis of the degradation propagation through the anode in the 

stained zone of cell 221.FP.8.1 caused during the fuel utilization experiment (21% FU; 69 

h and 14% FU; 96 h).  

 This section has illustrated the catastrophic effect of titanium diffusion and stain 

formation in the posterior operation under rather low fuel utilization. However, the 

exceptional stability that G2 cells with good property (i.e. free of defects) have 

demonstrated under high fuel utilization (50% H2O) must be highlighted. 

4.4.3.4 Overall discussion and conclusions 

Stability was succeed at simulated 50% fuel utilization with only 1.0% voltage 

degradation in 1000 h. This excellent result is partially attributed to the improved 

corrosion resistance of the previously passivated metal-support prior to increasing 

FU. In fact, passivation under a less humidified atmosphere allows the formation of a 

more protective chromia scale as already reported by Kofstad [126]. SEM analysis 

revealed that chromia scale adhesion and quality was very good for the passivated 

cell still after 1400 h of operation. In contrast, cells which were tested under FU 

without previous passivation exhibited more irregular multilayered chromia scale and 

spallation on the FeCr/LST interface. A second cell was also passivated and sintered 

in argon. However, this cell demonstrated unstable performance and underwent 

substantial degradation in 300h of simulated 50% FU. Degradation mechanisms 

could not be further investigated due to the accidental fuel leakage and total 

oxidation that this cell suffered.  

 It is demonstrated that, in general, water concentration is not the principal factor 

that triggers the stability during operation under fuel utilization. When the metal-

support is well protected, as it is the case of passivated cell 222.FP.18.3, it exhibits 

excellent stability under high fuel utilization. Nevertheless, if chromia scale 

evaporates substantially from the FeCr substrate, the metal-support becomes 

vulnerable to fuel utilization. Those cells are susceptible to even very low vapour 
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concentrations and therefore degrade rapidly under fuel utilization. This is the case 

of titanium active cells as it was confirmed in a FU experiment with the stained cell 

221.FP.8.1. This cell exhibited surprisingly high degradation rates at relatively low 

24% FU. In the stained zone, protective chromia layer was missing and massive 

chromium and titanium diffusion occurred. Titanium incorporated into the YSZ fluorite 

in the anode and electrolyte layers, this causing Ti induced YSZ densification. 

Furthermore, chromia migrated to the anode and massively deposited in vastly 

agglomerated nickel particles. Above a certain value, saturated and overdensified 

anode suffered dimensional changes that stressed the electrolyte, causing the final 

breakdown of the electrolyte. At this point, oxygen entered the anode and 

accelerated cell degradation; oxidation of nickel, chromium and iron occurred. 

Experiment was stopped at this point but in the final phase, the catastrophic 

corrosion of the metal-support is expected. 

 In conclusion, second generation cells with good quality (i.e. stain and defect 

free) demonstrate an optimal response under fuel utilization. Excellent stability, with 

1.0% voltage degradation in 1000h, has been experimentally proved for a passivated 

cell. However, titanium active cells confirm high instability under even low levels of 

fuel utilization. In addition, operation under simulated FU has demonstrated to be a 

useful approach to reproduce real operation conditions under high fuel utilization with 

similar trends observed under simulated and real FU. 
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Chapter V 

5. CONCLUSIONS AND FUTURE 
PERSPECTIVES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The present thesis work was divided in two parts: (i) analysis of cathode stability 

under studies in planar anode-supported SOFCs and (ii) fabrication and operation of 

tubular metal-supported SOFCs. Conclusions drawn from both studies together with 

future perspectives are reported in this section. 

 

Cathodes stability in planar anode-supported cells 

 

 In the first part of this thesis work, the stability of ferritic cathode LSF-SDC and 

LSCF-GDC, used at intermediate temperatures was studied during operation. Long-

term tests were performed using highly reproducible anode-supported cells using a 

specific design of experiments through Taguchi methodology (L18). This powerful 

technique allowed evaluating the influence of three cathode processing parameters 

(i.e. composition, thickness and sintering temperature) and five operation conditions 

(i.e. temperature, current density, air flow rate, air humidification and chromium 

presence) in eighteen 500 h durability tests. Anode-supported cells include 

conventional Ni-YSZ anode, YSZ electrolyte and GDC barrier.  

 Initially, the influence of cathode processing parameters on cell electrochemical 

performance was studied. Thicker electrodes (50 µm) demonstrated higher power 
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density as a result of enhanced current collection and catalytic activity. Generally, 

higher power densities were observed for high cathode sintering temperatures 

(1050ºC) as contact between cathode and GDC barrier layer was favoured. LSCF-

GDC cathode composition showed highest power densities. 

  During operation, some cells exhibited a substantial performance increase 

during the initial period. This activation was mainly related to operation under high 

current density and lower cathode sintering temperatures. In contrast, performance 

degradation was mainly caused by extrinsic factors (i.e. chromium poisoning and air 

humidification).  

 It is well known that contact with chromium vapours affect cathodes stability 

notoriously. The negative effect was shown to increase at high temperature (800ºC) 

as chromia evaporation and deposition in the cathode were promoted. Characteristic 

SrCrO4 formation in the ferritic cathode surface was observed. However, chromium 

vapours interacted with potassium in Ceramabond 571 sealing and K2Cr2O7 deposits 

in the cathode surface and interface with GDC barrier were also detected. Deposition 

of such insulating phase at the interface between cathode and GDC barrier resulted, 

above all, the most harmful degradation mechanism during operation. It was 

concluded that the use of Ceramabond 571 and potassium-containing sealings is 

incompatible with chromia-based ferritic steels which are used as interconnect at 

intermediate temperatures, unless Cr volatile species are eliminated by protective 

coating of steels.  

 Although not systematically, high humidification of air (20%) has shown to be 

detrimental on the performance of some cells including ferritic cathodes. In fact, air 

humidification was classified, after chromium poisoning, as the second crucial factor 

inducing degradation. Microstructural characterization revealed instability in the 

cathode and GDC barrier interface (i.e. cathode delamination, crack propagation in 

the GDC barrier surface). The exact effect of air humidification was not fully 

understood and requires further investigation. Nevertheless, dry air is certainly 

beneficial for the stability of air side components. 

 Operation temperature effect was also significant, especially in the presence of 

chromium vapours. It was classified as the third factor influencing degradation and 

stability was improved at lowest 700ºC. Further improvement on stability was 

attained operating at lower current loads (0.25 Acm-2) and intermediate air flow (0.75 

mlcm-2min-1) through the cathode. The effect of cathode composition was minimal 

but the stability was slightly superior for LSF-SDC composite cathode and high 

sintering temperature (1050ºC). 

 Overall, long-term experiments performed by varying control factors through a 

specific design of experiment (DoE-Taguchi matrix) approach demonstrated to be a 

powerful technique to study the influence of the maximal impact factors while 

minimizing the number of experiments. This approach provided with “safe” conditions 

for stable operation after screening a variety of cathode processing and operation 
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conditions. In fact, using the “one factor at a time” approach, collection of individual 

effects and impact of control factors that are reported here would have required 

much more time and experimental effort.  

 To minimize the impact of Cr poisoning, similar ASC configurations were studied 

in realistic operation conditions, using MCO spinel and LNC perovskite coated  

Crofer 22 APU meshes as current collector at the air side. A factorial experimental 

design was used for a small experimental matrix. Initial electrochemical 

characterization demonstrated excellent contact properties for Crofer 22 APU mesh 

coated with LNC. Power densities as high as 1640 mW/cm2 were recorded at 800ºC 

for LSCF-GDC cathode composition. Posterior results obtained in the stability tests 

were comparable to those reached with MCO coating and thus, also encouraging for 

LNC material. In fact, during the evolution of this work, Nextech Materials has 

patented LNC perovskite as coating material for metal alloys protection. 

  

Fabrication and operation of tubular metal-supported SOFCs 

 

The second part of this thesis work was devoted to the development of a second 

generation tubular MS-SOFC. This cell includes a porous tubular substrate 

composed of a ferritic stainless steel, Crofer 22 APU, which is processed following 

an innovative technique called free-fall powder. Ceramic functional layers are 

subsequently deposited by industrially scalable “wet” colloidal techniques which 

include dip-coating and spray-coating. Cells consist of conventional Ni-YSZ cermet 

anode and 8YSZ electrolyte. The innovative aspect of this second generation of cells 

is a nickel free lanthanum doped SrTiO3 (LST) perovskite barrier which is placed 

between the metal substrate and anode to avoid Ni, Cr and Fe element interdiffusion 

during the high co-sintering temperatures required for YSZ electrolyte densification.  

 Progress with this MS-SOFC technology in the last two years has been 

significantly demonstrated throughout this work. Research lines included 

performance optimization, degradation mechanisms under fabrication and 

robustness of G2 cells under operation.  

 With the aim at improving the electrochemical efficiency, the influence of basic 

processing parameters (i.e. Crofer particle fraction and sintering temperature) and 

functional layers thickness (LST barrier, Ni-YSZ anode and LSF40-SDC cathode) 

were studied. In this sense, sintering temperature was set at 1350°C. On the other 

hand, tubes with coarse FeCr (<53 μm) exhibited modest results and fine fraction 

(<45 μm) was finally selected.  

 Performance optimization was also pursued by making ceramic layers strictly as 

thin as necessary. In the fuel side, standard LST-DBL (70-90 µm) and Ni-YSZ 

cermet anode (40-50 µm) were reduced by the straightforward dilution of the 

colloidal suspension prior to dip-coating.  Conversely, in the air side, initially thin 

LSF40-SDC cathode (15-30 µm) was made thicker by dip-coating.  
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 Contrary to expectations, better electrochemical performance was obtained with 

standard LST-F1 barrier layer (70-90 µm) as compared to thin LST-F4 (≈50 µm). In 

addition, a connection between the DBL thickness and surface appearance after co-

sintering was pointed out. Stains proliferated in the electrolyte surface as thinner 

DBL was used. Finally, standard LST-F1 DBL was maintained in the manufacturing 

process. 

 In reference to the electrodes, electrochemical performance turned out to be a 

strong function of the anode thickness. Power density was systematically improved 

when anode was reduced from 60 µm to 40-45 µm. In contrast, power density was 

similar regardless the thickness variation of the LSF40-SDC cathode at the air side. 

This is attributed to nickel agglomeration during co-sintering and resulting coarse 

anode microstructure which limits the electrochemical performance.  

 During the manufacturing process of G2 half-cells, stain formation was 

frequently observed in the electrolyte surface after co-sintering. That is to say, plain 

and stained cells were arbitrarily produced in the a priori standardized manufacturing 

process. In one hand, stain free cells microstructure is satisfactory; porous 

FeCr/LST/Ni-YSZ and gas-tight 8YSZ electrolyte with typical closed pores is 

obtained after co-sintering. OCV around 1.1V is optimal and power densities in the 

150-250 mW/cm2 range are systematically recorded at 800ºC. On the contrary, 

stained cells microstructure undergoes a severe densification during co-sintering. 

Ceramic layers and FeCr substrate near to the active region are dense. Ni-YSZ 

microstructure is particularly coarse and dense. In addition, full dense 8YSZ 

electrolyte with missing closed pores is observed. OCV is lower and power densities 

below 100 mW/cm2 are registered.  

 Detailed SEM and EDS analysis revealed that stains formation and densification 

are related to titanium diffusion. Titanium is segregated from LST barrier during co-

sintering and migrates first to the anode and then to the electrolyte easily 

incorporating into the YSZ fluorite structure. This phenomenon implies an abrupt 

transformation of the electrical properties as well as the sintering behaviour of YSZ. 

In practice, anode densification originates huge activation losses and poor 

performing cells.  

 Further analysis revealed that massive Ti diffusion is related to humidification 

during co-sintering. Ti segregates mostly via chromium substitution at the B-site of 

LST perovskite, though some intrinsic Ti segregation is also detected. At high 

temperatures required for G2 cells co-sintering (1350ºC), massive chromium 

evaporation is promoted under humidified atmosphere. This chromium migrates 

through the barrier and substitutes titanium at the B-site of LST perovskite. Finally, 

segregated titanium is transferred and incorporated into the YSZ fluorite within the 

anode and electrolyte. Massive Cr diffusion leaves behind a Cr depleted metal-

support, with poor protective chromia scale.   
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 In principle, G2 cells co-sintering is performed under dry conditions. However, 

oxygen getter (FeCr) which is used in the process liberates water at 1100 ºC, when 

gas is changed from inert Ar to reducing 10%H2 + Ar atmosphere. On the basis of 

the experimental results reported here, better cell quality is expected for a getter free 

half-cell processing. In fact, this was corroborated for similar half-cells which were 

co-sintered in the presence and absence of oxygen getters.  

 In this work, G2 cells robustness under severe operation conditions was studied 

by accelerated ageing techniques which include thermal and redox cycles and high 

fuel utilization stability studies. 

 A long-lasting experiment demonstrated the excellent mechanical robustness of 

G2 cells upon thermal cycling. Cell was stable and OCV remained high (1.12V) 

under 550 rapid thermal cycles (10°Cmin-1 heating/cooling rates) during at least 

3900 h. This result is particularly significant in the MSC research field. It constitutes 

with 550 rapid thermal cycles, the most rigorous proof of mechanical stability 

reported to date.  

 Poor redox tolerance of G2 cells was confirmed by testing a stainless and 

stained cell. Both cells failed after 2 full redox cycles under 20 min in air or Ar, 

respectively.  

 Fuel utilization experiments provided excellent results for G2 cells. Exceptional 

stability of a stainless cell was proved under simulated high 50% fuel utilization. 

During the first 1000h of operation, only 1.0% voltage degradation was registered. 

This result might be related to previous passivation and resultant good quality of 

chromia scale. However, further experimentation is necessary to confirm this 

tendency. 

 Second generation (G2) tubular MSCs are promising candidates for power 

generation applications where cost and robustness under steady and transient 

conditions are critical. However, further understanding of processing, performance 

optimization and reliable and competitive stability are still needed.  

Future perspectives 

 A more detailed analysis of the influence of air humidification in cathode stability 

under real operation conditions is envisaged. LNC and MCO coatings should be 

further evaluated.  

 Reliable reproducibility of stainless G2 cells without FeCr oxygen geters, thus 

minimizing the effect of humidity during cosintering, must be demonstrated.   

 Anode microstructure and resulting poor redox stability are still limiting cell 

performance and life. Future work may go on the following directions: 
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- Thinner anodes with optimized microstructure 

- Fine tuning redox cycles may be used as cell conditioning to improve 
anode microstructure and hence, performance and redox resistance 

- Alternative anodes: finding nickel free anodes with high catalytic 
activity and redox resistance is a primary challenge. 
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6. LIST OF ABBREVIATION AND ACRONYMS 

 
 

AFC Alkaline Fuel Cell 

ai  Coded variables in the Taguchi matrix 

Ai  Natural variables in the Taguchi matrix 

APU Auxiliary Power Unit 

ASC Anode-supported cell 

ASR Area specific resistance / Ωcm-2 

AS-SOFC Anode-supported SOFC 

CHP Combined Heat and Power 

d50  Median grain size diameter / μm 

DBL Diffusion barrier layer 

E0  Standard potential 

EDS Energy Dispersive X-ray Spectroscopy 

EMF Electromotive force 

EIS  Electrochemical Impedance Spectroscopy 

F  Faraday constant 

FU  Fuel utilization 

∆G  Gibbs free energy  

G1  First generation fuel cells 

G2  Second generation fuel cells 

GDC Gadolinium doped ceria 

LNC Nickel substituted lanthanum cobaltite / La0.5Ni0.6Co0.4O3 

LSC Strontium substituted lanthanum cobaltite / La0.5Sr0.5CoO3 

LSCF Strontium substituted lanthanum cobaltite and ferrite / 

(La0.6Sr0.4)0.995Co0.2Fe0.8O3-δ 

LSF  Lanthanum and strontium ferrite / (La0.6Sr0.4)0.95FeO3-δ 

LSF 40 Strontium substituted lanthanum ferrite / (La0.6Sr0.4)0.95FeO3-δ 

LST  Lanthanum substituted strontium titanate / (La0.3Sr0.7)TiO3-δ 

HT-SOFC High temperature SOFC 

IT-SOFC Intermediate temperature SOFC 

J  Current density / Acm-2 

MCFC Molten Carbonate Fuel Cell 

MCO Manganese and cobalt spinel / Mn1.5Co1.5O 4 

MIC  Metal interconnect 

MIEC Mixed Ionic Electronic Conductor 

MSC Metal-supported cell 

MS-SOFC Metal-supported SOFC 

OCV Open Circuit Voltage / V 
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p (%) Porosity / % 

P  Power density / Wcm-2 

PAFC Phosphoric Acid Fuel Cell 

PEFC Polymer Electrolyte Fuel Cell 

PEM Polymer Electrolyte Membrane 

PVD Physical Vapor Deposition 

RH  Relative humidity 

Ro  Ohmic resistance / Ωcm-2 

Rp  Polarization resistance / Ωcm-2 

SEM Scanning Electron Microscope 

SOFC Solid Oxide Fuel Cell 

SDC Samaria doped ceria 

SSA Surface Area Resistance / m2g-1 

t  Cathode thickness / μm 

ti  Initial time / h-1 

tf  Final time / h-1 

T  Operation temperature / °C 

Td  Dew point / ºC 

Ts  Sintering temperature / °C 

TEC Thermal expansion coefficient 

TPB Triple Phase Boundary 

Vcell  Cell voltage / V 

XRD X-ray diffraction 

Xi  Certain resistance (ASR, Rp or Ro) at ti / Ωcm-2 

Xf  Certain resistance (ASR, Rp or Ro) at tf / Ωcm-2 

YDC Yttrium doped ceria / Y0.2Ce0.8O1.9 

YST Yttrium substituted strontium titanate 

YSZ Yttria stabilized zirconia / (ZrO2)1-x(Y2O3)x  

ZDC Zirconium doped ceria / (Zr 0.1Ce0.9O2) 

Φair Air flux / ml cm-2 min-1 

∆X  Certain resistance percentual increment / % 

∆ASR Area specific resistance percentual increment / % 

∆Rp  Polarization resistance percentual increment / % 

∆Ro  Ohmic resistance percentual increment / % 

η  Viscosity / Pa s 

ρs  Geometrical density / gm-3 

%De Transversal shrinkage / % 

ε  Efficiency 

εR  Reversible efficiency 

εV  Voltage efficiency 

εU  Fuel utilization 
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