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1. Introduction 

Recent reports by the Intergovernmental Panel on Climate Change (IPCC) have 

strongly linked global climate change to carbon dioxide emissions caused by hu-

man activities since the dawn of the industrial revolution [1,2]. To contend cli-

mate change, a majority of the world’s countries agreed in 2015 in the Paris 

Agreement to undertake efforts in limiting the global temperature increase well 

below 2 °C compared to pre-industrial time [3]. For example, the European 

Commission’s 2030 climate and energy framework includes a key target of cut-

ting greenhouse gas emissions by at least 40% compared to 1990 levels [4,5]. 

Simultaneously, the International Energy Agency (IEA) forecasts that the global 

primary energy need will increase from 2018 levels by 18% in 2030 and by 34% 

in 2040 without changes to the current policies [6]. In addition to greenhouse 

gas emissions, challenges related to the energy sector encompass other concerns 

such as air pollution and energy security. 

To reach the agreed emission goals, a variety of actions are needed – among 

these, development and implementation of new energy production technolo-

gies. One such technology is fuel cells, which are seen as a promising alternative 

due to their high efficiency and low emissions. Fuel cells are electrochemical 

devices that convert the chemical energy of a fuel into electricity, without com-

bustion [7]. The fuel cell is composed of an ion or proton conducting electrolyte, 

sandwiched by two electrodes. Unlike batteries, fuel cells can provide electricity 

continuously, provided an uninterrupted fuel and oxidant supply. The fuel can 

be hydrogen, methane or other hydrocarbons, depending on the fuel cell type. 

Fuel cells are typically divided into different types according to their electrolyte, 

which also defines the operation temperature. Their application areas range 

from mobile and transport to stationary power generation. [8–10] 

Currently, two fuel cell types being most researched and developed are the 

polymer electron membrane fuel cell (PEMFC) and the solid oxide fuel cell 

(SOFC). The latter of these, the SOFC, is a high temperature fuel cell with a 

dense, ceramic, oxygen ion conducting electrolyte. Its operation temperature of 
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600–1000 °C allows for rapid electrocatalysis without noble metals and internal 

reforming of hydrocarbons [11]. Thus, the SOFC is flexible in fuel choice and 

hydrogen, natural gas, biogas, carbon monoxide and other hydrocarbons are us-

able with limited fuel processing. The electric efficiency of the SOFC is 45–60% 

and the high operation temperature also produces heat, which, if recovered in 

combined heat and power (CHP) systems or in additional power generation, can 

yield a total efficiency over 90% [12,13]. Other benefits include low carbon di-

oxide emissions, very low NOx, SOx and particle emissions, quiet and vibration-

free operation, and modularity allowing for distributed energy production. Cur-

rent commercial SOFC system sizes range from a few kW to over one hundred 

kW. [11,14,15] 

To generate usable amounts of power, several planar cells are placed upon 

each other to form a fuel cell stack. The cells are separated from each other with 

interconnect plates, the purposes of which are to separate fuel and air flows and 

to electrically connect the cells in series. Development to decrease the operation 

temperature to 600–800 °C has enabled the use of metallic interconnects in ad-

dition to ceramic, which is beneficial in terms of manufacturability, durability 

and cost [16–18]. A variety of iron-, nickel- and chromium-based alloys have 

been studied [18]. To ensure gas tightness, efficient sealing techniques need to 

be used in the stack. The gaskets have to withstand high temperatures and be 

chemically stable in the operation environment [19]. Normally used gaskets 

types for planar SOFC stacks are rigid, bonding glass/glass-ceramic gaskets, 

compressible gaskets or hybrids of these [19,20]. Stack performance and dura-

bility is also affected by stack design, including uniform fuel gas distribution, 

uniform temperature profiles and uniform compression.  

Shipments of SOFC units calculated by power increased by 58% from 2015 to 

2018, the SOFC shipments by power being 84 MW in 2018, compared to a total 

of 806 MW fuel cell applications being shipped that year [21]. The percentual 

increase by number of units was higher than by power, reflecting the increase in 

micro-CHP applications, especially in Japan. However, widespread market pen-

etration and commercialization still call for reduced SOFC system costs and en-

sured long-life durability to enable competition with conventional power pro-

duction methods.  

The cost and durability targets depend on application and system size. For ex-

ample, the 2024 targets for mid-sized installations for commercial and larger 

buildings (5–400 kW) listed in the addendum to the multi-annual work plan 

(2014–2020) by European Commission’s Fuel Cell and Hydrogen Joint Under-



Introduction 

13 

taking (FCH JU) are a system CAPEX of 3500–6500 € kW-1 and a stack dura-

bility of 60 000 hours [22]. For 2030, the CAPEX target is 1500–4000 € kW-1 

and stack durability of 80 000 hours. These targets can be compared to the 

state-of-the-art figures of 2017 with a system CAPEX of 5000–8500 € kW-1 and 

stack durability of 30 000 hours, as described in the previously mentioned 

multi-annual work plan appendix by FCH JU [22]. Naturally, not only the tech-

nical aspects need to be addressed, but also hydrogen infrastructure, regulations 

and legislations, etc.  

The cost of SOFC systems is affected by stack cost and durability. Therefore, 

further stack development is of interest to lower the cost level and ease market 

penetration. Many of the development needs are material related as the high 

operation temperature causes harsh conditions. This thesis concentrates on de-

veloping stack components to address a selection of those needs and character-

ization methods to replicate realistic operation conditions.  

One focus area of the thesis is mitigating chromium poisoning of cathodes, 

which leads to irreversible performance degradation [18,23]. The aim is to eval-

uate manganese cobalt oxide protective coatings for metallic interconnects 

manufactured with different deposition techniques. Various results are reported 

in literature but a comparison is challenging due to differing testing conditions. 

Another aim is to develop a novel characterization method for protective coat-

ings that replicates the stack conditions as closely as possible. Research ques-

tions include finding well-functioning coating deposition techniques and to de-

scribe the properties of well-performing coatings.  

Another focus area is developing adequate sealing materials, which should be 

compressible, gastight and enable easy handling in stack manufacturing. A well-

performing compressible seal could allow for higher manufacturing tolerances 

in other stack components, thereby decreasing manufacturing costs. The main 

aims are to develop a hybrid seal with a compressible core and double-sided 

glass layers, and to investigate the developed material’s leak rate and possible 

interactions between the seal and stack components. 

The third focus area discussed in the thesis is characterization methods to en-

sure realistic testing conditions for components and stacks. Within this focus 

area, the main aims are to design a fuel feeder to be a versatile research tool and 

to develop an in situ characterization method to determine the fuel flow and 

temperature distributions in stacks. For the former, research questions include 

how well the outlet gas composition can be controlled, and for the latter, how to 

calculate the distributions based on measured stack data.  
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The work has a strong experimental approach. Protective coatings were char-

acterized ex situ in terms of area specific resistance, coating microstructure and 

chromium evaporation. Hybrid gaskets were evaluated both ex situ and in situ 

with respect to leak rates and chemical stability with other stack components. 

The developed characterization methods were utilized in protective coating 

studies and in SOFC stack characterization.  

Fuel pre-processing for SOFCs is studied in Publication I. A fuel feeder was 

designed and constructed to function as an efficient and versatile research tool 

for SOFC single cell and stack characterization. Realistic fuel feeds are relevant 

in SOFC testing as the performance depends on testing conditions. The fuel 

feeder design was shown to be capable to be used in a wide temperature and gas 

flow range with different reforming techniques.  

Publication II presents a characterization method for using electrochemical 

impedance spectroscopy (EIS) to determine fuel gas flow and temperature dis-

tributions in a SOFC stack. EIS is a powerful tool in the fields of electrochemis-

try and enables non-destructive in situ measurements of stacks. The developed 

method was demonstrated on a 10-cell stack and the results were in line with 

performance analysis based on cell voltage measurements. The method could 

be of help in evaluating stack designs.  

Publications III and IV focus on development and evaluation of protective 

coatings for interconnect materials. Publication III presents the development of 

a characterization method for interconnect materials. The targets are to repli-

cate the phenomena encountered in stacks, such as electrical contact, chemical 

interactions, contacting materials and chromium migration mechanisms. The 

method is used to evaluate the protective coatings developed in Publication IV. 

This study screens the performance of manganese cobalt oxide coatings pro-

duced with four different coating techniques on two different steel grades. Area 

specific resistance was measured with the above-mentioned method. Post-test 

chromium retention and coating microstructure analysis were performed on the 

same samples by scanning electron microscopy. One of the developed physical 

vapour deposition coatings reached the same performance as the commercial 

Sandvik Material Technologies’ cerium-cobalt coating, which was used as refer-

ence, and could be used as such in SOFC stacks. 

Publications V and VI study hybrid glass-coated compressible gaskets, which 

allow for lower compressible stress in the stack. In the former, the gaskets are 

developed and evaluated both ex situ with respect to leak rates as function of 

pressure difference over the gasket and in a real stack to determine their func-
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tionality. The gasket is composed of a compressible mica type core with a dou-

ble-sided glass layer. The compressible core can compensate for manufacturing 

tolerances or mismatches in thermal expansion coefficients of stack compo-

nents while the glass layer efficiently seals the interfacial leak paths. The hydro-

gen cross leak in the stack using hybrid seals was measured to be 0.7% of the 

inlet hydrogen flow rate. The latter, Publication VI, presents the results of a post 

mortem analysis of a stack using hybrid seals and operated for 1800 hours. In-

terfaces between the gasket components, interconnect steels, cell materials and 

gases (air and hydrogen) were studied. It was seen that the hybrid glass-Ther-

miculite 866 seal is a promising sealing solution in SOFCs. 
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2. Solid oxide fuel cells  

This chapter introduces solid oxide fuel cells and gives an overview of the oper-

ation principle, electrical efficiency, material choices and stack design. 

2.1 Operation principle  

Fuel cells are electrochemical devices that convert the chemical energy of a fuel 

to electricity without the intermediate step of combustion. Various types of fuel 

cells have been developed and these are commonly differentiated from each 

other based on the properties of the electrolyte, which, among others, deter-

mines the operation temperature. The solid oxide fuel cell (SOFC) is a solid-

state, high temperature fuel cell based on an oxygen-ion conducting ceramic 

electrolyte. The electrolyte is sandwiched between two electrodes as shown in 

the schematic diagram in Figure 1. The diagram illustrates the simplest fuel cell 

operation with hydrogen as fuel and air as oxidant. Hydrogen fuel is led to the 

anode where hydrogen reacts with oxygen ions transported through the electro-

lyte and forms water while releasing two electrons to the external circuit. The 

half-cell reaction at the anode is  

H� + O�  →  H�O + 2e. (2.1) 

At the cathode, oxygen from the air reacts with the electrons from the external 

circuit to form oxygen ions, which are transported through the electrolyte. The 

half-cell reaction at the cathode is 

½ O� +  2e  → O�. (2.2) 

Thus, the overall fuel cell reaction is a reaction of hydrogen with oxygen to form 
water:  

H� + ½ O� → H�O. (2.3) 

The steam is flushed out from the SOFC together with unreacted fuel. [7,24] 
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Figure 1. The schematic diagram of the SOFC operation.  

2.2 Electrical efficiency 

Due to their operation principle, fuel cells are not limited by the Carnot effi-

ciency and can thereby reach higher efficiencies than conventional combustion 

engines. Commonly, Gibbs free energy is used to describe the energy liberated 

or absorbed by a reversible chemical reaction at constant temperature and pres-

sure. That is, for the fuel cell, the maximum work that can be done by the reac-

tion is described by the change in Gibbs free energy ∆�. The maximum amount 

of heat released by the same reaction is described by the change in enthalpy ∆�. 

Thus, the maximal fuel cell efficiency for a reversible reaction can be given by 

the ratio of these: 

���� =  ∆� ∆� . (2.4) 

Similarly, as the chemical energy in the form of Gibbs free energy is converted 

into electric energy, the maximum reversible open-circuit voltage (OCV) can be 

calculated as  

�� =  − ∆���  , (2.5) 

where F is the Faraday constant and z is the amount of exchanged electrons. As 

the enthalpy and Gibbs free energy are properties of chemical reactions and the 

conditions these take place in, it can be seen that both the maximal efficiency 

and voltage depends on the fuel. [7,25] 

Further, the Gibbs free energy, and thereby the cell voltage, is affected by 

changes in temperature, pressure and reactant concentration. To account for 
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these, the Nernst equation has been presented and is widely used in electro-

chemistry. For the hydrogen-oxygen reaction the Nernst equation can be writ-

ten as  

������� = �� + ��2� ln ��!"�#"½
�!"# $ , (2.6) 

where �� is the cell potential at standard conditions, � is the gas constant, � is 

the temperature, and � is the partial pressure [7]. In common operation condi-

tions, the value of the logarithm is negative, resulting in decreasing Nernst po-

tentials with increasing temperature.  

When withdrawing current from the fuel cell, the cell voltage decrease due to 

various losses in the cell. The operational voltage is affected by activation losses 

%�&� , ohmic losses %'()  and concentration losses %&'�& . The activation loss 

stems from the overpotential required to drive the electrochemical reactions 

and represents the slowness of reactions on the electrodes. Ohmic losses stem 

from the resistivity to electron and ion currents through cell components. Con-

centration losses stem from insufficient reactant amounts at the electrodes es-

pecially at high currents and is also described as mass transport loss. The irre-

versible fuel cell voltage in operation can thus be expressed as  

�*- =  ������� − %�&� − %'() − %&'�&. (2.7) 

The lower the losses are, the more efficient is the fuel cell. Thus, the irreversible 

fuel cell voltage can be used to define a voltage efficiency for the fuel cell:  

�/ =  �*-��  . (2.8) 

In addition, as previously discussed, not all fuel reacts in the fuel cell. The unre-

acted fuel is flushed out with the product steam. To describe the amount of re-

acted fuel, the fuel utilization �0 is defined as the ratio between the withdrawn 

current and the maximum current related to the flow of incoming fuel:  

�0 =  1����̇34�5 , (2.9) 

where 1� is the electrical current, � is the amount of exchanged electrons, and 

�̇34�5 is the molar flow of fuel.  

Combining the various expressions for efficiency, (2.4) and (2.8), with the ex-

pressions for the fuel utilization (2.9), gives an expression for the total fuel cell 

efficiency 

�*- = �����/�0.  (2.10) 
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2.3 Single cell materials 

The functionality of the SOFC is based on tailored and well-engineered electro-

lyte and electrode materials. The demanding operation conditions also induce 

stringent requirements on the materials.  

The SOFC electrolyte has to have a sufficiently high ionic conductivity (ap-

prox. 0.1 S cm-1 at operating temperature [26]) while the electronic conductivity 

is low to avoid short-circuit. The material has to be stable in oxidizing and re-

ducing atmospheres as well as chemically and physically compatible with other 

cell materials, e.g. matching thermal expansion coefficients (TEC). Another fac-

tor to account for is chemical expansion of cell materials, stemming from oxygen 

loss or reduction of cations in the cell material in reducing conditions [26,27]. 

It has to be possible to manufacture thin and dense gas-tight layers. The most 

common electrolyte material is yttria-stabilized zirconia (YSZ), of which the 

ionic conductivity is highest with approx. 8 mole% yttria added to the zirconia. 

Various other electrolyte materials have been studied, including e.g. doped ce-

ria, doped zirconia, lanthanum gallates, and bismuth oxides. [15,17,26,28] 

The main function of the anode is to provide active sites for the oxidation of 

the fuel taking place at the three-phase boundary (TPB), i.e. the interface of the 

gaseous fuel, the electrode and electrolyte [17,29]. The anode is required to have 

a high ionic and electronic conductivity, have a porous microstructure to allow 

for flow of reactants and products to and from the TPB, to withstand reducing 

and oxidizing atmospheres and have a high catalytic activity for the oxidation of 

the fuel. The most important anode material is nickel-YSZ composite. Nickel 

catalyses both the hydrogen oxidation reaction and steam reforming reaction of 

hydrocarbons, while YSZ provides for ionic conductivity, stability and matches 

the anode TEC to the electrolyte. The shortcomings of Ni-YSZ include poor re-

dox stability, nickel agglomeration after prolonged operation and sensitivity for 

carbon deposition. [15,30,31] 

The function of the cathode is to catalyse the reduction of molecular oxygen 

and transport the oxygen ions to the electrolyte. The cathode is required to be 

porous and have a high ionic and electronic conductivity. Typical materials de-

veloped for SOFC cathodes include doped lanthanum manganite, such as 

(La,Sr)MnO3 (LSM), and mixed ionic electronic conductive perovskites, such as 

(La,Sr)CoO3 (LSC) and (La,Sr)(Co,Fe)O3 (LSCF) [15,32]. To increase the oxygen 

transport properties, LSM can be mixed with YSZ to form a composite material, 

but especially at temperatures below 800 °C, mixed ionic electronic conductive 

perovskites such as LSC and LSCF are more common [32,33]. A significant con-
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cern with many cathode materials is the chromium poisoning. Volatile chro-

mium species originating from metallic SOFC stack components are deposited 

as oxides at the cathode or reacting with the cathode material, thereby decreas-

ing the performance of the oxygen reduction reaction. When reacting with 

strontium in the cathode, chromium can also form electrically insulating stron-

tium chromate phases [23]. 

2.4 Stack components and materials 

The voltage of a single solid oxide fuel cell under operation is approx. 1 V and to 

generate usable amounts of power, several cells are connected in series. With 

planar cells, this is done by placing the cells upon each other to form a stack. 

The cells are separated from each other with interconnect plates, which both 

connect the cells electrically in series and function as gas separators. In addition 

to the interconnects, seals are required in the stack to separate the fuel and air 

flow from each other and from the surrounding atmosphere. [7,17] 

The interconnect material is required to be stable in contact with the electrode 

materials in both oxidizing and reducing conditions, as well as have a low elec-

trical resistance to avoid decreasing the stack efficiency due to ohmic losses [16]. 

Historically, ceramic materials have been used for interconnects but the devel-

opment of fuel cell technology has decreased the operation temperature and al-

lowed for the use of stainless steel materials [33]. Stainless steels have the ad-

vantage of having a low cost, higher electronic and thermal conductivity than 

ceramic materials, high mechanical strength and good manufacturability with 

existing methods. Corrosion resistance at high temperature is achieved by add-

ing chromium to the steel alloy [16]. As discussed in chapter 2.3, chromium poi-

soning of the cathodes is a serious degradation mechanism and the intercon-

nects in direct contact with the electrodes has been identified as the main chro-

mium sources [18]. To mitigate chromium poisoning, protective coatings have 

been developed for the interconnects. These are required to hinder chromium 

migration from the bulk steel to the adjacent cathode structure, as well as being 

stable in the SOFC operation conditions and have a high electronic conductivity. 

Various coating alternatives have been reported and among the most promising 

coatings are versions of conductive Co-Mn and Co-Mn-Fe spinels [23,34]. In-

terconnect materials and development of protective coatings are discussed in 

more detail in chapter 4. 

Efficient seals are important in planar stacks, as gas leaks may severely affect 

the stack performance and lifetime. Fuel leaks reduce stack efficiency and fuel 

utilization and can lead to combustion within the stack, which leads to further 
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damage [19]. The seals are required to withstand the high operation tempera-

tures of SOFCs, be chemically stable in contact with other stack components in 

oxidizing and reducing atmospheres, have a thermal expansion coefficient close 

to other stack materials, and be electrically insulating [20]. Typically used seals 

for planar SOFC stacks can be divided into rigid seals, compressible seals or hy-

brids of these. Rigid seals are commonly glass/glass-ceramics or metallic brazes 

that bond to the adjacent components and form a hermetic seal [19,35]. Com-

pressible seals do not bond to the components to be sealed and are more flexible 

than rigid seals. On the other hand, they require higher compressive stresses to 

form a gas-tight seal and the leak rates are typically higher than for glass/glass-

ceramic seals [20,36]. A common material for compressible seals is mica, a min-

eral with a layered structure, where the layers are weakly bonded and can glide 

past each other [19]. A more detailed overview of SOFC stack sealant materials, 

their requirements and development of novel solutions is given in chapter 5.  
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3. SOFC characterization in realistic op-
eration conditions 

This chapter covers SOFC characterization in realistic operation conditions, 

with emphasis on stack characterization methods and research tools. Publica-

tion I deals with fuel pre-processing for SOFC characterization with reformed 

natural gas. The section presents the design and evaluation of a fuel feeder, 

which is built to be a versatile research tool. Publication II presents a method 

for determining fuel utilization and temperature distributions in a SOFC stack 

during operation with electrochemical impedance spectroscopy. The common 

goal in these publications is to ensure testing conditions that simulate realistic 

operation conditions.  

3.1 Fuel feeder for SOFC characterization (Publication I)  

Among the advantages of solid oxide fuel cell technology is the possibility to 

utilize a variety of hydrocarbon fuels with limited fuel pre-processing or no pre-

processing at all, in which case the SOFC operates with complete internal re-

forming. Internal reforming in the SOFC efficiently utilizes waste heat for the 

endothermic reforming reactions, thereby increasing system efficiency [37,38]. 

Further, the water produced by the fuel cell reaction can be used directly at the 

anode in the reforming reaction and the endothermic reaction reduce the need 

of cooling air to the stack. However, a certain amount of external fuel pre-pro-

cessing is beneficial. A high degree of internal reforming of hydrocarbon fuels 

in the SOFC stack may induce complications due to thermal gradients following 

from the endothermic reformation process [39]. In addition, the risk of carbon 

formation at the anode due to decomposition of higher hydrocarbons (C2 and 

higher) in the fuel can be mitigated by a pre-reformer operating at a lower tem-

perature than the fuel cell [38–40]. SOFC systems operating with direct internal 

reforming require a sufficiently high steam content in the fuel gas to prevent 

carbon formation. 
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SOFC performance and durability depend on testing conditions, such as fuel 

gas composition. Therefore, to replicate realistic system operation as closely as 

possible, it is of importance to extend test conditions to cover various raw fuels 

and reforming conditions. The aim of the work was to design and characterize a 

fuel feeder able to operate with several reforming methods and in a wide tem-

perature and gas flow ranges. To be a versatile research tool, the outlet gas com-

position and temperature should be easily controllable.  

3.1.1 Fuel pre-processing 

The reforming methods commonly used for pre-processing hydrocarbon fuels 

in SOFC applications are steam reforming (SR), catalytic partial oxidation 

(CPOX), and oxidative steam reforming (OSR) [40–42]. Steam reforming is an 

endothermic process where hydrocarbons and steam are converted to a hydro-

gen-rich gas over a catalyst. Below temperatures of 650 °C, the SR reaction is 

almost immediately followed by the water-gas shift (WGS) reaction, producing 

an additional hydrogen molecule. The reaction equations of SR and WGS, re-

spectively, with methane as feedstock are [40,42] 

CH6 + H�O → CO + 3 H�, ∆�� = 206 kJ mol: (3.1) 

CO + H�O → CO� + H�,          ∆�� =  −41 kJ mol:, (3.2) 

where ∆�� denotes the reaction enthalpy. The combined reaction is endother-

mic (∆�� = 165 kJ mol:) and requires heat to proceed.  

In catalytic partial oxidation a part of the feedstock is combusted to provide 

heat for the reforming reaction. CPOX reformers are compact, quick to start up 

and are responsive to fuel cell load changes but the major drawback comes from 

the loss of fuel due to combustion [43,44]. CPOX of methane can proceed via 

two reactions, which both are exothermic [45]:  

CH6 + O� → CO� + 2 H�, ∆�� = −319 kJ mol: (3.3) 

CH6 + ½ O� → CO + 2 H�,          ∆�� =  −36 kJ mol:. (3.4) 

A combination of SR and CPOX results in oxidative steam reforming (OSR), in 

which a major part of the heat needed for SR is provided by the exothermic 

CPOX reaction [42].  

Steam reforming requires the addition of steam, the evaporation of which is 

energy consuming. By recirculating a part of the anode-off gas and mixing it 

with the inlet fuel flow to the reformer, energy can be saved both by recirculating 

steam produced in the fuel cell reaction and by reusing unreacted fuel [46]. Sys-

tems with anode off-gas recirculation (AOGR) can therefore reach higher effi-

ciency than systems without AOGR [47]. Recirculation can also increase the sys-

tem fuel utilization, while keeping the stack fuel utilization low, which has been 



SOFC characterization in realistic operation conditions 

25 

shown to be beneficial for stack durability [48]. On a test bench level, AOGR is 

simulated through a suitable reactant feed to the fuel feeder and controlling the 

fuel feeder temperature.  

Both precious and non-precious metal catalysts are used for catalysing the re-

forming reactions. Commonly used catalysts are the group VIII metals, of which 

nickel is the most used non-precious metal catalyst while, among others, rho-

dium, ruthenium and platinum are typical precious metal catalysts [42]. Ad-

vantages of precious metal catalysts are higher activity, lower risk of catalyst 

reoxidation and resistance against carbon formation, but these are also more 

expensive than nickel [42,43].  

Carbon formation in the fuel processor is deleterious as it may decrease cata-

lyst performance and clog gas channels and piping. The possibility of carbon 

formation in the fuel pre-processor can be predicted with thermodynamic equi-

librium calculations. However, there are reports on tests run in conditions fa-

vourable for carbon formation but where no or significantly less carbon than 

predicted has been formed, such as reported by Halinen et al. [46] and Timmer-

mann et al. [49]. This suggests that slow reaction rates are restraining carbon 

formation. Carbon is formed through several reactions, which are favoured in 

different thermodynamic conditions, but generally these are suppressed by in-

creasing temperature. In addition, carbon formation has been found to be less 

over precious metal catalysts than over nickel [50]. Thus, carbon formation can 

be prevented by a correct choice of materials and operation conditions.  

3.1.2 Experimental  

The fuel feeder consists of a tubular reactor made from 253 MA steel, with a 

monolithic precious metal catalyst with a length of 7.5 cm and diameter of 

2.5 cm. Figure 2 illustrates the fuel feeder setup. The reactor is placed in a cus-

tom-made furnace (MeyerVastus Oy, 2 kW, Finland). Gases are fed to the reac-

tor with mass flow controllers (Bronkhorst EL-FLOW, The Netherlands). De-

ionized water is fed through a liquid flow controller (Bronkhorst Liqui-Flow, 

The Netherlands) to the evaporator (Bronkhorst CEM, The Netherlands), in 

which gas and steam are mixed. Reactor temperature was measured at three 

locations inside the catalyst: 1 mm in front of the catalyst, in the middle and 

1 mm from the back edge of the catalyst.  

The fuel feeder was required to operate in a wide range of gas flows, tempera-

tures and with different reforming conditions. The extremes of the operation 

points, in which thermodynamic equilibrium might not be reached, were chosen 

for the characterization of the fuel feeder. These conditions were defined as the 
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lowest temperatures, which could restrict kinetics, and the highest GHSV, which

could lead to part of the reactants exiting the reactor before reacting. Table 1

presents the experimental conditions in each characterization test. GHSV is cal-

culated for each reforming method based on catalyst volume, SOFC active area,

planned fuel utilization, and for the case of AOGR, the recycling ratio.

Figure 2.  Schematic overview of the fuel feeder setup.

In SR tests, the gas hourly space velocity (GHSV) is varied at the lowest fuel

feeder temperature (Tref) and the temperature is varied at the highest GHSV. In

AOGR and CPOX test, the GHSV is kept at maximum and the temperature is

varied. The outlet gas temperature is compared to the calculated adiabatic tem-

perature (Tout, ad.) to assess the heat transfer in the fuel feeder. The outlet gas

composition is analysed to verify that the composition reach equilibrium. Gas

samples were taken after 1 h of stabilization and composition was analysed with

gas chromatographs (Agilent Technologies 490 for N2, H2, O2, CO, CO2 and HP

Series II for CH4). In all SR tests, steam-to-carbon ratio was held constant 2.0

and in CPOX, the oxygen-to-carbon ratio was 1.2. Carbon formation possibility

was evaluated to assess the safe operation conditions and the temperature below

which carbon formation is possible is presented in the table (Tcarbon). Measure-

ment uncertainties stem from gas chromatographs (3%) and mass flow control-

lers (2%).

Table 1. Test conditions for characterizing fuel feeder performance.

Method GHSV / h-1 Tref / °C Tout, ad. / °C Tcarbon / °C

SR 1300 500 360
740 500 360
520 500 360
1300 650 418
1300 800 466

AOGR 1345 500 493
1345 650 534
1345 800 574

CPOX 400 400 1185 730
400 700 1185 730
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3.1.3 Results and discussion 

Results from the SR tests are presented in Figure 3 in the form of comparisons 

between the measured outlet gas composition and calculated equilibrium com-

position, calculated for both outlet gas temperature and heater temperature. For 

the sake of clarity, only methane and hydrogen fractions are presented. Meas-

urement uncertainties are illustrated with vertical error bars. Figure 3a presents 

the case in which temperature is held constant at 500 °C and GHSV is varied 

from 520 to 1300 h-1. Both for hydrogen and methane, the calculated gas com-

positions are close to the measured values. Calculations based on the outlet gas 

temperature yield closer results than based on the heater temperature. For the 

case of hydrogen, the values are within the measurement uncertainties but the 

calculated methane content is consistently slightly higher than the measured 

values, at most 1.7 percentage points. In Figure 3b, which presents the case with 

constant GHSV of 1300 h-1 and varying temperatures from 500 to 800 °C, it is 

seen that measured and calculated equilibrium values for methane match well 

but the measured hydrogen content is at most 3.6 percentage points lower than 

the calculated equilibrium values, while the corresponding measurement uncer-

tainty is 2.1 percentage points.  

 

Figure 3. Comparison between GC measurements and calculated equilibrium values for me-
thane and hydrogen in steam reforming, when a) heater temperature is kept constant at 
500 °C and b) GHSV is constant 1300 h-1. Equilibrium compositions are calculated for heater 
and outlet gas temperatures.  

In the SR tests, both the measured methane and hydrogen values are consist-

ently slightly lower than the calculated equilibrium values. This indicates that 

the reason to the discrepancies is not a faulty temperature measurement, as a 

change in temperature would decrease the content of one species and increase 

the content of the other. A possible reasons to the differing results could be that 

the S/C ratio is lower than 2.0, i.e. the MFC uncertainty is higher than antici-

pated or one MFC is drifting. The largest difference is to be found in hydrogen 
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content and is 1.5 percentage points larger than the corresponding measure-

ment uncertainty. Measured methane contents differ mostly by 1.3 percentage 

points from the calculated values and are lower than values calculated based on 

the outlet gas temperature. Thus, for practical use of the fuel feeder, the discrep-

ancies in methane content would not pose a problem in terms of coking.  

Figure 4a compares measured gas compositions and calculated equilibrium 

compositions based on heater and outlet gas temperatures for the CPOX tests. 

The calculated and measured values for methane match well and fit within un-

certainty limits. The largest difference in measured hydrogen content from the 

calculated equilibrium value is 2.1 percentage points while the corresponding 

measurement uncertainty is 1.1 percentage points. For practical use, the differ-

ences are small and the fuel feeder performance in CPOX is suitable.  

Figure 4b presents the comparison between measured and calculated gas 

compositions in the test with simulated AOGR gas feeds. For the methane gas 

fractions, the largest difference between the measured and calculated values is 

only 0.3 percentage points. For hydrogen, the largest difference is 2.7 percent-

age points, compared to the corresponding measurement uncertainty of 0.3. 

The difference is smaller than for SR, which may be explained with the smaller 

methane inlet flow in AOGR than in SR, making equilibrium easier to reach as 

there is less methane to reform.  

Figure 4. Comparison between GC measurements and calculated equilibrium values of methane 
and hydrogen for a) catalytic partial oxidation and b) simulated anode off-gas recycling. Equi-
librium compositions are calculated for heater and outlet gas temperatures. 

To conclude, all product gas compositions were close to calculated equilibrium 

compositions when using the gas outlet temperature. Both measured methane 

and hydrogen content was lower than the calculated values; methane content at 

most 1.7 percentage points lower and hydrogen content 3.6 percentage points 

lower. A possible reason to the discrepancies would be a lower S/C ratio in the 

inlet gas feed than planned, which would explain both the lower H2 and CH4 
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contents and the trend with growing discrepancies with increasing temperature. 

Neither temperature nor GHSV seems to impose restrictions to reach thermo-

dynamic equilibrium. The desired outlet gas composition can to a large extent 

be predicted based on the catalyst trailing edge temperature. The chosen cata-

lyst, reactor design and the system setup resulted in a fuel feeder suitable for 

SOFC research. For further work, the characterized design was used as a step-

ping stone for constructing a pre-reformer for stack tests station for stacks up 

to several kilowatts.  

3.2 Fuel flow and temperature distributions (Publication II) 

Uniform fuel flow and temperature distributions over the individual cells in an 

SOFC stack play a vital role in achieving high stack efficiencies and long life-

times. High fuel utilizations are used to achieve high efficiencies, which in turn 

require uniform fuel flows to avoid local fuel starvation. Fuel starvation leads to 

performance decrease and in the worst case to anode reoxidation and irreversi-

ble cell degradation or destruction. Fuel flow distributions are typically taken 

into account in the stack design phase and can be modelled with, for example, 

CFD as illustrated in Refs. [51–54], but in stack characterization, the effect of 

suboptimal fuel flow distribution on the stack performance might be cumber-

some to distinguish from other factors.  

A uniform temperature distribution over the cells in the stack helps to mini-

mize thermomechanical stresses due to thermal gradients, thereby reducing the 

risk of stack failure. In studies for determination of stack temperature distribu-

tion various approaches have been used, such as direct measurement with spe-

cial stack with built-in thermocouples [55–57], or numerical, CFD or data-based 

modelling [58–61]. However, these methods, where thermocouples are inserted 

into the stack or into special, thicker interconnect plates, might alter the results. 

Single-frequency electrochemical impedance spectroscopy (EIS) with frequen-

cies above 100 kHz has been used to determine the temperature of unit cells, for 

example by Klotz et al. [62,63], but such high frequencies are susceptible to 

noise, especially in stack measurements.  

The aim in Publication II was to develop a characterization method for deter-

mining the fuel flow and temperature distributions in a stack at nominal opera-

tion condition with electrochemical impedance spectroscopy. The characteriza-

tion method could be of help in stack design and monitoring the state-of-health 

of the stack. The developed method was demonstrated on an ElringKlinger AG 

10-cell stack.  
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3.2.1 Introduction to electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a versatile and powerful tool 

in electrochemistry, which allows for non-destructive in situ measurements of 

cells and stacks. With EIS, one can distinguish the various electrochemical pro-

cesses present in a system over a wide frequency range and determine their re-

laxation times and amplitudes. In a fuel cell, such processes are for example 

charge-carrier transfer and gas diffusion. Thus, in the optimal case, the share of 

each physical process of the total losses in the fuel cell can be determined. 

[64,65] 

EIS measures the frequency-dependent resistance of the cell, that is, the com-

plex impedance, by using a small perturbing signal and observing the response 

of the system. A sinusoidal signal, in fuel cell operation often a current signal 

@(B) = 1�sin (ωt), superposed on a bias, is used as the perturbation signal. When 

an electrochemical system is perturbed with such a signal, the response signal, 

in this case a voltage signal F(B) = 0�(G) sin[GB + I(G)], is also sinusoidal, but 

with a different amplitude and an added phase shift. Using the Fourier trans-

form from the time domain to the frequency domain, the impedance can be cal-

culated in the manners of Ohm’s law, such as 

 

 K(G) = �{F(B)}
�{@(B)} =  0�(G)1� LM N(P) =  |K(G)|LM N(P)

= �L{K(G)} + Q 1R{K(G)} 
(3.5) 

 

where �{ } denotes the Fourier transform, G = 2ST is the angular frequency, Q 

is the imaginary unit, and I(G) is the frequency dependent phase shift between 

current and voltage, and the impedance can be divided into a real and imaginary 

part [64,66]. Impedance can only be defined through the Fourier transform for 

systems that obey the conditions for linearity, causality and stability. Therefore, 

in order for the SOFC system to be treated as linear, the perturbation signal 

must be small enough and measurements must be done when the system is in a 

stable state [66,67]. To validate the data, Kramers-Kronig relations are used to 

check for consistency to the requirements of linearity, causality and stability.  

In fuel cells, the relaxation times may span over more than 15 orders of mag-

nitude, but due to practical reasons, the EIS method is feasible for studying pro-

cesses with relaxation times from microseconds to tens of seconds. As the rec-

orded impedance spectrum does not give information on the physical property 

but rather the response of the system on a perturbation, the measured spectra 
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is commonly fitted to and compared to a theoretical equivalent circuit, describ-

ing a model of the system, from which quantitative values for the various studied 

processes may be determined. [64,68] 

3.2.2 The characterization method 

The characterization method builds on the correlation between the EIS low-

frequency response and fuel utilization in a cell and between the ionic and elec-

tronic conductivity in the electrolyte and the temperature [69–73]. The possi-

bility to utilize these correlations for determining anode gas flow distributions 

has previously been presented by Dekker el al. [74], and Mosbæk et al. [75] have 

shown the correlation between low-frequency responses to changes in gas sup-

ply to individual cells. The EIS low-frequency response is also called gas conver-

sion impedance (GCI). As the GCI of individual cells is related to the fuel utili-

zation and as the current through each cell in a stack is the same, one can calcu-

late the gas flow distribution over the stack. This work refines the methodology 

presented by Dekker et al. and extends it to cover temperature distributions.  

To determine numerical values for GCI and the ohmic resistance, the meas-

ured EIS spectra was fitted to a common equivalent circuit representing an 

SOFC, shown in Figure 5. The circuit consists of a serial resistance Rs, repre-

senting the ohmic and ionic resistances and two parallel resistor-constant phase 

element circuits. The first R1-CPE1 circuit represents gas-solid interactions at 

the electrodes and the second R2-CPE2 circuit represents gas conversion. For the 

calculations, the real part of the gas conversion impedance, R2, will be used.  

 

 

Figure 5. Equivalent circuit used to describe SOFC cells, consisting of a serial resistance and 
two parallel resistor-constant phase element circuits.  

The characterization method is a stepwise process. First, the EIS of an average 

cell, for example the middle cell, is measured while varying the temperature and 

fuel utilization. Second, a relation between the measured Rs and temperature 

and R2 and fuel utilization is determined. Third, the EIS of all cells is measured 

in nominal operation conditions and the desired distributions are calculated 

based on the relations from the previous step.  

Rs

R1 R2

CPE1 CPE2
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For determining the relation between measured impedance and FU and tem-

perature, the Fick’s diffusion equation and the Arrhenius type of equation for 

conductivity were used. Diffusion in a ternary gaseous mixture (with compo-

nents k, l, and m) in one dimension porous media can be expressed as 

UVW,X�33
�� Y�ZWY�� = 0, (3.6) 

where U is the total pressure, R is the ideal gas constant, T the operating tem-

perature, ZW  is the molar fraction of component k, � is the position along the 

thickness of the anode and VW,X�33 is the effective binary diffusivity of component.  

Solving for the hydrogen concentration and using the following expressions 

for concentration overpotential (3.7) and a relation for the fuel utilization (3.8)  

%&'�&,��'\� = ��2� ln �Z!�^45W · Z!�#Z!� · Z!�#^45W $ 

 

(3.7) 

�0 = 1��
2�U�̇��'\�Z!�^45W (3.8) 

yields a relation for expressing the concentration resistance as a function of fuel 

utilization �0: 

_&'�&,��'\�  
 

=  Y%&'�&,��'\�Y1   

= ��2�
`1 − Z��^45Wa ��2�UVW,X�33 b

cZ!�#^45W + T��d,&�55Z!�^45W�0
V!�,X�33 bf cZ!�^45W − T��d,&�55Z!�^45W�0

V!�,X�33 bf
 

 

(3.9) 

By grouping the coefficients and parameters into generic constants, the follow-

ing relation is obtained. As there are no changes to the cathode gas flow, the 

concentration resistance stemming from the anode can be described by the gas 

conversion impedance.  

_&'�&,��'\� = 1g�0� + h�0 + j (3.10) 

 

The relation for describing temperature as a function of the serial resistance Rs 

is based on the Arrhenius conductivity equation  

p� = p� exp r �����u 
(3.11) 
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where p is the conductivity, � is the temperature in Kelvin, p� is a material con-

stant, �� is the activation energy and �� is the Boltzmann constant. Simplifying 

the equation yields a logarithmic relation for the temperature as a function of 

the serial resistance with two parameters A and B:  

� = v ln(��) + w (3.12) 

For the detailed steps in deriving relations (3.10) and (3.12), the interested 

reader is advised to Publication II.  

3.2.3 Experimental setup and measurements 

The method was demonstrated on an ElringKlinger AG (Germany) C-design 10-

cell stack. The stack was heated in a furnace (MeyerVastus Oy, Finland) to 

700 °C and fuel and air were fed through mass flow controllers (Bronkhorst EL-

FLOW, The Netherlands). At nominal operation conditions, fuel flow was 

3500 ml min-1 H2 and 3500 ml min-1 N2, and air flow was 30 000 ml min-1. The 

cell active area was 84 cm2 and the current density was 0.3 A cm-2. Each cell 

voltage was measured. Controls and measurements were performed with an in-

dustrial PLC. 

EIS was measured with a five-channel impedance monitor (ZiveLabs Z#, 

South Korea), controlling the electric load (Kikusui PLZ1004, Japan). The fre-

quency range yielding usable data was 10 mHz – 5 kHz. The cells were grouped 

into five cell blocks, so that cell 1, cells 2–4, cells 5–6, cells 7–9, and cell 10 

formed separate blocks. The data quality was validated with Kramers-Kronig 

relations and data points with a residual error higher than 1% were rejected. The 

measured data was fitted to the equivalent circuit shown in Figure 5 and rela-

tions (3.10) and (3.12) were used to calculate the fuel utilization and tempera-

ture distributions.  

At nominal operation point, the fuel utilization was 50% and temperature 

700 °C. In the measurements, FU was varied from 30% to 70% with steps of 10 

percentage points and temperature was varied from 650 °C to 750 °C, with steps 

of 25 °C. The stack temperature was determined as the average of inlet and out-

let air temperature.  

3.2.4 Results and discussion 

Figure 6 presents an IV curve measured with gas flows corresponding to nomi-

nal operation conditions (see chapter 3.2.3) in the beginning of the test. It is 

seen that cell 1 shows the lowest performance over the whole current range and 

cell 10 is the first to show signs of fuel shortage. Cells 2–8 show rather similar 



SOFC characterization in realistic operation conditions 

34 

behaviour. The middle cell group, containing cells 5 and 6, were chosen for de-

termining the parameters to relations (3.10) and (3.12) as these cells seem to be 

representative for the stack.  

 

Figure 6. IV curve measured in the beginning of the test at 700 °C.  

Figure 7 presents the calculated fuel flow over the anode in each cell group at 

the nominal operation point, normalized with respect to the number of cells in 

the group. The highest fuel flows are seen in the middle and the topmost cell 

receives least fuel. The calculated flow varies between 610 ml min-1 and 770 ml 

min-1 and the uncertainty is estimated to 6%. Errors are induced from faults in 

the EIS spectra that are small enough to be approved by the Kramers-Kronig 

test, from fitting the spectra to the equivalent circuit, from fitting the measured 

values for R2 to the relation (3.10), and from mass flow controller uncertainty.  

 

Figure 7. Calculated anode fuel flow in each cell group (bars) and the measured average cell 
voltage in corresponding cell groups (line).  
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The calculations are in accordance with the IV curve (Figure 6), in which cell 10 

is the first to show signs of fuel shortage. The distribution also follows the trend 

shown in the measured cell voltages, but there are discrepancies regarding the 

outermost cells. Thus, there seems to be another mechanism affecting the volt-

ages, for example temperature.  

Figure 8 presents the calculated temperature distributions over the cell groups 

in the stack as well as the average cell group voltages. The highest calculated 

temperatures are in the middle of the stack and the outer cells are the coldest. 

The temperature calculated for cells 7–9 is 715 °C while cell 1 is 60 °C colder. 

Probable reasons are the gas entering the stack from below and the stack being 

heated only from the sides as there are no heating elements in the bottom of the 

furnace. The uncertainty is estimated to 3%, stemming from faults in the EIS 

spectra, errors from fitting the spectra to the equivalent circuit and errors from 

fitting the measured Rs to relation (3.12). As the reference cell temperature at 

nominal operation conditions was estimated as the average of inlet and outlet 

air temperature, the real cell temperature may differ from the calculated tem-

perature. Thus, of higher interest is the calculated temperature distribution in-

stead of the numerical values. 

The calculated temperature distribution corresponds with the measured aver-

age cell voltages. Thus, the temperature seems to affect the voltages more than 

the fuel utilization, at least at nominal operation conditions with moderate FU. 

This is also supported by the IV curve, where cell 1 shows the lowest voltage but 

shows less signs of fuel shortage then cell 10 at high currents.  

 

 

Figure 8. Calculated temperature in each cell group (bars) and the measured average cell volt-
age in cell groups (line).  
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The measurements above shows that the developed characterization method 

can be used for determining the temperature and fuel utilization distributions 

in SOFC stacks under nominal operation conditions without interfering with the 

operation. The distributions corresponded with IV curve measurements and 

suggest that temperature affect cell voltages in a larger extent than the fuel uti-

lization, at least at nominal operation. The characterization method can be used 

as an aid to evaluate and improve stack design, thereby improving SOFC per-

formance. 

The presented validation of the method was based on comparisons between 

calculated distributions and stack performance analysis based on cell voltage 

measurements. In future work, a more in-depth validation of the calculated fuel 

utilization distribution could be done by manufacturing a stack with differing 

interconnect plates, which would restrict fuel flow to certain cells and result in 

a higher fuel utilization in these cells. The expected fuel flow over each cell could 

be calculated with CFD. As validation, the method would be required to reveal 

these cells with higher FU and the calculated distributions should match with 

the CFD calculation. Similarly, the temperature distribution could be modelled 

and compared with the results given by the characterization method. Also, de-

termination of temperature distributions could further be improved by deter-

mining the reference cell temperature more precisely and the overall work by 

optimizing the EIS measurement setup for stack tests. 
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4. Development and characterization of 
interconnect materials 

This chapter deals with studies of protective coatings for planar metallic SOFC 

interconnects. The developed characterization method for interconnect materi-

als is presented in Publication III. The method is used in Publication IV, where 

different manganese cobalt oxide protective coatings are developed, evaluated 

and compared to a commercial alternative.  

4.1 Mitigating chromium poisoning and corrosion  

The recent development of SOFCs has made it possible to decrease the opera-

tion temperatures to 600–800 °C, which enables the use of metallic intercon-

nects instead of ceramic materials [33,76]. Metallic materials have the benefits 

of comparatively higher electronic and thermal conductivity, higher mechanical 

strength, lower cost and the ease of manufacturing with various methods. Ex-

amples of commercial steel grades developed for SOFC applications are Crofer 

22 APU and Crofer 22 H (VDM Metals), ZMG 232 (Hitachi Metals, Ltd), and E-

Brite (Allegheny Technologies Inc). These steels contain 20–27.5 wt% chro-

mium to achieve high corrosion resistance [77–80]. At high temperatures, a 

double layer of oxide scales is formed to minimize corrosion. The lower layer 

consists of chromia and the upper layer of chromium-manganese oxide, to 

which Cr and Mn diffuse from the bulk steel. [16,18] 

However, chromium poisoning of the cathode is widely recognized as a major 

degradation process in SOFC stacks. Identified chromium sources are the inter-

connect steel and balance of plant components upstream from the stack, of 

which the interconnect plates in a direct contact with the cathode are the main 

source. In high temperatures and oxidizing environments, volatile chromium 

species, such as CrO3 and CrO2(OH)2, are formed through oxidation of the chro-

mia scale. The presence of steam enhances the process. The gaseous chromium 

species are transported from the interconnect to the cathode, where they are 

redeposited as Cr2O3. The deposited chromia may block the active surface of the 
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cathode and deter the oxygen reduction reaction. In addition, formation of 

SrCrO4 has been observed at LSM and LSCF cathodes, which is highly insulating 

and leads to increasing ASR, which lowers the stack performance. In addition 

to lowering stack performance, chromium migration from the interconnect steel 

may lead to break-away oxidation, which is equally harmful for the stack. Chro-

mium poisoning has been extensively studied and has been observed in nickel, 

iron, and chromium based interconnects. [23,34,81,82] 

To prevent chromium migration from the steel and to decrease oxide scale 

formation, protective coatings for SOFC interconnects have been extensively de-

veloped. Coatings are required to be chemically and mechanically stable, have a 

low electronic resistivity, to adhere well to the substrate steel and to have a sim-

ilar TEC as the substrate. Of various tested coatings, conductive spinels have 

shown to have a high capability of blocking Cr migration and have a sufficiently 

high electronic conductivity. Among the most promising spinels reported in lit-

erature are versions of Co-Mn and Co-Mn-Fe spinels, such as MnCo2O4 and  

MnCo2-xFexO4 [34,83–85]. Cu has been doped to the Mn-Co spinels to enhance 

sinterability and electronic conductivity [83]. Similarly to the variety of coat-

ings, several deposition techniques have been reported and studied. Examples 

include sol-gel techniques, chemical vapour deposition (CVD), pulsed laser dep-

osition, plasma spraying, screen printing, slurry coating, magnetron sputtering 

and electrodeposition [34,83]. In addition to mitigate chromium evaporation, 

coating development is also driven by the desire to replace costly special steels 

such as Crofer 22 with low-cost commercial steel grades, such as AISI 441, which 

if coated could be an functioning alternative in stacks.  

4.2 Interconnect material characterization (Publication III) 

4.2.1 Background 

To evaluate possible interconnect materials, such as steels and protective coat-

ings, in situ stack testing combined with post-test microscopy would be the most 

realistic option [86,87]. However, due to limited time and resources, as well as 

the risk of other stack degradation phenomena overshadowing the effects of the 

studied material, ex situ characterization methods are commonly used, espe-

cially in the first development stages. Such methods include long-time exposure 

tests [88,89], chromium vaporization measurement [90–95], and area-specific 

resistance (ASR) measurements [96–100]. Ideally, the characterization method 

should as closely as possible replicate the real situation in stacks. For example, 
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in ASR measurements it is important to have realistic contacting materials to be 

able to compare ex situ test results with stacks. 

However, commonly used ASR measurement setups include symmetrical set-

ups with one or two coated steel plates and platinum, silver or ceramic elec-

trodes. Either a single steel plate with a double-sided coating is placed between 

platinum or silver meshes with Pt paste [100–103], or two coated steel plates 

are placed next to each other with platinum paste [99] or an LSM pellet [96] in-

between. Alternatively, the coated steel plates are placed directly adjacent to 

each other [104]. 

 These setups differ from the situation in stacks and might yield different re-

sults. Thus, there is room for developing characterization methods to closer rep-

licate the conditions in stacks. Further, in conventional characterization meth-

ods, Cr evaporation measurements are often performed on separate samples 

with the so-called transpiration method. Here steel samples are heated in a fur-

nace and flushed with dry or humid air. The volatile chromium is gathered 

downstream, for example with denuder tubes, in which the chromium reacts 

with sodium carbonate and the amount of Cr can later be determined 

[92,105,106].  

The aim in Publication III was to develop a comprehensive characterization 

method for steels and coatings for SOFC interconnects. In the setup, the studied 

steel samples are placed adjacent to palladium foils with a screen-printed lan-

thanum-strontium-cobalt oxide (LSC) layer, replicating a SOFC cathode. The 

LSC layer is manufactured with the same materials and manufacturing pro-

cesses as real cathodes, and can be replaced by any other cathode material of 

interest. Palladium was chosen as support material as it has a thermal expansion 

coefficient similar to the steels, does not react with the other cathode material, 

nor contain chromium. The setup offers the same contacting materials, electri-

cal contacts, chemical interactions and chromium migration mechanisms as in 

real stacks. Further, as the steel sample is the main chromium source, the setup 

enables post-test analysis of chromium migration through the coating by meas-

uring the Cr content in the adjacent LSC layer. Electron microscopy analysis 

also give information on the coating microstructure and corrosion of the steel. 

The setup was used in a characterization of coated and uncoated steel samples.  

4.2.2 Experimental 

The studied steel material was 0.2 mm thick Crofer 22 APU (ThyssenKrupp / 

VDM Metals, Germany), both uncoated and coated. The coating was a roll-to-
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roll physical vapour deposition (PVD) cerium-cobalt coating by AB Sandvik Ma-

terials Technology (Sandviken, Sweden). The coating has two layers, a 10 nm Ce 

layer with 800 nm Co layer on top [107]. Upon heating, the coating reacts with 

manganese from the bulk steel and forms a (Mn,Co)3O4 spinel, whereas the role 

of the Ce layer is to hinder chromia formation [108]. The studied steel samples 

were placed adjacent to LSC-coated 0.5 m thick palladium plates (Alfa Aesar, 

99.9% purity), as illustrated in Figure 9. The LSC layer was 20±2 μm thick and 

manufactured by Elcogen AS (Tallinn, Estonia) with the same materials and 

methods as their real cathodes. Dimensions of the samples were 10 × 10 mm 

with brackets for connecting voltage measurement wires. Three coated and 

three uncoated samples were studied.  

 

 

Figure 9. The studied sample was placed adjacent to a LSC coated palladium counterpart and 
the resistance was measured with a four-point setup. Note that thicknesses are not in scale 
but exaggerated for illustrational purposes.  

The samples were placed in a Nabertherm RS120 vertical tube furnace with a 

closed-end alumina working tube (Lilienthal, Germany). Air was fed through 

Bronkhorst EL-Flow mass flow controllers (Ruurlo, The Netherlands) and a 

Bronkhorst Controlled Evaporator Mixer was used to control the air humidity. 

Current was applied through the samples with a Delta Elektronika ES 030-10 

power source (Zierikzee, The Netherlands). Resistance was measured with a 

four-point DC setup: current and voltage drop over the samples were measured 

with Agilent 34970A data acquisition unit with 34901A Multiplexers (Santa 

Clara, United states). Post-test microscopy analysis were performed with a 

XL30-EBSP (FEI) scanning electron microscope with an INCASynergy 350 en-

ergy-dispersive X-ray spectrometer (Oxford Instruments, United Kingdom).  

To replicate SOFC stack operation conditions, the temperature was set to 

700 °C, current density to 0.4 A cm-2 and a compression pressure of 0.4 MPa 

was applied by weights. An airflow of 0.5 NL min-1 with 3% humidity was fed 

through the furnace to create intensified conditions for chromium evaporation. 

Two measurements with 100 and 2000 hour durations were performed with 

three separate samples in each. 
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4.2.3 Results and discussion 

Figure 10 presents the measured ASR over time in the 100 and 2000 hour tests. 

Measured values include the resistances of bulk steel and bulk palladium, re-

sistance of protective coating and LSC layer, contact resistance between protec-

tive coating and LSC, and resistance of corrosion layers. The measured values 

are in the range of 5–45 mΩ cm2 and the resistances of bulk steel and bulk pal-

ladium, as well as of sintered LSC and the protective coatings sum up to around 

0.5 mΩ cm2 at 700 °C [109,110]. Thus, the major part of the measured ASR 

stems from resistance of corrosion layers and from contact resistance between 

protective coating and LSC. Measurement uncertainties stem from voltage 

measurements (± 5 μV), current measurements (± 0.5 mA), and placement of 

the samples, which gives a mean sample area of 0.9 ± 0.1 cm2. The total uncer-

tainty is approximated to 11% of the measured value and the main source is the 

uncertainty in sample area.  

 

Figure 10. ASR values over time of coated and uncoated samples in the (a) 100 hour test and 
(b) 2000 hour test. 

The average ASR in the end of the 2000 hour test is 12 mΩ cm2 for the coated 

samples and 17 mΩ cm2 for the uncoated samples. Corresponding values from 

the 100 hour test are 43 mΩ cm2 for uncoated samples and 5 mΩ cm2 for coated 

samples. As seen in the graphs, there is an initial increase in the ASR of the un-

coated samples and Figure 10b shows that the after approx. 100 hours, the ASR 

starts to continuously decrease. One would imagine the resistance to continu-

ously increase due to growth of oxide scales, but the same behaviour has been 

previously observed by Thomann et al. [86] and Yang et al. [111] Yang et al. de-

scribed the ASR decrease by improved electrical contact through growth of a 

(Cr,Mn)3O4 spinel on the oxide layer. It is expected that with a sufficiently long 

exposure time, the ASR would increase again due to growth of chromia scales 

under the (Cr,Mn)3O4 layer.  

Figure 11 presents cross-section SEM images of the interface between steel 

samples and LSC layers. The oxide layer beneath the protective coating in Figure 

11d was 0.6 μm thick on average and in the uncoated sample in Figure 11d it was 
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1.2 μm thick, showing that the protective coating slowed down the oxidation of 

the steel over the 2000 hour test. In both samples, the oxide layer is composed 

of chromium and manganese oxide. In Figure 11a, it is seen that already after 

100 hours, a 0.6 to 1.2 μm thick reaction layer of strontium chromate was 

formed on the LSC layer adjacent to uncoated steel. SrCrO4 has been linked with 

degradation of SOFC stacks, as it may block the path of reactant gas in the cath-

ode and increase the ASR due to its high resistivity. In addition, it may also 

cause strontium depletion in the cathode layer, which can increase the cathode’s 

polarization resistance [112]. The rapid formation of the highly resistive SrCrO4 

also offers an explanation to the initial ASR increase in uncoated samples, as 

seen in Figure 10. However, no uniform layer could have been formed as a 1 μm 

thick layer would have increased the ASR by approx. 2900 mΩ cm2 as its resis-

tivity is 316.2 Ω m at 700 °C [113]. The decrease of ASR between 200 and 2000 

hours can be attributed to the formation of more conductive (Cr,Mn)3O4, which 

was identified as the components of the oxide layer, and proposed by Yang el al. 

as the reason to improved electrical contacts. However, the quality of electrical 

contacts cannot be studied from the SEM micrographs as sample preparation 

did not keep the oxide layers intact.  

No SrCrO4 formation was observed in the coated samples, which indicate that 

the protective coating hindered chromium migration to the LSC layer. In con-

ventional methods, in which for example Pt paste is used, formation of SrCrO4 

would not take place as the cathode layer is lacking. Instead, the here presented 

method could be beneficial to observe such phenomena.  

 

 

Figure 11. Cross-section SEM images of uncoated (a, b) and coated (c, d) steel samples after 
ASR test of 100 h (a, c) and 2000 h (b, d). 

Chromium migration through the coating was also studied by measuring the Cr 

content in the adjacent LSC layer. Figure 12 presents EDS line scans over the 

interface between steel and LSC in three uncoated and coated samples, for both 

the 100 and 2000 hour test. Chromium content is measured over the steel, the 
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oxide layers, the coating if any and the complete LSC layer. The detection limit 

of the EDS equipment is approx. 1.0 at% and the diameter of the interaction 

volume is around 1 μm. Figure 12c shows that the Cr content in the LSC layers 

adjacent to coated steel is below the detection limit after 100 hours of testing 

while in LSC layers adjacent to uncoated steel it is 1–2 at%. The small chromium 

signals at the coating location are attributed to the interaction volume of the X-

ray. In Figure 12d, presenting the results for the 2000 hour test, the difference 

between coated and uncoated steel is significant. The Cr content in LSC next to 

uncoated steel is between 6 and 15 at%, while there are still no detectable Cr in 

the LSC adjacent to coated steel samples.  

These measurements show clearly that the coating prevents chromium migra-

tion successfully. The developed method has showed to be helpful in coating 

characterization. To further improve the characterization and also account for 

the effect of chromium poisoning on the cathode electrochemical reactions, fuel 

cell stack tests are suggested. To account for possible dual-gas atmosphere ef-

fects on the samples, the sample housing could be further developed for feeding 

fuel and oxidant over separate sides of the steel sample.  

 

 

Figure 12. EDS line scans of LSC layers adjacent a coated steel sample after 100 h (a) and to 
an uncoated steel sample after 2000 h (b). Average chromium content of three uncoated and 
coated samples after 100 h (c) and 2000 h (d). Vertical dashed line denote border to LSC 
layer.  

4.3 Protective coating development (Publication IV)  

4.3.1 Background 

As described in section 4.1, chromium evaporation and corrosion of intercon-

nect steel materials pose a challenge for the performance and longevity of SOFC 
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stacks. Various protective coatings have been developed and reported in litera-

ture. Of these, some of the most promising candidates are conductive spinels 

such as Mn-Co and Mn-Co-Fe oxides and a variety of deposition techniques 

have been reported [34,83]. However, often differing testing conditions, among 

others, temperature, test duration, contacting materials and atmosphere, make 

it challenging to compare the reported results. Therefore, the aim of the work 

reported in Publication IV was to screen MnCo2O4 spinel coatings deposited 

with different techniques on state-of-the-art stainless steels. Coatings made 

with four different deposition techniques on two different steels were evaluated 

and compared to a commercial Ce-Co coating.  

4.3.2 Experimental 

The coatings were manufactured by three companies and one research centre. 

In all cases, the targeted spinel composition was MnCo2O4. The studied deposi-

tion techniques were atmospheric plasma spray (APS, made by Turbocoating 

S.p.A.), physical vapour deposition (PVD, made by TeerCoating Ltd), wet pow-

der spray coating (WPS, made by SolidPower S.p.A.) and atomic layer deposi-

tion (ALD, made by VTT Technical Research Centre of Finland Ltd).  

Coatings were deposited on 0.2 mm thick steel foils of AISI 441 and Sandvik 

Sanergy HT. Table 2 details the composition of the steels. The most notable dif-

ference is the higher chromium content in the Sanergy HT steel.  

Table 2. Composition of AISI 441 and Sandvik Sanergy HT steels [114,115]. Values in wt%. 

 Fe Cr C Mn Si Al Mo Nb Ti S P 
AISI 441 Bal 18.0 0.012 0.3 0.35 – – 0.45 0.17 0.001 0.023 
Sanergy HT  Bal 21.2 0.04 0.3 0.12 0.017 0.96 0.71 0.09 – – 
 

The coatings were evaluated with the characterization method described in sec-

tion 4.2. ASR measurements were performed at 700 °C for 1000 hours in humid 

air (3% humidity). Post-test microscopy analysis was performed with a FEI 

XL30-EBSB SEM equipped with an INCA EDS detector (Oxford Instruments, 

United Kingdom). The coatings were compared to a commercial Ce/Co coating 

by Sandvik Materials Technology, coated on 0.2 mm thick Sandvik Sanergy HT 

steel.  

4.3.3 Results and discussion 

Figure 13 and Figure 14 present the measured ASR of the studied samples over 

the test durations of 1000 and 960 hours. The values presented in the graphs 

are the averages of two samples. Samples on AISI441 steel substrate are plotted 

with dashed lines and Sanergy HT steel substrates with solid lines. The samples 
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showed good repeatability and the values of similar samples were within 10% 

from each other. It can be seen that there are fairly large differences between 

the samples and the ASR range from 5 to 500 mΩ cm2 in the end of the test. The 

lowest values are seen for the Sandvik Ce/Co reference coating (5 mΩ cm2), fol-

lowed closely by the PVD (10 mΩ cm2) and APS coatings (20 mΩ cm2). The ALD 

and WPS coatings show clearly higher ASR values. The two WPS samples on 

Sanergy HT showed both ASR values between 300 and 700 mΩ cm2. Regarding 

the ASR, there are no trends based on the steel substrate.  

 

 

Figure 13. Measured ASR of ALD, PVD and APS coating samples compared with the Sandvik 
reference samples. The values are averages of two samples of each coating.  

 

Figure 14. Measured ASR of the WPS coating samples compared with the Sandvik reference 
samples. The values are averages of two samples of each coating.  
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After reaching 1000 hours of ASR testing, the samples were embedded in epoxy, 

cut and polished for SEM analysis. To quantify the coating performances in mit-

igating chromium migration from the substrate steel, the Cr content in the LSC 

layer adjacent to the studied sample was measured with an EDS line scan. Table 

3 present the average Cr contents in the EDS line scans over the whole LSC lay-

ers adjacent to each sample. The detection limit of the EDS equipment is 

0.5 at%, i.e. samples with values smaller than the detection limit are regarded 

as free of chromium. There are only three samples through which chromium 

migrated to the LSC layer: ALD on Sanergy HT, WPS on AISI441 and WPS on 

Sanergy HT steel. Chromium amounts in all other samples were below the de-

tection limits.  

Table 3. Average chromium content measured by EDS line scans over the whole LSC layer adja-
cent to the studied samples. Values in at%, uncertainty and detection limit is 0.5 percentage 
points. 

ALD 
AISI441 

ALD 
Sanergy 
HT 

PVD 
AISI441 

PVD 
Sanergy 
HT 

APS 
AISI441 

APS 
Sanergy 
HT 

WPS 
AISI441 

WPS 
Sanergy 
HT 

Refer-
ence 

0.15 4.3 0.1 0.1 0.1 0.1 1.4 4.1 0.3 
 

Comparing the Cr content measurement with the ASR graphs, it is seen that the 

three coatings which did not hinder Cr migration, show the highest ASR values. 

This is also illustrated in Figure 15a, which compares the Cr content with the 

measured ASR values. It is clearly seen from the graph that coatings that did not 

hinder chromium migration have higher ASR than the average value. 

 

  

Figure 15. Comparison of a) measured ASR in the end of the 1000 h test and Cr content in the 
LSC layer adjacent to the coating sample, and b) coating porosity and Cr content in the ad-
jacent LSC layer. EDS detection limit is 0.5 at%.  
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The effect of coating porosity on mitigation of Cr migration is shown in Figure 

15b. The graph presents the relation between coating porosity and Cr migration 

into the LSC layer. Coating porosity was calculated from the SEM cross-section 

images of the coating by processing the images with the software ImageJ to bi-

colour images with only black and white, where white denoted pores, and calcu-

lating the relation between white and black pixels. Except for the ALD coating 

on Sanergy HT, the coatings that failed to hinder Cr migration are significantly 

more porous than the rest and porosity seems to lead to Cr migration. Similarly, 

the WPS coatings with highest porosity show also the highest ASR values, which 

could be explained by the higher bulk resistivity stemming from a high porosity. 

The WPS sample on Sanergy HT, which has a higher chromium content than 

AISI441, shows the highest amount of chromium migration to the LSC layer. 

Examples of well and worse performing coatings are compared in Figure 16. A 

well-performing APS coating is illustrated in Figure 16a and Figure 16b displays 

a micrograph of the WPS coating, both on Sanergy HT steel. There is a circa 

4 μm thick oxide coating under the WPS coating and in the APS sample the ox-

ide layer is circa 1 μm. As previously noted, it is seen that the WPS coating is 

more porous and even though there are pores in the APS coating, these are 

closed. The porosity allows chromium vapour to diffuse to the LSC layer and 

oxygen to penetrate to the steel surface. Vaporized chromium has reacted on the 

LSC surface and formed a circa 0.5 μm thick SrCrO4 layer. Judging from the 

measured ASR, this layer is not uniform as the ASR of such a layer alone would 

amount to circa 1600 mΩ cm2. EDS analysis showed that the oxide scale beneath 

the APS coating was pure chromia while the oxide layer in the WPS sample con-

tained chromia and silicon oxide, which may increase the resistance.  

 

a) Pd
LSC

MCO

Steel
 

b) Pd
LSC

MCO

Steel

SrCrO4

Oxides

 

Figure 16. Cross-section micrographs of a) APS coating and b) WPS coating, both on Sanergy 
HT steel substrate. 
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The results show that a well performing coating should be dense and well ad-

hered to the substrate. Chromium migration affects the ASR but it is to be re-

membered that also small amounts of Cr poisoning of the cathode may affect 

the electrochemical activity of the cathode negatively.  

Of the evaluated coatings, the APS and PVD deposited MnCo2O4 spinel coat-

ings showed ASR values of circa 20 mΩ cm2 and 10 mΩ cm2, respectively, while 

no chromium could be detected in the adjacent LSC layer. These ASR values are 

comparable with the commercial Ce/Co reference coating by Sandvik Materials 

Technology, which showed an ASR of 5 mΩ cm2 and likewise hindered Cr mi-

gration. The voltage drop of these coatings would be less than 8 mV when ap-

plying a commonly used current density of 0.4 A cm-2, which is acceptable. 

Thus, these coatings could be applied in SOFC applications as such.  
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5. Development of SOFC stack sealing 
solutions 

This chapter discusses sealing solutions for planar SOFC stacks. Hybrid gaskets 

composed of a compressible core with outer glass layers were developed and 

characterized both ex situ to determine leak rates and in situ in stacks to ensure 

their functionality. Publication V presents the development of the hybrid gas-

kets while Publication VI presents the post-test analysis of a stack with hybrid 

gaskets.  

5.1 Background  

Planar SOFC stacks require efficient and stable seals to operate efficiently, as a 

sealing failure may affect the stack performance and lifetime in several ways. 

Fuel leaks reduce the efficiency, performance and fuel utilization of the stack 

[19]. Locally, a leak can lead to hot-spots or combustion within the stack, which 

further damages the stack materials, leading to an increasing degradation rate. 

Therefore, the cells and interconnect plates must be joined with gas-tight gas-

kets, which have to fulfil a wide range of requirements. The gaskets are required 

to withstand high temperatures of 600–850 °C, be chemically stable in oxidiz-

ing and reducing atmospheres and in contact with other stack materials, have a 

thermal expansion coefficient (TEC) similar to the adjacent materials to avoid 

inducing thermo-mechanical stresses into the stack structure, be electrically in-

sulating, as well as not contain any substances which can contribute to electro-

chemical cell degradation. [20,35,36]  

The gaskets typically employed in planar SOFC stacks can be broadly divided 

into rigid seals and compressible seals. Rigid seals bond to the components to 

be sealed and provides excellent sealing properties. Most common materials for 

rigid seals are glass/glass-ceramics and metallic brazes, which bond chemically 

with the cell components and form a hermetic seal. An important property for 

glass/glass-ceramic sealing materials is viscosity, which varies with tempera-

ture. As the glass is heated above its glass transition temperature, the material 
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changes from brittle to viscous. By further heating it above the softening tem-

perature, it flows and wets the surfaces to be joined and forms a seal. As the seal 

must be sufficiently mechanically stable to withstand gas pressure, the glass ma-

terial should be chosen so that the planned operation temperature of the stack 

lies above the softening temperature. Glass-ceramics are compositions that 

form crystallized glass in high temperatures below the softening temperature, 

thereby typically increasing the strength and allowing for controlling its prop-

erties, such as the thermal expansion coefficient. [20,36] 

Below the glass transition temperature the glasses and glass-ceramics are brit-

tle and vulnerable to cracking. During thermocycles below the glass transition 

temperature, the glass seal will become brittle and be subjected to thermo-me-

chanical stresses in the stack. Therefore it is vital to design the glass or glass-

ceramic sealing materials to have matching thermal expansion coefficients with 

the other stack components. Other important parameters are the adhesion 

strength, low chemical reactivity, stability with other cell components and lack 

of constituents that can poison the cell. For SOFC applications, typically used 

glass materials have been alkaline-earth based glasses. Alkali-metal glasses 

have also been used, but these have been found to react with other fuel cell com-

ponents and enhance chromium volatility, leading to risks with cathode poison-

ing, and are therefore generally avoided. [19,36,116]  

Metallic seals and brazes are possible sealing solutions in locations where elec-

trical conductivity is desired. To create insulating sealants with metal brazes, an 

additional insulating layer is needed to form a composite seal. As with rigid 

glass/glass-ceramic seals, matching the TEC of the braze material and the ce-

ramics is imperative for the stack functionality. Noble and non-oxidizing ductile 

metals such as Ag and Au have been used as flat gaskets [19] and Ag, Au, Cu, Ni, 

Ti, Pt, etc., and alloys of these have been used as brazes [117]. Due to cost rea-

sons, Ag remains as the most common noble metal. To improve the wetting and 

joining properties as well as the joint strength of the braze, reactive metals or 

metal oxides such as Ti, Cr, CuO, have been added to the base metal [118–120]. 

However, pore formation within Ag based brazes and reactions with the adja-

cent steel have been observed, especially in dual atmosphere [121,122], and 

other brazing technologies without reactive materials are therefore under devel-

opment [123].  

Compressible seals on the other hand are not fixed to the adjacent surfaces 

and are more flexible than rigid seal materials. Therefore, these allow for a 

larger mismatch in TEC between the stack components and manufacturing tol-

erances. Also, as these seals are not bonded to the adjacent materials, they could 
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have a potential to be more stable against thermal cycling than glass/glass-ce-

ramic seals [124]. However, compressible seals require a compressive stress of 

several MPa to form a gas-tight seal, thus adding the need of a load frame with 

hydraulics or springs and the requirement for all other cell components to with-

stand the compression [124–126]. The leak rates of compressible seals are usu-

ally considerably higher than that of rigid seals and the major leak path has been 

identified as the sealing interface [127,128]. Compressible seals are typically 

based on mica, a class of minerals with a layered or sheet-like structure, where 

the layers are weakly bonded and can glide past each other. Different types and 

forms of mica have been studied, such as muscovite and phologpite mica paper 

(tradename Statotherm HT, sold by EagleBurgmann, Germany [129]), or single-

crystal sheets. Other examples are chemically exfoliated vermiculite, a mineral 

related to mica, mixed with steatite (talc), sold by Flexitallic Ltd., United King-

dom as Thermiculite 866 [130,131] and alumina felt (sold by Fuel Cell Materials, 

USA [132]).  

5.2 Development of hybrid seals (Publication V) 

The two main types of seals presented above, the rigidly bonded seal and com-

pressible seal, have their specific benefits and drawbacks. Rigid glass/glass-ce-

ramic seals exhibit very low leak rates but are susceptible to cracking while the 

compressible seals are more tolerant to thermo-mechanical stresses but show 

larger interfacial leaks and require high compressive stresses. The benefits of 

both seal types could be combined in the hybrid seal concept. A hybrid seal con-

sists of a compressible core with compliant surface layers. The core adjusts for 

thermo-mechanical stresses and manufacturing tolerances while the compliant 

surface layer reduces interfacial leakages. Chou et al. have reported about work 

on hybrid seals consisting of different types of mica with glass or silver foils as 

compliant surface layers [126–128,133–136].  

The aim in Publication V was to develop a composite hybrid seal consisting of 

a Thermiculite 866 core coated with a double-sided glass layer using an organic 

carrier, which is burnt away during the first heat-up. The use of Thermiculite 

866 instead of mica reduces leaks through the core as the leak paths between 

the mica platelets are filled with steatite. The composite hybrid seal reduces 

stack leaks and facilities stack manufacturing as the coated seal can be cut and 

handled as one piece. The developed hybrid seal was evaluated ex situ with re-

spect to leak rates as well as in situ in a real stack.  
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5.2.1 Experimental

The compressible core material for the hybrid seal was Thermiculite 866 (Flex-

itallic Ltd., United Kingdom [131]). The glass material was a commercial glass

in powder form with a softening temperature of 650 °C. The glass was coated 

onto the Thermiculite 866 using a mixture of glass powder and an organic

binder. The binder was a mixture of terpineol (Merck, USA), ethyl cellulose

(Fischer Scientific, USA) and ethanol (Altia, Finland). The glass powder was

mixed with the binder to form a glass paste. The glass was applied both with a

brush and by wet spraying with a spray gun (U-POL Maximum HVLP mini). For

spraying thin layers, the glass paste was thinned with ethanol so that the terpin-

eol, ethyl cellulose and ethanol proportions were 24:1:75 (wt.%). The glass to

organic ratio was 1:2 (wt/wt). The seal samples were placed between 1 mm thick

Crofer 22 H (ThyssenKrupp VDM, Germany) plates and heated in a furnace to

700 °C with a ramp rate of 60 K h-1.

Leak tests were performed on seal samples cut to rings with a seal width of

5 mm. The leak test setup is shown in Figure 17. The seals were placed on a

20 mm thick Crofer 22 H plate and a 1 mm thick Crofer 22 H plate was placed

onto the seals. Weights were placed on the seals to achieve the desired compres-

sive stress. Gases were fed with mass flow controllers (Bronkhorst, The Nether-

lands) through a hole in the middle of the 20 mm plate. The desired pressure

level was obtained with a back pressure controller (Bronkhorst, The Nether-

lands) venting a sufficient gas flow to the exhaust.

Figure 17. The measurement setup for leak tests.

Leak tests were performed at 700 °C with a gas mixture of hydrogen and nitro-

gen at an overpressure of 25 mbar. The valve V1 was shut and the pressure decay

was measured. The gas volume of the setup was increased with a vessel con-

nected to the gas line and knowing the gas volume, one can calculated the leak
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rates from the pressure decay. The leak rate was calculated with the help of the 

ideal gas law as  


̇ = � ���y� ���y
Y�YB  , (5.1) 

where � is the combined volume of the vessel, piping and sample, � is the aver-

age temperature of the gas, ���y and ���y are normal temperature and pressure. 

To calculate the leak rate, the pressure decay can be approximated as  

Y�YB ≈  �	 − �	:B	 − B	: . (5.2) 

For the leak rate calculation, a third degree polynomial was fitted to the meas-

urement data. The leak rate as function of pressure was then obtained by differ-

entiating the fitted polynomial.  

The developed seals were also tested in a 30-cell stack, manufactured with El-

cogen ASC-10B (Tallinn, Estonia) cells and ferritic interconnect plates. The 

seals were coated Thermiculite 866, apart from a glass seal at the electrolyte. 

The stack was heated in a furnace to 700 °C. Air was fed to both anode and cath-

ode to combust the organic binder in the hybrid seals. When the operation tem-

perature was reached, the stack was reduced by feeding nitrogen and a slowly 

increasing hydrogen amount. During polarization, a constant flow of 8.5 NL 

min-1 nitrogen was fed and hydrogen and air were increased. At nominal opera-

tion conditions current density was 0.25 A cm-2, fuel utilization was 46% and air 

utilization 22%. Table 4 presents the gas flows at different operation points. 

Cross-leaks were evaluated by measuring the steam (Vaisala Humicap HMT-

337) and oxygen content (Sick TRANSIC100LP) at cathode and anode exhausts. 

Oxygen cross leaks before reduction was calculated as  


̇#"&�'�� =  ~#"
�,'4�
̇�"

�,	� (5.3) 

and hydrogen cross leaks after reduction was calculated as  


̇!"&�'�� =  `~!"#-,'4� − ~!"#-,	�a �
̇�	�-,	� − �&�55� 14� ����y���y $, (5.4) 

where ~  are measured oxygen and steam volumetric fractions, �&�55�  are the 

number of cells (30), 1 is the electric current, and � is the Faraday constant. The 

leak rates between anode or cathode chamber and ambient atmosphere as well 

as nitrogen cross leak are assumed to be small compared to the total flows. 

These were not taken into account in the calculation.  

5.2.2 Results and discussion 

SEM cross-section images of the heat-treated coated Thermiculite 866 seals are 

presented in Figure 18. The coated seal material is placed between two Crofer 
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22 H metal plates. Both images show that the glass has filled the space between 

the steel and Thermiculite 866 core. The glass forms a dense, 2-10 μm thick 

layer at the sealing interface. The viscosity of the glass is low enough so it follows 

the surface roughness and imperfections. Especially in Figure 18b, it is seen that 

the glass flows into the pores of the Thermiculite 886.  

  

Figure 18. SEM cross section images of the hybrid seals, shown from a) the middle, and b) from 
the end of the seal.  

Leak rate measurements of coated and uncoated Thermiculite 886 seals as a 

function of pressure at compressive stresses of 0.1 MPa and 0.4 MPa are pre-

sented in Figure 19. The inlet gas composition was 50% H2 and 50% N2. It is 

seen that glass coating significantly decreases the leak rate of the Thermiculite 

866. The leak rate of the coated seal samples are 0.1–0.3 ml m-1 min-1 compared 

with 0.3–3 ml m-1 min-1 of the uncoated Thermiculite 866 seals, which is a de-

crease by 60–90%. Overpressure affects the leak rate of uncoated Thermiculite 

866 more than it affects the coated seal material. Leak rates of both coated and 

uncoated Thermiculite 866 seals are affected by the compressive stress, which 

in the case of the coated seal samples reveals the minor leak path through the 

bulk Thermiculite 866 material.  

Figure 20 presents leak rates of coated and uncoated Thermiculite 866 seals 

with different inlet gas compositions as a function of overpressure. The leak rate 

of the uncoated Thermiculite 866 seals is not only higher than for coated Ther-

miculite 866, but also depends on both hydrogen concentration and overpres-

sure, while the leak rate of the coated seals depends almost only on hydrogen 

concentration. As the situation is the same in both cases, the results indicate 

that in these conditions, the glass coating successfully blocks the direct leak 

paths at the coating interfaces and the remaining leak stems mainly from diffu-

sion instead of advection. The reasoning is further supported by the leak test 

where air is used. By extrapolating the leak rate curve to zero overpressure, the 

leak rate would be zero, while the leak rate measured with other inlet gas com-

positions would give a non-zero leak rate.  
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Figure 19. Measured leak rates of uncoated and coated Thermiculite 866 as a function of over-
pressure. Compressive stress was 0.1 MPa on the left and 0.4 MPa on the right. Inlet gas 
composition was 50% H2 and 50% N2. Note the different scales.  

 

 

Figure 20. Leak rates of coated (left) and uncoated (right) Thermiculite 866 as a function of pres-
sure and with different inlet gas compositions. The compressive stress was 0.4 MPa and the 
ambient atmosphere is air. Note the different scales.  

The developed seals were tested in a 30-cell SOFC stack and cross leaks were 

measured before reduction, after reduction with purge gas and at nominal op-

eration conditions. Table 4 presents gas flows, measured quantities and calcu-

lated cross leaks at different operation conditions. Cathode inlet air humidity 

was constant 0.08 vol% during the test. Oxygen content was measured before 

reduction at anode outlet and steam content was measured at cathode outlet 

after reduction. Before reduction, the oxygen cross leak from cathode to anode 

was 8 ml min-1. After reduction, the hydrogen cross leak was 10 ml min-1 with 
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purge gas (5.6% H2 in N2) and at nominal operation conditions the hydrogen 

cross leak was 60 ml min-1. The leak corresponds to 0.7% of the total hydrogen 

gas flow, which can be seen as acceptable. 

Table 4. Gas feeds, oxygen and hydrogen content measurements and calculated cross leaks at 
different stack operation conditions.  

 Gas flow rate / ml min-1 Measurement Calculated cross 
leak / ml min-1 Anode Cathode 

H2 N2 Air 
Before reduction 0 4500 4500 0.18% O2  8 ± 2 (O2) 
Purge gas 500 8500 8500 0.20% H2O 10 ± 2 (H2) 
Nominal 9000 8500 50 000 0.20% H2O 60 ± 12 (H2) 

 

The hydrogen cross leaks presented in Table 4 are larger at nominal operation 

condition, in which the hydrogen concentration is higher. This trend is also seen 

in Figure 21, which presents the calculated hydrogen cross leak as a function of 

hydrogen concentration. It is seen that the leak rate follows the hydrogen con-

centration and is directly proportional, which is in accordance with the results 

from ex situ tests. The result implies that the composition dependency should 

be considered when comparing leak rates reported in literature, as different 

studies use varying gas compositions. Further, seal materials should be evalu-

ated with the same gas compositions as used in their planned application.  

 

Figure 21. Hydrogen cross leak as a function of the average hydrogen concentration between 
anode inlet and outlet.  

5.3 Compatibility of hybrid seals in stacks (Publication VI)  

As seen in the previous chapter, hybrid seals consisting of a glass-coated com-

pressible Thermiculite 866 core enable significantly lower leak rates at lower 

compressible stresses than conventional compressible seals. However, in addi-

tion to provide good sealing properties, the seal materials are required to be 

compatible with other stack components.  
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Studies on interactions between SOFC sealing material and stack components 

have been published but a majority of these publications focuses on glass-ce-

ramic sealing materials. Batfalsky et al. have presented a study on severely cor-

roded steel interconnects, where they attributed to corrosion to PbO from the 

glass seal [137]. Also Menzler et al. have reported on enhanced corrosion close 

to glass-ceramic seals but not to such an extent that it would have affected the 

stack operation [138]. Groß-Barsnick et al. have published a post-test stack 

analysis where they found chemical interactions between the glass seal and ox-

ide layer on the steel surface [139]. Interactions between Thermiculite 866 and 

Crofer 22 APU has been studied by Wiener et al., who concluded that decompo-

sition of steatite in the Thermiculite 866 led to accelerated corrosion [140]. Ex 

situ tests with Thermiculite 866 and Crofer 22 APU by Bram et al. indicated that 

steam emitted from the sealing material increased corrosion, which could be 

prevented by pre-oxidation [141]. Common to the studies is that most of the in-

teractions takes place in the boundary of seal material, interconnect and gas. 

There are limited studies on the interactions between hybrid seals and steel in-

terconnects. Chou et al. have reported on test on hybrid seals where phlogopite 

paper reacted with the used glass, leading to gas leaks after thermal cycling 

[133]. Chou et al have also published a post-test analysis of a 3-cell stack with 

hybrid seals, in which they found only limited material interactions [142]. 

The work presented in Publication VI contributes to the field by presenting a 

post-experimental analysis of stack with hybrid seals. The main aim is to inves-

tigate possible material interactions between sealing materials, steel intercon-

nects and the cell.  

5.3.1 Experimental 

The single-cell stack consisted of a square anode-supported cell manufactured 

by Elcogen AS (Estonia) with an area of 100 cm2. End plates and 0.2 mm thick 

interconnects were made of Crofer 22 APU (ThyssenKrupp, Germany). Hybrid 

seals were used between Crofer 22 APU plates. The hybrid seal consisted of a 

compressible core of Thermiculite 866 (Flexitallic Ltd, United Kingdom) with 

glass tapes on both sides. The glass tapes had a green thickness of 220 μm and 

were made from Scott GM31107 glass (Germany). Thermiculite 866 consists of 

exfoliated vermiculite [(K,Mg,Fe)3(Si,Al)4O10(OH)2] and steatite [Mg3Si4(OH)2]. 

The glass belongs to the system MO-Al2O3-BaO-SiO2-B2O3, where M=Mg, Ca. 

The seal between the cell electrolyte and Crofer 22 APU interconnect consisted 

of a glass tape without a Thermiculite 866 core. The stack was compressed by 
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adding 40 kg of weights on it, which corresponds to approx. 0.1 MPa compres-

sive stress assuming that all compression is carried by the seal.  

The stack was operated in a furnace for 1800 hours at 700 °C. Dry air and dry 

hydrogen were used as fuel and oxidant in a co-flow configuration. Pure hydro-

gen was chosen as fuel to create demanding conditions for the hybrid seals, as 

it was shown in the previous chapter that the leak rate through the seals is di-

rectly proportional to the hydrogen concentration. Average current density was 

0.2 A cm-2 and fuel utilization and air utilization were 18%. The calculated hy-

drogen cross was 0.9% of the inlet hydrogen flow during nominal operation.  

After operation, the stack was cast in epoxy and a cross-section sample was 

cut and polished for post-test SEM and EDS analysis. The sample was extracted 

from the vicinity of the outlet as it was expected that the high steam content 

causes the most challenging exposure conditions. Analyses were performed with 

a JEOL JSM-6400 scanning electron microscope with a Prism-2000 EDS-de-

tector. 

5.3.2 Results and discussion 

Different material interactions within the stack were studied. The results section 

presents analysis of the two-phase interfaces between glass/Crofer 22 APU, 

glass/Thermiculite 886, and glass/electrolyte. Three-phase interfaces include 

glass/Crofer 22 APU/air and glass/Crofer 22 APU/humid hydrogen.  

Figure 22 presents the interfaces between glass/Thermiculite 866 and 

glass/Crofer 22 APU interconnect. The SEM sample has been taken from the 

middle of the cell, which minimize the interactions from the surrounding at-

mosphere and the gas exposure is limited to gas leakages through the seal. It is 

seen that the glass is well adhered to the steel and apart from some closed pores 

the glass layer is dense. Very limited material interactions are seen, which indi-

cates that the materials have a good chemical compatibility. Limited corrosion 

with an oxide thickness of 1 μm can be seen at the interface between glass and 

Crofer.  
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Figure 22. SEM image of cross-section of glass/Crofer 22 APU and glass/Thermiculite 866 inter-
faces.  

Figure 23 illustrates the interface between glass and cell electrolyte (YSZ). The 

cell seal was made of pure glass without the Thermiculite 866 core. The glass is 

dense with very limited porosity and the adherence to the electrolyte seems to 

be good. There are no visible interactions between the two stack components.  

 

 

Figure 23. SEM image of cross-section of glass/electrolyte interface.  

The three-phase interface of glass/Crofer 22 APU/air is presented in Figure 24. 

The sample was taken close to the air exhaust and the air outlet humidity was 

measured to approx. 0.4% during stack operation. The glass seems to be well 

adhered to the steel and cracks in the glass are attributed to sample preparation. 

No significant corrosion is seen on the steel surface. Neither in the interface of 

glass/steel/air is there any material interactions to be seen, which is of special 

interest, as many of the publications discussed earlier report on interactions in 

the three phase boundary.  

A SEM micrograph presenting the three-phase interface between glass/Crofer 

22 APU/humid hydrogen is shown in Figure 25. Cracks in glass are attributed 

to sample preparation. The humidity in the anode atmosphere is at its highest 

at this location, close to the exhaust. The humidity stems from water production 

at the anode and was circa 20% at the anode outlet. No serious material inter-

actions between the stack components are seen at this interface.  
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Figure 24. SEM image of cross-section of Crofer/glass/air interface in the cathode chamber in an 
air atmosphere. Cracks in glass are attributed to sample preparation.  

 

 

Figure 25. SEM image of cross-section of glass/Crofer interface in the anode chamber with hu-
mid hydrogen. The seal at this location was made only of glass, without the Thermiculite 866 
core. Cracks in glass are attributed to sample preparation.  

To summarise, SEM samples from locations in the stack where the conditions 

were favourable for corrosion were studied. There were no significant material 

interactions at the studied locations and interfaces between glass/Crofer 22 

APU, glass/electrolyte, glass/Thermiculite 866, glass/Crofer 22 APU/humid air 

or glass/Crofer 22 APU/humid hydrogen during the 1800 hours of stack opera-

tion, which is a positive result. The developed hybrid seals showed a low leak 

rate of 0.9% and forms a promising alternative for SOFC stack sealing. The re-

sults of the development work presented in Publications V and VI has been com-

mercialized by Flexitallic Ltd, who currently produces and sells hybrid seal ma-

terials with glass coatings under the trade name Thermiculite 866LS [143]. 
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6. Summary and conclusions 

This thesis focused on development of SOFC stack components for improved 

stack durability and development of stack characterization methods to create 

test conditions as close to realistic operation conditions as possible. The work 

contributes to accelerating the market introduction of fuel cells for decarboni-

sation of the energy sector. The high operation temperature and harsh condi-

tions of SOFC applications induce strict requirements on materials and affect 

their durability. Wide-spread commercialisation still requires improvements of 

the SOFC stack durability as well as reduced stack and system costs.  

In Publication I, a fuel feeder was designed and characterized with the aim of 

being a versatile research tool. It was shown that the fuel feeder could operate 

with various reforming techniques, in a wide temperature and gas flow range. 

The fuel feeder was used in SOFC characterization with reformed natural gas to 

produce fuel gas compositions similar as in SOFC systems. The design was later 

used for scaling up the fuel feeder for stack test stations. Publication II pre-

sented a characterization method for determining temperature and fuel utiliza-

tion distributions in situ of SOFC stacks with electrochemical impedance spec-

troscopy. The method was demonstrated on an ElringKlinger AG 10-cell stack. 

The determined distributions corresponded to measured IV curves and suggest 

that temperature distribution affects the stack performance more that fuel uti-

lization at nominal operation conditions. The method can be of help in improv-

ing and evaluating stack designs to increase their performance. Further work on 

the method could be done by optimizing the EIS measurement setup and on 

validating the results by modelling.  

Publications III and IV presented development and evaluation of protective 

coatings on metallic interconnect plates to reduce chromium evaporation and 

thereby improve stack durability and lifetime. The former, Publication III, pre-

sented an improved characterization method for steels and coatings, offering 

similar contact materials, chromium migration methods, electrical contacts and 

chemical interactions as in real stacks. Validation of the method showed the 
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benefits of protective coatings and revealed degradation mechanisms that 

would not be seen with conventional characterization methods. To further im-

prove the method, means for improving gas flow over the samples could be de-

veloped. The method was used in Publication IV, which presented an evaluation 

of different MnCo2O4 protective coatings. The coatings were manufactured on 

thin steel foils with four different depositions techniques on two steel materials. 

The coatings were evaluated in terms of area specific resistance, chromium re-

tention and coating microstructure. It was found that porousness affected coat-

ing performance negatively and high ASR and chromium migration through the 

coating were linked. The Mn2CO4 spinel coating deposited with physical vapour 

deposition prohibited chromium evaporation fully and showed low ASR of 10 

mΩ cm2 after 1000 hours. This performance is comparable to the commercial 

Sandvik Materials Technology Ce/Co coating used as reference (ASR 5 mΩ cm2) 

and the coating could be used as such in SOFC applications. A common current 

density of 0.4 A cm-2 would give a voltage drop of less than 4 mV over these 

coatings, which is seen as acceptable.  

Publications V and VI presented the development and testing of a novel hybrid 

compressible seal for planar SOFC stacks. The hybrid seal consists of a Ther-

miculite 866 core with double-sided glass layers and is easy to handle in stack 

manufacturing. It was shown that the glass coating reduces leak rates signifi-

cantly, up to 60–90%, compared to non-coated Thermiculite 866 and the seal 

performed well already at low compressible stress. The post-experimental study 

of a stack utilizing hybrid seals, presented in Publication VI, showed that there 

were no significant material interactions between the hybrid seal material and 

stack components during 1800 hours of operations. The seal showed a low leak 

rate of 0.9% of the inlet fuel feed. Based on the presented research, Flexitallic 

Ltd has incorporated hybrid compressible seals into their product portfolio and 

it is sold under the tradename Thermiculite 866LS.  

To conclude, the targets set for this thesis were well met. The best performing 

protective coatings (ASR 10 mΩ cm2) showed performance on the same level as 

commercial reference coatings (ASR 5 mΩ cm2) and could be applied as such in 

SOFC stacks. Yang et al [85,144] have published on the performance of slurry 

coated Mn1.5Co1.5O4 spinel coatings on E-Brite, AISI430, and Crofer 22 APU 

steels. For the E-Brite sample they report an ASR of ~8 mΩ cm2, for the Crofer 

22 APU sample ~13 mΩ cm2, and for the AISI430 sample ~40 mΩ cm2 after 

400 hours in 800 °C. A direct comparison is challenging due to differing testing 

conditions. As a higher temperature generally reduces the resistivity but may 

enhance growth of oxide layers, it can be concluded that the presented results 



References 

63 

are on a comparable level. The developed hybrid seal material showed enhanced 

performance compared to existing compressible seal materials (leak reduction 

60–90%) and is currently produced and sold by Flexitallic Ltd. The characteri-

zation method to determine fuel flow and temperature distributions built on 

work reported by Dekker et al [74] and improved the relation between measured 

impedance and fuel flow distributions as well as extended the method to cover 

temperature distributions. In total, the developed materials and methods can 

contribute to improved stack durability and decreased costs.  

Further studies on the work presented in the thesis could include a more in-

depth validation of the characterization method for determining temperature 

and fuel utilization distributions. The method could be validated by comparing 

the calculated results with CFD calculations of, for example, gas flow in a stack 

containing interconnect plates with gas channels of different sizes, yielding var-

ying fuel utilizations at different cells. The model could also include the temper-

ature distribution to be compared to the results given by the characterization 

method. Of the developed stack components, the developed interconnect coat-

ings could be further evaluated in long-term stack tests to study their function-

ality as well as long-term effects of possible interactions between coating mate-

rial and stack components. These results should be compared to the in situ re-

sults presented in this thesis. The developed hybrid seals should be tested in 

thermal cycling tests to evaluate their durability and to study the effects of man-

ufacturing parameters on the functionality of the seals.  
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